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Preface

The Photon 2009 conference took place at DESY in Hamburg, Germany, from May 11 - 15, 2009, and
was attended by 104 participants. The Photon conference series is unique in focusing on the role of the
photon in particle physics. Two distinct areas are covered: on one side the properties and interactions of
the photon in elementary particle physics, and on the other side the physics and technology for a future
photon collider, where electroweak precision measurements as well as searches for physics beyond the
Standard Model of particle physics could be performed.
An important aspect of the conference is bringing theorists and experimentalists together, which was
reflected in sessions co-organized by members of both communities and a well-balanced program. In
all sessions, new theoretical developments and results from completed and running experiments were
shown, as well as studies for future experiments like the Large Hadron Collider (LHC) or future linear
colliders. The conference program was complemented by two sessions that recognized DESY as host
institute: in a special colloquium entitled “Highlights of HERA”, two speakers summarized key results
of the HERA experiments. In a session on “Research with photons at DESY”, two speakers outlined
the activities at DESY in the area of photon science. This kind of session, in which other aspects of
photon physics are covered, thus extending the core topic of the conference, is part of the tradition of
this conference series.
We feel that the Photon 2009 conference successfully covered a wide range of topics, all following the
leitmotiv of “the photon in elementary particle physics”. We thank the participants for an interesting
conference with lively discussions, and the session convenors for their invaluable help in shaping the
conference program.
It is a pleasure to thank Marion Bierhahn, Antje Brandes, Antje Daum, Michaela Grimm, Iris Kerkhoff,
Ramona Matthes and Andrea Schrader for their tireless support before and during the conference. We
thank Kirsten Sachs and Maren Stein for their help in preparing these proceedings, and Julia Grebenyuk
for taking the conference photo. We acknowledge a grant from the Deutsche Forschungsgemeinschaft
(DFG). Finally, we are grateful to the DESY directorate for financial support and for the hospitality
extended to the participants of this conference.

The local organizing committee
Olaf Behnke, Markus Diehl, Thomas Schörner-Sadenius, Georg Steinbrück
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Émilien Chapon, Olďrich Kepka and Christophe Royon

Physics at aγγ Collider 47
Klaus Mönig

Higgs Physics ate+e− and Photon Colliders 55
Michael Spira

Double Higgs Production at a Photon Collider 64
Abdesslam Arhrib, Rachid Benbrik, Chuan-Hung Chen and Rui Santos

2 Photon Collider Technology 71

Photon Collider Technology Overview 73
Valery I. Telnow

Selected Problems for Photon Colliders 83
Ilya Ginzburg

PHOTON09 v



Supersymmetry and New Physics atγγ Collider 91
Rohini M. Godbole

3 Low-Energy Photon Experiments 101

The Physics Case for Low Energy Photon Experiments – Axions, WIMPs, WISPs and Other
Weird Stuff 103
Joerg Jaeckel

The Future of Low Energy Photon Experiments 111
Axel Lindner

4 Prompt Photons 121

Probing QCD (Media) with Prompt Photons 123
François Arleo

Prompt Photons in Deep Inelastic Scattering at HERA 132
Peter Bussey

Direct Photons at RHIC 137
Klaus Reygers

Prompt Photon Production at the Tevatron 144
Ashish Kumar

Future Prospects for the Measurement of Direct Photons at the LHC 154
David Joffe

5 Photon Structure 161

Experimental Review of Photon Structure Function Data 163
Richard Nisius

Heavy Quark and Target Mass Effects on the Virtual Photon in QCD 172
Yoshio Kitadono, Takahiro Ueda, Tsuneo Uematsu and Ken Sasaki

Photoproduction and Photon Structure at HERA 181
Katharina M̈uller

From Diphoton GDAs and Photon GPDs to the Chiral Odd Photon DA 190
Lech Szymanowski

Leptonic Structure Functions Measured with the L3 Detector 196
Klaus Dehmelt

6 Jets and Heavy Flavours 203

Low & High & Multiple Energy Scales @ HERA 205
Günter Grindhammer

vi



Review of Recent Tevatron Jet,W/Z+Jet and Heavy-Flavor Production Results 216
Shin-Shan Yu

High-Multiplicity Final States and Transverse-Momentum Dependent Parton Showering at
Hadron Colliders 226
Francesco Hautmann

Jets and Heavy Flavour at LHC with ATLAS and CMS 234
Anne-Marie Magnan

Quasi-Multi-Regge-Kinematics Approach, Quark Reggeization and Applications 241
Vladimir Saleev and Alexandera Shipilova

Measurement of the Gluon Polarization in the Nucleon via Spin Asymmetries of Charmed
Mesons at COMPASS 247
Jörg Pretz

7 Vacuum Polarisation and Light-by-Light Scattering 256

Leading Theoretical Uncertainties in the Muon g-2 257
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Chapter 1

Electroweak and New Physics

Convenors:

M. Mühlleitner (Annecy) and K. Piotrzowski (Louvain-la-Neuve)
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Search for New Physics with Photons and

Exclusive Z Production at the Tevatron

Dan Krop on behalf of the CDF and DØ Collaborations

Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637

DOI: http://dx.doi.org/10.3204/DESY-PROC-2009-03/Krop

We report the results of searches for non-standard model phenomena in photon final states
and a search for exclusive Z boson production. These searches use data from pp̄ collisions
at
√
s = 1.96 TeV collected with the CDF and DØ detectors at the Fermilab Tevatron

corresponding to 1.0 − 4.2 fb−1 of integrated luminosity. No disagreement of data with
standard model predictions is observed. We report limits on the parameters of several
models including anomalous triple gauge couplings, large extra dimensions, fermiophobic
Higgs models, and supersymmety.

1 Introduction

The standard model (SM) of particle physics [1] has been remarkably successful at predicting
the details of almost all observed high energy physics processes. However, because the predicted
high energy behavior of the SM becomes unphysical at an interaction energy of a few TeV we
know that new physical phenomena are required. In this document we present the results of
searches for phenomena that are beyond the standard model (BSM) using final states containing
photons. The data used for these searches are obtained with the CDF and DØ detectors at the
Fermilab Tevatron, where protons collide with antiprotons at

√
s = 1.96 TeV. Additionally, we

present a search for exclusive Z production where the p and p̄ emerge from the collision intact.
The CDF and DØ detectors are described in detail in Refs. [2] and [3], respectively.

2 Exclusive Z production

The CDF collaboration has performed a search for the exclusive production of Z bosons decaying
to a µ+µ− or e+e− pair and a measurement of the cross section for exclusive µ+µ− and e+e−

production with dilepton invariant mass Mll > 40 GeV and |ηl| < 41. The analysis requires two

1We use a cylindrical coordinate system in which φ is the azimuthal angle, r is the radius from the nominal
beam line, and z points in the proton beam direction. The transverse (r − φ) plane is perpendicular to the z
axis. Transverse momentum and energy are the respective projections of momentum measured in the tracking
system and energy measured in the calorimeter system onto the r − φ plane, and are defined as pT = p sin θ
and ET = E sin θ. Here, θ is the polar angle measured with respect to the interaction vertex. Missing ET ( 6~ET )

is defined by 6~ET = −Pi E
i
T n̂i, where i is the calorimeter tower number for |η| < 3.6, and n̂i is a unit vector

perpendicular to the beam axis and pointing at the ith tower. The pseudorapidity η is defined as − ln(tan(θ/2)),

where θ is measured with respect to the origin of the detector. We define the magnitude 6ET = |6~ET |. We use
the convention that “momentum” refers to pc and “mass” to mc2.

PHOTON09 1PHOTON09 3



oppositely-charged leptons of the same flavor with Mll > 40 GeV and plT > 20 GeV. For the
exclusive Z search, a subsample is selected with 82 < Mll < 98 GeV and plT > 25 GeV. Events
containing additional tracks or energy deposition in any calorimeter above that expected from
noise are rejected. Events are also rejected if any beam shower counter (BSC) has hits above
threshold2. The acceptance for reconstructing exclusive dilepton events is calculated using the
lpair [6] Monte Carlo (MC) event generator while the corresponding acceptance for exclusive
Z production is obtained from pythia [7]. The detector response to these events is simulated
with geant [8]. No events pass the exclusive Z → l+l− selection criteria and we therefore set an
upper limit on the cross section of exclusive Z production at the Tevatron of σexcl(Z) < 0.96 pb
at 95% confidence level (C.L.). Eight exclusive dilepton events are observed with an estimated
background of 1.45 ± 0.61 events. Figure 1 shows the dilepton invariant mass distribution of
these events as well as the lpair prediction. The cross section for exclusive dilepton production
in the region Mll > 40 GeV is found to be σobs = 0.24+0.13

−0.10 pb, which is in good agreement
with the lpair prediction of 0.256 pb.
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Figure 1: The CDF exclusive Z production search: the dilepton invariant mass distribution
observed and the lpair prediction with the geant simulation scaled to account for acceptance
and luminosity.

3 Searches in the γ 6ET final state

The γ 6ET channel is useful both as a test of SM parameters, through the Zγ → νν̄γ process,
and to search for BSM processes that contain a photon where the missing energy is associated
with some new, undetected particle.

The DØ collaboration performs a measurement of the Zγ → νν̄γ cross section and searches
for anomalous triple gauge couplings [9] using 3.6 fb−1 of data. It also searches [10] for pairs of
close-by leptons in the γ 6ET final state and sets limits on SUSY models containing “dark” sectors
inspired by possible dark matter signals in cosmic ray detection experiments [11] using 4.1 fb−1

of data. Finally, both DØ [12] and CDF [13] search for large extra dimensions (LED) [14] that
would leave a γ 6ET signature in the detector through the emission of an undetected Kaluza-Klein
graviton (GKK), qq̄ → γGKK .

2The BSC consists of scintillation counters located along the beam pipe at high pseudorapidities, 3.6 < |η| <
7.4.
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3.1 Triple gauge coupling

The SM has no tree-level Zγγ or ZZγ couplings, leading to a small cross section for Zγ
production. The presence of such couplings in BSM theories can enhance the yield, especially
at higher values of photon ET . Anomalous couplings can be parametrized using a set of eight
complex parameters hVi (i = 1, . . . , 4;V = Z, γ) of the form hVi = hi0/(1 + ŝ/Λ2)n [15]. The
DØ collaboration sets limits on the real part of the anomalous coupling, Re(hVi0), referred to as
ATGC in the following.

The analysis requires one photon candidate with ET > 90 GeV and |η| < 1.1 and missing
transverse energy of 6ET > 70 GeV. Events containing jets with ET > 15 GeV, any muon, and
additional electromagnetic objects with ET > 15 GeV are rejected. Furthermore, to suppress
non-collision backgrounds, a pointing algorithm [16] is used to reconstruct the photon trajectory.
The z position of the interaction vertex predicting by the pointing algorithm must be within
10 cm of the chosen reconstructed primary vertex. 51 events are observed with a background
prediction, excluding Zγ → νν̄γ, of 17.3 ± 0.6(stat.) ± 2.3(syst.). The cross section of Zγ
production multiplied by the branching fraction of the Z into neutrinos is thus measured to be
(32± 9) fb with a significance of 5.1σ. This agrees well with the SM prediction of 39± 4 fb.

To test for the presence of a BSM signal, the observed photon ET spectrum is compared
with that expected from the SM. Figure 2 shows this spectrum. No excess over backgrounds
predictions is observed. Using this distribution and Poisson statistics, limits of |hγ30| < 0.033,
|hγ40| < 0.0017, |hZ30| < 0.033, and |hZ40| < 0.0017 are set at 95% C.L.

 [GeV]TE
100 150 200 250 300

]
-1

 [G
eV

T
dN

/d
E

0.0

0.5

1.0

1.5

2.0

 [GeV]TE
100 150 200 250 300

]
-1

 [G
eV

T
dN

/d
E

0.0

0.5

1.0

1.5

2.0 Data
Sum of backgrounds
SM signal MC + backgrounds
ATGC signal MC + backgrounds

 -1DØ, 3.6 fb

Figure 2: The DØ γ 6ET triple gauge coupling search: Photon ET spectrum in data (solid
circles), the sum of MC signal and backgrounds (dash-dot line), and for the ATGC prediction
with hγ30 = 0.09 and hγ40 = 0.005 (dashed line). The shaded band corresponds to the ±1 s.d.
total uncertainty on the predicted sum of the SM signal and background.

3.2 Dark photons

The DØ dark photon analysis searches for events with a photon, large 6ET , and two close-
by leptons as indicated by the example diagram on the left side of Fig. 3. The γ 6ET base
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sample is selected by requiring a photon with ET > 30 GeV and 6ET > 20 GeV. Dark photons
candidates are formed by selecting pairs of oppositely charged tracks that are close-by spatially,
∆R < 0.2, and originate from the same point along the beamline, |∆z| < 2 cm. The QCD
background is suppressed by requiring that no track has its azimuthal angle aligned with the
photon, 0.4 < ∆φγ,track < 2.74. For electron pair candidates, the calorimeter depositions are
expected to overlap, so the dark photon candidate is required to match an electromagnetic
cluster with ET > 10 GeV, EMfrac > 97%, and I < 0.13. No evidence for a peak in the
dilepton mass spectrum is observed. A modified version of the susyht [17] generator is used
along with pythia [7] and geant [8] to generate the signal hypotheses in the dilepton mass
spectrum. Limits are then set from the dilepton mass spectrum using a log-likelhood ratio
(LLR) statistic method [18]. These limits are interpreted in terms of the branching fraction
of the neutralino into the dark photon, B = Br(χ̃0

1 → γDX̃). The right side of Fig. 3 shows
the chargino mass limit as a function of B for three representative dark photon masses. For
dark photon masses of 0.2, 0.782, and 1.5 GeV chargino masses of 230, 142, and 200 GeV are
excluded at the 95% C.L., respectively.

)X~ γ →0
1

χBr(
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-1 4.1 fb∅D

Figure 3: The DØ dark photon search. On the left: One of the diagrams giving rise to a photon,
dark photon (γD), and large 6ET due to escaping darkinos (X̃). On the right: The dependence
of the excluded chargino masses on the branching ratio of the neutralino into a photon are
given for dark photon masses of 0.2, 0.782, and 1.5 GeV. The black contour corresponds to the
exclusion from a previous diphoton search [19].

3.3 Large extra dimensions

The CDF and DØ γ 6ET LED searches use data corresponding to 2.0 fb−1 and 2.7 fb−1 of
pp̄ collisions, respectively. The analyses require one central photon with ET > 90 GeV and
6ET > 50(70) GeV for CDF(DØ). Events with additional high pT tracks or jets are removed.
The DØ analysis uses the photon pointing technique mentioned above to reduce non-collision
backgrounds. The CDF analysis requires the photon to be in time with the pp̄ collision and
uses topological variables to reduce these backgrounds. Neither analysis observes a significant

3The electromagnetic fraction, EMfrac, is defined as the fraction of total energy of the cluster deposited in the
EM section of the calorimeter. The calorimeter isolation, I, is defined as I = [Etot(0.4) − EEM(0.2)] /EEM (0.2).
The 0.2 and 0.4 refer to radius of the cone in ∆R which is used to calculate the energy of the cluster.
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excess in the data over the expected SM contribution. CDF observes 40 events with an expected
background of 46.3±3.0 events and DØ observes 51 versus an expected background of 49.9±4.1.
CDF reports lower limits on the fundamental Planck scale, MD, of 1080–900 GeV for nd = 2–6
at 95% C.L while DØ obtains limits of 970–804 GeV for nd = 2–8, where nd refers to the
number of extra dimensions.

4 Searches in the γγ final state

The diphoton channel is used by DØ in an LED search [20] and by both CDF [21] and DØ [22]
in fermiophobic Higgs searches. DØ uses data corresponding to 1.1 fb−1 of pp̄ collisions for the
LED search and 4.2 fb−1 for the fermiophobic Higgs search. CDF uses data corresponding to
3.0 fb−1 of collisions for its fermiophobic Higgs search.

4.1 Large extra dimensions

The DØ diphoton LED search selection requires two EM objects, each having ET > 25 GeV
and being both in the central EM calorimeter (|η| < 1.1) or one in the central and one in the
forward EM calorimeter (1.5 < |η| < 2.4). Because no track selection is made, the analysis
combines the dielectron and diphoton channels. The normalization of the QCD background is
obtained by fitting MdiEM in the range of 60−140 GeV, where no LED signal is expected, to a
combination of SM ee/γγ and QCD shapes, with the QCD shape being obtained from a dataset
where an EM object fails shower profile requirements. No discrepancy from the backgrounds
prediction is observed and lower limits on MS

4 at the 95% C.L. are set: 1.62 TeV using the
GRW [23] formalism and 2.09− 1.29 TeV using the HLZ [24] formalism for nd = 2− 7.

4.2 Fermiophobic Higgs

The SM branching fraction for a low mass Higgs boson in the diphoton final state, Br(h→ γγ),
has a maximal value of approximately 0.2% for Higgs boson masses of about 120 GeV. In so-
called “fermiophobic” Higgs models, Br(h→ γγ) is enhanced [25]. CDF selects photons having
ET > 15 GeV and requires them to be either both central (|η| < 1.05) or one to be central
and one forward (1.2 < |η| < 2.8). DØ selects two central (|η| < 1.1) photons with ET > 20
GeV. CDF requires pT (γγ) > 75 GeV and DØ selects pT (γγ) > 35 GeV. The DØ analysis
uses an artificial neural network (ANN) [26] to reduce the contribution from jets misidentified
as photons and a matrix background subtraction method [27] to obtain detailed estimates of
γ+jet and di-jet backgrounds. After no excess is observed in the diphoton mass distribution,
this distribution is used to set limits on fermiophobic Higgs models using a modified frequentist
approach [18, 28]. CDF also observes no excess in the diphoton mass spectrum and approximates
the background via a fit to a smooth curve; limits are set using a binned-likelihood method
and Poisson fluctuation of the Mγγ bin contents. Figure 4 shows Mγγ distributions from both
analsyes. DØ(CDF) obtains a limit of M(hf ) > 102.5(106) GeV at 95% C.L.

4MS is the ultraviolet cutoff of the sum over Kaluza-Klein states, also called the “effective Planck scale”
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Figure 4: Fermiophobic Higgs searches: Invariant mass distributions of diphoton candidates for
the DØ search on the left and the CDF search on the right. CDF plots the central-central and
central-forward diphoton candidates separately and has the results of fits to a smooth curve
overlaid on the distributions.

5 Searches for supersymmetry in the γγ 6ET final state

The CDF and DØ collaborations have searched for gauge-mediated supersymmetry breaking
(GMSB) [29] in 2.6 and 1.1 fb−1 of pp̄ collisions, respectively. In GMSB, the next-to-lightest
supersymmetric particle χ̃0

1 may decay to a gravitino via χ̃0
1 → G̃γ. Pair production of massive

SUSY particles would result in a final state with two photons and large 6ET due to the undetected
gravitino. Both analyses consider the minimal Snowmass Slope SPS 8 [30] GMSB model to
quote results as a function of χ̃0

1 mass and lifetime. DØ(CDF) requires two central photons
with ET > 25(13) GeV. To reduce the bias of the 6ET measurement arising from mismeasurement
of the jet transverse momentum, DØ requires the highest ET jet to be separated from the 6ET
by no more than 2.5 radians. CDF requires ∆φ(γ1, γ2) < π − 0.15, HT

5 > 200 GeV, and 6ET
significance6 > 3. DØ uses the photon pointing algorithm to suppress non-collision backgrounds
while CDF achieves this suppression by requiring the photon candidates to be in time with the
pp̄ collision and by using topological variables. After all selections, DØ observes 3 events with
6ET > 60 GeV with a background expectation of 1.6± 0.4 events. CDF observes no events with
a background expectation of 1.23±0.38. 95% C.L. limits of m(χ̃0

1) > 125 GeV and m(χ̃0
1) > 149

GeV are obtained from DØ and CDF for τ(χ̃0
1) = 0, respectively.

5HT is defined as the scalar sum pT of all identified objects in the event
6 6ET significance is defined as − log(P), where P is the probability form 6ET drawn from the expected

mismeasured 6ET distribution to be equal to or larger than the observed 6ET
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6 Signature-based searches with photons

Motivated by the unknown nature of possible BSM signals in the Tevatron dataset, the CDF
collaboration presents search analyses which test whether a particular signature is consistent
with SM predictions and do not set limits on specific exotic models. Two of these so-called
“signature-based” searches are presented: an analysis of the lγb6ET final state [33] and an
analysis of the γbj 6ET final state [34].

6.1 The lγb6ET final state

The lγb6ET analysis requires events with a central γ candidate having ET > 10 GeV, a central
electron or muon with ET > 20 GeV, 6ET > 20 GeV, and a b-tagged7 jet with ET > 15 GeV.
Events passing these requirements form a “base” sample. A second search is constructed to
enhance the contribution of tt̄γ events by additionally requiringHT > 200 GeV andN(jets) > 3.
28 events are observed in the base sample with a corresponding SM background prediction of
31.0+4.1

−3.9 events. In the enhanced sample, 16 events are observed with a background prediction

of 11.2+2.3
−2.1 events. The probability that non-tt̄γ backgrounds produce 16 or more events is

calculated to be 1%. Assuming this excess to be due to SM tt̄γ production, the tt̄γ cross
section is calculated to be σtt̄γ = 0.15± 0.08 pb.

6.2 The γbj 6ET final state

The event selections for the γbj 6ET analysis are as follows: one central photon with ET >
25 GeV, two jets with |η| < 2.0 and ET at least one of which must be b-tagged, 6ET > 25
GeV, ∆R > 0.4 for any two objects in the event, and ∆φ(6ET , jet) > 0.3 for any jet. The
CDF collaboration observes 617 events while the SM prediction is 607 ± 74(stat.)±86(syst.);
no deviation from the SM prediction is observed. The consistency of the distributions of 11
kinematic variables with the SM prediction is tested by using the Kolmogorov-Smirnoff (KS)
test; the probability that the SM hypothesis is consistent with the observed distributions range
from 7 − 99%, again indicating agreement with the SM hypothesis. Finally, 11 additional
selections are applied to enhance any possible signals on the tails of kinematic distribution. No
deviation from the SM hypothesis is observed in any of these additional selections.

7 Conclusions

The CDF and DØ collaborations have a far-reaching program to search for new physics in
photon final states. No significant deviation from the SM has yet been observed in data cor-
responding to between 1 − 4.2 fb−1 of pp̄ collisions. However, none of the results presented
in this document utilize more than half of the expected full dataset from the Tevatron by the
end of Run II. As more data is collected, we expect to see many interesting results from both
experiments.

7A b-tagging algorithm identifies jets containing b hadrons through the presence of a b-hadron decay vertex
displaced from the beam line [35].
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tons at the LHC
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We report on the sensitivity of the LHC experiments to the Standard Model predictions for
Wγ and Zγ productions in pp collisions with final states containing electrons, muons and
photons. The studies use detector simulation data at

√
s = 14 TeV including calibration

and alignment corrections. The results show that the cross-section measurements of Wγ,
and Zγ can be established with significance better than 5 sigma for the first 0.1 fb−1 of
integrated luminosity. The sensitivities to anomalous triple gauge boson couplings is also
estimated. The measurements can be significantly improved with 1 fb−1 of data over the
results from the Tevatron.

1 Introduction

The Large Hadron Collider (LHC) is built for finding possible evidence of the Higgs boson and
new physics beyond the Standard Model. Two general purpose experiments, ATLAS [1] and
CMS [2], have been constructed to study proton-proton collisions at a center of mass energy
of 14 TeV. Measurements of electroweak interactions shall be accurate and the data samples
will be used as reference for calibration of detector response of leptons, photons and jets.
Detection of photons in the final states is important for many analyses such as the searches for
Higgs bosons, supersymmetry, and precision measurements of Standard Model processes. The
diboson production of Wγ and Zγ probes triple gauge boson couplings (TGC) of WWγ, ZZγ
and Zγγ vertices, and therefore the non-Abelian structure of the Standard Model [3]. Charged
TGCs of WWγ and WWZ are predicted, while those involving only neutral gauge bosons (Z,
γ) are absent at tree-level, and the higher order corrections are at the 10−4 level [4]. If there
will be contributions of anomalous couplings, the signature would be obtained for enhanced
production cross-sections particularly at high transverse momentum of the bosons. Indication of
new physics is explored by measuring deviations of these distributions to theoretical predictions.

In this report we first discuss measurements of W and Z bosons in leptonic decays to
electrons and muons. Detection of W and Z associated with a photon is studied with Monte
Carlo samples applying full detector layout for realistic understanding of the event selection.
The sensitivities to anomalous triple gauge couplings are determined.
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2 Leptonic W and Z decays

The LHC provides a new energy domain for exploration beyond LEP and Tevatron. The
measurements described here will be dominated by uncertainties in the electroweak sector of the
Standard Model. Study of leptonic decays of W and Z bosons will be the first to be exploited.
These processes have large production cross sections and the theoretical understanding is very
advanced to next-to-leading order (NLO). Their experimental signatures are very clean, in
particular for Z → ll, and will be extensively used for detector calibration and tuning of Monte
Carlo simulation.

Events of Z → e+e− and µ+µ− are triggered by high pT leptons. The typical event selection
requires finding a pair of oppositely charged leptons above a pT threshold in a mass interval
adjacent to the Z mass in the fiducial volume of the detector (typically |η| < 2.5, limited by
the tracking detectors). The invariant mass spectra of the CMS study [5] for Z → e+e−, ex-
pected for 10 pb−1, is plotted in Figure 1. W± → e±ν or µ±ν events are selected similarly
with a single lepton trigger, finding an isolated high pT lepton with large missing energy, and
the transverse mass consistent with the W . The transverse mass distribution of the ATLAS
analysis [6] is shown in Figure 1 for W± → µ±ν expected for an integrated luminosity of 50
pb−1. The large statistics of signal events suggest that the cross section measurements will be
dominated by systematic errors. An overall uncertainty of about 5% can be achieved with 50
pb−1 in the W channels, mainly due to background uncertainty. The precision for Z channels
is expected for 3% with the uncertainty coming from the lepton selection [6]. These values
will be reduced with more stringent selections when the available data statistics increases. The
theoretical uncertainty from modeling the parton density functions (PDF) has the effect on
absolute normalization, and is estimated to be 6− 7% [7]. The uncertainty on luminosity, typi-
cally obtained by measuring forward elastic scattering, is estimated to be 10% at the beginning
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Figure 1: Left: Invariant mass distribution in the Z → µµ channel as expected in CMS for
an integrated luminosity of 10 pb−1 [5]. Right: Transverse mass distribution in the W → µν
events channel as expected in ATLAS for an integrated luminosity of 50 pb−1 [6].
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of data taking.

3 W and Z production associated with a photon
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Figure 2: The Standard Model tree-level diagrams for
Wγ and Zγ productions at hadron colliders.

Both ATLAS and CMS collaborations
have carried out studies on diboson
events with leptons and photons in
the final states for the production
cross sections and the sensitivity to
anomalous triple gauge boson cou-
plings. The tree-level Feynman dia-
grams for production of a W or a Z
boson accompanied with a photon are
shown in Figure 2. The diagrams of
WWγ, ZZγ and Zγγ coupling ver-
tices are also illustrated. At LHC the
energy will be seven times higher than
at the Tevatron, the LHC sensitivity
to anomalous couplings is expected to
be improved by orders of magnitude. Comparison of the production cross-sections are listed in
Table 1.

Mode
√
s = 1.96 TeV

√
s = 14 TeV

W±γ 19.3 451
Zγ 4.74 219

Table 1: The Standard Model total cross-sections (pb)
calculated to NLO [8] for Wγ and Zγ with EγT > 7 GeV
and ∆R(`, γ) > 0.7.

Selections for Wγ and Zγ events
have profited from the clean signals
of the leptonic final states and by
the well established identification of
W and Z bosons. The Wγ can-
didates are inclusive e±γ and µ±γ
events having one electron or muon
observed with the absence of the op-
positely charged lepton of the same
flavor. The neutrino from W decay escapes detection and introduces a large transverse energy
imbalance. Signal events of interest are those with a photon of initial state radiation (ISR) or
of the WWγ coupling. The WWγ coupling introduces a destructive interference with the ISR
diagram, and leads to cancellation of Wγ production with zero amplitude at cos θq̄,γ = ±1/3,
where θq̄,γ is the photon scattering angle to the incoming anti-quarks.

Events with a photon of final state radiation (FSR) are considered as background. A FSR
photon can be distinguished by its low pT and small angle to the lepton from which it is radiated,
and in addition, by the invariant masses of the photon with observable particles. Illustrated
in Figure 3 (left) are the transverse mass distributions of the CMS study [9] for signal events
with a ISR (or WWγ) photon and background of radiative W decays with a FSR photon. The
radiative W decays are distinguishable for having transverse mass distributed around the W
boson mass. Contribution of anomalous TGC are searched for events with a high transverse
mass or a high pT photon, in which the background is dominated by inclusive W + jets events
with jet remnants like π0 faking photons. Fake photons are suppressed by requiring isolation
and subdetector measurements of the photon shower profiles.

Selection of Wγ events has been studied with a cut-based method by CMS and a Boosted
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Decision Tree (BDT) algorithm [10] by ATLAS. The event triggers are evaluated with realistic
detector simulations. The BDT selection requires a low pT (γ) threshold of 10 GeV to optimize
event yield for early LHC running. The expectations for 1 fb−1 of data, at 65% signal efficiency,
are 1604 (2166) events for the electron (muon) channels, and the corresponding background are
1180 (1340) events, respectively [6].
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Figure 3: Left: Transverse mass MT (l, ν, γ) of Wγ events with a ISR (or WWγ) photon or
of radiative W decays with a FSR photon (hatched) [9]. Right: Distributions of Z(ee)γ event
variables for signal with an ISR photon, and backgrounds with a FSR or a fake photon [6].

The Zγ candidates are selected for inclusive e+e−γ and µ+µ−γ events with an ISR photon.
The Monte Carlo used does not include ZZγ nor Zγγ vertices as neutral TGCs are forbidden
at tree-level. The Z boson is reconstructed using the pair of most energetic leptons of the same
flavor with opposite charges. Sources of background are inclusive Z production with a FSR
photon radiated by a Z decay lepton (Z → l+l−γ); and inclusive Z + jets with a fake photon
reconstructed.

Distributions of Zγ signal and background events are shown in Figure 3 (right) for some
of the event variables. The invariant mass distributions of the lepton-pair and photon are
distinguishable for radiative Z decays with m(l+l−γ) consists with the Z mass. The opening
angles of the photon to leptons provide additional selection for FSR photons. Events with fake
photons resemble the signal in the invariant mass and angular distributions. The ATLAS study
has conducted a BDT algorithm to optimize Zγ selection from background with a fake photon.
The expected number of events for 1 fb−1 of data, at 67% signal efficiency, are 367 (751) events
for electron (muon) channels with 187 (429) background events, respectively.

Unlike the Wγ measurement which suffers under the undetected neutrino, all observables
in the Zγ measurement are fully determined, and the cross section measurement is thus com-
plementary to Wγ for the contribution of WWγ coupling. Wγ and Zγ are two of the diboson
processes having large production cross sections. With the initial LHC running of an integrated
luminosity of 0.1 fb−1, hundreds of selected events are expected and the detection significance
will be greater than 10 σ.
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4 Sensitivity to anomalous couplings

A signature for anomalous triple gauge boson couplings is an increased cross-section with respect
to the Standard Model prediction, especially at high vector boson pT . The effective Lagrangian
for TGCs is formulated assuming Lorentz and electromagnetic gauge invariance. The WWγ
coupling that attributes to Wγ production is parameterized with two parameters, κγ and λγ ,
and the Standard Model values are ∆κγ ≡ κγ − 1 = 0, and λγ = 0 [11]. The neutral ZZγ and
Zγγ couplings in Zγ production are parameterized with eight parameters, hVi0 (i = 1...4, and
V = Z, γ). CP invariance and parity conservation forbids hV10 and hV20, and the Standard Model
values at tree-level are all zero.

With anomalous coupling, the diboson production amplitudes grow with energy. This is
avoided by scaling the TGC parameters with a form factor, e.g. ∆κ(ŝ) = ∆κ/(1 + ŝ/Λ2)n [12],
where

√
ŝ is the invariant mass of the vector-boson pair and ∆κ(0) is the coupling value in

the low energy limit. The cutoff parameter, Λ, is the mass scale where the new phenomenon
responsible for the anomalous couplings would be directly observable. The value is chosen such
that the extracted limit from data for a certain diboson production process is less than the
unitarity limit. With 0.1-1.0 fb−1 of integrated luminosity at early LHC running, Λ values of
2-3 TeV are used.

The photon transverse energy in Wγ and Zγ productions is the most sensitive variable
to anomalous couplings and is directly measurable. The sensitivity to anomalous TGCs is
obtained by comparing the measured production cross-section and the photon pT (γ) distribution
to models with anomalous TGCs. The Monte Carlo generator of Baur et al. [8] is used to
compute differential cross sections over a grid of points in the parameter space. Distributions
of the fully simulated Standard Model events are re-weighted by the generator calculations of
dσ(TGC)/dσSM . A binned likelihood fitting procedure on the photon transverse energy ET(γ)
spectra is followed to extract the 95% C.L. intervals of TGC parameters. The production of
Wγ events involves exclusively the WWγ triple gauge coupling. The one and two-dimensional
limits extracted for ∆κγ and λγ are shown in Figure 4 for pT (γ) distribution of the ATLAS
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Figure 4: The photon transverse energy distributions of W (lν)γ (l = e, µ) events, and the 95
% confidence contour extracted in the ∆κγ , λγ parameter space (Λ = 2 TeV) for 1 fb−1 of
data [6].
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study [6]. The signal expectations at the tree-level and NLO are plotted as the dashed and
dotted lines. The 95% confidence contour obtained is plotted in the ∆κγ , λγ parameter space.
The sensitivities to λγ and ∆κγ for 1, 10 and 30 fb−1 are listed in Table 2.

1 fb−1 10 fb−1 30 fb−1

∆κγ [-0.43, 0.20] [-0.26, 0.07] [-0.11,0.05]
λγ [-0.09, 0.04] [-0.05, 0.02] [-0.02,0.01]

Table 2: One dimensional limits (95% C.L.) for
WWγ coupling with Λ = 2 TeV [6].

Λ (TeV) 10 fb−1 100 fb−1

2 hZ30(10−3) [-5.2, 5.2] [-2.4, 2.2]
hZ40(10−5) [-6.4, 6.8] [-2.9, 3.2]

3 hZ30(10−3) [-2.3, 2.3] [-1.5, 1.5]
hZ40(10−5) [-1.9, 1.8] [-0.97, 0.85]

6 hZ30(10−3) [-1.2, 1.3] [-0.65, 0.64]
hZ40(10−5) [-0.42, 0.40] [-0.18, 0.17]

Table 3: One dimensional limits (95% C.L.) for CP-
conserving TGC parameters hZ30 and hZ40 in Zγ pro-
duction [13].

Anomalous ZZγ and Zγγ couplings
would enhance the event rates in the
large pT (γ) region. This is shown in Fig-
ure 5 for the pT (γ) distributions with a
non-zero hZ40, and the dependence on the
Λ scale is illustrated for Λ = 2 and 3
TeV. The sensitivity to anomalous cou-
plings is studied by CMS [13] for two of
the CP conserving parameters, hZ30 and
hZ40, with several Λ scales. The binned
likelihood fits have been conducted for
the pT (γ) distributions normalized to 10
and 100 fb−1 of data. The confidence
contours of 68%, 90% and 95% with Λ =
3 TeV are shown in Figure 5. The one
dimensional limits obtained are listed in
Table 3.

Both ATLAS and CMS have demon-
strated significantly higher sensitivities
to anomalous TGCs than those reported
by the LEP and Tevatron experiments [14, 15]. The confidence intervals for parameters in Wγ
and Zγ productions are expected to be improved with 1 fb−1 of the early running data.

Figure 5: Left: photon pT of Zγ production with hZ40 = 1× 10−4 and Λ = 2 and 3 TeV. Right:
the sensitivity contours in the hZ30, hZ40 parameter space obtained with Λ = 3 TeV for 10 and
100 fb−1 of data [13].
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5 Summary

Detailed data analyses are being eagerly pursued for the LHC start up. Studies of inclusive
W and Z events are among the most urgent for measurements of Standard Model physics in a
much extended kinematic region. Diboson events of W±γ and Zγ signals will be established
in leptonic channels with the initial statistics of 0.1 fb−1. Measurement of high pT photons
will be sensitive to anomalous coupling which leads to indications of new physics phenomena.
Confidence intervals on anomalous couplings are expected to be significantly improved with
respect to the present values.
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Vincent Lemaitre, Jérôme de Favereau, Sverine Ovyn, Krzysztof Piotrzkowski

Center for Particle Physics and Phenomenology (CP3)
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High-energy photon-proton interactions at the LHC offer interesting possibilities for the
study of the electroweak sector up to TeV scales and searches for processes beyond the
Standard Model. In particular, after 10 fb-1, the analysis of W associated single top
photoproduction events can provide a sensitivity to |Vtb| comparable to the one obtained
using the standard single top production in pp collisions. Study of photoproduction at the
LHC provides also an ideal framework for observing anomalous productions of single top
induced by Flavour-Changing Neutral Currents.

1 Introduction

A significant fraction of pp collisions at the lhc will involve (quasi-real) photon interactions
occurring at energies well beyond the electroweak energy scale [1]. The lhc can therefore be
considered to some extend as a high-energy photon-proton collider. In a recent paper [2], several
studies of high energy photon interactions at the lhc were reported. In particular, it is shown
that a large variety of pp(γg/q → X)pY processes have sizable cross section and could therefore
be studied during the very low and low luminosity phases of lhc. Interestingly, the sm inclusive
photoproduction cross section of top quark reaches 2.5 pb and the fraction of single top to top
quark pair cross sections is close to one. This large ratio offers an interesting framework for the
studies of top properties which can only be addressed from single top production mechanism
such as the ckm |Vtb| matrix element. Probing possible anomalous photoproduction of single
top via flavour-changing neutral currents (fcnc) is also particularly relevant at the lhc since
the expected cross section calculated with the present limits on the anomalous couplings ktqγ
is close to 10 pb.

2 Tagging photoproduction

Tagging is essential for the extraction of high energy photon-induced interactions from the large
parton-parton interactions. Photon-induced interactions are characterised by a large pseudo-
rapidity region completely devoid of any hadronic activity. This region is usually called large
rapidity gap (lrg).
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2.1 Very low luminosity phase (< 1033 cm−2s−1)

The number of extra interactions per beam crossing (pile-up) is negligible at very low luminosity.
Thanks to the colour flow in pp interactions between the proton remnant and the hard hadronic
final states, a simple way to suppress generic pp interactions is to require lrgs by looking at the
energy measured in the forward detector containing the minimum forward activity (between
3 < |η| < 5), denoted as EFCal. For a maximal allowed energy of 50 GeV, a typical reduction
factor of 10−3 and 10−2 for a parton-parton tt and Wj production is expected, respectively.
A total integrated luminosity of 1 fb−1 for such no pile-up condition seems to be a realistic
assumption. The rejection can be further improved by using an exclusivity condition requiring
no additional tracks (i.e. excluding isolated leptons and jet cones) with pT > 0.5 GeV/c
and 1 < η < 2.5 in the hemisphere where the rapidity gap is present. It should be pointed
out that this condition can also be used during the higher luminosity phases if proper vertex
determination is possible. The efficiency of rapidity gap and exclusivity conditions for signal
processes drops roughly by a factor of two while the reduction factors for parton-parton reactions
are better than 10−3.

2.2 Low luminosity phase

When event pile-up increase to much, the lrg technique cannot be used, and the exclusivity
condition alone cannot reduce partonic backgrounds to a level that allows proper signal extrac-
tion. Therefore, in addition to the exclusivity condition, the use of very forward detectors (vfd)
to detect the escaping proton is mandatory in order to retain pp background low. However,
vfds cannot provide a total rejection of the partonic processes because of the presence of single
diffractive events in the pile-up. Hence, the overall event mimics well a photoproduction event.
The probability of such accidental coincidences provides directly the rejection power of vfds.
For instance, the case for which vfd stations would be put at 220 m and 420 m from the inter-
action point has been computed and provides rejection factors of 11 and 5.6 for a luminosity of
1033 cm−2 s−1 and 2× 1033 cm−2 s−1, respectively.

3 Cross section and event simulation

All cross sections and event samples used in this analysis have been obtained using the adapted
MadGraph/MadEvent [4, 5] and Calchep [6] programs (except for some induced proton-proton
induced backgrounds where Alpgen was used). Cross sections are therefore calculated at Lead-
ing order and do not include any survival probability factor. In order to take into account
the effect of jet algorithms and the efficiency of event selection under realistic experimental
conditions, the generated events were passed: (1) to pythia 6.227 [7] and (2) a fast simulation
of a typical lhc multi-purpose detector.

The detector response simulation is performed using Delphes assuming geometrical accep-
tance of sub-detectors and their finite energy resolutions. The default card provided to simulate
the cms detector has been used and the jets are reconstructed using the MidPointCone algo-
rithm with a cone radius of ∆R = 0.7. A proper simulation of the proton propagation in
the lhc beamline performed using hector [11], shows that using detectors stations at 220 m
and 420 m from the ip, one selects events for which the proton has lost between 20 GeV and
800 GeV. Magnetic field was also taken into account when evaluating the forward energy de-
posits. The transverse missing energy is calculated from the calorimetric towers. When heavy
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flavour tagging is required, a tagging efficiency of 40% , 10%, and 1% has been applied for b-,
c-, and light- jets respectively.

Another possible background source not simulated in this analysis is the Inelastic photo-
production, in which the proton having emitted a photon does not survive the interaction. It
should be stressed that Inelastic photoproduction would actually increase the cross section of
both signal and photon-induced backgrounds.

4 W associated single top photoproduction

Photoproduction of single top is dominated by t-channel amplitudes when the top quark is
produced in association with a W boson (Fig. 1). These amplitudes are all proportional to the
ckm |Vtb| matrix element.

Figure 1: Diagrams for the dominant contribution to the sm production of single top quark.

The pp(γq →Wt)pY process results in a final state of two on-shell W bosons and a b quark.
The studied topologies are `bjj for the semi-leptonic decay of the two W bosons and ``b for
the di-leptonic decay, where ` = e, µ or τ . The cross sections times branching ratios of these
final states are 440 fb and 104 fb respectively. The dominant irreducible background of both
channels is expected to stem from the tt production, where a jet misses the acceptance region.
Other backgrounds are Wbb̄q′, Wjjj and WWq′ processes produced either from photon-proton
interactions, or from proton-proton interactions. Their cross sections including the branching
ratio into the desired topology are summarised in Tab. 1.

4.1 Signal selection

For the semi-leptonic final state, the following ”acceptance cuts” are applied: one isolated
lepton with p`T > 20 GeV/c; exactly 3 jets with pjT > 30 GeV/c. Lepton isolation requires that
there is no other charged particles with pT > 2 GeV/c within a cone of ∆R < 0.5 around the
lepton. Partonic backgrounds are reduced by requiring the EFCal condition with a cut value
of 30 GeV as well as the exclusivity condition (γp cuts).Moreover, exactly one of the three jets
must be identified as a b-jet (b-tagged). In addition, the invariant mass of the two non b-tagged
jets must satisfy |mW −mjj | < 20 GeV/c2 and the scalar sum of the visible particles must be
smaller than 230 GeV/c (”Final cuts”).

After this selection, the final cross section times branching ratio for the signal is reduced to
5.6 fb, against 5.2 fb for the backgrounds, 52 % of which comes from partonic processes. The
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Process σ× Br [fb] sample size
γp→ tt̄(2`) 159.1 200 k

tt̄(1`) 671.8 179 k
WWq′(2`) 62.5 70 k
Wjjj 2793.0 50 k
Wbb̄q′ 55.2 10 k

pp→ tt̄(2`) 77.7× 103 130 k
tt̄(1`) 328× 103 390 k
W2j 2.4× 106 830 k
W3j 6.9× 105 264 k
W4j 1.7× 105 105 k
Wbb̄j 2.7× 105 120 k
tj 6.7× 103 100 k
WWj(2`) 5.2× 103 100 k

Table 1: Background processes used in the semi-leptonic and di-leptonic channels. Cross-
sections include generation cuts of pT > 1 GeV/c for q′ and pT > 10 GeV/c for jets. Branching
ratios quoted in parenthesis are also taken into account. The W2j, W3j and W4j have been
generated using Alpgen with a minimal pcutT on the jets of 20 GeV/c. Branching ratio of the W
boson into leptons (e, µ or τ) is taken into account.

tt̄ → ``bb topology is also taken into account in the backgrounds. Details are given in Tab. 2.
The visible cross sections obtained using the expected rejection of 11 for the low luminosity
phase L = 1033 cm−2 s−1 are also shown. In this case, the large number of partonic events is
mainly due to pp→W jets events.

σ [fb] signal γp backgrounds pp backgrounds
Production 440.6 3.6× 103 74× 106

Acceptance cuts 39.1 152.5 126× 103

γp cuts Very low L 27.4 90.7 127.1
Low L 27.4 85.5 873.7

Final cuts Very low L 5.6 2.4 2.8
Low L 5.6 2.2 18.6

Table 2: List and effect on the visible cross-section of all applied cuts on the γp → Wt → `νjjb
events and their relevant photon-induced and proton-induced backgrounds. Very low luminosity refer
to L < 1033 cm−2 s−1 and Low luminosity refers to L = 1033 cm−2 s−1.

The procedure to select the di-leptonic topology is simpler: it requires two isolated lep-
ton with pT > 20 GeV/c; one b-tagged jet with pbT > 30 GeV/c and no additional jets with

pjT > 30 GeV/c. The same rapidity gap and exclusivity condition as in the semi-leptonic topol-
ogy are applied. Signal cross section times branching ration for this topology is 5.9 fb after cuts,
for a background cross section of 3.1 fb with less than 40 % of partonic contribution (32%).
Details are in Tab. 3. During the phase of low luminosity, using forward proton taggers, event
if the number of partonic event is less important than for the semi-leptonic case, the signal to
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background ratio decreases from 1.6 to 0.4.

σ [fb] signal tt WWq′

γp pp γp pp
Production 104.3 159.1 77× 103 62.5 5× 103

Acceptance cuts 15.6 10.5 3.4× 103 4.2 486
γp cuts Very low L 14.3 4.9 1.8 4.0 0.6

Low L 12.8 4.8 24.0 3.4 4.2
Final cuts Very low L 5.9 2.0 0.8 0.1 0.2

Low L 5.0 1.9 9.1 0.1 1.1

Table 3: List and effect on the visible cross-section of all applied cuts on the γp → Wt → `ν`νb
events and their relevant photon-induced and proton-induced backgrounds. Very low luminosity refer
to L < 1033 cm−2 s−1 and Low luminosity refers to L = 1033 cm−2 s−1.

4.2 Systematic errors

When no estimate on the theoretical uncertainties is found in the literature for photon-proton
cross sections, a conservative attitude was adopted in taking the same uncertainty as for the
corresponding partonic process. Partonic cross sections after cuts are considered to be known
to the 2 % level as the cross section without application of the EFCal and exclusivity conditions
can be measured directly and the error on the effect of these cuts is computed separately. The
most relevant detector systematics are expected to be the uncertainties on the Jet Energy Scale
(jes), the number of reconstructed tracks in order to apply the exclusivity condition and the
energy measurement in the forward calorimeter. The uncertainty due to jes is expected to be
5% for jets with pT < 30 GeV/c, 3% for jets with pT > 50 GeV/c and a linear interpolation
between these two boundaries. The systematic uncertainty due to the exclusivity condition is
estimated by moving the track reconstruction efficiency, fixed to 90 % by default, to 85% and
95%. Finally, the cut on the energy in the forward calorimeter of the gap side has been moved
by 10 % upwards and downwards in order to have an idea of the EFCal condition uncertainty.
The b-tagging uncertainty is taken as ±5%, while the error on mis-tagging is assumed to be
10%. The uncertainty due to luminosity is expected to be 5%.

All systematic errors between the different samples have been assumed to be 100% correlated
and are therefore applied simultaneously on all samples except for the theoretical errors. The
different error sources are supposed to be uncorrelated and are therefore added quadratically.
For both topologies, the error is dominated by the rapidity gap and exclusivity cuts uncertainties
on the pp induced backgrounds.

4.3 Results

A simple propagation of errors shows that the relative uncertainty on the measured cross section
is given by the following formula :

∆σobs
σobs

=
∆ε

ε
⊕ ∆L

L
⊕
[
B

S

]
∆B

B
⊕
[
B

S
+ 1

]
∆N

N
,
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where ∆ε, ∆L and ∆B are the systematic errors estimates on the signal selection efficiency, the
luminosity and the background cross section respectively and ∆N is the statistical error on the
observed number of events. The uncertainties obtained for the di-leptonic and the semi-leptonic
topologies after an integrated luminosity of 10 fb−1 are summarised in Tab. 4. Comparing these
errors on the cross section to the expected one from parton-parton interactions, 10 % in the
t-channel, 31 % in the s-channel, 25.8 % for the di-leptonic and 22.6 % for the semi-leptonic
topologies in the tW-channel [8] using the same integrated luminosity, we can conclude that
photoproduction is at least competitive with partonic-based studies and that the combination
of both studies could lead to significant improvement of the error.

Error Di-leptonic [%] Semi-leptonic [%]
L Very low Low Very low Low
∆ε
ε 5.0 5.02 9.2 9.1

∆L
L 5.0 5.0 5.0 5.0[
B
S

]
∆B
B 10.3 25.9 19.5 68.1[

B
S + 1

]
∆N
N 16.4 26.2 9.7 29.1

total 20.6 37.6 27.9 74.8

Table 4: Contributions to the total cross-section measurement error.

Taking into account a 5% uncertainty on the theoretical total single top cross section,the
expected error on the measurement of |Vtb| is 14.3% for the semi-leptonic channel and 10.7%
for the di-leptonic one after 10 fb−1 of integrated luminosity. Assuming the same integrated
luminosity during the low luminosity phase of the lhc ( L = 1033 cm−2 s−1) the two obtained
values are respectively 37.5% and 19.0%.

5 Anomalous single top photoproduction

fcnc appear in many extensions of the Standard Model, such as two Higgs-doublet models or
R-Parity violating supersymmetry. Such a fcnc transition can occur in the process of single
top photoproduction via anomalous couplings, as shown on Fig. 2. The effective Lagrangian
for these anomalous coupling can be written as [9]:

L = ieett̄
σµνq

ν

Λ
ktuγuA

µ + ieett̄
σµνq

ν

Λ
ktcγcA

µ + h.c.,

where σµν is defined as (γµγν − γνγµ)/2, qν being the photon 4-vector and Λ an arbitrary
scale, conventionally taken as the top mass. The anomalous couplings ktuγ and ktcγ are real
and positive such that the cross section takes the form

σpp→t = αu k
2
tuγ + αc k

2
tcγ .

The computed α parameters obtained using calchep are αu = 368 pb and αc = 122 pb. The
present best upper limit on ktuγ is around 0.14, depending on the top mass [10] while the
anomalous coupling ktcγ has not been probed yet.
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Figure 2: Main diagram for FCNC production of single top.

The studied final state consists in one hard lepton and missing transverse energy issued
from the W boson coming from the top quark decay, which produced as well a b quark. The
dominant background processes for this final state come from events with one W boson and one
jet mis-tagged as a b-jet. We assumed no contribution of genuine b-jets since its cross section is
three orders of magnitude lower than the cross section of the Wc topology. Backgrounds cross
sections and sample sizes are given in Tab. 5.

Process σ [fb] sample size
γp→Wj 41.6 ×103 100 k

Wc 11.5 ×103 100 k
pp→Wj 77.3 ×106 100 k

Wc 8.8 ×106 100 k
Diffractive W 1.3 ×106 100 k

Table 5: Background processes used for the analysis of the anomalous top photoproduction.
Cross-sections include the branching ratio of the W boson to electron or muon and generation
cuts of pT > 10 GeV/c for leptons and pT > 20 GeV/c for jets (j=u,d,s,and g).

5.1 Signal selection

Preselection cuts require the presence of exactly one jet with pT > 45 GeV/c, one isolated lepton
with pT > 20 GeV/c, and a transverse missing energy above 15 GeV. These cuts designed to
reject pp interactions in the scheme of zero pile-up conditions are applied with a maximum
allowed energy in the forward hemisphere of 20 GeV. An event is selected if the only allowed
jet is tagged as a b-jet and a top candidate is also reconstructed from the W-boson and the
“b-jet” with a mass between 140 GeV and 210 GeV.

In order to extend this study in presence of event pile-up, the use of the EFCal selection cut
is replaced by the tagging of the escaping proton by vfds as described in section 2. As stated
before, the reduction of the partonic background is less effective than the one obtained in zero
pile-up condition. However, another advantage of the vfd is that, considering a well designed
reconstruction algorithm, the energy loss of the proton that hits the vfd can be determined and
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used to improve the selection of photoproduction processes. An additional cut is therefore used
that reconstructs the top quark longitudinal momentum both from the central event and from
the proton energy loss. The difference between these two values allows to distinguish between
photoproduction events for which they are close, and partonic events for which the distance
between them is distributed randomly.

5.2 Systematic errors

The same systematic uncertainties as in the case of the sm single top study have been estimated.
Once again, the rapidity gap and exclusivity condition account for the most important part of
it. In the case of low luminosities (corresponding here to L = 2× 1033 cm−2 s−1) for which the
vfds where used, no systematic error is assumed on this tagging. The detail of all errors for
both scenario’s are given on Tab. 6. Signal systematics stay unaffected by the scenario change,
as the error due to the lrg requirement is negligible. The uncertainty on the diffractive cross
section has been set to 50%.

Error signal (%) Background (%)
γp→Wj γp→Wc pp→Wj pp→Wc Diffr. W

jes 1.6 2.0 3.0 4.0 3.1 -
Exclusivity 1.0 1.0 1.0 10.0 10.0 -
lrg 0.0 0.0 0.0 20.0 20.0 -
Luminosity 5.0 5.0 5.0 5.0 5.0 -
b-tagging 5.0 10.0 5.0 10.0 5.0 -
Theoretical 5.0 5.0 5.0 2.0 2.0 50
total 8.9 18.6

Table 6: Systematic errors on signal and backgrounds at very low luminosity.

5.3 Results

Using the lrg requirement for an integrated luminosity of 1 fb−1, one gets the following number
of events (for ktuγ = 0.15, ktcγ = 0) : 129 signal events, 13.2 background events from photopro-
duction, 10 events from pp induced backgrounds and 12 diffractive events. The corresponding
expected 95% C.L. limit for the anomalous couplings are: ktuγ < 0.024, ktcγ < 0.039. These
limits can be further improved by a factor two when collecting a few then of inverse femptobarns
at low luminosity regime.

6 Conclusions and prospects

Top quark photoproduction cross section is large and, in particular, the Wt associated pro-
duction can be studied with a much better signal to noise ratio as the corresponding process
induced by generic pp collisions. This process could permits, for instance, to extract |Vtb| with
a similar accuracy but with an error which is dominated by the statistical error.
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Photoproduction at LHC can probe electroweak and BSM theories at c.m.s energy up to
2 TeV with sizable cross sections. For instance, anomalous single top photoproduction has a
similar sensitivity to anomalous fcnc couplings than analyses based on rare top decays.

However, the studies presented in this paper will be refined when full detector simulation
will be used, providing a better estimate of the systematic errors. Also, studying the influence
of diffractive backgrounds on |Vtb| is an important part of the work to be done, as well as the
evaluation of the contribution of inelastic photon emissions to both signal and backgrounds.
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The two-photon production of charged supersymmetric pairs at the LHC has a unique
signature of two leptons, large missing energy and two forward scattered protons. For
low-mass supersymmetric scenarios, significant cross–sections are predicted for the MSSM.
Proton kinematics information from very forward detectors (VFD) would allow for a pre-
cise mass reconstruction of right-handed sleptons and the LSP. For high luminosity runs,
the probability to have accidental coincidence within central and very forward detectors
increases although it can be reduced applying exclusivity conditions.

1 γγ physics at the LHC

In addition to the usual parton-parton interactions, a significant fraction of the pp collisions
at the LHC will also involve photon-interactions. The available relative luminosity reaches 1%
for photon-photon centre-of-mass energies Wγγ > 23 GeV and still 0.1% for Wγγ > 225 GeV
[1]. Among the whole photon interactions at the LHC, the study of pair production of charged
particles, including supersymmetric particles, is one of the most interesting cases since the QCD
background is suppressed.

Exclusive two-photon interactions at the LHC provide clean detection conditions thanks to
striking experimental signatures in absence of proton remnants: two very forward scattered
protons, remaining intact after photon-exchange, and large rapidity gaps in the forward regions
due to the exchange of a colorless object.

2 Detection of exclusive supersymmetric pairs

In γγ collisions, the production and decay mechanisms for low mass supersymmetry are simple
and without decay chain problems. Also two-photon pair productions of left- and right-handed
sleptons (ẽ+

L , µ̃+
L , ẽ+

R µ̃+
R), staus (τ̃+

1 , τ̃+
2 ), charginos (χ̃+

1 , χ̃+
2 ) and charged Higgs bosons (H+)

have significant cross-sections of femtobarn-level. As an example for a low-mass supersym-
metric scenario, the LM1 benchmark point in the mSugra theory [2] is used in the following
discussion. The total cross-section for sparticle pair production is 2.23 fb in that specific model,
the major contribution to signal being the two-photon production of scalars ˜̀+

R
˜̀−
R (m(˜̀+

R) =
118 GeV) and fermions χ̃+

1 χ̃
−
1 (m(χ̃+

1 ) = 178 GeV) as it is shown in Table 1. The Lightest
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Supersymmetric Particle (LSP) is the first neutralino in that model (m(χ̃0
1) = 96 GeV). Details

on model parameters and on mass spectrum can be found in [3].

Processes σ [fb] σ2p+

acc [fb] σana [fb]

γγ → ˜̀+
R

˜̀−
R 0.798 0.445 0.357

γγ → ˜̀+
L

˜̀−
L 0.183 0.093 0.073

γγ → τ̃+
i τ̃
−
i 0.604 0.001 0.001

γγ → χ̃+
i χ̃
−
i 0.642 0.021 0.015

γγ → H+H− 0.004 / /

γγ →W+W− 108.5 1.463 0.168

Table 1: Cross-sections of exclusive signal pro-
cesses for production (σ), after applying central

and forward detector acceptance cuts (σ2p+

acc )
and after applying analysis cuts (σana). ’acc’
includes same flavour leptons and τ -lepton tag;
’ana’ means Wmiss > 194 GeV, Wγγ >
236 GeV, ∆(η) < 2.1, ∆(R) < 3.2, PmissT >
5 GeV, Wlep 6∈ [87 GeV; 95 GeV].

Assuming a general multi-pupose LHC de-
tector as CMS or ATLAS and full-set of ded-
icated very forward detectors to tag photon-
interaction [4, 5], event selection requires very
clean dileptonic final states:

• two isolated leptons of opposite charge,

• two scattered protons,

• large missing energy from the non-
detection of ν and χ̃0

1,

• acoplanarity.

The only irreducible background process for
this topology is the two-photon produc-
tion of W pairs with fully leptonic de-
cay. Indeed, two-photon production of
lepton pairs pp(γγ → `+`−)pp is eas-
ily suppressed using a cut on Emiss or
accoplanarity. Exclusive WW produc-
tion has a larger cross-section, around
108 fb.

The two leptons must fall in the acceptance of the detector:

pT (µ±) > 7 GeV, pT (e±) > 10 GeV, |η(`±)| < 2.5 (1)

while the protons are assumed to produce a hit in one very forward detector (VFD) if [6]:

900 GeV < Eγ < 120 GeV for 420m forward stations,

120 GeV < Eγ < 20 GeV for 220m forward stations, (2)

for a distance from the beam to the active edge taken as 4mm and 2mm respectively. An energy
resolution σEγ = max(

Eγ
100 , 1.5 GeV) is simulated on each detected proton.

Various possibilities to reduce the exclusive WW background based on kinematic variables
are applied as cuts on the spatial distance ∆R, acoplanarity difference ∆φ, invariant dilepton
mass Wlep, . . . using the information of the central objects [3]. In case of low tan(β) models,
another efficient way to reduce by a factor 2 the WW contribution is to select only same flavour
dileptonic final states, as it is requested in this analysis. Also, lepton from tau decay can be
tagged and rejected on a displaced vertex position veto.

The cross-sections after acceptance cuts (including same flavour requirement and τ -lepton
tag) are 0.56 fb and 1.46 fb for the SUSY signal and the WW background respectively, as
detailed in Table 1.
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3 Precise mass reconstruction

The detection of the two scattered forward protons and the associated measurement of the pho-
ton energies give an unique and precise tool to reconstruct the initial conditions of the event.
The two-photon invariant mass Wγγ = 2

√
Eγ1Eγ2 and the missing mass Wmiss (reconstructed
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Figure 1: Distributions of the two-photon invariant massWγγ (left) and the missing massWmiss

(right) for the inetgarted luminosity L = 100 fb−1. The background distribution of WW pairs
is shown separately. Both are computed for events with 2 opposite charge same flavour leptons
and 2 protons passing the acceptance cuts (1) and (2) only.

from Emiss = Eγ1 +Eγ2 −E`1 −E`2 and similary for Pmiss) distributions are shown in Figure
1, cumulatively for the signal, and separately for the background. The Wγγ distribution reflects
the SUSY mass spectrum with two peaks due to the production thresholds of right slepton pairs
(around 250 GeV) and left slepton pairs (around 400 GeV). Similary the Wmiss distribution
starts at about twice the mass of the LSP for the signal, whereas for the background the missing
energy distribution starts at zero and peaks at around 70 GeV. Both distributions can be used
to perform a mass edge study and extract the mass of ˜̀+

R, ˜̀+
L and χ̃0

1. It should be stressed
that the sleptons mass determination depends only on the VFD energy resolution and not on
the ones for the central detectors. Also, since the energies and momenta of leptons are well
reconstructed in the central detector, the uncertainty on the LSP mass determination is mainly
dominated by photon energy resolutions.

Furthermore, combination of both information on the two-photon mass and the missing
mass allows to measure the mass of the light µ̃R and ẽR using the empirical quantity [3]:

(2mreco)
2 = W 2

γγ −
(

[W 2
miss − 4m2

χ̃0
1
]1/2 + [W 2

lep − 4m2
lep]

1/2
)2

(3)

The only input is this method is the mass value of the LSP, which can be taken from the mass
edge study on Wmiss. The distribution after an integrated luminosity of 100 fb−1 is shown
on Figure 2. A narrow peak centered on 2 ∗mreco = 236 GeV = 2 × 118 GeV, allows for an
event-by-event determination of the ẽ±R and µ̃±R mass with few GeV resolution.
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Figure 2: Cumulative distributions of the reconstructed mass 2 ∗mreco for an integrated lumi-
nosity of L = 100 fb−1 assuming no pile-up.

4 Accidental coincidence background

In order to be sensitive to the femtobarn-level cross-sections of the exclusive SUSY pair produc-
tion, this analysis has to be performed at designed LHC luminosity, when multiple interactions
per bunch crossing (pile-up events) become significant. Assuming a total inelastic cross-section
of 80mb and a collision frequency of 40 MHz, the number of overlap events per collision is
distributed according to a Poisson distribution with

• for low luminosity L = 2× 1033cm−2s−1, 〈N〉 = 5.1,

• for high luminosity L = 1034cm−2s−1, 〈N〉 = 25.4.

At these luminosities, the large number of overlap events leads to high probability to get
accidental coincidence background when the dileptonic event detected in the central detector
and the two forward proton detected in the VFD do not come from the same vertex [5, 7].

4.1 Accidental proton hits

The total inelastic cross section at the LHC is expected to be roughtly 80mb [8] with:

• Single diffraction:
Processes corresponding to pp → pX or pp → Xp, simulated with MUSB(92) or MUSB(93)
respectively in Pythia [9]. The associated cross-section is 14mb. Efficiencies to detect a scat-
tered proton in a VFD are εFP240 ' 15% and εF420 ' 12%. This is the dominant component
of accidental proton hit for both distances.

• Double diffraction:
Processes corresponding to pp → XY , simulated with MUSB(94) in Pythia. The associated
cross-section is 10mb. Efficiencies to detect a scattered proton in a VFD are εFP240 ' 1.3%
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and εFP420 ' 0.

• Non-diffractive inelastic events:
Processes corresponding to pp → X ,simulated with MUSB(95) in Pythia (also called low pT
production). The associated cross-section is 55mb. Efficiencies to detect a scattered proton in
a VFD are εFP240 = 0.5% and εFP420 ' 0.

Effect of multiple interactions per collision is simulated by superimposing N extra events,
with N following the Poisson distribution, and distributing the vertices along a gaussian with
48.2mm width [10]. The associated probability to have two accidental proton hits per collision
(one on each side of the interaction point) is calculated to be 1.16% for low and 21.54% for high
luminosity on average.

4.2 Dileptons from inclusive processes

The considered inclusive processes with dileptonic final states, likely to mimic an exclusive
SUSY signature if VFD hits match, are the inclusive W+W− → `+`−ν’s, ZZ → `+`− + jets
and the Drell-Yan Z/γ∗ → `+`− processes, for which cross-sections for productions and after
applying acceptance cuts (1) and (2) are quoted in Table 2 and have to be compared with
numbers in Table 1 for the SUSY signal.

Processes σ [fb] σ2p+

acc [fb] σana+excl [fb]
WW a Low lumi 7.4× 103 11.47 1.3× 10−3

High lumi ” 213.23 24.0× 10−3

ZZ Low lumi 1.1× 104 10.64 0.4× 10−3

High lumi ” 197.85 6.8× 10−3

γ∗/Za,b Low Lumi 1.3× 107 2.4× 104 1.13
High lumi ” 4.5× 105 20.94

Table 2: Cross-sections of inclusive background processes for production (σ), after applying cen-

tral and forward acceptance cuts (σ2p+

acc ) and after applying analysis and exclusivity conditions
(σana+excl) (see section 5). MC generation cut : a: leptonic decay only; b: for

√
ŝ > 14 GeV.

The conditions for ’acc’ and ’ana’ are the same as in Table 1. excl means no extra track
associated to the `+`− vertex with pT > 0.5 GeV.

As the dominant component is the inclusive Drell-Yan process, the analysis selection includes
cuts on pmissT and on Wlep, both calculated from the lepton kinematic information in order to
reduce the ’γ∗ part’ and the ’Z part’ of the spectrum respectively. We set PmissT > 5 GeV and
Wlep 6∈ [87 GeV; 95 GeV].

5 Exclusivity conditions

Accidental coincidence background, mainly composed by collisions with one inclusive Drell-Yan
event and two single diffractive events, can be reduced at higher level trigger stage using kine-
matic constraints as consistency between the central and the forward systems in rapidity and

PHOTON09 5

TWO-PHOTONEXCLUSIVE PRODUCTION OFSUPERSYMMETRICPAIRS AT THE LHC

PHOTON09 31



mass. It can be further reduced using the fact that in general the number of tracks associated
to the dilepton vertex is much smaller in exclusive events than in generic collisions.
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Figure 3: Background selection for ’no extra track
with pT > pT,cut’ condition

For illustration, the inefficiency due
to track-based exclusive conditions is
shown in Figure 3 as a function of
the minimum pT value for track re-
construction. Using the high per-
formance of the central tracking de-
tector to reconstruct tracks even at
low pT [11], one can request an ex-
tra track with pT > 0.5 GeV associ-
ated to the `+`− vertex. This pro-
vides a reduction factor around 2500
for inclusive WW , 3000 for inclusive
ZZ and 4500 for Drell-Yan produc-
tion. However, it has to be em-
phasized that these reduction factor
are strongly dependent on the Multi-
ple Parton Interaction model used, and
then have large uncertainty of factor
2.

The effect of the accidental coinci-
dence background with track-based exclusivity conditions is shown in Figure 4 for low and
high luminosities. For the lower one, the inclusive background remains at an acceptable level,
so that ẽ±R and µ̃±R masses could still be reconstructed with a few GeV resolution. However, in
case of high luminosity, the probability to have a central dileptonic event accidentally associated
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Figure 4: Cumulative distributions of the reconstructed mass 2 ∗ mreco for the integrated
luminosity L = 100 fb−1 assuming low (left) and high (right) pile-up conditions. Track-based
exclusivity conditions are applied.
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to VFD hits is so large that the signal peak from exclusive supersymmetric pairs is hidden. In
this context, precise time-of-flight detectors with few pico-second resolution have to be installed
in association to the proton detector aiming to measure the relative time of arrival of protons
in the VFD leg and reconstruct the proton-proton vertex [5, 12].

6 Conclusions

Photon-photon interactions provide novel, unique and complementary physics in the search of
supersymmetric low mass models at the LHC, thanks to extra kinematical information obtained
using the VFD. Even though the detection of low mass sparticles would be achieved earlier in
nominal proton-proton collisions, the main interest lies in the capabilities for a reconstruction
with a few GeV resolution of the LSP and the charged light scalars (ẽR and µ̃R) masses.

Unfortunately, in the harsh environment of the LHC, pile-up events will cause accidental
coincidence background (an inclusive dilepton event associated to two accidental proton hits)
which will degrade the SUSY detection potential.

At low luminosity, the use of strong track-based exclusivity conditions allows for a large
reduction of the accidental background, and few GeV resolution on mass reconstruction is still
expected. However, at high luminosity, the number of extra interactions per collisions is so high
that no SUSY signal peak could be observed anymore. Fast timing detector, with O(10ps) time
resolution are then mandatory for the proton-proton vertices.
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Flavor physics constraints on supersymmetric models and in particular those from b →
sγ transitions are discussed. These rare transitions provide valuable information in the
quest for new physics and are complementary to the direct searches. The contributions of
supersymmetric particles in the inclusive branching ratio in B → Xsγ as well as the isospin
symmetry violation in B → K∗γ decay mode are investigated. The model parameters are
adopted from the minimal supersymmetric extension of the Standard Model (MSSM) with
minimal flavor violation.

1 Introduction

Rare B decays are very sensitive to new physics effects and can play an important role in disen-
tangling different scenarios. The transition which is most often discussed in this context is the
flavor changing neutral current process b → sγ. Since this transition occurs first at one-loop
level in the SM, the new physics contributions can be of comparable magnitude.

The penguin loops here involve W boson in the Standard Model, and in addition loops from
charged Higgs boson, chargino, neutralino and gluino for the MSSM as presented in Figs. 1
and 2. The contribution of neutralino and gluino loops is negligible in minimal flavor violat-
ing scenarios. Charged Higgs loop always adds constructively to the SM penguin. Thus, this
observable is an effective tool to probe the 2HDM scenario. Chargino loops however can add
constructively or destructively. If the interference is positive, it results in a great enhancement
in the BR(b→ sγ), which becomes therefore a powerful observable.

In the following, we present an overview of two observables in b → sγ transitions, namely
the inclusive branching ratio of B → Xsγ and isospin asymmetry in the exclusive decay of
B → K∗γ.

The calculation of b→ sγ observables begins with introducing an effective Hamiltonian

Heff = −4GF√
2
V ∗tsVtb

8∑

i=1

Ci(µ)Oi(µ) (1)
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Figure 1: Example of diagrams contributing to B → Xsγ.
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Figure 2: Loops involved in b→ sγ transitions.

where GF is the Fermi coupling constant, Vij are elements of the CKM matrix, Oi(µ) are the
relevant operators and Ci(µ) are the corresponding Wilson coefficients evaluated at the scale
µ. The operators Oi can be listed as follows

O1 = (s̄γµT
aPLc)(c̄γ

µT aPLb) ,

O2 = (s̄γµPLc)(c̄γ
µPLb) ,

O3 = (s̄γµPLb)
∑

q

(q̄γµq) ,

O4 = (s̄γµT
aPLb)

∑

q

(q̄γµT aq) ,

O5 = (s̄γµ1γµ2γµ3PLb)
∑

q

(q̄γµ1γµ2γµ3q) ,

O6 = (s̄γµ1γµ2γµ3T
aPLb)

∑

q

(q̄γµ1γµ2γµ3T aq) ,

O7 =
e

16π2
[s̄σµν(msPL +mbPR)b]Fµν ,

O8 =
g

16π2
[s̄σµν(msPL +mbPR)T ab]Gaµν ,

(2)

The presence of SUSY particles does not introduce new operators in the list, however, the
Wilson coefficients Ci receive additional contributions from virtual sparticles.

2 Inclusive Branching ratio

The branching ratio of B → Xsγ can be written as [1]

B[B̄ → Xsγ]Eγ>E0 = B[B̄ → Xceν̄]exp

∣∣∣∣
V ∗tsVtb
Vcb

∣∣∣∣
2

6αem

πC
[P (E0) +N(E0)] (3)

with

C =

∣∣∣∣
Vub
Vcb

∣∣∣∣
2

Γ[B̄ → Xceν̄]

Γ[B̄ → Xueν̄]
. (4)
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P (E0) and N(E0) denote respectively the perturbative and non perturbative contributions,
where E0 is a cut on the photon energy. The numerical values of C, BR(B̄ → Xceν̄)exp and E0

can be found in [1].

Following [1], we can expand P (E0) as

P (E0) = P (0)(µb) + αs(µb)
[
P

(1)
1 (µb) + P

(1)
2 (E0, µb)

]
(5)

+ α2
s(µb)

[
P

(2)
1 (µb) + P

(2)
2 (E0, µb) + P

(2)
3 (E0, µb)

]
+O

(
α3
s(µb)

)
(6)

where Pi’s are related to the Wilson coefficients. The latest combined experimental value for
this branching ratio is reported by the Heavy Flavor Averaging Group (HFAG) [2]:

B[B̄ → Xsγ] = (3.52± 0.25)× 10−4 , (7)

to be compared to the SM predicted value [9]:

B[B̄ → Xsγ] = (3.11± 0.22)× 10−4 . (8)

The accuracy of the experimental and theoretical values, as well as the slight shift between
the central values, make this observable particularly interesting to constrain new physics pa-
rameters, and especially in the MSSM where the new contributions can lead to very different
predictions.

3 Isospin asymmetry

The isospin asymmetry in B → K∗γ decays is defined as:

∆0− =
Γ(B̄0 → K̄∗0γ)− Γ(B− → K∗−γ)

Γ(B̄0 → K̄∗0γ) + Γ(B− → K∗−γ)
. (9)

and similarly ∆0+ is defined as the charge conjugate of this equation. The isospin asymmetry
has been measured experimentally by Babar [3] and Belle [4]:

∆0− = +0.029± 0.019(stat.)± 0.016(syst.)± 0.018(R+/0) (Babar) , (10)

∆0+ = +0.012± 0.044(stat.)± 0.026(syst.) (Belle) . (11)

Calculating the isospin asymmetry, while considering the supersymmetric contributions, and
comparing the results with the above experimental data allows us to establish very tight con-
straints on the SUSY parameters [5, 6].

Using the QCD factorization and following the method of [7], one can show that the isospin
symmetry breaking, ∆0−, can be written as:

∆0− = Re(bd − bu) , (12)

where the coefficients bq reads:

bq =
12π2fB Qq

m̄b TB→K
∗

1 ac7

(
f⊥K∗
m̄b

K1 +
fK∗mK∗

6λBmB
K2q

)
. (13)
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In this formula, the coefficients ac7, K1 and K2q can be written in function of the Wilson coef-
ficients Ci at scale µb. The other parameters are described in [5].

Calculating the expected isospin asymmetry from Eqs. (1.2) and (1.3), and confronting the
results to the combined experimental limits of (1.4) and (1.5) allow us to establish limits on
the supersymmetry parameters.

4 Constraints

We explore the constraints from isospin asymmetry and branching ratio, while scanning over
parts of the parameter spaces of different supersymmetric models such as the minimal super-
gravity (mSUGRA) model and the non universal Higgs mass (NUHM) framework, as well as
the Anomaly Mediated Supersymmetry Breaking (AMSB) and the Gauge Mediated Supersym-
metry Breaking (GMSB) models.
The results presented here, for both the inclusive branching ratio and the isospin asymmetry
have been calculated using SuperIso v2.5 [8, 9]. The SUSY mass spectrum, as well as the cou-
plings and the mixing matrices, are generated using SOFTSUSY 2.0.18 [10]. The constraints
are presented in Fig. 3, where severe restrictions on the allowed parameter space regions for
the aforementioned models are obtained.

In Fig. 4 we present a comparison between the constraints obtained by different flavor
observables (both tree-level and one-loop induced) for fixed values of m0 = m1/2 = µ = 500
GeV and A0 = 0. We show the results in the plane [tanβ,mA], for mA > 200 GeV. The
regions excluded by b → sγ observables are displayed in red for the isospin asymmetry and
in blue for the branching ratio [5, 6]. The region excluded by BR(D±s → τ±ν) is depicted in
yellow. The green area represents the region excluded by BR(B± → τ±ν), the violet region by
BR(B0

s → µ+µ−), the light blue region by K± → µ±ν, and the orange area by BR(B→ Dτν)
[11]. To obtain the constraints presented in this figure the input values of [9] are used. It is
important to remember that the constraints can be subject to uncertainties, in particular from
decay constants and CKM matrix elements. To obtain the constraint from BR(D±s → τ±ν) the
central value ms/mc = 0.08 is used [12]. Finally, the black region in the figure represents the
region excluded by the direct searches at colliders [13].

5 Conclusions

We have shown that the flavor changing neutral current process b → sγ provides valuable
observables for constraining the MSSM parameter space. Many other flavor physics observables
can also be of great interest for the search of new physics, and they will prove to be powerful
tools when combined with the future LHC data. The SuperIso package provides the possibility
to explore the supersymmetry parameter space using many flavor observables and for different
scenarios.
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Figure 3: Constraints on the SUSY parameter space from b → sγ branching ratio and isospin
asymmetry. The colors correspond to the intensity of isospin asymmetry. The upper left plot
shows the constraints in mSUGRA parameter plane (m1/2,m0) with µ > 0 for tanβ = 30 and
for A0 = 0; the upper right plot shows the constraints in NUHM parameter plane (µ,mA) for
m0 = 1000 GeV, m1/2 = 500 GeV, tanβ = 35 and A0 = 0; the lower left plot illustrate the
constraints in AMSB parameter plane (m3/2, tanβ) for m0 = 500 GeV and µ < 0; and the
lower right shows the constraints in GMSB parameter plane (Mmess, tanβ) for Λ = 100 TeV,
N5 = 1, cgrav = 1 and µ > 0.
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We show that the expected sensitivity to triple and quartic gauge couplings at the LHC
with the ATLAS or the CMS detector, in photon-photon interactions, can be improved
by 3 orders of magnitude with respect to LEP results. In particular we study anomalous
WWγ, WWγγ and ZZγγ couplings.

We first present the results obtainable with early data (10 to 100 pb−1). We discuss finally
the sensitivity reached with higher integrated luminosity (30 fb−1 and more) using the
forward proton detectors foreseen for an upgrade of the ATLAS/CMS detector.

1 Introduction

A lot of new physics analyses at the LHC need a significant amount of data to be carried
out. Nevertheless, even with early data, some new results are achievable, for example on
anomalous gauge couplings in photon induced processes. A dramatic improvement on the
current knowledge of those anomalous couplings is possible even with very few data (from
10 pb−1).

2 Two-photon interactions and anomalous couplings

p

p

γ

γ

W

W

p

p

W

p

p

γ

γ

W±, Z0

W∓, Z0

p

p

Figure 1: Feynman diagrams for the signal (triple gauge couplings on the left, quartic on the
right)

The process we studied is pp → p(γγ)p → ppWW (see Figure 1). In this photon-induced
process, the two photons interact through the exchange of a virtual W , giving a pair of W s in
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the final state. The main particularity of this process is that nothing else is produced in the
central detectors, and we only detect the products of the decay of the W s, namely two leptons
(including taus if they decay leptonically) as we only studied the leptonic channel.

Even though we would have had more statistics, we did not consider the case when the W s
decay hadronically. In this case one would have to face the high QCD background and thus
a more refine analysis would be needed. The protons loose little transverse momentum and
fly into the beam pipe, they are therefore left undetected (unless forward proton detectors are
installed at ATLAS or CMS, e.g. ATLAS Forward Physics detectors: see below). So we have
a very clean signature for our events: only two reconstructed leptons in the central detectors
and nothing else.

2.1 W pair production through two-photon interaction

The cross section of this process in the Standard Model is well known, since it is a pure
Quantum Electrodynamics process. This cross section is σpp→ppWW = 95.6 fb at

√
s = 14 TeV,

σpp→ppWW = 62 fb at
√
s = 10 TeV (αEM = 1/137).

In our study we used the equivalent photon approximation (Budnev flux), which predicts
exchanges of quasi-real (low virtuality Q2) photons whose energy can be substantially large.
In particular we can have a high missing mass Mγγ =

√
sξ1ξ2 (where ξ is the momentum

fraction loss of the proton). Therefore photon interactions allow to probe new physics even at
the terascale.

2.2 Anomalous couplings

We studied two types of effective Lagrangians of anomalous gauge couplings extending the
Standard Model. The first one corresponds to quartic couplings.

L0
6 =

−e2

8

aW0
Λ2

FµνF
µνW+αW−α −

e2

16 cos2 ΘW

aZ0
Λ2
FµνF

µνZαZα,

LC6 =
−e2

16

aWC
Λ2

FµαF
µβ(W+αW−β +W−αW+

β )− e2

16 cos2 ΘW

aZC
Λ2
FµαF

µβZαZβ .

Anomalous WWγγ couplings are parametrised by dimensionless parameters aW0 and aWC ,
and anomalous ZZγγ couplings by aZ0 and aZC . We studied the effect of each of these parameters
independently, varying only one while the other ones were set to their Standard Model value:
0.

The second Lagrangian, corresponding to triple couplings, reads:

L/igWWγ =
(
W †µνW

µAν −WµνW
†µAν

)
+ (1 + ∆κγ)W †µWνA

µν .+
λγ

M2
W

W †ρµW
µ
ν A

νρ

Similarly, the parameters λγ and ∆κγ are 0 in the Standard Model, and were studied indepen-
dently. See [1] for a study of these couplings at the LHC.

2.3 Signal and backgrounds

The signal we study is characterised by two high-pT leptons reconstructed in the central detec-
tor, and the absence of any other reconstructed object or energy flow. We have a very clear
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signature for the signal and we can easily reject potential inclusive backgrounds, such as inclu-
sive W pair production. Of course, this is only true at low luminosity: otherwise, electronic
pile-up and multiple interactions will add additional activity in the central detector.
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p
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W

W

P
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Figure 2: Feynman diagrams for the different background processes.

The backgrounds taken into account for this study are the following (see diagrams on Fig-
ure 2):

Non-diffractive W pairs: completely suppressed by requiring two rapidity gaps (regions of
the detector devoid of energy) and at most two tracks (not shown).

Dilepton production through photon exchange: suppressed by asking at least one lep-
ton with pT > 160 GeV and missing transverse energy > 20 GeV.

Dilepton production through pomeron exchange: suppressed by the same cuts as above
and by the cut on the number of tracks.

W pair through pomeron exchange: low background, mainly suppressed by the cut on
tracks.

All those processes (except inclusive production of W pairs) were generated using Forward
Physics Monte Carlo (FPMC) [2], a generator based on Herwig, dedicated to the study of
forward physics processes. The matrix elements were generated with CompHEP [3]. The events
were then reconstructed with ATLFast++ [4], a ROOT standalone package that performs a
fast simulation of the ATLAS detector in a parametrised way.

3 Sensitivity using low integrated luminosity at the LHC

In this part, we studied the expected sensitivity on anomalous couplings with a low integrated
luminosity at the LHC (10−100 pb−1 depending on the LHC running scenario), without pile-up
and with proton-proton collisions at

√
s = 10 TeV.

3.1 Event Selection

The event selection is as follows:

2 reconstructed leptons with pT > 10 GeV where a ‘reconstructed lepton’ is an electron or
a muon. Tau lepton reconstruction was not taken into account: therefore final states
involving a tau lepton are kept if the tau decayed leptonically, but not if the tau decayed
hadronically.
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Figure 3: Leading lepton pT spectrum of the signal and different backgrounds, after all cuts.

Exclusivity In practise, we required that the event does not contain any other reconstructed
object than the two reconstructed leptons. This means at most two tracks, no unused
calorimeter cluster, and no other reconstructed object (muon, electron, jet or photon).
With real data, one would also have to ask for two rapidity gaps1, one on each side of
the detector. This exclusivity requirement is important to reject non-diffractive events,
whose production cross section is much higher but in which the proton remnants lead to a
large energy flow in the forward region. It also allows to reject processes involving double
pomeron exchange, in which the pomeron remnants lead to additional energy flow and
higher number of tracks.

1 lepton with pT > 160 GeV With this requirement, we suppress most of the dilepton back-
ground. Indeed, this background produces mostly low-pT leptons, whereas our signal
produces much higher pT leptons, especially with anomalous couplings which mostly en-
hance the cross section at high Mγγ .

Missing transverse energy > 20 GeV This cut further suppresses the dilepton background.
The final state for the signal is two leptons and two neutrinos, which leads to a much
higher MET than the dilepton background, which does not produce any neutrino (except
in the case of a tau decay, but the corresponding cross section is low).

Such event selection has a moderate effect on the signal, and it cuts almost all the background
(see Figure 3). The main background, as seen on this plot, is two-photon dilepton production.

3.2 Results

The expected results are presented in Table 1. We see that we can gain a factor 1 000 with
respect to the current limits from the OPAL collaboration [5] from as little as 10 pb−1 of data.
No similar study has been performed so far at the Tevatron, but the expected sensitivity would
be one order of magnitude better than the present LEP limits.

1A rapidity gap is a section of the detector, in pseudo-rapidity η, with no deposited energy (with respect to
the expected noise). The detailed study of rapidity gaps requires the use of the full detector simulation and
is not possible with fast simulation. Nevertheless it is reasonable to assume that the rapidity gap requirement
suppresses all of the inclusive background but keeps all of the signal.
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Couplings
OPAL limits Limits @ 10 TeV [GeV−2] Limit @ 2 TeV [GeV−2]

[GeV−2] L = 10 pb−1 L = 100 pb−1 L = 100 pb−1

aW0 /Λ2 [-0.020, 0.020] 1.41× 10−5 4.52× 10−6 7× 10−4

aWC /Λ
2 [-0.052, 0.037] 5.44× 10−5 1.68× 10−5 2.6× 10−3

aZ0 /Λ
2 [-0.007, 0.023] 1.05× 10−4 3.30× 10−5 4.25× 10−3

aZC/Λ
2 [-0.029, 0.029] 4.54× 10−4 1.23× 10−4 1.5× 10−2

Table 1: Sensitivity at low luminosity
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Figure 4: Upper 95% C.L. confidence limits on aW0 and aWC (left) and aZ0 and aZC (right). The
exclusion from the OPAL collaboration and the estimated limits at 2 TeV are also represented.

NB: the effective Lagrangians as such violate the unitarity at high energy. If we introduce
a form-factor (a → a

1+W 2
γγ/Λ

2 where we set Λ = 2 TeV) the actual limits are about 5-6 times
worse.

We also studied anomalous γγZZ couplings (see results in Table 1), which were also imple-
mented in our model. The analysis is much simpler in this case, since the corresponding process
(pp → ppZZ through photon exchange) is forbidden in the Standard Model. The gain of sen-
sitivity is this time of 2 orders of magnitude on the sensitivity from the OPAL collaboration.

Once again, we limit ourselves to the pure leptonic channel, with both Zs decaying to two
leptons. To select the events, we required at least 3 reconstructed leptons (or at least 2 of the
same generation and sign, e.g. µ+µ+) with pT > 10 GeV, at most 4 tracks, and no reconstructed
jet.

4 Sensitivity using high integrated luminosity at the LHC

This part of the study, now assuming collisions at 14 TeV, comprises high luminosity runs,
with multiple interactions per bunch crossing and pile-up. These will spoil the rapidity gaps
on which we relied at low luminosity, and we can no longer use them.

Nevertheless, we use the forward detectors to select the exclusive events with forward protons
in the final state. They are currently under development by the AFP collaboration [8], foreseen
to be installed at 220 and 420 meters on both sides of the CMS and/or ATLAS detectors. These
detectors, installed in the LHC tunnel very close to the beam, will detect diffracted protons
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with an acceptance on the momentum fraction loss of the proton of 0.0015 < ξ < 0.15.
To reject the inclusive background, we now ask for two deflected protons to be tagged in

those detectors. In practice, it will be necessary to check that these tagged protons come from
the main vertex, which will actually be possible with the picosecond time of flight detectors
enabling to associate the tagged proton with a vertex in the central detector.

Other changes in the cuts are necessary, mainly because we suppose now a higher integrated
luminosity (at least a few tens of fb−1). Therefore we are sensitive to smaller values of the
anomalous parameters, but we have more background events.
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Figure 5: Left: W distribution for signal and background. Right: pT distribution of the leading
lepton.

The new event selection, motivated by the higher luminosity and the pile-up background,
is as follows:

2 reconstructed leptons with pT > 10 GeV ;

2 tagged protons (0.0015 < ξ1,2 < 0.15), coming from the same vertex ;

1 lepton with pT > 160 GeV ;

Missing mass Mγγ =
√
sξ1ξ2 > 800 GeV (This cut enhances the signal / noise ratio, because

anomalous couplings only enhance the cross section at high missing mass, as we can see
on the left plot of Figure 5.);

Angle difference between the two leptons ∆φ < 3.13 (This further suppresses the dilep-
ton background (especially from γγ interaction), for which the leptons are emitted back-
to-back.);

Missing transverse energy > 20 GeV .

The main remaining backgrounds after these cuts are the double pomeron exchange dilepton
production, and the standard model two-photon W pair production, as seen on the right plot
of Figure 5.

The expected limits in this scenario are presented in Table 2. We see that we gain an
additional factor about 10 with respect to the limits presented in Table 1. The form-factor
introduced in Section 3.2 has a smaller impact here, it changes the limits by about a factor 2.

6 PHOTON09

ANOMALOUS GAUGE COUPLINGS IN PHOTON-PHOTON INTERACTIONS AT THELHC

PHOTON09 45



Couplings
Limits from LEP Limits @ 14 TeV

[GeV−2] L = 30 fb−1 L = 200 fb−1

aW0 /Λ2 [−0.020, 0.020] 2.3× 10−6 GeV−2 1.5× 10−6 GeV−2

aWC /Λ
2 [−0.052, 0.037] 8.7× 10−6 GeV−2 5.5× 10−6 GeV−2

λγ [-0.098, 0.101] [-0.033,0.026] [-0.024,0.017]
∆κγ [-0.044, 0.047] [-0.034,0.029] [-0.013,0.012]

Table 2: Sensitivity at high luminosity

5 Conclusion

We studied anomalous WWγ, WWγγ and ZZγγ couplings, considering not only the photon-
induced backgrounds but also double pomeron exchange ones, and we found that dilepton
production through double pomeron exchange is one of the dominant backgrounds to this
study.

With that, we showed that even with only 10 pb−1 of data at the LHC, we can set limits
more than 2 orders of magnitude better (form-factor taken into account) than the ones from the
OPAL collaboration. With 30 fb−1, and thanks to the AFP proton taggers, we can even reach
an additional factor 10 of improvement, leading to a total improvement by factor of 10 000 for
WWγγ couplings and 1 000 for ZZγγ couplings.
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A γγ-collider is a possible extension of an e+e− linear collider. The physics case of such a
machine will be reviewed and compared to the one of the e+e− mode of the machine.

1 Introduction

At a linear collider beams are used only once so that it is possible to “convert” an electron
beam into a photon beam by colliding it with an intense laser a few millimetres in front of the
interaction point [1, 2, 3]. The high energy photons follow the electron flight direction so that
the focusing of the beams works as in the e+e− mode. Using one or two lasers the machine can
be used as an eγ or γγ collider. If the appropriate laser wavelength is chosen the photon beam
has an energy of up to 80% of the energy of the incoming electron beam. Figure 1 (left) shows
the photon energy spectrum for the different choices of the electron and laser polarisation. To
achieve a high peak at maximal energy the helicity of the electron and laser beams must be
opposite. Figure 1 (right) shows the resulting beam polarisation for the different cases. The
setup that give the best energy spectrum also results in a large and stable polarisation in the
high energy peak. Since only the product of the electron and laser polarisation matters the γ-
beam polarisation can be varied by flipping both helicities simultaneously and the longitudinal
angular momentum of the γγ system can be dominantly Jz = 0 or Jz = 2. In reality the
spectrum gets distorted by two effects. To reach a high conversion probability the laser energy
must be high which leads to non linear effects distorting the high energy peak. In addition
there is a high chance that electrons interact a second time with a laser photon giving rise to
a large peak at low energies. The resulting spectrum is shown in Fig. 2 [3].

In addition to circular polarisation also linear polarisation is possible at a photon collider.
In this case the laser must be polarised linearly resulting in a less peaked energy spectrum.
The linear polarisation in the high energy beam is on the 30% level, the simultaneous circular
polarisation around 80%. The luminosity of a photon collider in the high energy part is around
10% of the e+e− luminosity for identical beam parameters. Due to the missing beam-beam
effects the beams can be squeezed stronger so that a luminosity of Lγγ ≈ 0.3Le+e− seems
possible.

Charged particles at the photon collider are produced via t-channel exchange which leads
to a well known cross section proportional to Q4. Especially for particles with unit charge they
are typically one order of magnitude larger than in e+e−. Neutral particles like the Higgs can
only be produced via loop diagrams, nevertheless the cross sections can be significant.
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2    Pλe c

Figure 1: Left: normalised photon energy spectrum from Compton scattering for different
electron and laser polarisation; right: photon circular polarisation for different electron and laser
polarisation. Because of parity conservation in Compton scattering the missing combinations
can be obtained from the shown ones by flipping all involved helicities [2].

2 Higgs Physics

Higgses are produced at the photon collider mainly by the loop graph shown in Fig. 3. All
charged particles that couple to the Higgs contribute. In the Standard Model the cross section
is dominated by the top-quark and the W-boson and there is a large sensitivity of the production
cross section to new heavy charged particles coupling to the Higgs. At the photon collider the
Higgs must be identified in a channel with a large branching ratio like H → bb or H →W+W−

and the observable Γ(H → γγ)× BR(H → XX) is measured. For a light Higgs BR(H → bb)
can be measured with a precision of around 2% in the e+e− mode [5]. For mH = 120 GeV
about 10000 events per year will be produced at the photon collider. For Higgs production
Jz = 0 is needed. For this polarisation state fermion pair production is suppressed by a factor
m2/s so that the background is manageable. Because of the Q4-dependence of the background
cross section a good b-tagging, especially b-c separation, is mandatory.

Detailed MC studies including all experimental and theoretical effects exist [6, 7]. The final
mass spectrum is shown in Fig. 4 (left). Γ(H → γγ) × BR(H → bb) can be measured with a
precision of better than 2%. Combining with the BR(H → bb) measurement from the e+e−

mode [5] this leads to a measurement of the coupling gHγγ of around 1.5%.

For a heavier Higgs the decay mode H → W+W− must be used. This mode has the
disadvantage of a much larger Standard Model background. However the interference with
the γγ → W+W− amplitude can also be used to measure the phase of the coupling [8]. The
reconstructed WW mass spectrum is shown in Fig. 4 (right). Figure 5 (left) shows the possible
precision of Γ(H → γγ) as a function on mH . For relatively light Higgses the precision is similar
as in the bb-mode. Figure 5 (right) shows the predicted change in Γ(H → γγ)×BR(H →WW )
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Figure 3: Feynman-graph for Higgs production at the photon collider.

and in the phase of the coupling for a 2HDM model. It can be seen that the phase brings
additional information to distinguish the model from the SM or to measure model parameters.

For supersymmetric Higgses the photon collider has a real discovery window. If the A is
significantly heavier than the Z the A, H and H± are almost mass degenerate and the ZZH
and ZZA couplings vanish. The relevant production modes in e+e− are thus e+e− → HA and
e+e− → H+H− and the mass reach is

√
s/2 [5]. For medium tanβ and mA > 200GeV also the

LHC cannot detect the supersymmetric Higgses [9]. At the photon collider the loop induced
s-channel production still works and the mass reach remains 0.8

√
see. Detailed studies show

that the H and A can be reconstructed (see Fig. 6, left) and that it can bee identified with 5σ
in at most two years of running (Fig. 6, right) [10].

Another possibility at the linear collider is the use of linear beam polarisation. With a
linearly polarised laser a linear beam polarisation of around 30% can be achieved. As can
be seen from Fig. 1 this leads, however, to s smaller circular polarisation and a less peaked
energy spectrum. With linear beam polarisation a CP-even Higgs will only be produced if the
polarisation direction of the two beams is parallel while for CP-odd states it must be orthogonal.
A 3-year run has been simulated running for one year each at maximal linear polarisation with
parallel and orthogonal direction and for one year with maximal circular polarisation [11].
Figure 7 (left) shows the mass spectrum for mass-degenerate H,A with linear polarisation. Due
to the smaller circular polarisation the background is much higher than in Fig. 6. Figure 7
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Figure 6: Left: mass spectrum for H, A production at a photon collider; right: H,A discovery
range for one year of running at the photon collider. The parameters are defined in [10].

(right) shows the possible cross section measurements for pure CP states. In the case of one
pure state, CP can be established with 5σ. If the H and A are mass-degenerate the two cross
sections can be measured separately with a 20% precision.
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Figure 7: Left: reconstructed mass spectrum for γγ → H,A → bb with linear polarisation;
right: possible cross section measurement for γγ → H → bb and γγ → A → bb with one year
each on maximal linear polarisation with parallel and orthogonal orientation and one year with
zero linear and maximal circular polarisation [11].

The photon collider might also have the possibility to measure tanβ [12]. The coupling
of the τ to the H and A is proportional to tanβ and Higgses can be produced via ττ -fusion
(γγ → Aτ+τ−, Hτ+τ−). The cross section is in the fb range (see Fig. 8) so that O(100) events
per year are expected allowing to measure tanβ to a few percent [12]. However an experimental
study to estimate the reconstruction efficiency and backgrounds is still missing.
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Figure 8: Cross section of the process γγ → Aτ+τ−, Hτ+τ− as a function of the A,H mass
[12].

3 Supersymmetry

In γγ superpartners are produced in pairs so that the reach is somewhat lower than in e+e−.
However there is a possible discovery window in eγ using the process eγ → ẽrχ̃

0
1. The mass

reach for this process is m(ẽr) +m(χ̃0
1) < 0.9

√
see which might be larger than the e+e− reach

for slepton pair production (0.5
√
see) if the mass difference ẽr − χ̃0

1 is large. One needs right
handed electrons to produce the ẽr which simultaneously reduces the single-W background that
otherwise would be huge. An experimental simulation indicates that this channel can indeed
be identified at an eγ collider [13]. The resulting mass spectrum is shown in Fig. 9 (left).

�����������
�����������
�����������
�����������

Signal
eγ ν ν e,µ µ ν ν eτ τ
eγ ν ν ee e

Figure 9: Left: mass spectrum for eγ → ẽrχ̃
0
1 and corresponding backgrounds after cuts [13];

right: effective cross section for γγ → χ̃+
1 χ̃
−
1 for the two beam polarisation sates [14].
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In the γγ-mode all charged superpartners are produced in pairs. The cross sections are large,
however the background, typically WW-production, is large as well. The cross sections can be
calculated reliably in QED so that the measured event rates are directly proportional to the
decay branching ratios. Figure 9 (right) shows the effective cross section1 of the process γγ →
χ̃+

1 χ̃
−
1 → W+W−χ̃0

1χ̃
0
1 → qq̄qq̄χ̃0

1χ̃
0
1 for a SUSY scenario with mχ̃±1

= 180 GeV, mχ̃0
1

= 96 GeV

and BR(χ̃±1 → χ̃0
1W
±) = 26% [14]. At

√
see = 600 GeV this results in 8000 signal events per

year. With an efficiency of 24% and a purity of 11% a measurement of
∆BR(χ̃±1 →χ̃0

1W )

BR(χ̃±1 →χ̃0
1W )

= 3.5%

is possible. In the SUSY fits for ILC [15] this result improves the precision of tanβ by more
than a factor two. However no decay-mode sensitive variables from e+e− have been included
in the fit up to now.

4 Coupling measurements

The photon-collider is only sensitive to the coupling of charged particles to photons, which
has, however, the advantage that there are no ambiguities between the couplings to Z-bosons
and photons. The monopole coupling (charge) is given by electromagnetic gauge invariance
so that higher order couplings are accessible in the measurements. The best studied case is
the γWW couplings which can be measured in γγ → WW and eγ → νeW [16, 17]. The
cross section is large (∼ 80 pb), however there is no sensitivity enhancement due to gauge
cancellations. Because of the unknown longitudinal momentum the WW-system can only be
fully reconstructed if both W-bosons decay hadronically. However, with symmetric beams the
polar angle ambiguity θ ↔ π − θ, that arises because the W-charge cannot be measured, does
not matter. In the γγ-mode both polarisation states are sensitive to the triple gauge couplings.
The J=0 state is, however, problematic since the luminosity cannot be measured accurately.
Figure 10 compares the sensitivities to κγ and λγ at the different machines. For κγ , which is
the more interesting coupling because of the lower mass dimension, the e+e−-mode of the ILC
is the by far most sensitive possibility. For λγ the γγ and eγ modes are more sensitive than
e+e−, however the LHC has a similar potential.

5 Conclusions

Depending on the physics scenario the photon collider can be an important addition to the
e+e−-mode of the ILC. For the interpretation of the data from the photon collider and for the
final decision if the photon collider should be built data from e+e− are needed, so the the γγ
mode should run after e+e−. This is also technically the preferred solution because the photon
collider is more challenging with respect to the beam parameters and more difficult to set up.
To exploit fully the physics case of the photon collider also the highest possible beam energy is
needed.

For these reasons it is important that the design of the ILC includes the photon collider as
an option that can run with maximum luminosity after or interleaved with the e+e− mode.

1The effective cross section is obtained by folding the γγ → χ̃+
1 χ̃
−
1 cross section with the luminosity spectrum.
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The search for Higgs bosons is one of the most important motivations for future linear
e+e− and photon colliders. In this contribution the major aspects of Higgs physics of
the Standard Model and its minimal supersymmetric extension at these two collider types
will be reviewed. In particular the measurements of Higgs masses, quantum numbers and
couplings via their production and decay processes at a linear e+e− collider will be shortly
summarized. Ongoing developments of Higgs boson production via γγ fusion and their
impact on coupling and parameter measurements will be discussed in detail.

1 Introduction

The Standard Model (SM) predicts the existence of one scalar Higgs boson which constitutes
the remainder of electroweak symmetry breaking by means of the Higgs mechanism [1]. The
requirement of a weakly interacting SM with a stable vacuum state at the electroweak ground
state up to the scale of Grand Unified Theories (GUT), i.e. O(1016) GeV, constrains the Higgs
mass to be between 130 and 190 GeV, while lowering this cutoff to the TeV scale enlarges the
allowed Higgs mass range to about 50 – 800 GeV [2]. In all experiments this particle has escaped
detection so far. The direct search in the LEP2 experiments via the process e+e− → ZH yields
a lower bound of 114.4 GeV on the Higgs mass [3]. Electroweak fits to the precision observables
at LEP, SLC and the Tevatron colliders yield an upper limit of the Standard Model Higgs mass
of about 186 GeV at 95% CL [4].

Φ gΦ
u gΦ

d gΦ
V

SM H 1 1 1
MSSM h cosα/ sinβ − sinα/ cosβ sin(β − α)

H sinα/ sinβ cosα/ cosβ cos(β − α)
A 1/ tanβ tanβ 0

Table 1: MSSM Higgs couplings to SM particles relative to
SM Higgs couplings.

Due to the hierarchy prob-
lem in the context of Grand
Unified Theories supersymmet-
ric (SUSY) extensions of the
SM are considered as the most
attractive solutions. The mini-
mal supersymmetric extension
of the SM (MSSM) requires
the existence of five elementary
Higgs bosons, two neutral CP-
even (scalar) bosons h, H , one
neutral CP-odd (pseudoscalar) boson A and two charged bosons H±. At lowest order all cou-
plings and masses of the MSSM Higgs sector are fixed by two independent input parameters,
which are generally chosen as tanβ = v2/v1, the ratio of the two vacuum expectation values
v1,2, and the pseudoscalar Higgs mass MA. Including the one-loop and dominant two-loop cor-
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rections the upper bound on the light scalar Higgs mass is Mh . 135 GeV [5]. More recent first
three-loop results confirm this upper bound within less than 1 GeV [6]. The couplings of the
various Higgs bosons to fermions and gauge bosons depend on mixing angles α and β, which are
defined by diagonalizing the neutral and charged Higgs mass matrices. They are collected in
Table 1 relative to the SM Higgs couplings. For large values of tanβ the down-type Yukawa cou-
plings are strongly enhanced, while the up-type Yukawa couplings are suppressed. This feature
causes the dominance of bottom-Yukawa-coupling induced processes for large values of tanβ
at present and future colliders as Higgs decays into bottom quarks and Higgs bremsstrahlung
off bottom quarks at hadron and e+e− colliders. Moreover, Higgs boson production via gluon
fusion gg → h,H,A is dominated by the bottom-loop contributions for large tanβ.
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Figure 1: Expected accuracies in measurements of
ratios of Higgs couplings at the LHC [7].

Once the Higgs boson of the SM
will be found at the LHC, its proper-
ties have to be analyzed. However, at
the LHC only ratios of Higgs couplings
can be determined in the intermediate
mass range in a model-independent way.
The expected accuracies for the ratios
of the various decay channels are dis-
played in Fig. 1 [7] which implies that
a first insight into the fundamental rule
gi/gj = mi/mj for various particles
i, j = W,Z, τ, b can be obtained. For
Higgs masses above about 200 GeV the
total Higgs decay width can be measured
at the LHC with an accuracy down to
O(10%) for larger Higgs masses, while
it is too small to be extracted from the
invariant mass peak for smaller Higgs
masses [8].

A similar situation is expected to
emerge for the supersymmetric Higgs
bosons of the MSSM in regions where
several decay modes of the Higgs parti-
cles can be detected. For large values of
tanβ this fundamental MSSM parame-
ter can be measured with an accuracy at
the level of 10% [8]. However, within the
MSSM there is a large region for inter-
mediate values of tanβ and moderate to large values of the pseudoscalar mass MA, where the
LHC will discover the light scalar Higgs particle h only. Since in this region the light scalar is
SM-like it cannot be distinguished from the Higgs boson of the SM. None of the heavier Higgs
particles can be seen at the LHC in this wedge region.
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2 Higgs Physics at the ILC
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Figure 2: The µ+µ− recoil mass distribution in the
process e+e− → HZ → Xµ+µ− for MH = 120 GeV
and

∫
L = 500fb−1 at

√
s = 350 GeV. The dots with

error bars are Monte Carlo simulations of the Higgs
signal and the background. The shaded histogram
represents the signal only. Ref. [9].

Higgs boson production at the ILC pro-
ceeds analogously to the LEP collider,
i.e. via Higgs-strahlung e+e− → ZH and
WW/ZZ–fusion e+e− → νeν̄e/e

+e− +
H . The SM Higgs boson can be discov-
ered up to about 70% of the c.m. en-
ergy. The Higgs-strahlung process pro-
vides the potential to reconstruct the
Higgs mass purely from the recoil mass
due to the monoenergetic Z boson in
the final state and thus independently
of the Higgs decay mode. This offers a
precise measurement of the Higgs boson
mass with an accuracy of 40-80 MeV as
is shown in Fig. 2. Moreover, the Higgs
boson coupling to the Z boson can be
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Figure 3: The predicted SM Higgs boson branching ratios. Points with error bars show the
expected experimental accuracy, while the lines show the estimated parametric uncertainties
on the SM predictions. Ref. [9].

determined in a model-independent manner [9]. This opens the way to a model-independent
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measurement of the branching ratios of several Higgs boson decay modes with high accuracy.
The results of these studies are displayed in Fig. 3 [9]. These measurements can then be used
to determine the corresponding Higgs couplings to bottom and charm quarks, τ leptons as well
as to W+W−, gg and γγ pairs down to the per-cent level in several cases. This completes the
picture of the first studies at the LHC with much higher accuracy and with much more model
independence.

The angular distribution of the Z/H particles in the Higgs-strahlung process can be used to
determine the spin and parity of the Higgs particle as can be inferred from the left plot of Fig. 4.
The generic angular distributions of scalar and pseudoscalar Higgs-strahlung differ significantly
between each other and from the background of Z boson pair production e+e− → ZZ. This
can be used to determine the admixture of a pseudoscalar component to the scalar SM Higgs
matrix element at the per-cent level [9].

Z H

H

s = 500 GeV

M   = 120 GeV

(1/    )d   / d cos 

1

e  e

e  e

e  e

cos

Z Z

Z A

.8

.6

.50-.5-1

.2

.4

-

σ σ θ

θ

+

+ -

+ -

s (GeV)

cr
os

s 
se

ct
io

n 
(f

b)

J=0

J=1

J=2

0

5

10

15

210 220 230 240 250

Figure 4: Left: Angular distribution of Z/H bosons in Higgs-strahlung, compared with the
production of pseudoscalar particles and the ZZ background final states. Ref. [10]. Right:
Threshold excitation of Higgs-strahlung which discriminates spin=0 from other assignments,
Ref. [11].

A different method to determine the spin of the Higgs particle is provided by a threshold scan
in the Higgs-strahlung process. The theoretical threshold behaviour of particles with different
integer spin quantum numbers is shown in the right plot of Fig. 4. The data points reflect the
expected accuracies that can be reached at the ILC by a threshold scan [11]. In contrast to the
LHC the spin and CP quantum numbers of the Higgs boson can be uniquely determined at the
ILC.

Higgs boson pair production via double Higgs-strahlung e+e− → ZHH and the WW -fusion
processes e+e− → νeν̄eHH are sensitive to the trilinear Higgs coupling λHHH . A measurement
of this coupling exhibits the first step towards an experimental measurement of the Higgs
potential. This constitutes a crucial test of electroweak symmetry breaking in the Higgs sector.
Although the sensitivity of the processes above to λHHH is quite limited, the experimental
accuracy at the ILC with energies up to the TeV range allows a measurement down to the 10%
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level in the intermediate Higgs mass range [12] as is shown in Fig. 5.
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Figure 5: Upper: Generic diagrams of the double Higgs-strahlung process. Lower: The sensitiv-
ity of the double Higgs-strahlung and the WW fusion processes to the trilinear Higgs coupling
Λ in the intermediate Higgs mass range for an integrated luminosity

∫
L = 1 ab−1 at

√
s =

500 GeV, 1 TeV and 1.5 TeV. Ref. [13].

3 Higgs Physics at the PLC

A photon collider can be constructed on top of the ILC by Compton backscattering of laser
light off the e− beams with a c.m. energy peaking at about 80% of the original e+e− energy [14].
This collider mode can be used to search for single s-channel Higgs boson production, since the
Higgs particles couple to photon pairs by means of W boson and top/bottom triangle loops.
The final state Higgs decay into bb̄ pairs can be extracted from the background by appropriate
cuts on the bottom scattering angles and by requiring two-jet configurations. In this way the
cross section and thus the SM Higgs coupling to photon pairs can be measured with an accuracy
at the per-cent level [15], see Fig. 6, for the SM Higgs boson in the intermediate mass range.
Since the Higgs coupling to photons develops imaginary parts due to threshold effects inside
the loop contributions, it turns out to be complex. The complex phase of the amplitude can
be determined from the interference with the ZZ,W+W− and tt̄ backgrounds at the level of a
couple of per-cent at a photon collider [16, 17]. Moreover, the CP properties of Higgs bosons can
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Figure 6: Experimental simulation of the production of SM Higgs bosons with subsequent
decay into bb̄ at a photon collider. Left: Reconstructed signal peak above backgrounds. Right:
Expected accuracy of the cross section measurement. Ref. [15].

be studied at a PLC. The relative CP-phase between the scalar and pseudoscalar components
can be measured with an accuracy at the level of a few per-cent in Higgs decays to Z boson
pairs [18] and into tt̄, τ+τ− pairs [17, 19].

The photon collider mode offers the opportunity to produce and search for supersymmetric
MSSM Higgs boson in the wedge region in which the LHC can only find the light scalar Higgs
boson. Its reach in the bb̄ decay channel turns out to be up to about 600 GeV [20], i.e. far
beyond the Higgs mass reach of a 500 GeV ILC. Experimental simulations have demonstrated
that the production cross section can be measured in this wedge region with a precision at the
10%-level, see Fig. 7. This measurement provides a quantitative test of the photonic MSSM
Higgs couplings of the heavy scalar and pseudoscalar Higgs particles, which are sensitive to the
heavy charged particle spectrum of the MSSM.

The PLC will allow for a measurement of the trilinear Higgs couplings in Higgs boson pair
production processes γγ → HH . Generic diagrams contributing to this process are shown in
Fig. 8. By tuning the γγ c.m. energy according to the Higgs masses an accuracy in the 10%
range can be reached at the PLC which is comparable to the accuracies reachable in the e+e−

mode [21, 22].

Finally, the PLC will provide an additional opportunity to measure the MSSM parameter
tanβ in the τ -fusion processes γγ → τ+τ− + h/H/A → τ+τ−bb̄. By applying proper cuts,
the signal processes can be extracted from the background processes which are dominated by
τ+τ− annihilation into bottom quarks and diffractive γγ → (τ+τ−)(bb̄) events. The statistical
accuracy, with which large tanβ values can be measured, is exemplified for three tanβ values in
Tab. 2. The scalar and pseudoscalar processes have been combined, whenever the Higgs states
are nearly mass degenerate. The absolute errors for the measurement of tanβ are of O(1) which
translates into accuracies in the per-cent to 10%-range depending on the size of tanβ [23].
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Eγγ = 400 GeV, L = 100 fb−1 Eγγ = 600 GeV, L = 200 fb−1

tanβ Mh [GeV] A⊕H : MA [GeV] A⊕H : MA [GeV]
100 100 200 300 100 200 300 400 500

10 12.9% 12.8% 10.7% 13.9% 12.3% 9.0% 11.2% 13.2% 16.5%
30 3.7% 3.7% 3.5% 4.6% 3.5% 3.0% 3.7% 4.4% 5.3%
50 2.2% 2.2% 2.1% 2.7% 2.1% 1.8% 2.2% 2.6% 3.2%

Table 2: Relative errors ∆ tanβ/ tanβ on tanβ measurements for tanβ = 10, 30 and 50 based
on: h [first column] and combined A ⊕ H [next three columns] assuming Eγγ = 400 GeV,
L = 100 fb−1, and A ⊕H production [last four columns] with Eγγ = 600 GeV, L = 200 fb−1.
Ref. [23].
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We study double Higgs production in photon-photon collisions in the framework of two
Higgs Doublet Models. We show that the fusion processes γγ → SiSj , Si = h0, H0, A0,
can be enhanced by threshold effects in the region Eγγ ≈ 2mH±. We have scanned the
allowed parameter space of the two Higgs Doublet Model and found a vast region where
the cross section is two orders of magnitude above the Standard Model cross section. We
further show that the Standard Model experimental analysis can be used to discover or to
constraint the two Higgs doublet model parameter space.

1 Introduction

With the eminent start of CERN’s Large Hadron Collider (LHC), enthusiasm is growing in the
particle physics community with the prospect of finding the scalar responsible for electroweak
symmetry breaking. If the Higgs is found, the next task will be to identify the underlying
model and in many cases, a complete identification can only be completed with the help of a γγ
collider [1, 2]. Since photons couple directly to all fundamental fields carrying electromagnetic
charge, γγ collisions provide a comprehensive means of exploring virtual aspects of the Standard
Model (SM) and its extensions [3]. The production mechanism in hadron and e+e− machines
are often more complex and model-dependent.

Neutral Higgs bosons are primarily produced in γγ collisions via γγ → (h0, H0, A0) [4, 5, 6, 7]
However, triple and quartic Higgs couplings can only be explored through Higgs boson pair
production processes. 2HDM triple Higgs couplings could be measured at e+e− colliders [8].
At photon-photon colliders, the cross section for neutral Higgs boson pair production has been
calculated in [9, 10] in the SM and found to be rather small. In the 2HDM, the authors of [11, 12]
found that the cross section for γγ → h0h0 can be substantially enhanced relative to the SM
one in the decoupling limit.

In this work, we present a complete calculation of pair production of all neutral Higgs
bosons at the one loop level in the 2HDM. We study the Higgs self couplings effects on the
γγ → h0h0 and γγ → A0A0 cross sections and briefly comment on the γγ → h0A0, γγ → h0H0,
γγ → H0A0 and γγ → H0H0 production modes. This exhausts all possible neutral scalar
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production processes in the 2HDM. A measurement of these processes could shed some light
on the 2HDM triple Higgs couplings. However, even if the situation regarding a measurement
of the vertex is not clear because no peak is detected, a vast region of the 2HDM parameter
space will be excluded. For a more detailed version of this study see [13].

2 The CP-conserving 2HDM

The 2HDM potential used in this work is an eight parameter potential invariant under the Z2

discrete symmetry Φ1 → Φ1, Φ2 → −Φ2 except for the soft breaking term [m2
12Φ†1Φ2 + h.c.].

The vacuum structure is chosen such that the potential does not break CP spontaneously and
the potential is written as

V (Φ1,Φ2) = m2
1Φ†1Φ1 +m2

2Φ†2Φ2 + (m2
12Φ†1Φ2 + h.c) +

1

2
λ1(Φ†1Φ1)2 +

1

2
λ2(Φ†2Φ2)2

+ λ3(Φ†1Φ1)(Φ†2Φ2) + λ4(Φ†1Φ2)(Φ†2Φ1) +
1

2
λ5[(Φ†1Φ2)2 + h.c.] , (1)

where Φi, i = 1, 2 are complex SU(2) doublets and all parameters are real. After symmetry
breaking, we end up with two CP-even Higgs states usually denoted by h0 and H0, one CP-odd
state, A0, two charged Higgs boson, H± and three Goldstone bosons. Because v2 = v2

1 + v2
2

is fixed by v2 = (2
√

2GF )−1, there are 7 independent parameters we can choose. We adopt as
independent parameters, mh0 , mH0 , mA0 , mH± , tanβ = v2/v1, α and m2

12. The angle β is the
rotation angle from the group eigenstates to the mass eigenstates in the CP-odd and charged
sector. The angle α is the corresponding rotation angle for the CP-even sector. The Yukawa
Lagrangian is a straightforward generalization of the SM one. The need to avoid tree-level
flavor changing neutral currents (FCNCs) lead us to extend the Z2 symmetry to fermions. It
suffices that fermions of a given electric charge couple to no more than one Higgs doublet [14].
This can be accomplished naturally by imposing on all fields appropriate discrete symmetries
that forbid the unwanted FCNC couplings. There are essentially four ways of doing this [15]:
type I is the model where only the doublet φ2 couples to all fermions; type II is the model where
φ2 couples to up-type quarks and φ1 couples to down-type quarks and leptons; in a Type III
model φ2 couples to all quarks and φ1 couples to all leptons; a Type IV model is instead built
such that φ2 couples to up-type quarks and to leptons and φ1 couples to down-type quarks.

In our analysis we took into account all available experimental and constraints on the 2HDM
parameter space. LEP direct searches give us a lower bound for particle masses (see [16] for
details) except in some particular scenarios. In a general 2HDM all bounds on the Higgs masses,
with the exception of the charged Higgs, can be avoided with a suitable choice of the angles and
m12. The extra contributions to the δρ parameter from the Higgs scalars [17] should not exceed
the current limit from precision measurements [16]: |δρ| <∼ 10−3. As this extra contribution to
δρ vanishes when mH± = mA0 , we demand either a small splitting between mH± and mA0 or
a combination of parameters that produces the same effect. The constraint from the B → Xsγ
branching ratio [18] gives a lower bound on the charged Higgs mass, mH± >∼ 295 GeV , in
2HDM type II and III. These bounds do not apply to models type I and IV. Values of tanβ
smaller than ≈ 1 are disallowed both by the constraints coming from Z → bb̄ and from BqB̄q
mixing [18]. Finally, we take into account the following theoretical constraints: perturbative
unitarity as defined in [19, 20], vacuum stability conditions [21] that assure that the potential
is bounded from below and perturbativity on the couplings, that is, |λi| ≤ 8π for all i. Finally
we note that all 2HDM are protected against charge and CP-breaking [22].
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3 Results and discussion

The processes γγ → SiSj , Si,j = h0, H0, A0 occur only at one-loop level. This makes them
sensitive to virtual gauge bosons, fermions and especially charged Higgs particles. We have
calculated all production modes but have paid particular attention to the γγ → h0h0 mode.
The one-loop amplitudes were generated and calculated with the packages FeynArts [23] and
FormCalc [24]. The scalar integrals were evaluated with LoopTools and the CUBA library [25].
A cut of approximately 6o relative to the beam axis was set on the scattering angle in the
forward and backward directions. In our numerical analysis, we used mt = 171 GeV, mb = 4.7
GeV, mZ = 91.187 GeV, mW = 80.45 GeV, the Weinberg angle sW is defined in the on-shell
scheme as s2

W = 1−m2
W /m

2
Z and αew = 1/137.035.

3.1 The general 2HDM
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Figure 1: On the left panel we show the allowed region in the (tanβ, m12) plane and the values
of σ(γγ → h0h0) when compared to the SM ones, with mh0 = 115 GeV, mA0 = 270 GeV,
mH± = 350 GeV, mH0 = 2mh0 , Eγγ = 500 GeV, −1 ≤ sinα ≤ 1 and 1 <∼ tanβ <∼ 10. On the
right panel, we present σ(γγ → SiSj), with Si,j = h0, H0, A0 as a function of m12. We have
taken mh0 = 115 GeV, mA0 = mH0 = 160 GeV, mH± = 250 GeV, sinα = −0.4, 1 <∼ tanβ <∼ 10
and Eγγ = 500 GeV.

The very detailed parton-level study [10] concluded that for a 350 GeV center of mass energy
photon collider and a Higgs mass of 120 GeV , an integrated γγ luminosity of 450 fb−1 would be
needed to exclude a zero trilinear Higgs boson self-coupling at the 5σ level, considering only the
statistical uncertainty. If one assumes the luminosity based on the TESLA design report [26]
we conclude that this is an attainable luminosity in less than two years. A more recent study,
although not as optimist, reaches similar conclusions [27]. Therefore, we have decided to perform
a comprehensive scan of the parameter space of the 2HDM looking for regions where the 2HDM
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dominate over the SM, that is, σ2HDM (γγ → h0h0) > σSM (γγ → h0h0), together with all
theoretical and experimental constraints.

The results of this scan are shown in Fig. 1. From the left scan we conclude that to have
m12 large, unitarity constraints require tanβ to be rather small. It is clear that in order to have
a 2HDM cross section for γγ → h0h0 much larger than the corresponding SM one, a large m12

is needed together with a small value for tanβ. In the right panel of Fig. 1 we present the cross
section σ(γγ → SiSj), Si,j = h0, H0, A0 as a function of m12. All processes stand a chance of
being observed at a gamma-gamma collider - for large values of m12 all processes can be above
the SM cross section of double Higgs production. The main enhancement factor for all cross
section is the virtual charged Higgs bosons exchange, particularly relevant near the threshold
region Eγγ = 2mH±. The only difference between the mixed final states and the h0h0 and the
A0A0 ones, is the absence of the H0 resonant effect, since it can not decay neither to h0H0 nor
to H0H0. The situation is the same as in the SM. If mh0 ≈ mH0 all processes h0h0, h0H0 and
H0H0 can be of the same order of magnitude and may reach 0.1 pb. If the CP-even Higgs is
heavy, phase space suppression occurs and the cross sections for h0H0 and H0H0 production
are smaller.
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Figure 2: σ(γγ → h0h0) as a function of the center of mass energy (left) and as a func-
tion of the heavy Higgs mass mH0 (right) in the 2HDM. In the left panel the parameters are
mh0 ,mH0 ,mA0 ,m12 = 120, 200, 120, 300 GeV, sinα = −0.86 and tanβ = 1. In the right panel
the values are mh0 ,mH± ,mA0 ,m12 = 120, 250, 150, 200 GeV , sinα = 0.9 and tanβ = 1.5.

In Fig. 2 we present the total cross section for γγ → h0h0 as a function of the center of
mass energy for several values of the charged Higgs mass and as a function of the heavy CP-
even Higgs boson for different center of mass energies. These show the two most distinctive
features of double h0 production. First, there is an enhancement when Eγγ ≈ 2mH± - the
cross section is largest when γγ → H+H− is closed and subsequently suppressed when this
threshold is crossed. This behavior is shown in the left panel of Fig. 2 where the cross section
can reach 0.2 pbarn. In the left panel of Fig. 2 we show the total cross section for γγ → h0h0

as a function the heavy Higgs mass for several values of the center of mass energy. Once the
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center of mass energy is close to mH0 , one can see in both plots the effect of the resonance of
the heavy CP-even Higgs. In both cases, the cross sections can reach 0.1 pb near the resonance
Eγγ ≈ mH0 .

3.2 Decoupling limit

The decoupling regime of the 2HDM is a scenario where the light Higgs couples to the SM
particles, fermions and gauge bosons, with exactly the same strength as the SM Higgs. The

triple self Higgs coupling is also the SM one and the triple Higgs coupling λ
(0)
h0h0H0 vanishes at

tree-level, so that the heavy Higgs cannot contribute to the process γγ → h0h0 and the result
is independent of the mass mH0 . All other Higgs are taken to be heavy. In the 2HDM, the
decoupling limit can be achieved by taking the limit α→ β − π/2.

There are mainly two non-decoupling effects that have a measurable impact on the cross
section. One comes from the λ2HDM

h0H+H− coupling and is present already at tree level. This is the
case discussed in [11], where was shown that, at the 1-loop level, m2

12 and the charged Higgs
mass are the parameters that regulate the non-decoupling effects. There is an very important
contribution from the m12 parameter in the vertex that acts constructively for m2

12 > 0 and
destructively for m2

12 < 0. The second comes from the one-loop corrections to the triple
Higgs self-coupling λh0h0h0 as described in Ref. [28] and was discussed in [12]. To account for

this effect, in the calculation of the γγ → h0h0 cross section, one should replace the λ
(0)
h0h0h0

coupling by its effective coupling which corresponds, in this limit, to an effective 2-loop 2HDM
contribution. In this scenario non-decoupling effects have their origin in the large values of the
remaining Higgs masses. In this section we will combine the effects of ref. [11] and ref. [12] to
show that even in the limit when the cross sections is reduced, there are still regions where the
2HDM Higgs h0 could be disentangled from the SM hSM .

SM

MΦ = 500 GeV ; m12 = 0

MΦ = 400 GeV ; m12 = 0

MΦ = 300 GeV ; m12 = 0
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Figure 3: Cross sections for h0h0 production in the decoupling limit with unpolarized photons.
On the right we show the loop contributions to the total cross section as a function of mΦ and
for two values of m12, 0 and 200 GeV. On the left panel the cross section as a function Eγγ is
shown for different values of mΦ and m12. The light Higgs mass is mh0 = 120 GeV .
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In the left panel of Fig. 3 we show the cross section for γγ → h0h0 as a function of Eγγ
for mΦ = 300, 400 and 500 GeV with m12 = 0 together with the case where m12 = 200
GeV and mΦ = 300 GeV . The coupling h0h0h0 is taken at the tree-level and therefore the
non-decoupling effects are only due to the charged Higgs mass threshold, Eγγ = 2 mΦ. This
effect is enhanced for higher values of m12. As shown in the plot, for a charged Higgs mass of
300 GeV and m12 = 200GeV the cross section can reach 5 fbarn and this value grows with
m12. In the right panel of Fig. 3 we display the cross section of γγ → h0h0 as a function mΦ.
Here, besides the SM value we plot four different scenarios. The one-loop case with m12 = 0
and m12 = 200GeV and the two-loop case with the higher order corrections for the same two
values of m12. One can see that the cross section enhancement due to the large corrections
in λeffh0h0h0 take place only for large mΦ if m12 = 0. As m12 grows the cross section grows as
described in the left panel, but on top of that we get an extra enhancement due to the higher
order corrections. Largest values of the cross section, that can reach 10 fbarn, are attained for
the low mass region in mΦ. We note that the cut on mΦ at 610 GeV for m12 = 0 and on mΦ

at 550 GeV for m12 = 200 GeV is due to unitarity constraints.

4 Conclusions

In this section we sum up the main points of this work (see [13]):

• We have shown that the cross section for γγ → h0h0 can be more than 100 times larger
than the corresponding SM one in vast regions of the parameters space. The parameter
space will easily be probed for the largest allowed values of tanβ, m2

12 and | sinα|. A light
charged Higgs, that is, below the collider center of mass energy, is preferred. A variable
energy collider would be a good option to detect the heavy Higgs resonance. We have
shown that even with a charged Higgs mass of the order of 300 GeV, in agreement with
b → sγ, the cross section can have a substantial enhancement. In case of 2HDM type I,
where a light charged Higgs is allowed the cross section could be 3 order of magnitude
above the SM results;

• The analysis in [10] shows that the SM Higgs triple coupling could be probed at a photon
collider. As described before, their analysis is mainly based on an invariant mass cut,
on the identification of at least 3 jets as originating from b-quarks and on a the polar
angle cut | cos θb| < 0.9. We have shown that the inclusion of the new 2HDM diagrams
do not change the angular distribution so that the same cut could be applied. Moreover,
for most Yukawa versions of the model and for most of the allowed parameter space,
BR(h → bb̄) is at least the SM one if not larger. Because the invariant mass cut is the
same, the analysis can be applied directly to the 2HDM case. Therefore, when a complete
experimental analysis is completed for the SM, it is ready to be used to constraint the
2HDM parameter space. For heavier h0 and for final states other then bb̄ the analysis has
to be redone. Finally we have shown that all the different final states stand a chance of
being probed at a gamma gamma collider especially for large values of m12.

• Although other regions give rise to higher cross sections, the very interesting case of the
2HDM decoupling limit can also be probed at the photon collider. The importance of the
sign of m2

12 was studied in a more general context. Clearly, positive m2
12 (in our notation)

can lead to large non-decoupling effects.
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In this conference paper, I review the present status and technical problems of the Photon
collider, as well as various additional applications of Compton scattering.

1 Intoduction

In this report, I provide an overview of the technical (and some political) aspects of the Photon
Linear Collider (PLC). The physics program at the PLC is discussed in K. Mönig’s talk at this
conference [1].

The photon collider based on the conversion of electrons at a linear collider to high-energy
photons through Compton scattering of laser photons has been discussed and developed since
early 1980s [2, 3]. A photon collider would be a very natural and relatively cheap supplement to
a high-energy e+e− linear collider. It would allow the study of New Physics in two additional
types of collisions, γγ and γe with energies and luminosities close to those in e+e− collisions.
A comprehensive description of the PLC is given in the TESLA TDR [4]; practically everything
regarding the photon collider at TESLA is valid for the PLC at the ILC. Further progress on the
PLC after 2001 has been summarized in my talks at PHOTON2005 [5, 6] and PHOTON2007 [7].

What’s new since 2007? Unfortunately, the future of the ILC is still highly uncertain. A
lot depends on the physics results from the LHC, but even the discovery of a new physics at
the LHC would not guarantee the approval of the ILC (or CLIC?) construction due to its high
cost (“high” as perceived by politicians). A possible way to overcome this barrier could be to
build the linear collider in several stages. Recently, in October 2008, Prof. Hirotaka Sugawara
suggested to the ILC Steering Committee the construction of a “Photon collider Higgs factory
as a precursor to ILC,” as the required energy for producing a 120 GeV Higgs is lower in γγ
collisions than in e+e−, positrons are not needed, and therefore such a collider would be much
cheaper. While laudable as an attempt to find a way out of the ILC stalemate, this suggestion
has caused concern to many in the ILC community because it would have meant an additional
delay of 5-6 years in the start of e+e− operations at the ILC. After consultations with PLC
experts and additional study of the technical aspects and physics program for a low-energy
startup scenario, the ILCSC rightfully concluded that it would more preferable to start with
e+e− at 2E = 230 GeV and investigate the Higgs in the e+e− → ZH process. This option’s
cost is not much higher than that of a 120 GeV PLC, but the physics case is stronger.

The other interesting activities in the last few years related to the photon collider and based
on ideas originally proposed in the context of photon colliders are the developments of laser
systems for various applications based on Compton scattering.

The outline of this paper is as follows. Basic properties of the PLC are considered in Sect. 2.
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Technical aspects are overviewed in Sect. 3. The proposal of the PLC as the first stage of the
ILC is discussed in Sect. 4. Various applications of Compton scattering are considered in Sect. 5.

2 Basics of the photon collider

Let us consider briefly the main characteristics of backward Compton scattering important for
the photon collider.

Kinematics. In the conversion region, a laser photon of energy ω0 collides with a high-energy
electron of energy E0 at a small collision angle α0 (almost head-on). The energy of the scattered
photon ω depends on the photon scattering angle ϑ with respect to the initial direction of the
electron as follows [3]:

ω =
ωm

1 + (ϑ/ϑ0)2
, ωm =

x

x+ 1
E0; ϑ0 =

mc2

E0

√
x+ 1; x =

4Eω0

m2c4
cos2 α0

2
' 19

[
E0

TeV

] [µm

λ

]
,

(1)
where ωm is the maximum energy of scattered photons. For example: E0 = 250 GeV, ω0 = 1.17
eV (λ = 1.06 µm) (for the most powerful solid-state lasers) ⇒ x = 4.5 and ωm/E0 = 0.82.
Spectra of scattered photons are broad with enhancement at maximum energies. Formulae for
the Compton cross section and graphs can be found elsewhere [3, 4].

Monochromatization. By collimating the photon beam, one can obtain monochromatic
gamma (or X-ray) beams, which is important for various potential applications. At the photon
collider, there are no collimators, but there is some monochromatization of collisions due to
the fact that the higher-energy photons collide at smaller spot sizes and contribute more to
the luminosity. In γe collisions, the resulting luminosity spectrum can, in principle, be very
narrow (the electron beam collides with the most high-energy photons), while in γγ collisions
the resulting luminosity spectra have the width at half-maximum of about 10-15% [8, 9].

Maximum energy of scattered photons. With increasing x, the energy of the backscattered
photons increases and the energy spectrum becomes narrower. However, at large values of x
photons may be lost due to creation of e+e− pairs in collisions with laser photons, which leads to
a reduction of the γγ luminosity [3, 8, 9]. The threshold of this reaction is x = 2(1+

√
2) ≈ 4.83.

The corresponding wavelength of laser photons is λ = 4.2E0 [TeV] µm . Hence, the maximum
energy of photons at the PLC is about 0.8E0.

Polarization If laser photons are 100% circularly polarized, the backscattered photons at
the highest photon energy also have 100% circular polarization (even for unpolarized electrons
and for any value of x). The energy spectrum of scattered photons depends on the average
electron helicity λe and that of the laser photons Pc. The relative number of hard photons
increases when one uses beams with a negative value of the product λePc. For large x, the
polarization of electrons increases the number of photons in the high-energy peak almost by
a factor of 2 (or 4 in the γγ luminosity). The energy spectrum of the scattered photons for
various helicities of the electron and laser beams can be found elsewhere [3, 4]. A high degree of
photon’s circular polarization is essential for the study of many physics processes, for example,
for suppression of QED background in the study of the Higgs boson [4]. The ratio L0/L2 (0,2
is the total helicity of colliding photons) is larger when electron beams have a higher degree of
longitudinal polarization [4]. Modern electron guns give polarization up to ∼ 85%, which is OK.
A high electron polarization is practically mandatory for the photon collider. With unpolarized
electron beams, it would be practically impossible to study the Higgs(120) (or even to observe
it).

2 PHOTON09

VALERY I. TELNOW

74 PHOTON09



Nonlinear effects in the conversion. In order to convert nearly all electrons to high-energy
photons, the density of laser photons at the conversion point should be so high that the electron
can interact with several laser photons simultaneously. This nonlinear effect is characterized
by the parameter ξ2 = 2nγr

2
eλ/α, where nγ is the density of laser photons, re = e2/mc2

and α = e2/~c ([4] and references therein). The transverse motion of the electron in the
electromagnetic wave leads to an effective increase of the electron mass: m2 → m2(1 + ξ2),
which decreases the maximum energy of the scattered photons: ωm/E0 = x/(1 + x+ ξ2). The
Compton spectrum is shifted towards lower energies, higher harmonics appear, and the γγ
luminosity spectra become broader. At x = 4.8, the value of ωm/E0 decreases by about 5% for
ξ2 = 0.3, which can be considered the limit.

Laser flash energy. For small conversion coefficients k = Nγ/Ne ∼ 1− exp(−A/A0), where
the flash energy A0 is determined by the diffractive divergence of the laser beam and ge-
ometric size of the electron beam. For head-on collisions and very narrow electron beams
A0 ∼ 2~cσz/σc [9], where σz is the r.m.s. length of the electron beam and σc is the Compton
cross section. For x = 4.8 A0 ∼ 3σz [mm] J, while for x � 1 the Compton cross section ap-
proaches the Thomson one and the coefficients 3⇒ 1. For the ILC (σz = 0.3) mm this estimate
gives A0 ∼ 1 J. However, when k ∼ 1 the nonlinear effects become important. In order to
keep ξ2 small one should make the conversion length longer, which increases the required flash
energy. In calculating the flash energy, one should also take into account the collision angle
between the laser and electron beams (when the laser optics is outside of the electron beam),
the effective transverse size of the electron beam due to the tilt in the crab-crossing scheme
of collisions and the angular size of the first quad (if optical mirrors are situated outside the
detector). A realistic calculation for ILC(500) gives A0 ∼ 9J [12, 11, 6].

3 Technical problems of photon colliders

.3.1 γγ, γe luminosities

In e+e− collisions, the maximum achievable luminosity is determined by beamstrahlung and
beam instabilities. At photon colliders, the only effect that restricts the γγ luminosity is the
conversion of the high-energy photons into e+e− pairs in the field of the opposing beam –
that is, the coherent pair creation [13, 8]. For γe collisions, the luminosity is determined by
beamstahlung, coherent pair creation, and the beam displacement during the collision [9, 4].
It is interesting to note that at the center-of-mass energies below 0.5–1 TeV and for electron
beams that are not too short (the case of ILC), coherent pair creation is suppressed due to
the broadening and displacement of the electron beams during the collision. For e+e−, the
minimum horizontal beam size restricted by beamstrahlung is about 500 nm at the ILC, while
the photon collider can work even with σx ∼ 10 nm at 2E0 = 500 GeV, delivering a luminosity
much higher than that in e+e− collisions [14, 15, 4]. In fact, the γγ luminosity is simply
proportional to the geometric e−e− luminosity Lgeom.

Unfortunately, the beam emittances in the damping-ring designs currently under consider-
ation cannot achieve beam sizes that are smaller than σx ∼ 250 nm and σy ∼ 5 nm [6], though
a reduction of σx by a factor of two seems possible. In principle, one can use electron beams
directly from low-emittance photo-guns, avoiding the need for damping rings altogether, but
at present they offer a product of the transverse emittances that is noticeably larger than can
be obtained with damping rings: with polarized electron beams directly from photo-guns, the
luminosity would be 100 times smaller!
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Here is an approximate rule: the luminosity in the high-energy peak Lγγ ∼ 0.1Lgeom [4].
With “nominal” ILC beam parameters, the expected γγ luminosity in the high-energy peak of
the luminosity spectrum Lγγ(z > 0.8zm) ∼ 3.5× 1033 cm−2s−1 ∼ 0.17Le+e− [11, 6].

Taking into account the fact that cross sections for many interesting processes are larger in
γγ collisions than those in e+e− by an order of magnitude [4], the event rate in γγ collisions
with the nominal ILC beams would be similar, or perhaps somewhat larger, than in e+e−

collisions. However, it is a highly unsatisfying situation to have the γγ luminosity limited by
the beam emittances, an order of magnitude below its physics limit determined by collision
effects. It is an extremely interesting and important task to search for a realistic technical
solution for obtaining beams with smaller emittances, and the first order of business should
be trying to optimize the damping rings for the specific requirements of achieving the highest
possible luminosity at the photon collider, as it was emphasized in [11, 6, 16]. Up to now the
ILC damping-ring design has been guided only by the baseline e+e− collisions.

The typical γγ, γe luminosity spectra for the TESLA-ILC(500) parameters are shown in
Fig. 1 [4]. One can see that γγ and γe luminosities are comparable and these processes can be
studied simultaneously. However, it is much better to study γe collisions when only one of the
electron beams is converted to photons. In this case, one can measure the γe luminosity much
more precisely [19]. The problem of measuring the γe luminosity spectra when both beams are
converted to photons is due to the uncertainty which direction the photon came from. For most
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Figure 1: γγ, γe luminosity spectra, left: both beams are converted to photons; right: only one
beam is converted to photons.

measurements, the luminosity as high as possible is desired. However, sometimes very clean γγ
collisions with good monochromaticity and a reduced luminosity (in order to avoid overlapping
events) are needed. At large CP–IP distances and a non-zero crossing angle, the detector field
serves as a deflecting magnet and allows more-or-less clean and quite monochromatic γγ, γe
collisions to be obtained with a reduced luminosity, which will be useful to QCD studies, [20, 21].

Luminosity stabilization. Beam collisions (luminosity) at linear colliders can be adjusted by
a feedback system that measures the beam-beam deflection using beam position monitors and
corrects beam positions by fast kickers. This method is considered for e+e− collisions and is
assumed for γγ as well [4, 6], though there are some differences between the e+e− and γγ cases.
This problem and a stabilization algorithm were considered in detail in Ref. [6].
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Luminosity measurement. The measurement of the luminosity at the photon collider is not
an easy task. The spectra are broad, and one should measure the luminosity and polarization
as a function of energies E1, E2 of the colliding particles [19]. The luminosity spectrum and
polarization can be measured using various QED processes. These are γγ → l+l− (l = e, µ) [4,
19], γγ → l+l−γ [19, 22] for γγ collisions and γe→ γe and γe→ e−e+e− for γe collisions [19].
Some other SM processes could be useful as well.

Absolute beam energy measurement. At the photon collider, the edge energy of the photon
spectra and the electron beam energy E0 are not strictly connected due to nonlinear effects
in Compton scattering. The absolute energy calibration of the detector can be done using the
process γe → eZ (during normal runs in γe mode or mixed γγ and γe mode) [23].

3.2 Removal of used beams

The general scheme of the photon collider is shown
in Fig. 2. The optimum b ∼ γσy, which is ∼ 1.5
mm for σy = 3 nm and 2E0 = 500 GeV. This space
is too small to fit any kind of a magnet for deflec-
tion of used electron beams. In this case, there is a
mixture of γγ, γe and e−e− collisions. After cross-
ing the conversion region, the electrons have a very
broad energy spectrum, E = (0.02–1)E0 and large
disruption angles due to deflection of low-energy
electrons in the field of the opposing beam. The
removal of such a beam from the detector is there-
fore far from trivial.
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Figure 2: Scheme of γγ, γe collider.

The “crab crossing” scheme of beam collisions solves the problem of beam removal at photon
colliders [8, 9], Fig. 2 (bottom). In the crab-crossing scheme [25], the beams are collided at a
crossing angle αc. In order to preserve the luminosity, the beams are tilted by a special RF
cavity by the angle αc/2. If the crossing angle is larger than the disruption angles, the beams
just travel straight outside the quadrupoles.

The disrupted beams after the IP have an angular spread of about ± 12 mrad [4, 11, 6].
The disruption angle for low-energy particles is proportional to

√
N/σzE [8, 9] and depends

very weakly on the transverse beam sizes. The required crossing angle is determined by the
disruption angle, the outer radius of the final quadrupole (about 5 cm [11, 6]), and the distance
between the first quad and the IP (about 4 m), which gives αc = 12 + 5/400 ≈ 25 mrad.

In the present ILC design [10] only one IP is planned, with a crossing angle of 14 mrad and
two detectors in the pull-push configuration. On the other hand, at the photon collider the
crossing angle should be at least 25 mrad. At first sight, it would therefore seem quite reasonable
to design the ILC with 25 mrad crossing angle both for the e+e− and the photon collider.
However, it was decided to make different collision angles due to very different requirements to
the extraction lines and beam dumps. In the e+e− case, after collision the beams remain quite
monochromatic, and so there is a possibility to measure their properties (the energy spectrum
and polarization). At the photon collider, the situation is different: 1) the disrupted beams at
a photon collider consist of an equal mixture of electrons and photons; 2) beams have a large
angular spread and need exit pipes of a large diameter; 3) the photon beam after the Compton
scattering is very narrow, it cannot be dumped directly at any solid or liquid material. There
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exist an idea and simulations of a beam dump for the photon collider [24, 11, 6]. Conceptually,
it is a long tube, the first 100 m of which is vacuum, followed by a 150 m long gas converter
ending in a water-filled beam dump. In addition, there are fast sweeping magnet for electrons.
Due to a large beam width, no detailed diagnostics are possible except, perhaps, for beam
profile measurements.

So, it makes sense to have different crossing angles, separate extraction lines and beam
dumps for e+e− and γγ. For the transition from e+e− to γγ, one has to move the detector and
about 700 m of the up-stream beamline [26].

3.3 The laser and optics

The photon collider at ILC(500) requires a laser system with the following parameters [11, 6]:
flash energy A ∼ 10 J, σt ∼ 1.5 ps, λ ∼ 1 µm(≤ 5E0 [TeV] µm in a general case), and the ILC
pulse structure: 3000 bunches within a 1 ms train and 5 Hz repetition rate for the trains, the
total collision rate being 15 kHz.

In addition to the average repetition rate, the time structure is of great importance. The
average power required of each of the two lasers for the photon collider at the ILC is 10 J ×
15000 Hz ∼ 150 kW; however, the power within the 1 msec train is 10 J ×3000/0.001 ∼ 30
MW! The cost of diodes is about O(1$)/W, the pumping efficiency about 25%, so the cost of
just the pumping diodes would be O($100M).

Fortunately, at the PLC and other Compton scattering applications the same laser bunch
can be used multiple times. The most attractive approach is a stacking optical cavity that is
pumped by a laser via a semi-transparent mirror [14, 17, 15, 18, 4, 12]. The ILC pulse structure
(3000 bunches in the train with inter-pulse distance 100 m) is sufficient to create a ring cavity
around the detector. One can create inside such a cavity a light pulse with an intensity that is
by a factor of Q (the quality factor of the cavity) greater than the incoming laser power. The
value of Q achievable at such powers is several hundreds and (even Q > 1000 is not excluded).
This means reduction of the required laser power by the large factor Q.

The external optical cavity (pulse stacking cavity) idea has proven to be a highly useful
technique for HEP and other application (see the last Section). Recently at LAL, F. Zomer’s
group has received in a Fabry-Perot cavity an enhancement factor of 10000! [27] They found
that a simple concentric Fabry-Perot cavity is very unstable and sensitive to displacements.
Much more stable is the 2D (planar) concave 4-mirror system, but it also has a problem:
astigmatic and only linearly (or elliptically) polarized eigenmodes due to different reflection for
the s and p waves. A possible solation: 3D 4-mirror cavity that has reduced astigmatism and
stable circularly polarized eigenmodes. The LAL group working in collaboration with Japanese
colleagues (see T. Takahashi’s talk in these proceedings) is in the process of developing such
a 3D 4-mirror cavity, plans to install it at the KEK ATF2 facility and obtain 1 MW average
power in the cavity. For the photon collider, very stable both circular and linear polarizations
are needed. We see that this is not a simple task.

Recently, J. Gronberg and B. Stuart from LLNL have proposed a plan on possible stages
in the development and construction of the laser system for the PLC [28]. They demonstrate
that all the necessary technologies already exist. Pulse injection and intermediate amplification
devices are off-the-shelf technologies; the main amplifier is not commercially available but at
LLNL all required technologies exist (the Mercury laser is an existence proof). Gronberg and
Stuart specified six stages, where the first one is the pre-conceptual design and the last one is
the construction of a full-scale cavity and demonstration of its operation. The rough estimate
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of the cost of the laser system is $20 M (“once it is known technology”). These are very nice
plans! (dreams?) Unfortunately, at present there are no resources for such a program, partially
due to the very uncertain plans on the ILC.

In summary: at present, practically all laser technologies and components required for a
photon collider are in existence; nevertheless, the construction of such a state-of-the-art laser
system will not be an easy task. The next step will be the development (on paper) of a detailed
laser scheme, its optimization, analyses of tolerances, methods of stabilization, figuring out what
already exists and is known and what should be experimentally verified. Current development
of passive stacking cavities for various applications based on Compton scattering is very helpful
for the PLC.

4 Photon collider Higgs factory as a precursor to ILC

We have routinely assumed that a linear collider would start with e+e−, while γγ,γe collisions
would arrive several years later. However, on many occasions many people have suggested to
build the photon collider before e+e− (or even without e+e−) because it is simpler (no e+, may
be no damping rings) and a somewhat lower beam energy is needed to produce an intermediate-
mass Higgs boson. Several such suggestions (not all) are 1) V. Balakin et al. (1993)[29], based
on the VLEPP and D. Asner et al. (2001) [30], based on CLIC-1 with E0 = 70 GeV.

Recently, in October 2008, H. Sugawara gave a talk at the ILCSC meeting entitled “Photon-
photon collider Higgs factory as a precursor to ILC”. His main motivation was the following:
the ILC(500) is too expensive, so let us build first a collider for the smallest reasonable energy.
If the physics goal is H(120), then it could be produced in γγ → H at 2E0 ∼ 160 GeV, while
e+e− → ZH needs higher energy. Besides, γγ does not need positrons. Before Sugawara’s
presentation at the ILCSC meeting, one of the ILCSC members sent me the slides of the pro-
posal and asked for an opinion on this subject. My reply to the ILCSC and to Sugawara-san
was the following (shortly):

• the cost of such a PLC will be not much cheaper because it needs damping rings with
small emittance and polarized electrons. Polarization is absolutely necessary for the Higgs
study. A polarized electron gun with small emittance does not exist, therefore damping
rings are unavoidable;

• the laser system for the PLC is not simple, its developments have not started yet;

• the H(120) can be be studied much better in e+e− → ZH at 2E0 = 230 GeV;

• the ILC community will never agree with a proposal that shifts the start of e+e− experi-
ments by about 5 years;

• the PLC gives a unique possibility to study new physics at the LC in two additional modes
at a small additional cost, gives access to higher masses, but it would be better to plan
the PLC as the second stage of the ILC (as it was usually assumed).

After the meeting, the ILCSC requested the LOI Physics pannel to look in more detail into
the physics case, and the GDE to look at machine designs for this kind of a staged approach
to ILC construction and operation. In January 2009, T. Barklow, J. Gronberg, M. Peskin and
A. Seryi (BGPS) prepared a draft of the report, which was discussed at the expanded Physics
panel with invited PLC experts and was not supported.

In February 2009, the BGPS report was reviewed at an ILCSC meeting and the conclusion
was the following: “A 180 GeV gamma-gamma precursor would cost about half that of the
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500 GeV ILC, but would produce much less physics. A better alternative for early Higgs
studies would be a ∼ 230 GeV e+e− collider for studying the Higgs through ZH production;
this would be about 30% more costly than the γγ collider. ILCSC decided not to pursue the
gamma-gamma collider (as the ILC precursor) further at this time.”

The PLC as the first stage of ILC was also discussed at TILC09 in April 2009: T. Barklow’s
plenary talk [31] and the discussion at Joint Physics session with my introductory talk [32].
All people have agreed that PLC is certainly necessary, but it would be better to start with
e+e−(230). Since e+e−(230) is needed in any case, a PLC precursor results in no cost reduction
at all. See also J. Gronberg’s talk at PHOTON-2009 [33]. This is all about the PLC as a
precursor to the ILC.

Nevertheless, proposals to build some type of a ”cheap” low-energy PLC continue to resur-
face. It could have made sense if the production rates for some particles were higher than
those at e+e− factories. However, simple estimates show that e+e− B-factories (and especially
a future Super B factory) have much higher productivity for any particles of interest. So, the
PLC should wait for its logical turn at the ILC (or CLIC, or other LC).

5 Applications based on Compton scattering

In 1981, when the PLC was proposed, the maximum e → γ conversion efficiency in Compton
scattering of a laser light was at the level k = Nγ/Ne ∼ 10−7. For the PLC, k ∼ 1 was needed.
Our first journal paper was published only from the third attempt because the editors and
reviewers considered the idea to be unrealistic. After invention of the chirped-pulse technique
in 1985 [34], the required flash energy of several joules and ps duration became a reality. The
remaining problem was the repetition rate. An optical pulse stacking cavity provides a nice
solution to this problem. This technique was known for a long time (the Fabry–Perot resonator)
but its wide application in HEP and other Inverse Compton Scattering (ICS) applications was
triggered by PLC developments.

Collision of a relativistic electron bunch with an intense laser pulse generates photon beams
with the following characteristics: source is bright (directional, ultra-fast); scattered light is
monochromatic (after collimation); tunable wavelength, like FEL; much less expensive than
XFEL; broad energy reach: keV, MeV, GeV TeV; polarization (useful for e+ generation).

Let us enumerate some of the applications:

• Medical applications:

– Dichromatic imaging: illuminate above and below contrast K-edge, digital image
subtraction. Established at synchrotrons (access limited, expensive $100s);

– Computer tomography with monochromatic X-rays. In mammography conventional
X-ray imaging is difficult, soft-tissue contrast is poor. Monochromatic X-rays enable
new techniques: phase contrast imaging 3D with low dose;

• Fast X-ray materials characterization: composition of materials, inspection of trucks and
containers;

• Nuclear materials detection (in trucks and containers) by monochronatic γ beam;

• Defect profiling with e+s. MeV photons produce positrons which gather at defects, detec-
tion of two 510 keV annihilation photons shows the source position (PET-tomography).
Directly probe material defects.

• Nuclear waste assay. Resonance scattering of 1-5 MeV γ-quanta is a unique fingerprint
of nuclides, radioactive and stable nuclides can be detected;
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• Beam diagnostics and polarimetry at electron accelerators;

• Obtaining polarized e+ for e+e− linear colliders [35]. Similar to the undulator source of
polarized γ based on ∼ 150 GeV main linac beams but needs much lower electron ener-
gies and is independent of the main collider. There is a very active collaboration named
POSIPOL, which has already conducted four workshops on this topic;

• Laser cooling of electrons [36] can considerably reduce emittances of beams and increase
the luminosity of photon colliders, provide a fast beam cooling in damping rings [37] for
X-ray production and for e+ production [35];

• The Photon Collider.

Already many ICS facilities are under construction in the world [38]. These activities (all
enumerated above and some others) are called by people as the ”Compton World Wide Web of
Laser Compton.” Let us hope that the Photon Collider will be eventually constructed somewhere
in the world as well!
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Selected Problems for Photon Colliders
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The increase of energy of Photon Colliders up to 1-2 TeV in c.m.s. offers opportunity to
study new series of fundamental physical problems. Among them – multiple production of
gauge bosons, hunt for strong interaction in Higgs sector, search of exotic interactions in
the process γγ → γγ with final photons having transverse momentum ∼ (0.5 ÷ 0.7)Ee.

1 Introduction

Photon Colliders (PLC) of next generation have c.m.s. energy 1-2 TeV (ILC2, CLIC,...).
There are two ways of building such collider.

• The first way is to use classical conversion scheme [1] with infrared laser or FEL to reach the
highest luminosity. The laser photon energy will be 0.5-0.2 eV with x = 4.8 which prevents pair
production in collision of high energy and laser photons. In this case maximum photon energy
ωm ≈ 0.8E, where E is the initial electron beam energy. To get high conversion coefficient, the
conversion process has to take place with large non-linear QED effects, making final photon
distributions less monochromatic and less polarized. Here one must work with infrared optics
which causes additional difficulties (see discussion e.g. in [2]).

• The second way is to use the same laser (and the same optics) as for the electron beam
energy 250 GeV (ILC1) but limit ourselves by a small conversion coefficient k ≤ 0.14 [3]. This
value assures that the losses of high energy photons due to e+e− pair production in collision
of high energy photon with laser photon are small. At this value of conversion coefficient the
non-linear QED effects are insignificant. Here the maximum photon energy is higher than in
the first way, ωm ≈ (0.9−0.95)E, energy distribution of high energy photons is more sharp, etc.
These advantages allow to consider this option despite the reduction of γγ luminosity by about
one order in comparison with the first way. Below I will have in mind these both ways. The
second way seems more attractive to me. In the numerical estimates we have in mind eγ and
γγ luminosity integrals of about 100 fb−1 per year.

The standard list of problems for PLC at ILC1 is widely discussed (see e.g. [4]). The study
of some of them (with increase of thresholds for search of new particles) will be a natural task
for PLC with higher beam energy. We discuss here some new opportunities provided to us by
enhancement of beam energy.

∗This research has been supported by Russian grants RFBR 08-02-00334-a and NSh-1027.2008.2.
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2 Multiple production of SM gauge bosons

The observation of pure interactions of SM gauge bosons (W and Z) or their interaction with
leptons will allow to check SM with higher accuracy and observe signals of New Physics. The
most ambitious goal is to find deviations from predictions of SM caused by New Physics in-
teractions (and described by anomalies in effective Lagrangian). There are many anomalies
relevant to the gauge boson interactions. Each process is sensitive to some group of anomalies.
Large variety of processes obtainable at PLC’s allows to separate anomalies from each other.
The high energy PLC is the only collider among different future accelerators where one can
measure large number of different processes of such type with high enough accuracy.

2-nd order processes. The cross sections of basic processes γγ →W+W− and eγ → νW are
so high (Fig. 1) that one can expect to obtain about 107 events per year providing accuracy
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Figure 1: Cross sections of 2-nd order pro-
cesses

better than 0.1%. The cross sections are almost
independent of energy and photon polarization
[5]. However, final distributions depend on po-
larization strongly [7].

The accuracy of measurement of these cross
sections is sufficient to study in detail 2-loop
radiative corrections. Together with standard
problems of precise calculations one can note
here two non-trivial problems, demanding de-
tailed theoretical study:
(i) construction of S–matrix for system with
unstable particles;
(ii) gluon corrections like Pomeron exchange
between quark components of W ’s.

The mentioned high values of cross sections
of the 2-nd order processes make it possible to
measure their multiple ”radiative derivatives”

— processes of the 3-rd and 4-th order, depending in different ways on various anomalous
contributions to the effective Lagrangian.

3-rd order processes. We consider here 3 processes. Total cross section σeγ→eWW '
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Figure 2: Cross sections of 3-rd order processes

2 PHOTON09

ILYA GINZBURG

84 PHOTON09



dnγ ⊗ σγγ→WW . It is very high and easily estimated by equivalent photon method. This
large contribution is not very interesting, being only a cross section of γγ →W+W− averaged
with some weight. However, at large enough transverse momentum of scattered electron this
factorization is violated. Because of it we present σeγ→eWW only for p⊥e > 30 GeV. Even this
small fraction of total cross section appears so large that it allows to separate contribution of
γZ →WW subprocess.

4-th order processes. The cross sections of these processes (Fig. 3) are high enough to
measure them with 1% precision. For the same reason as for process eγ → eWW we present
cross section for process eγ → eZWW only for p⊥e > 30 GeV. Even this small fraction of total
cross section appears so large that it allows to separate contribution of γZ →WWZ subprocess.
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Figure 3: Cross sections of 4-th order processes

The study of the 2-nd order processes will allow to extract some anomalous parameters or
their combinations. The study of the 3-rd order processes will allow to enlarge the number
of extracted anomalous parameters and separate some of combinations extracted from the 2-
nd order processes. The study of the 4-th order processes will again enlarge the number of
separated anomalous parameters.

3 Study of strong interaction in Higgs sector

It is well known that at high values of Higgs boson self-coupling constant, the Higgs mechanism
of Electroweak Symmetry Breaking in Standard Model (SM) can be realized without actual
Higgs boson but with strong interaction in Higgs sector (SIHS) which will manifest itself as
a strong interaction of longitudinal components of W and Z bosons. It is expected that this
interaction will be similar to the interaction of π-mesons at

√
s . 1.5 GeV and will be seen in

the form of WLWl, WLZL and ZLZL resonances. Main efforts to discover this opportunity are
directed towards the observation of such resonant states. It is a difficult task for the LHC due
to high background and it cannot be realized at the energies reachable at the ILC in its initial
stages.

The problem of discovery of this strong interaction can be solved in the study of the charge
asymmetry of produced W± in the process e−γ → e−W+W− similar to that which was dis-
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cussed in low energy pion physics [8], [9]. To explain the set up of the problem we will discuss
this process in SM.

We subdivide the diagrams of the process into three groups, where subprocesses of main
interest are shown in boxes, sign ⊗ represents next stage of process and sign ⊕ represents adding
of photon line to each charged line for subprocess in box:

a) e− → e−γ∗(Z∗)⊗ γγ∗(Z∗)→W+W− ;

b) γe− → e−∗ → e−γ∗(Z∗)⊗ γ∗(Z∗)→W+W− ;

c) γ ⊕ e− →W−W+e− .

(1)

Diagrams of type a) contain subprocesses γγ∗ →W+W− and γZ∗ → W+W−, modified by
the strong interaction in the Higgs sector (two–gauge contribution).

Diagrams of type b) contain subprocesses γ∗ → W+W− and Z∗ → W+W−, modified by
the strong interaction in the Higgs sector (one–gauge contribution).

Diagrams of type c) are made by connecting the photon line to each charged particle line to
the diagram shown inside the box. Strong interaction does not modify this contribution. These
contributions are switched off at suitable electron polarization.

The subprocess γγ∗ → W+W− (from contribution a)) produces C-even system W+W−,
the subprocess γ∗ → W+W− (from contribution b)) produces C-odd system W+W−. The
interference of similar contributions for the production of pions is responsible for large enough
charge asymmetry, very sensitive to the phase difference of S (D) and P waves in ππ scattering,
[8]. This very phenomenon also takes place in the discussed case of W ’s. However, for the
production of W± subprocesses with the replacement of γ∗ → Z∗ are also essential. Therefore,
the final states of each type have no definite C-parity. Hence, charge asymmetry appears both
due to interference between contributions of types a) and b) and due to interference of γ∗ and
Z∗ contributions each within their own types, like charge asymmetry in e+e− collision near
Z– peak.

pesum-
Entries  0

Mean    2.305

RMS    0.4777

0.5 1 1.5 2 2.5 3 3.50

0.02

0.04

0.06

0.08

0.1

pesum-
Entries  0

Mean    2.305

RMS    0.4777  = - γ = +,  Blue - Pγ > 10 GeV, Red - Pe, p
)ep-)+(pep+(p

)ep-)-(pep+(p
a = 

pesum-

Entries  0

Mean    2.285

RMS    0.4506

0.5 1 1.5 2 2.5 3 3.50

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

pesum-

Entries  0

Mean    2.285

RMS    0.4506

 = - γ = +,  Blue - Pγ > 30 GeV, Red - Pe, p
)ep-)+(pep+(p

)ep-)-(pep+(p
a = 

Figure 4: Dependence on polarization and cuts. Variable v1.

Asymmetries in SM. To observe the main features of the effect of charge asymmetry
and its potential for the study of strong interaction in the Higgs sector, we calculated some
quantities describing charge asymmetry (charge asymmetric variables – CAV) for e−γ collision
at
√
s = 500 GeV with polarized photons. We used CompHEP and CalcHEP packages [10] for

simulation.
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Denoting by p± momenta of W±, by pe – momentum of the scattered electron and by

W =
√

(p+
e + p−e )2, we studied W -dependence of the following averaged quantities

v1 =
〈(p+ − p−)pe〉
〈(p+ + p−)pe〉

, v2 =
〈(p+
‖ )2 − (p−‖ )2〉

〈(p+
‖ )2 + (p−‖ )2〉 , v3 =

〈(p+
⊥)2 − (p−⊥)2〉

〈(p+
⊥)2 + (p−⊥)2〉 . (2)

We applied the cut in transverse momentum of the scattered electron,

pe⊥ ≥ p⊥0 with

{
a) p⊥0 = 10 GeV,
b) p⊥0 = 30 GeV.

(3)

Observation of the scattered electron allows to check kinematics completely.
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Figure 5: Asymmetries in variables v1, v2 and v3 (from top to bottom). Right – total, left –
without one-gauge contributions. Upper curves for the right–handed polarized photons, lower
curves for the left–handed polarized photons.

• Influence of polarization for the charge asymmetry. Fig. 4 represents distribution in CAV
v1 for the right-hand (upper curves) and the left-hand (lower curves) polarized photons at
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cuts p⊥0 = 10 GeV (left) and p⊥0 = 30 GeV (right). We did not study the dependence on
electron polarization. This dependence is expected to be weak in SM where main contribution
to cross section is given by diagrams of type a) with virtual photons having the lowest possible
energy. These photons ”forget” the polarization of the incident electron. The strong interaction
contribution becomes essential at highest effective masses of WW system with high energy of
virtual photon or Z, the helicity of which reproduces almost completely the helicity of incident
electron [11]. Therefore, study of this dependence will be a necessary part of studies beyond
SM.
• Significance of different contributions. To understand the extent of the effect of interest,

we compared the entire asymmetry to that without one-gauge contribution (Fig. 5). Strong
interaction in the Higgs sector modifies both one–gauge and two–gauge contributions. The
study of charge asymmetry caused by their interference will be a source of information on this
strong interaction. One can see that one–gauge contribution is so essential that neglecting on
it even changes the sign of charge asymmetry (compared to that for the entire process).

Therefore, the influence of this potentially informative contribution to asymmetry is very
high. The curves of Fig. 5 show that the value of this interference effect grows with the increase
of the cut in pe⊥. Photon polarization influences strongly the value of charge asymmetry. The
role of electron polarization remains to be studied.

One can conclude that the charge asymmetry is very sensitive to the interference of two–
gauge and one–gauge contributions which is modified under the strong interaction in the Higgs
sector. The measurement of this asymmetry will be a source of data on the phase difference of
different partial waves of WLWL scattering.

4 Large angle high energy photons for exotics

The PLC allows to observe signals from the whole group of exotic models of New Physics
in one common experiment. These are models with large extra dimensions [12], point-like
monopole [13], unparticles [14]. All these models have common signature – the cross section
for γγ → γγ production grows with energy as ω6 (ω =

√
s/2) and the photons are produced

almost isotropically. Future observations either will give limits for scales of these exotics or
will allow to see these effects by recording large p⊥ ∼ (0.5 ÷ 0.7)Ee photons1. The study of
dependence on initial photon polarization will be useful to separate the mechanisms.

Figure 6: Effective
Lagrangian

All these exotics at modern day energies can be described by effective
point-like interaction of Fig. 6:

L ∝ F µνFαβFρσFφτ
Λ4

, (Λ2 � s/4). (4)

In different models different orders of field indices are realized, Λ is char-
acteristic mass scale, expressed via parameters of model. (In all cases s, t
and u – channels are essential.)

Let us describe main features of matrix element (in the photon c.m.s.):
• gauge invariance provides factor ω for each photon leg;

• to make this factor dimensionless it should be written as ω/Λ. Therefore, the amplitude
M∝ (ω/Λ)4 = s2/(2Λ)4.

1In my personal opinion it is hardly probable that these models describe reality.
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The characteristic scale Λ is large enough not to contradict modern day data. It accumulates
other coefficients. The cross section

σtot =
1

32πs

( s

4Λ2

)4

, dσ = σtotΦ

(
p2
⊥
s

)
2dp2
⊥√

s(s− 4p2
⊥)

. (5)

with smooth function Φ(p2
⊥/s), describing some composition of S and P-waves, dependent

on details of model, and
∫

Φ(z)
2dz√
1− 4z

= 1 . For large extra dimensions and monopoles

entire s dependence is given by the factor s4/(2Λ)8 from (5), for unparticles additional factor
(s/4Λ2)du−2 is added.

Λ reference
Tevatron D0 175 GeV [15]
LHC 2 TeV [13]
γγ (100 fb−1) 3Ee [13]
e+e− LC (1000 fb−1) 2Ee [13]

Table 1: The obtainable discovery limits.

For the large extra dimensions case the
point in Fig. 6 describes an elementary interac-
tion, given by product of stress-energy tensors
Tab for the incident and the final photons, that
are exchanging the tower of Kaluza-Klein exci-
tations (with permutations),

Mγγ→γγ ∝
〈
TabT

ab

Λ4

〉
≈ F µνFναF

αβFβµ
Λ4

+ permutations ,

After averaging over polarizations for tensorial KK excitations

Φ ∝ 2

(
1− p2

⊥
ŝ

)2

=
(3 + cos2 θ)2

8
=
ŝ4 + t̂4 + û4

2̂s
4 . (6)

Unlike to ILC1, at high energy PLC the other channels (like γγ → WW ) are less sensitive
to the extra dimension effect.

The point–like Dirac monopole existence would explain mysterious quantization of an
electric charge since in this case ge = 2πn with n = 1, 2, .... There is no place for this monoplle
in modern theories of our world but there are no precise reasons against its existence. In this
case the point in Fig. 6 corresponds to exchange of loop of heavy monopoles (like electron loop
in QED – Heisenberg–Euler type lagrangian).

Let M be monopole mass. At s � M 2 the electrodynamics of monopoles is expected to
be similar to the standard QED with effective perturbation parameter g

√
s/(4πM) [13]. The

γγ → γγ scattering is described by monopole loop, and it is calculated within QED,

L4γ =
1

36

(
g√

4πM

)4 [
β+ + β−

2
(F µνFµν )2 +

β+ − β−
2

(
F µν F̃µν

)2
]
.

The coefficients β± and details of angular and polarization dependence depend strongly on the
spin of the monopole.

After averaging over polarizations, the p⊥ dependence and total cross section are described
by the same equations as for the extra dimensions case. The parameter Λ is expressed via
monopole mass and coefficient aJ , dependent on monopole spin J (n = 1, 2, ...):

Λ = (M/n)aJ , where a0 = 0.177, a1/2 = 0.125, a1 = 0.069. (7)

Unparticle U is an object, describing particle scattering via propagator which has no poles
at real axis. It was introduced in 2007 [14]. This propagator behaves (in the scalar case) as
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(−p2)dU−2 where scalar dimension du is not integer or half-integer. The interaction carried by

unparticle is described as
F µνFµνU

Λ2dU
with some phase factor. For matrix element it gives

M =
F µνFµνF

ρτFρτ
Λ4dU

(−P 2)dU−2 + permutations .

|M|2 = C
s2dU + |t|2dU + |u|2dU + cos(duπ)[(s|t|)dU + (s|u)dU ] + (tu)dU

Λ4dU

The expected discovery limits for all these models are shown in the Table 1. The results of
D0 experiment [15], recalculated to used notations, are also included here. For the unparticle
model presented numbers are modified by corrections ∝ (dU − 2).
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In this contribution we present a discussion of some aspects of the capabilities of a photon
collider to probe physics beyond the standard model. I will take a few examples from Higgs
physics, supersymmetry , extra dimensional theories as well as unparticles, pointing out
the special rôle that a photon collider can play in each case.

1 Introduction

I have been asked to discuss new physics at the γγ collider [1]. In general, new physics can be
discussed in two different ways:

a) In the framework of specific models proposed with a view to cure one or more of the ills
of the SM, some well motivated and some speculative. Supersymmetry (SUSY), extra
dimensional models (ED), Little Higgs models, noncommutative theories, unparticles etc.
are some examples.

b) The second is to look at the effect on different aspects of phenomenology at a γγ collider
such as jet production, tt̄ production or Higgs physics studies etc., in a model independent
manner.

In this contribution I will pick some combination of the two above mentioned strategies as
well as that of the topics. I will mainly concentrate on physics of the sparticles and (BSM)
Higgs at the γγ colliders, trying to identify where the γγ collider has a distinct advantage in
terms of adding clarity to a particular study, and/or increasing the coverage in (SUSY) model
parameter space as well as the reach in masses, compared to the e+e− option. I will also include
some discussion of new physics such as extra dimensional theories or more speculative case of
unparticles in the context of γγ colliders.

The two special features of the PLC of great help in this are: the very accurate measurements
(∼ 2%) of the Γγγ decay width for the Higgs boson into two photons and good control on the
polarisation of the initial photon beams.

2 SUSY: LHC Wedge, LEP hole and LHC/ILC

It is necessary to summarise the LHC and LHC/ILC possibilities for SUSY studies and searches [2],
before turning to a discussion of the possibilities at the PLC. Recall that the sparticle mass
spectrum depends on the mechanism responsible for SUSY breaking and can vary widely, but
the sparticle spins and couplings are predicted unambiguously. To establish SUSY with the help
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of the two colliders LHC and ILC, we need to find the sparticles, measure their masses, spins
and couplings. Another thing is to note that for χ̃±, χ̃0

l as well as the supersymmetric partners
of the third generation of the quarks/leptons, the masses as well as the couplings, can depend
on the SUSY breaking mechanism and parameters. The LHC will be able to ’see’ the strongly
interacting sparticles if the SUSY scale is TeV. If the sparticle mass is within the kinematic
reach of the ILC, we will be able to make accurate mass measurements and also can make a
clean spin determination. In this situation the ILC can even help us determine the SUSY model
parameters and hence the SUSY breaking mechanism as has been summarised in the SPA pro-
gram [3]. In spite of this very impressive and exhaustive coverage of SUSY by the LHC and
the ILC in e+e− mode, there are a few ’holes’ in the SUSY parameter space. In the so called
LHC wedge [4], tanβ ' 4− 10, MA,MH > 200–250 GeV, only the light Higgs h of SUSY will
be observable at the LHC and the H/A will not be visible at the first generation ILC. In case
of CP violating MSSM also, there exists a ’hole’ in the tanβ-mH± plane, for low tanβ <∼ 3−5.
This corresponds to three neutral Higgses φi, i = 1 − 3, which may not be CP eigenstates, in
the mass range mφ1 < 50 GeV, 100 < mφ2 < 110 GeV and 130 < mφ3 < 180 GeV. This region
cannot be ruled out by LEP searches, and the LHC also may not have enough reach [5]. The
γγ collider (PLC) can indeed offer unique possibilities in this case. Further, discovery of any
charged scalar would uniquely signal physics beyond the SM (BSM). In the following we will
present examples of the special role that the PLC can play in this context.

3 Increased reach for new particle searches at the PLC

As already mentioned charged Higgs, for that matter, any charged scalar will be a signal of
BSM physics beyond any doubt. The production cross-sections of such scalars are enhanced
in γγ collisions, compared to that in e+e− collisions, by a factor of Q2

S , where QS is the
electromagnetic charge of the scalar S. This is relevant, for example, in the Little Higgs models,
which have doubly charged scalars. Even for the singly charged scalars, the dependence of
the pair production cross-section on the original e± beam energy depends on the polarisation
combination of the two beams and can be used to increase the mass reach. The left panel
in Figure 1, taken from Ref. [6], showing this polarisation dependence as function of mH++

illustrates this. In fact the right hand side panel of the same figure, taken from Ref. [7],
showing the cross-section for scalar quark production, both in e+e− collisions and at the γγ
collider, as a function of the scalar quark mass, directly illustrates how one can increase the
reach in the charged scalar sector over the LC mode, at a 1 TeV LC.

The above discussion clearly highlights the advantage offered by a PLC in case of charged
scalars with a clear increase in the range of scalar masses that can be probed with a given
e+/e− beam energy. An increase in the range (by about a factor of 1.6) in the reach in the
mass of the heavy Higgs of SUSY (H/A), due to the single Higgs production that is possible
at the PLC, compared to that in pair production in e+e− colliders, had also been noted in
the context of MSSM Higgs boson searches. This in fact can fill the LHC wedge region of the
MSSM parameter space [8]. In addition to this, the PLC, in the e–γ option can increase the
range of mẽR mass if the mass difference between the ẽR and χ̃0

1 is large. At an e-γ collider,
the eγ → ẽRχ̃

±
1 process has reach up to mẽR +mχ̃0

1
< 0.9

√
see, whereas at an e+e− collider the

reach is 0.5
√
see. This has already been discussed in other talks at this conference [9]. Further,

this is possible without the need of a polarised initial beam.
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Figure 1: Beam polarisation dependence of the production cross-section for doubly charged
scalars (left panel) [6] and for squarks (right panel) [7] as a function of the mass.

4 Better measurement of SUSY parameters

Not just for the charged scalars but also for the new charged fermions, like χ̃±1 , pair production
in γγ collisions, can afford a good measurement of the B.R. (χ̃±1 →Wχ̃0

1) and can increase the
accuracy of tanβ determination in the SPA fit by over a factor 2–3 [9, 10], for a MSSM point
with parameter choice very similar to that for SPS 1a.

In fact the determination of tanβ at an e+e− collider is particularly notorious for the lack
of accuracy at large tanβ in the process χ̃+χ̃−, χ̃0

j χ̃
0
i mainly due to the fact that the observable

involves cos 2β [11]. γγ → τ+τ−φ→ τ+τ−bb̄, on the other hand offers a very good measurement
of tanβ. Results of a phenomenological calculation [12], show that at tanβ = 30 it may be
possible to have ∆ tanβ = 0.9–1.3, to be contrasted with an accuracy of about 10–12 [11] at
the e+e− option. It is clear that this process has the potential to help enormously in SUSY
parameter determination. However, this needs to be backed up by detailed simulations.

5 Higgs physics and the PLC

An accurate measurement of Γ(φ→ γγ), determination of the CP property of the Higgs, as well
as measurement of CP mixing in case of CP violation, are the three important ways in which a
PLC can make value addition compared to an e+e− collider. Many of these features, apart from
the CP violation in the Higgs sector, both in the context of a particular model (SUSY) and in a
model independent approach were already described in different talks [9, 13] at this conference.
Almost any new physics, may it be SUSY, with and without CP violation [14, 15, 16, 17] or Two
Higgs Doublet model [18] will in fact affect the γγ-Higgs couplings and hence the width. In the
CPV MSSM or the MSSM with non universal gaugino masses, these effects can be significant,
yet being consistent with the current limits on all the sparticle masses.

A unique feature of a PLC is that the two photons can form a Jz = 0 state with both even
and odd CP. As a result, unlike the gauge boson fusion mode which contributes mainly in the
e+e.− mode to the production, the PLC has a similar level of sensitivity for both the CP-odd
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and CP-even components of a CP-mixed state:

CP−even :ε1 · ε2 = −(1 + λ1λ2)/2, CP−odd :[ε1 × ε2] · kγ = ωγiλ1(1 + λ1λ2)/2, (1)

ωi and λi denoting the energies and helicities of the two photons respectively; the helicity of the
system is equal to λ1 − λ2. This contrasts the e+e− case, where it is possible to discriminate
between CP-even and CP-odd particles but may be difficult to detect small CP-violation effects
for a dominantly CP-even Higgs boson [5, 19].

In this talk I should like to concentrate on the CP violation and anomalous hV V couplings
in the Higgs sector, pointing out the role that the PLC can play in their study, after briefly
mentioning the prominent issues in the first two topics.

5.1 LHC-wedge

In the large tanβ region, the dominant decay mode of the H/A is into the bb̄ channel, where the
bb̄ background can be controlled by a judicious choice of photon polarisation. H/A separation
can be achieved by choosing the polarisation vectors of the two photons to be perpendicular
and parallel; but this has implications for the QED qq̄ background as well. Results of a detailed
simulation [20], which were already discussed at this conference, show that for a light Higgs it
would be possible to measure the γγ rates accurate to ' 2% whereas for H/A measurement
precision would be somewhat worse : ∼ 11%–21% . In fact in these region the supersymmetric
decay of the H/A into χ̃±, χ̃0

l pairs can also be used [8].

5.2 CP properties and CP violation in the Higgs sector

In the MSSM the properties of the Higgs sector, at the tree level, are determined in terms of
two parameters tanβ and µ. If some of the SUSY parameters have nonzero phases, then the
Higgs sector can have loop generated CP violation, even with a CP conserving tree level scalar
potential [21]. Recall the existence of the ’LEP-hole’ mentioned earlier. The effect of this CP
violation on the masses and the coupling of the Higgses in this parameter range can also affect
the LHC reach and part of the ’hole’ remains [5], even after the recovery of some part of the
parameter space through the decay chain t→ bH+ → bWh→ bWbb̄ [22].

A PLC will be able to produce such a neutral Higgs in all cases; independent of whether it is
a state with even/odd or indeterminate CP parity. For the PLC, one can form three polarization
asymmetries in terms of helicity amplitudes which give a clear measure of CP mixing [23]. Note
however that these require linearly polarised photons in addition to the circular polarisation.
With circular beam polarization almost mass degenerate (CP-odd) A and (CP-even) H of the
MSSM may be separated [8, 20]. In addition, one can use information on the decay products
of WW , ZZ [24]. Further, Higgs contribution to γγ → f f̄ can give nontrivial information on
the CP mixing [25, 26, 27, 28, 29, 30, 5].
• ff̄ final state.

The process receives contributions from the s–channel Higgs exchange and the t-channel
QED diagram. It is possible to determine the CP mixing, if present, by using the polarisation
of the initial state γ or that of the fermions into which the φi decays. In the MSSM the CP-even
H and the CP-odd A are degenerate. In the situation that the mass difference between the
two is less than the sum of their widths, a coupled channel analysis technique [31] has to be
used. The authors of Refs. [28] and [29] explore the use of beam polarisation and final state
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fermion polarisation to analyse this situation, whereas the use of decay fermion polarisation
for determination of the Higgs CP property for a generic choice of the MSSM parameters is
explored in Ref. [30].

The most general couplings of a Higgs to f f̄ and γγ can be written in a model independent
way, accounting for possible CP violation, as [26, 27]:

Vff̄φ = −ie mf

MW
(Sf + iγ5Pf ) ,

Vγγφ =
−i√sα

4π

[
Sγ(s)

(
ε1.ε2 −

2

s
(ε1.k2)(ε2.k1)

)
− Pγ(s)

2

s
εµναβε

µ
1 ε
ν
2k
α
1 k

β
2

]
.

When we consider this in the context of a particular model then the form-factors, {Sf , Pf , Sγ , Pγ}
depend upon model parameters. For example, for the CP violating MSSM these depend on
mH+ , tanβ, µ, At,b,τ , Φt,b,τ , Mq̃ , Ml̃ etc. The model independent case and the specific case of
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Figure 2: Expected values (in %) of δP−t and δPCPt for the top quarks produced in the process,
γγ → tt̄, including the s-channel Higgs exchange contribution, in the CPV MSSM, in the CPX
scenario, in the m+

H–tanβ plane [30]
.

CP violating SUSY are analysed in Refs. [26, 27] and [30] respectively. The helicity amplitude
for the production will in general involve CP even combinations such as Sf<(Sγ)(viz.xi) as well
as CP odd-combinations such as Sf=(Pγ)(viz.yi). Note that the QED background is P , CP
and chirality conserving. The Higgs exchange diagram violates these symmetries. This means
that in the presence of the Higgs, the existence of chirality flipping interactions implies nonzero
values of the various {xi, yj} which in turn means that the fermion-polarisation carries a foot-
print of the Higgs contribution as well as any CP violation in the φγγ and φf f̄ couplings. It is
also very gratifying that the heavier fermions t, τ which have the largest φf f̄ coupling are also
the fermions whose polarisation is amenable to experimental measurements. The polarisation
of the initial state γ can be controlled by adjusting the initial laser and the e polarisation. The
φ contribution is enhanced using the combination λe×λl = −1. One can construct observables,
with unpolarised and polarised laser and e beams in terms of expected fermion polarisation: P Uf
being the expected one for unpolarised initial states and P++

f , P−−f being the observables with
polarised beams. Here +/− in the (double) superscripts refer to the polarisation of the e, λe.
P++
f , P−−f are nonzero even for the QED diagrams alone, but the P invariance of QED implies
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P++
f = −P−−f Hence a nonzero value for P++

f + P−−f will clearly indicate parity violation. In

case of C invariance this then is also CP violating. Thus P Uf and δPCPf = P++
f +P−−f are both

probes of the CP violating contribution. Further, P++
f is modified by the Higgs contribution

such that P++
f − (P++

f )QED 6= 0 even if φ is CP eigenstate. Hence, δP+
f = P++

f − (P++
f )QED

and δP−f = P−−f − (P−−f )QED are both probes of chirality flipping interactions. Figure 2,

taken from Ref. [30], shows the values for δP−t and δPCPt , expected in the CP-violating MSSM,
in the m+

H–tanβ plane, for the CPX scenario [21], in the left and the right panel respectively.
A similar calculation of the expected τ polarisation indicates that the two fermion polarisations
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Figure 3: CP violating asymmetries constructed out of different combination of cross-sections
with final state t helicity and initial state photon helicity for top quarks produced in the process,
γγ → tt̄, including the s-channel Higgs exchange contribution, in the degenerate φ2/φ3 case in
CPV MSSM as a function of the γγ centre of mass energy (two left panels) [28] and the mixed
lepton charge-photon helicity asymmetry (in %) for the generic case in the CPX scenario, in
the m+

H–tanβ plane with a choice of e+e− beam energy to maximise the asymmetries (right
panel) [30].

offer coverage in complementary regions of this parameter space, and part of the ’LEP’-hole,
which cannot be covered at the LHC, can in fact be covered by these measurements. Note that
the ILC can provide partial coverage of the region through production of other Higgs bosons,
but γγ collisions and/or production in the decay of the charged Higgs [22], remain the only two
modes for the light neutral Higgs, in this left over region of the ’LEP-hole’.

The expected values of the various observables presented in Figure 2 and the rightmost
panel of 3, are for a value of the common CP violating phase Φ = 90◦ and the beam energy is
adjusted for each point in the scan such that the peak of the photon spectrum matches with
scaled mass mφ/

√
sγγ , mφ being the average mass of the two states which may be close in mass.

Nowhere in this range of the parameters are the two states extremely degenerate, and hence a
coupled channel analysis is not required. We see that even in this case, the size of the expected
asymmetries is not too small. Thus in a generic case of CPV MSSM, the PLC can probe this
CP-mixing in the Higgs sector. In case of extreme degeneracy of the two states, the expected
polarisation asymmetries for both the fermion final states containing τ and t, are enhanced
resonantly and the observability is increased even more. The left two panels of Figure 3 taken
from Ref. [28] show two such CP violating asymmetries constructed out of a combination of
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cross-sections with different helicities for the initial state photons and final state quarks, as a
function of

√
sγγ , with model parameter values chosen to maximise the effect.

Since the top quark decays before it hadronises, the decay products retain the top quark
spin information. In fact, the decay lepton angular distribution is a particularly good probe of
this polarisation due to the independence of the correlation between the polarisation and the
angular distribution and any anomalous tbW vertex [32]. The above mentioned polarisation
asymmetries translate into ’mixed beam polarisation-lepton charge asymmetry’ constructed out
of cross-sections with different photon helicity combinations as in Ref. [26], but for values of
the form factors Sf , Pf , Sγ , Pγ , calculated in the CPX scenario as a function of the MSSM
parameters tanβ–mH+ plane. These, taken from Ref. [30] are shown in the rightmost panel of
the Figure 3.

• 2HDM and WW/ZZ final states at a PLC

As mentioned earlier, CP violation in the Higgs sector has also been studied in the context of
a Two Higgs Doublet model, and the possibility of determining the CP violating phase through
the kinematic distribution of the decay products of the W and the Z [24], with realistic photon
spectra has been investigated. The phase ΦCP and the relative strength of the φV V coupling
relative to that in the SM can be measured to about <∼0.02–0.05 depending on the mass of
the Higgs.. The errors are computed, assuming the SM value of 0 and 1 respectively for the
two. The interesting part of this study is the fact that the two photon width, its phase and the
relative normalisation of both samples, are all allowed to vary in the fit. The former, which is
available only at a PLC, is seen to impact the results significantly.

In fact in the eγ option the photon collider offers also a unique possibility of determining
accurately the hWW anomalous coupling. The accuracy of determination of this coupling in
the e+e− option is limited due to the big background from the ZZh contribution to the same
final state. This does not require polarised beams either [33].

5.3 Higgs self coupling and the γγ collider

The ILC in the e+e− mode offers only a very limited information on the trilinear hhh coupling [2,
34]. This information can be obtained through a study of Higgs pair production at a γγ collider
and is shown to be a good probe of hhh couplings and comparable perhaps to other probes
at the LHC and the ILC. Recently, the modification of the hhh coupling in the framework of
general Two Higgs Doublet models was addressed in a couple of analyses [35, 36, 37]. If the
modification of the hhh coupling is due to new particles in the spectrum, then it will also modify
hγγ as well as the γγhh coupling. So in the framework of a Two Higgs Doublet model they
calculate the net change in the cross-section γγ → hh and show that the sensitivities possible
at the PLC can indeed test these models.

6 Extra-dimensional models and the PLC

In the context of models with TeV scale gravity, i.e. models with extra dimensions, the γγ
production of all the matter and gauge boson fields is altered substantially. The extra dimen-
sions can be probed in the dijet final state [38], through the gauge boson couplings to a pair
of photons [39], in the production of a tt̄ pair [40] as well as in the eγ mode [41], up to a
scale comparable and/or somewhat higher level compared to the LC option. However, all these
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calculations have been done at the theorist’s level and an evaluation of the net gain due to
PLC, when a realistic photon spectrum is used, is not available.

7 Unparticles and the PLC
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Figure 4: The γγ invariant mass distribution for a 500 GeV machine showing the effect of the
scaling dimension of the unparticles (left panel) and the values of σU +σSM/σSM as a function
of γγ centre of mass energy (right panel) [42].

Along with the very well motivated physics beyond the SM like supersymmetry and extra
dimensions, the PLC can also probe speculative physics like unparticles. Among the different
discussions that exist, I am going to give only one example taken from [42], where they consider
the effect of unparticles on the process γγ → γγ, which can be studied at a photon collider. In
these theories a hidden conformal sector provides “unparticle” which couples to the Standard
Model sector through higher dimensional operators in the low energy effective theory. If one
focuses on operators which involve unparticle, the Higgs doublet and the gauge bosons, after
electroweak symmetry breaking, a mixing between unparticle and Higgs boson ensues. In turn
this can cause sizable shifts for the couplings between the Higgs boson and a pair of photons [43].
Since the process proceeds in the SM only at loop level, it has a great potential to probe new
physics. The authors of Ref. [42] show that γγ collider in this case can be sensitive to a scale
of 5 TeV for

√
s = 500 GeV. The plot in the left panel of Figure 4, taken from this reference,

shows the cross-section as a function of the γγ invariant mass. The structure in this distribution
reflects the scaling dimension of unparticle. The second plot (right panel) in Figure 4 shows
ratio of σU + σSM/σSM .

8 Conclusions

Thus a PLC can play an important and unique role in many ways in probing BSM physics.
Loop effects on γγ processes and couplings can probe it indirectly. Further, it can affect search
prospects of new charged scalars, a sure harbinger of New Physics, by providing comparable
reach, if not more, as the e+e− option for a TeV energy LC. Polarisation dependence of the
photon spectrum and cross-section can play an important role. ∆β ' 1 at large tanβ can
be achieved using ττ fusion. There are major gains for the SUSY Higgs sector as it provides
reach for H/A in regions where LHC does not have any. The s channel production increases
reach in the mass of neutral Higgses by a factor ∼ 1.6 due to single production that is possible.
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Advantages of a γγ collider are even more if CP violation is present in the Higgs sector. The
polarisation asymmetries constructed using initial state photon polarisation and final state
fermion polarisations, can be a very good probe of the CP violation in the Higgs sector. The
H/A contribution can be probed therefore through mixed polarisation-charge asymmetries, i.e.
asymmetries in initial state polarisation and final state lepton charge. If CP violation makes
the lightest Higgs dominantly pseduoscalar and hence ’invisible’ at LEP/ILC/LHC, then a γγ
collider is the only place where it can be produced directly. The PLC is capable of probing new
physics such as extra dimensions through production of dijets, top pairs, gauge bosons etc. in
γγ collisions.
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Due to their enormous precision low energy experiments with photons provide a unique
window towards fundamental physics. More generally, low energy but high precision exper-
iments may provide for a powerful probe of new physics beyond the Standard Model which
is complementary to collider experiments. In these notes we argue that Axions, WIMPs
and WISPs are phenomena that can be tested in low energy experiments. At the same
time these particles are motivated by experimental and observational evidence as well as
the desire to test theoretical model building. This provides an excellent ‘physics-case’to
search for new phenomena at the low energy frontier.

1 Introduction – Hints for new physics

Over the years both theoretical as well as experimental evidence has accumulated that strongly
suggests the existence of physics beyond the current standard model of particle physics (SM).
The Large Hadron Collider currently starting up at CERN will test many of the ideas for such
physics beyond the standard model (BSM) and hopefully will provide us with a wealth of new
information. In this note we argue that there is also a very good motivation to search for new
physics in low energy experiments that can provide us with powerful complementary information
on currently open questions and in particular on how the standard model is embedded into a
more fundamental theory.

Let us begin by briefly repeating some of the main reasons why we believe that there must
be physics beyond the standard model.

On the theoretical side there are a number of deficiencies in the SM. Some of them could be
just aesthetic defects but some may go deeper. First of all the SM has a relatively large number
O(30) free parameters that cannot be determined from theory alone but must be measured
experimentally. Although this does not indicate an inconsistency of the theory it certainly is
not in line with the hope that a fundamental theory of everything should have very few, possibly
only 1 or even 0, free parameters. Moreover, some of the parameters seemingly need to require
an enormous degree of finetuning or appear unnaturally small. Well known examples are the
Higgs mass but also the θ parameter of QCD (which must be extremely small in order not to be
in conflict with the observed smallness of strong CP violation). Another dissatisfying feature
is that gravity is not incorporated into the SM but rather treated as a separate part. This is
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not just an aesthetic defect but also an expression of the fact that the quantization of gravity
is still not (fully) understood. Finally, strictly speaking the SM will most likely not be valid
up to arbitrary high energy scales. On the one hand this is due to our current inability to
properly quantize gravity. But even the non-gravity parts are probably encountering problems
in the form of Landau poles (places where the coupling becomes infinite) in the QED sector (at
a very high scale much beyond the Planck scale) but probably also in the Higgs sector (where
the problem is much more immediate and will occur at scales much below the Planck scale -
depending on the Higss mass possibly even not much above the electroweak scale).

Next there are quite a few phenomena which are experimentally well established but for
which there is no good explanation within the standard model. The most shocking of which is
probably the realization that most of the matter and energy in the universe actually is not made
up of SM particles. Cosmological and astrophysical observations give strong evidence that about
70 % of the energy in the universe is dark energy and another 25 % is dark matter [1]. These are
things that simply do not appear in the current SM (although they could be accommodated see,
e.g., [2]). But even within the standard model there are things which are experimentally well
established but for which a good explanation is lacking. These are, e.g., the existence of three
generations of SM particles, the mass hierarchies for the SM particles and the small parameters
such as, e.g., the already mentioned θ parameter [3]. The latter is, of course, a repetition of
some of the problems already mentioned as ‘theoretical’ problems showing that they actually
arise from experimental results.

Finally, there is the direct experimental evidence for BSM physics. At the moment most of
this is still relatively circumstantial but it definitely demonstrates that low energy experiments
can provide information on BSM physics as well as opening new directions which can be explored
(or close others). Examples are the deviation [4] of the muon (g− 2) from the SM expectation,
the excess in the event rate of the DAMA [5] experiment and the PVLAS anomaly [6] (which has
been retracted [7] but, as we will see, has inspired a lot of fruitful experimental and theoretical
activity). Most recently, a lot of interest has been generated by the observation of a positron
excess by the PAMELA satellite [8]. This has led to great interest in the existence of new “Dark
Forces” which are relatively long range with force carries of mass ∼ GeV (see, e.g., [9]).

2 Bottom-up/phenomenological arguments

In this section we will present several examples for physics at the low energy frontier that arise
from more phenomenological arguments - a line of thought that could be called ‘bottom-up’
and that follows a hands-on approach on fixing problems step by step.

Axions are a good example for this approach [10]. The extreme smallness of the θ-angle
is unexplained in the standard model. This can be solved by introducing a new symmetry -
the Peccei Quinn symmetry. As a consequence one predicts a pseudo-Goldstone boson, the
axion. This is already a good motivation to experimentally search for the axion, for example
in light shining through a wall experiments [11–14] (see also next section), laser polarization
experiments (as, e.g., PVLAS) [6, 7, 15] or axion helioscopes [16]. The case for this search is
then strengthened by the finding that the axion is also a valid candidate for dark matter [17].
This prediction, however, not only strengthens the physics case for searching axions but it also
opens new ways to do so. One can search for axion dark matter, for example using resonant
cavity techniques [18] or looking in the sky for axions decaying into photons.

Another example are WIMPs (for a review see [19]). As a solution for the hierarchy problem
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in the SM one can, again, introduce a symmetry: SUSY. Introducing SUSY leads to many new
particles, notably the heavy supersymmetric partners of the SM particles, which are weakly
interacting and massive, i.e. WIMPs. Some of them are good candidates for dark matter.
Again good motivation to perform a WIMP search. Another incentive is that SUSY also allows
to explain the deviation of the muon (g − 2) from its SM value that was already mentioned in
the introduction. SUSY might be discovered at a collider such as LHC. Such an experiment
may even find a dark matter candidate. But in order to know that such a candidate really
makes up all or most of the dark matter, i.e. if it was produced in sufficient quantities, one
needs the low energy WIMP searches [5, 20] which therefore give us crucial information.

The PVLAS anomaly which was in contradiction to the SM expectation led to the intro-
duction of several types of WISPs (weakly interacting slight (or sub-eV) particles). To check
their result and to search for these WISPs the PVLAS group then improved their apparatus
finding that the original result was probably an artifact of the apparatus [7]. However, this is
not the end of the story. The introduction of WISPs also led people to realize that there is a
large amount of unexplored parameter space for new physics that (e.g., due to the extremely
weak interactions involved) cannot be tested in conventional colliders [21]1. Yet, new ideas
how to access this parameters space in low energy experiments and observations have been put
forward [23]. Moreover, it was (re-)discovered that the extremely weak interactions of WISPs
are often connected to very high energy scales & 105 GeV, in some cases even as high as the
string or the even Planck scale ∼ 1018 GeV. Showing that the new and improved low energy
experiments can give us complementary information on very high energy physics. Let us see in
the next section how the precision of low energy photon experiments turns them into a probe
for very high energy scales.

3 Low energy photon probes

Let us look a little bit more closely how we can use low energy photon experiments to search
for Axions and more general WISPs.

One of the most intriguing idea is a so-called light shining through a wall experiments [11–14].
The schematic setup is shown in Fig. 1. The power of this type of experiment lies in its enormous
precision. Laser powers of the order of ∼ 100W corresponding to 1021 photons per second are
easily achievable. Moreover, it is certainly possible to detect as little as 1 photon per second.
This allows us to search for particles with a transition probability as low as 10−21!

Let us further illustrate this with an example. Axions and axion like particles (a) couple to
two photons with an interaction

Lint ∼
1

M
aF µν F̃µν ∼

1

M
aE ·B. (1)

Here M roughly gives the energy scale where the new physics connected to the axion (like
particle) happens. (In some cases there is an additional (small) coupling constant involved, e.g.
the electromagnetic coupling, then we probe a scale ∼ αM .)

Experimentally the electric field is provided by the laser photons and a strong magnet
(typically a recycled accelerator magnet) provides the magnetic field. In this situation the

1Astrophysical arguments are, however, a different matter. For an overview over pre-PVLAS work in this
direction see, e.g., [22].
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Figure 1: Schematic setup of a “light shining through a wall experiment”. A laser is shone on an
opaque wall. After the wall a detector is placed to search for photons that somehow make it through
the wall. The idea is that some of the photons are converted into very weakly interacting particles X
which can simply traverse the wall. After the wall the X particles reconvert into ordinary photons and
can be detected. In some cases (e.g. Axions) the conversion can be stimulated by the presence of a
magnetic field. In other cases (e.g. extra hidden, massive U(1) gauge bosons the conversion results from
an oscillation between the photon and the new particle which is very similar to neutrino oscillations.
Then it can happen even in vacuum.

probability for a photon to traverse the wall is given by

Pγ→a→γ ∼ Npass

( |B|L
M

)4

, (2)

where L is the length of the magnetic field region. Moreover, we have included a factor Npass

accounting for the fact that we can use mirrors to reflect the light back and forth inside the
interaction region to enhance the transition probability (see [11, 14] for experiments that have
implemented this feature). Npass ∼ 100, B ∼ 5 T ∼ 1000 eV2 and L ∼ few × m ∼ (107 −
108) eV−1 are realistic values. Inserting this into Eq. (2) and remembering that we can detect
probabilities . 10−21 we find that the experiments are sensitive to

M ∼ (106 − 107)GeV. (3)

In other words we are probing for new physics connected to energy scales (104−107)GeV, much
higher than the scale of current accelerator experiments.

The enormous precision is what makes photon experiments such a powerful tool to search
for new physics. Here, we demonstrated this precision using light shining through a wall ex-
periments searching for axion like particles as an example. This precision can also be exploited
in a wide variety of other experiments [6, 7, 15, 23], including laser polarization experiments,
experiments with microwave cavities, but also traditional tests of the Coulomb’s law. These
experiments can search for a huge variety of different WISPs such as hidden sector photons,
minicharged particles and chameleon particles, as well as many other interesting things.

4 Top-down/theory arguments

Instead of taking small steps and fixing the problems, in the process often creating a more and
more baroque model, one can also go back to the drawing board and rethink the very principles
on which the original model was based. One such attempt (among others) is string theory. One
of the main motivations for string theory is to unify the SM with gravity. To achieve this point
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particles are replaced by extended strings. Currently string theory is not yet in a state where
it provides a first principle derivation of the SM and corrections to the same. Nevertheless,
it has a variety of general features that suggest avenues for model building and also specific
phenomena.

One such general feature is that for consistency string theory likes SUSY. Following the
arguments from the previous section SUSY provides a good physics case for WIMP searches.
Accordingly string theory strengthens the physics case for such searches.

Another property of string theory is that in order to be consistent it needs the existence
of extra (space) dimensions. In order to be in agreement with observation all except the well
known three have to be compactified. However, compactification leaves its traces2. Shape and
size deformations of the compactified dimensions correspond to scalar fields, so-called moduli.
These could be very light (it is actually often difficult to give them any mass at all) and provide
excellent WISP candidates (and may also be searched for in fifth force experiments [24]). In a
similar manner also various types of axions appear in string theory (see, e.g., [25]). The physics
of these particles (e.g. the small size of their interactions) is inherently linked to the string scale.
Hence, suitable low energy experiments searching for such WISPs may give us the opportunity
to probe the fundamental theory and its associated fundamental energy scale.

String theory also tends to have whole sectors of extra matter in addition to the ordinary
SM matter. This matter often lives in so-called hidden sectors which have only extremely weak
interactions with the SM particles. Accordingly particles in these sectors may avoid detection
in collider experiments even if they are light, i.e. these hidden sector provide good candidates
for WISPs3. Typical WISP candidates arising from such hidden sectors are extra ‘hidden’ U(1)
gauge bosons and ‘hidden’ matter charged under those U(1)s [28, 29]4. In many models these
hidden sectors are located at a different place in the extra dimension than the SM sector5.
Accordingly searching and testing these hidden sectors can give us crucial global information
on the compactification that can hardly be obtained from collider experiments which probe the
local structure that has relatively strong interactions.

Finally, string theory also motivates some surprising things. In particular, some models
predict non-commutativity and other Lorentz symmetry violating effects [34]. This then can
also be tested in low energy experiments and observations such as, e.g., comparing the spectrum
of hydrogen and anti hydrogen atoms [35] or by observing if light from gamma-ray bursts
arrives at (slightly) different times depending on its polarization [36]. These experiments and
observations (see [37] for an overview) again provide an ultra high precision that can then give
us insights into the fundamental theory at very high energy scales.

Let us again illustrate the power of precision by an example. In some models of non-

2If the size of the extra dimension is large enough there could actually be a very direct consequence: the inverse
square law of the gravitational force would be modified. This, too, can be tested in low energy experiments [24].

3If the hidden sector particles are somewhat heavier they can also be WIMP candidates [26] (which in some
cases can also be searched for at colliders [26,27]). However, this also depends on how strict one takes the ‘Weak’
in the name WIMP. Often it is constraint to be the weak of electroweak. Then hidden sector particles cannot
really be WIMPs.

4The hidden U(1)’s can interact with the SM via a kinetic [30], magnetic [31] or mass mixing [32] with the
ordinary photon. The kinetic or magnetic mixing can then also lead to a small electric charge for the hidden
matter [30,31].

5An alternative to truly hidden sectors are sectors with hyperweak interactions [33]. Although in these models
the new particles can have tree-level interactions with the standard model particles these are extremely weak.
Effectively they are diluted because the hyperweak sector extends more into the extra dimensions. Accordingly
these, too, contain more information about the global structure.
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commutativity the two polarizations of light move at slightly different speed,

∆c

c
∼ 10−34

(
MP

MNC

)2

. (4)

Now assume that we observe light from a very distant source. For example, a gamma ray burst
at a distance of ∼ 109 lightyears. If the two polarization directions move with slightly different
speeds one will arrive earlier than the other. If we can measure time differences of the order of
1 second we already have an enormous precision of 1 part in 1016 in the speed of light. In our
example this means that we are probing energy scales of the order of 109 GeV. However, we can
actually do much better. Using polarimetric measurements one can search for time differences
corresponding to one wavelength or less. This gives us another amazing factor of & 1015 in
the precision. Overall we can test for differences in the speed of light of the order of 1 part in
& 1032. Comparing with Eq. (4) we see that this really tests Planck scale physics!

5 Conclusions

Both the phenomenological bottom-up and the more theory oriented top-down approach pro-
vide an excellent physics case motivating further experiments at the low-energy frontier such as
searches for axions, WIMPs and WISPs and other interesting effects such as Lorentz violation.
These phenomena are often connected to energy scales much higher than those reachable in
near future accelerators. They provide experimental access to hidden sectors that may contain
crucial information on the underlying global structure of a more fundamental theory. Moreover,
they give us reasons to challenge and experimentally check basic assumptions as, e.g., Lorentz
symmetry. In conclusion, low energy but high precision experiments provide crucial comple-
mentary information to uncover the nature of a more fundamental theory beyond the standard
model.
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“Light-shining-through-a-wall” experiments search for Weakly Interacting Sub-eV Particles
(WISPs). The necessity and status of such enterprises as well as their future potential are
sketched.

1 An Experimentalist’s Motivation

Evidence is mounting that the known constituents of matter and forces beautifully summarized
in the Standard Model do not fully describe the world around us. Such arguments arise from
astrophysical and cosmological observations as well as from theoretical considerations. There are
strong convictions among scientists that new experiments at the high energy frontier at LHC will
provide insight into physics beyond the Standard Model. Although theoretically well motivated,
focusing the search for new physics onto highest available energies neglects evidences pointing
at the opposite energy scale. Extensions of the Standard Model may manifest themselves also
at meV energy scales, nine orders of magnitude below the mass of the electron (see contribution
of J. Jäckel to these proceedings).

Generally, new very light and very weakly interacting particles denoted as WISPs (Weakly
Interacting sub-eV Particles) occur naturally in string-theory-motivated extensions of the Stan-
dard Model [1, 2, 3]. There could be bosons and fermions, charged and uncharged particles [2].
WISPs may interact with ordinary matter via the exchange of very heavy particles related to
very high energy scales and thus give insight into physics at highest energy scales. The reader is
referred to [4] and references therein for a more detailed view. One prime example for a WISP
is the QCD axion [5, 6] invented to explain the CP conservation of the strong interaction. From
astrophysical observations its mass should be below about 1 eV. For the QCD axion such a low
mass implies very weak interactions with the other constituents of the Standard Model (see [7]).
It is striking that a QCD axion with a mass around 1 µeV is a perfect candidate for cold dark
matter in the Universe [8, 9]. A discovery of the axion could solve long lasting questions of
particle physics and cosmology simultaneously. It is worthwhile to note that also dark energy
might be attributed to new physics at the meV scale [10].

Interestingly, very different astrophysical observations suggest the existence of very light
axion-like particles. The cooling of white dwarfs can be modeled significantly better if an
additional energy loss due to axion-like particles is taken into account [11]. Luminosity relations
of active galactic nuclei (AGN) show patterns which are best understood if axion-like particles
do exist [12]. The surprisingly high transparency of the Universe to TeV photons from AGNs at
cosmological distances may be explained by back and forth oscillations of photons into axion-like
particles [13, 14]. Similarly, such oscillations might explain the candidate neutral ultra-high-
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energy particles from distant BL Lac type objects [15]. The heating of the solar corona is not
understood, but may be attributed to an energy flow mediated by axion-like particles [16].

2 WISP Searches

At present for most of the WISP species the most stringent limits on their existence originate
from astrophysics considerations. In general, the existence of WISPs would for example open
up new energy loss channels for hot environments in stars and thus shorten lifetimes or cool-
ing cycles [7, 17]. They could also show up in analyses of the cosmic microwave background
radiation [18, 19, 20, 21].

In addition direct searches for axion-like particles produced in the sun [16] or as constituents
of galactic dark matter [22] have greatly progressed in recent years and reached impressive
sensitivities.

However, interpretations of astrophysics data are always hampered by the uncontrolled
production mechanism of WISPs. Effective theories have been presented, where the production
of some WISP species is suppressed in hot environments [23, 24]. If such scenarios are true,
astrophysics experiments might fail to detect WISPs while laboratory experiments could open
up this new physics window. Literally, astrophysics deals with “astronomical” or “cosmological”
distances on the one hand and microscopic distances in hot dense plasmas on the other hand
for example. Intermediate distances are only probed in the laboratory.

The are numerous experimental efforts to probe for WISPs in the laboratory. Typically they
are searched for by looking for new effects in gravitational or QED environments. The latter
ones comprise atomic physics like Lamb shift, positronium decay, Casimir forces or photon-
photon interaction.

3 Photon-photon Interactions and
“Light-Shining-through-a-Wall”

Figure 1: A collection of some Feynman diagrams responsible for the mixing term between
photons and different hypothetical “weakly interacting sub-eV particles” (WISPs). Photon os-
cillations into Axion-like particles (ALPs) and massless hidden photons (HPs) via mini-charged
particles (MCP) require the presence of a background electromagnetic field, denoted by crossed
circles.

Since the discovery of the positron there is profound interest in light-light interaction, be-
cause two photons can couple via virtual electron-positron pairs. If an intense laser beam is
shone into a strong magnetic field, the interaction of the laser light with the (virtual) photons of
the magnetic field gives rise to the so-called magnetic vacuum birefringence [25]: light polarized
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perpendicular to the magnetic field moves a little slower than photons polarized perpendicular.
However, the effect is very tiny (n⊥ − n‖ = 3.6 · 10−22 for B = 9.5 T) and has escaped ex-
perimental verification since decades. Present day experiments have to be improved by about
three orders of magnitude to verify this QED prediction. A similar phenomenon is the so-called
photon splitting. Here the original photon vanishes with a probability depending on its polar-
ization with respect to the magnetic field orientation. This reminds of a crystal’s dichroism.
Unfortunately, QED predicts only a very weak effect most likely beyond experimental reach for
the foreseeable future (see also contribution of G. Cantatore to these proceedings).

The reason for the weakness of both effects is the high mass of the electron as compared
to the eV photons. If WISPs with much smaller masses exist and couple to photons, they
could give rise to the above mentioned two effects with amplitudes well above the QED expec-
tations [26, 27]. Fig. 1 (see [4]) displays Feynman diagrams for the production of some WISP
flavors due to the interaction of photons. WISPs could also be detected in a very convincing

Figure 2: Sketch of a “light shining through a
wall experiment”. The grey blob indicates the
mixing term between photons and the “weakly
interacting sub-eV particles” (WISPs).

and spectacular manner by “light-shining-
through-a-wall” (Fig. 2, see [4]). In the first
part of such an experiment WISPs are pro-
duced from intense laser light, either by in-
teraction with a strong magnetic field or by
kinetic mixing. This first part is separated by
a light-tight wall from the second part. Only
WISPs can traverse the wall due to their very
low cross-sections. Behind the wall they could
convert back into photons with exactly the
same properties as the light generating the

WISPs. This gives the impression of “light-shining-through-a-wall” (LSW). This article will
focus on the status and future of LSW experiments. Such installations offer the possibility to
significantly increase sensitivities in the future.

4 Present and Future LSW Experiments

In the following production and detection of axion-like particles (ALPs) will be considered in
some detail. ALPs are of prime interest due to their similarity with the QCD axion, but please
keep in mind that many other species (see above) may populate the WISP-zoo, which further
enhances the discovery potential of LSW experiments.

4.1 Axion-Like Particles

Axion-like particles, ALPs, denote here neutral scalar or pseudoscalar particles coupling to
electromagnetic fields similar to the QCD axion. If light is shone into a magnetic dipole field
scalar (pseudoscalar) ALPs can be produced if the light is polarized perpendicular (parallel) to
the direction of a magnetic dipole field. Assuming a symmetric set-up of an LSW experiment
with the magnetic field length BL before and after the wall the photon-ALP-photon conversion
probability reads

P (γ → φ→ γ) =
1

16β2
φ

(gBL)4

(
sin 1

2qL
1
2qL

)4

, (1)
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where βφ denotes the velocity of the ALP and q = pγ − pφ. The probability rises with (BL)4

resulting from the coherent ALP-photon-ALP conversions. For a more detailed discussion of
these effects the reader is referred to [4] and the references therein.

Note that for qL� 1 Eq.1 reduces to

P (γ → φ→ γ) =
1

16β2
φ

(gBL)4. (2)

If qL� 1 does not hold anymore the conversion probability drops and the limits on the coupling
g worsens as visible in Fig. 3. This effect can be made lively by imaging an overlay of the wave
functions of photons and ALPs. If the ALP’s momentum decreases, its wavelength rises and
hence runs out of phase compared to the photon wave function. The first LSW experiment was
carried out by the BFRT collaboration [28]. Table 1 summarizes present-day experiments.

Experiment Number of photons Magnet B · L g [10−7GeV−1],
95% CL limit

ALPS @ DESY [4] 5 · 1024, 532 nm, cw 22+22 Tm 4.1

BMV @ Toulouse [29] 6 · 1023, 1060 nm, 82 pulses 4.4+4.4 Tm 10

GammeV @ FNAL [30] 6 · 1023, 532 nm, 5 Hz pulses 15+15 Tm 2.9

LIPSS @ JLAB [31] 6 · 1025, 935 nm, FEL 1.8+1.8 Tm 12

OSQAR @ CERN [32] 488+514 nm, cw 136+136 Tm 3.4

Table 1: Table of present-day LSW experiments. The second column lists the total number of
photons used for the analyses, the last column shows typical sensitivities achieved. More details
are given in the references shown.

For a typical experimental set-up similar to the ALPS experiment at DESY or GammeV at
FNAL Eq. 2 reads

P (γ → φ→ γ) = 9.60 · 10−25

(
g

10−7GeV−1

B

5T

L

4m

)4

. (3)

It is evident that a very large flux of photons is required to probe for ALPs in an LSW experi-
ment. Table 2 summarizes the main experimental parameters, the dependence of the sensitivity
in g on these parameters and possible future improvements. As a benchmark the ALPS exper-
iment at DESY in Hamburg is used.

In the near term future laboratory LSW experiments aim for reaching a sensitivity for the
photon-ALP coupling of g = 10−7GeV−1. It’s worth mentioning that this probes for new
physics (if WISP exist) at the 100 TeV scale1 already. However, at present astrophysics limits
on the coupling of ALPs to photons are about 3 orders of magnitude more restrictive. On the
long run laboratory experiments should strive for surpassing these limits.

1The axion-to-photon coupling g is given by g = α · gγ/πfα, where fα denotes the new energy scale and gγ
a factor derived from theory expected to vary by about an order of magnitude for the QCD axion.
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Parameter g dependence ALPS aims future exp.

Laser power (cw) g ∝ P− 1
4 P=1kW P=100kW

Magnetic field g ∝ (BL)−1 BL=22Tm BL=600Tm

Detector sensitivity g ∝ ε 1
4 ε = 4mHz ε=0.02mHz

Measurement time g ∝ t− 1
8 t=25h t=25h

Table 2: Table of the main parameters of a LSW experiment searching for ALPs. The second
column gives the sensitivity of limits on the photon-ALP coupling on the experimental param-
eters. The third column lists the corresponding parameters aimed for at the ALPS experiment
at DESY, while the forth column shows parameters of a possible future experiment.

4.1.1 Laser beam power

Usually LSW experiments shine laser light through long and tight magnet bores. At ALPS
the open aperture amounts to only 16 mm [4] for a total length of about 17 m. Therefore the
demands on the beam quality are rather high. Given these constraints optical or infrared lasers
with cw powers of a few 10 W at maximum are available resulting in a photon number flux of
roughly 1020 Hz. This can be improved significantly by recycling the photons with the help of an
optical delay line (used by BFRT [28]) or by setting up a resonant optical cavity. This has been
realized for the first time by the ALPS experiment [4]. Improvements of the ALPS resonator are
under way aiming for an effective power of 1 kW from 4 W of primary laser power. Considering
the laser R&D for gravitational wave antennas [33, 34] the next decade could result in primary
lasers with powers of the order of 100 W. This power might be enhanced in an optical cavity
by 3 orders of magnitude resulting in an effective power around 100 kW. Hence the mid term
future might give effective photon fluxes close to 1024 Hz. Further significant improvements
will demand focused R&D programs.

Some experiments use or have used different set-ups with pulsed lasers. This is a very
reasonable approach as long as the photon detector sensitivity can be enhanced by triggering to
suppress background noise (GammeV [30]) or if very strong pulsed magnets are used (BMV [29]).
This is not discussed further in this article.

4.1.2 Magnets

ALPS is using a spare HERA dipole magnet. Half of the dipole is used for generating WISPs,
the second half for converting them back into photons. This gives BL = 23 Tm for both
processes. OSQAR at CERN is setting up an installation with one LHC dipole each for the
generation and regeneration part resulting in 139 Tm. Four LHC dipoles or two DLHC dipole
each would provide about 600 Tm. Such a set-up might be realized with limited costs in
the mid-term future. Going beyond would require a considerable amount of resources for
magnet developments and/or constructing very long dedicated cryogenic magnet stands for
WISP experiments. Clearly such an enterprise would be worthwhile, because the sensitivity in
g improves linearly with the magnetic field strength and length (see Table 2). For the time
being BL = 600 Tm is assumed for the future, a factor of 26 compared to the present-day
ALPS.
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4.1.3 Detector sensitivity

Most of the present-day LSW experiments use commercial CCD cameras to search for re-
converted photons from WISPs behind the wall. Because the light looked for has the same
properties as the laser light shown into the experiment one can profit from the usually out-
standing beam quality by focusing the beam spot onto very few pixels of the CCD. Signal areas
smaller than 50x50 µm2 are regularly achieved. An optical resonator in front of the wall does
not harm, but improves this approach (while this strong focusing could hardly be realized with
an optical delay line due to geometrical reasons). With a typical dark current of 10−3 electrons
per pixel and second, a read-out noise of 3.8 electrons and a signal region of 3x3 pixels one
expects for one hour exposures a RMS of only 12 electrons. Taking into account an overall
photon detection efficiency of roughly 60% this translates into a RMS of 20 photons (assuming
a gain factor of 1 electron/photon). Hence one expects a 95%CL photon flux limit around
4 mHz for about 10 one hour exposures (the typical order of magnitude for measurement times
in LSW experiments). This corresponds to an energy flux of 2 · 10−21 W for 532 nm photons.

In the future this sensitivity might be enhanced considerably by using transition edge sensors
(TES) [35, 36]. Here a sensor is cooled down to about 100 mK and operated in the transition
region between a superconducting and normal conducting state. Due to the very low heat ca-
pacity of such a state the energy deposit of a single photon results in a significant temperature
rise and is well measurable. TES allow for essentially background-free counting of individual
photons. Only radioactivity or cosmic ray interactions would provide some remaining back-
ground. From studies with many dark frames taken with the ALPS CCD the background rate
is estimated as roughly 0.02 mHz in a 50x50 µm2 signal. Hence it should be possible in future
to set-up a detector system sensitive to an energy flux of at least two orders of magnitude
below the above mentioned number, i.e. 10−23 W for 532 nm photons. This might be further
improved by shielding and proper selection of materials. In addition TES detectors register the
arrival time of individual photons and coarsely estimate their energies. This is a clear advantage
compared to present-day long-exposure CCD frames.

The improvements listed above are judged as likely possibilities to be reached within the next
few years. According to Table 2 g = 10−7GeV−1 as aimed for at ALPS is expected to be

multiplied by a factor of (100kW/1kW)
− 1

4 · (600Tm/23Tm)
−1 · (0.02mHz/4mHz)

1
4 = 0.003.

Couplings significantly below 10−9GeV−1 would be accessible in LSW experiments. However,
a gap of about an order of magnitude would still have to be bridged to surpass present-day limits
from astrophysics. A second optical resonator is a promising means to tackle this challenge.

4.1.4 Regeneration cavity

The idea of a resonantly enhanced axion photon regeneration was put forward first in 1993 by
F. Hoogeveen and T. Ziegenhagen [37] and independently rediscovered in 2007 by P. Sikivie,
D.B. Tanner and K. van Bibber [38]. The basic idea is to set-up an optical resonator also in
the regeneration part of a LSW experiment very similar to the optical resonator in the first
part. The second resonator effectively increases the conversion probability of a WISP into
a photon. To understand this one has to consider that the freely propagating WISP-related
wave behind the wall of the LSW experiment comprises a very tiny electromagnetic photon
component. Due to this small component the WISP might convert into a real photon. An
optical resonator enhances this small component in the same way as the wave amplitude for
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real photons is increased. The transition probability of WISPs to photons rises with the power
amplification factor of an optical resonator in the second part of the LSW experiment behind
the wall. Consequently the sensitivity of such a set-up for the coupling constant g improves with
the square root of this factor. The technical challenge is to lock the second cavity to exactly the
same frequency and the same mode as the first cavity (used to enhance the effective laser photon

(m [eV])
10

log
-4 -3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6 -2.4

]
-1

g 
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state-of-the-art (ALPS)

4+4 LHC dipoles, new laser & detector, 2nd cavity

4+4 LHC dipoles, new laser & detector

ALPS with 4+4 LHC dipoles

astrophysics

QCD axion

Figure 3: The sensitivity aimed for at present-
day LSW experiments on the coupling of ALPs
to photons vs. the ALPs mass as well as future
experiments with stronger magnets, improved
laser and detector system and an additional re-
generation cavity (from top to bottom). The
horizontal line indicates today’s limits derived
from astrophysics. Always the regions above the
lines are excluded. The slanted line shows the
order of magnitude expected for the coupling
strength of the QCD-axion to photons.

flux). Obviously one can not use laser light
of the same wavelength to produce WISPs
and to lock the regeneration cavity without
spoiling the sensitivity to detect photons from
reconverted WISPs. One possibility rests
on a two-colored laser. Such an installa-
tion is being used in the ALPS experiment
at DESY, where part of the 1064 nm light
from an infrared laser is frequency doubled
to 532 nm [4]. In future the 532 nm light
could be used to lock the generation and re-
generation cavity while the (more powerful)
1064 nm radiation is used to produce WISPs
and to search for regenerated photons behind
the wall. A detector can be shielded from
the 532 nm radiation leaving the regenera-
tion cavity by properly suited bandpass filters
(narrow bandwidth filters with 75% transmis-
sion at 1064 nm and optical densities larger
than 5 at other wavelenths are easily avail-
able). Efforts to realize such a set-ups are
starting in the US [39] and Europe. With a
regeneration cavity it should be possible to
improve the sensitivity of LSW experiments
by another two orders of magnitude to reach

g = 10−11GeV−1 and lower values. Fig. 3 displays the reach of LSW experiments exploiting
the power of a regeneration cavity. Present-day limits derived from astrophysics are likely to
be surpassed in future. However, probing for the QCD-axion in the laboratory will probably
remain a challenging target for quite some time.

5 Further Ideas

For illustration purpose the argumentation above has concentrated on axion-like particles. It
should be stressed again that these are only one kind in a hypothetical zoo of WISPs. Another
very interesting species are massive photons (dubbed “HP”, because they might originate from
the “hidden sectors” of string theory for example) with very weak couplings to Standard Model
particles. If HPs exist they oscillate with photons back and forth in vacuum very similar to neu-
trino flavor mixing. Hence one can search for HPs also in LSW experiments, but without the ne-
cessity of an external electromagnetic field. The present experimental limits are shown in Fig. 5.
It is interesting to note that the mass scale around 1 meV is hardly probed by astrophysics.
Hence any improvement in laboratory-based HP searches probes unknown territory in the

PHOTON09 7

THE FUTURE OFLOW ENERGY PHOTON EXPERIMENTS

PHOTON09 117



Figure 4: Present day limits for the mixing of
photons with their massive counterparts from a
“hidden sector”. Laboratory experiments [4,
29, 30, 31, 40] surpass astrophysics limits in the
mass region around 1 meV already now.

parameter space. The improvements of lasers
and detectors as well as the usage of a re-
generation cavity could improve limits on the
mixing parameter by more than two orders of
magnitude.

The potential of LSW experiments at syn-
chrotron sources [41] and with microwave cav-
ities [42], the new possibilities at free electron
lasers [43, 44] or “current-through-a-wall” ex-
periments [45] could not be addressed here.
The reader is referred to the references given.

6 Summary

We witness a revival of experiments at the low
energy frontier searching for new, very light
and very weakly interacting particles. This
complements enterprises at the high energy
and intensity frontiers. In recent years vari-
ous investigations have shown that the low energy frontier indeed may offer a window to physics
beyond the Standard Model. This is strongly supported by theory, giving rise to a zoo of WISPs
in addition to the QCD-axion, and interesting observations from astrophysics.

Laboratory experiments have the potential to surpass the reach of astrophysics in the search
for WISPs. Some concentrated R&D efforts on laser technology, long optical resonators and sin-
gle photon detectors are required to meet this aim. These can be achieved by new collaborations
among the high energy physics and laser interferometer communities (operating gravitational
wave antennas) for example. Firm bases exist and no major show-stoppers are envisaged today.

Present-day and future LSW experiments probe nature in a regime of very weak couplings
and very low masses. In addition efforts should be strengthened to test the validity of the
Standard Model in very strong fields (to test non-linear QED for example). The field of particle
physics as a whole can only gain if such small-scale experiments complement the physics searched
for in billion dollar installations at the high energy or intensity frontiers.
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The QCD phenomenology of prompt photon production from e–p to p–p /p–p and A–A
collisions is reviewed. The use of prompt photons as a probe of (i) parton distribution
functions (in a proton or in nuclei) as well as (ii) fragmentation functions (into photons
and hadrons) and their medium-modifications is highlighted.

1 Introduction

Prompt photons1 are produced in hard QCD processes at large transverse momentum, i.e. p⊥ �
Λ

QCD
, in e+e−, e–p and hadronic collisions. As we shall see throughout this short review article,

final states involving prompt photons allow for probing various aspects of QCD. After recalling
briefly the perturbative framework and comparing QCD predictions to recent measurements in
Sect. 2, constraints given by prompt photons on parton distribution functions (PDF), either in
a proton or in nuclei, are discussed (Sect. 3). The possibility to probe fragmentation functions
(FF) and their modifications in heavy-ion collisions is mentioned in Sect. 4.

Apart from its own interest in QCD, the production of prompt photon pairs is one of the
most important discovery channels for Higgs boson production in p–p collisions; also, they might
probe physics beyond the Standard Model, such as models involving large extra dimensions (see
e.g. [1]). Discussing these aspects however goes beyond the scope of these proceedings.

2 Probing perturbative QCD dynamics

2.1 Perturbative framework

The dynamics of prompt photon production in the final state is rather complex because of the
very nature of the photon. Schematically, prompt photons can be produced either directly or
by fragmentation. On the one hand, direct photons participate in the short-distance dynamics
of the hard subprocess and behave like colorless hard partons. As a consequence, they are
produced together with no (or little) hadronic activity in their vicinity. As discussed later,
this process may be used to determine the kinematics of the hard QCD process, at least to
some extent, thereby allowing one to get constraints on either parton densities or fragmenta-
tion functions. On the other hand, fragmentation photons are produced on long time-scales

∗Laboratoire d’Annecy-le-Vieux de Physique Théorique, UMR5108
1Prompt photons are sometimes also referred to as direct photons since they do not originate from hadron

electromagnetic decays, such as π0 → γγ, which constitute the dominant background. We prefer not to adopt
this terminology as it comes in conflict with the QCD direct process (see Sect. 2.1).
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by the collinear fragmentation of hard partons, in a way similar to that of large-p⊥ hadrons.
Experimentally, fragmentation photons are likely produced inside a hadronic jet. Technically,
the time-like cascade of a parton k eventually producing a photon yields collinear singularities
which are absorbed into the fragmentation function of the parton k into photons, Dγ/k(z,M

F
).

Fragmentation functions are defined in a given factorization scheme (often MS in practice) and
depend on the arbitrary scale, M

F
, taken to be O (p⊥) in order to minimize large logarithms.

Note that unlike the FF into hadrons, Dγ/k(z,MF ) obey inhomogeneous DGLAP equations
because of the point-like coupling to quarks. From a phenomenological point of view, fragmen-
tation functions are obtained from a fit to e+e− data [2]. Although useful, one should however
keep in mind that the distinction between direct and fragmentation photons becomes mean-
ingless beyond the Born level, since the fragmentation channel can be seen as a higher-order
direct process (and vice-versa) depending on the value of the arbitrary fragmentation scale.
Consequently, only the sum of these contributions is physical and depends much less on M

F

than the individual unphysical dynamical components.

direct-direct direct-fragmentation

resolved-direct resolved-fragmentation

Figure 1: LO subprocesses in ep
collisions. From [3].

The hadronic nature of the photon also manifests itself
in processes involving photons in the initial state, e.g. in
electron–proton scattering. On top of the direct coupling of
the photon to the (anti)quark at leading order, the hadronic
structure of the photon can be resolved. In which case, the
parton stemming from the photon will participate in the
hard scattering dynamics. This resolved photon component
thus leads to the concept of parton distribution functions
in the photon, which can be extracted from experimental
measurements just like in the proton case; see [4] for a re-
view and [5] for a recent NLO analysis of e+e− data. Sub-
sequently, resolved processes in e–p scattering prove very
similar to hadronic collisions. The various dynamical com-
ponents participating in prompt photon production in e–p
scattering are nicely illustrated in Fig. 1 taken from [3].
The direct (respectively, fragmentation) diagrams in the fi-
nal state are shown on the right (respectively, left). Re-
garding the photon dynamics in the initial state, direct and
resolved processes are illustrated in the top and bottom diagrams, respectively. Within collinear
factorization, the γ p→ γ X can be written quite generally as2

dσγp→γX =
∑

a,b,c

∫
dxγ

∫
dxp

∫
dz Fa/γ(xγ ,M)Fb/p(xp,M)Dγ/c(z,MF ) dσ̂ab→cX(µ,M,MF )

(1)
where M,M

F
are the factorization scales and µ the renormalization scale. When the photon

couples directly in the initial (respectively in the final state), the photon PDF (resp. FF into
the photon) reduces to a delta function, Fa/γ = δaγδ(1− xγ) (resp. Dγ/c = δγcδ(1− z)). From
(1) the prompt photon hadroproduction cross section can easily be deduced.

Prompt photon has also been formulated within the k⊥-factorization formalism – in which
the parton distributions are unintegrated over the initial parton transverse momenta – in
hadronic collisions [6] as well as in e–p scattering [7].

2We keep the compact notations of [3] and do not make explicit the dependence of σ̂ on the external momenta.
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2.2 Comparing data with theory

The inclusive prompt photon production has been measured at HERA in γ–p collisions (the
so-called photoproduction process) by the H1 [8] and the ZEUS [9] collaborations. The NLO
QCD predictions [10, 11] tend to underestimate both the transverse momentum and rapidity
distributions, although the shape of the data is correctly captured by the calculations. Similarly,
parton shower calculations such as HERWIG and PYTHIA are also unable to reproduce the
magnitude of the measurements [8]. Disagreement between data and theory is also observed
– yet not as pronounced – in the photon–jet channel [8, 12]. ZEUS results indicate in particular
that NLO calculations fall below the data either at negative photon rapidity or at large jet
rapidity, ηjet ' 2. Interestingly, a good agreement is however recovered when applying a
minimal cut of 7 GeV for the photon transverse energy. The LO k⊥-factorization results [7]
tend to better reproduce the photon–jet measurements as compared to the NLO calculations,
although such LO calculations are expected to exhibit a stronger scale-dependence and therefore
larger theoretical uncertainties. Apart from non-perturbative effects, the underlying event
– which is not modeled in the QCD calculations – may be responsible for the disagreement
between photon–jet data and theory. In particular, the hadronic activity coming from the
resolved photon components could increase the number of “jets” measured experimentally [3].
Hopefully, the higher-precision preliminary results by H1 [13] will shed new light on the origin
of the discrepancy.
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Figure 2: Single-photon H1 differential
cross sections dσ/dQ2 in DIS [14] com-
pared to PYTHIA (lower curve) and LO
QCD calculations [15] (upper curve).

In DIS γ?–p reactions, H1 [14] and earlier
ZEUS [16] inclusive photon measurements have
been compared to the LO calculation by [15]. As
illustrated in Fig. 2, a rather good description of
the data is obtained3 at large Q2 & 40 GeV2 while
a discrepancy is seen at low Q2, which may be
cured by higher-order corrections. In the photon–
jet channel, the NLO calculation achieved in [17]
reproduces the shape of the data but not its nor-
malization [14].

The phenomenology of single prompt photon
production in hadronic collisions has been re-
viewed and discussed in [21] including the recent
PHENIX [22] and D0 [23] measurements. Remark-
ably, the world data from fixed-target (FNAL and
SPS) to collider (ISR, RHIC, Tevatron) experi-
ments are well reproduced by the NLO calcula-
tions, say within 20–30% which is the typical size
of NLO uncertainties. It is all the more impres-
sive that these measurements cover a wide range
in x⊥ ≡ 2p⊥/

√
s, 10−2 ≤ x⊥ ≤ 1, and almost 10 orders of magnitude in the invariant production

cross section4. The NLO expectations differ significantly only with the E706 data; the origin
of this longstanding discrepancy is as yet not clarified. At Tevatron, data and theory agree

3In Fig. 2 the lowest two curves indicate the individual components in which the photon is emitted either by
the lepton (LL) or the struck quark (QQ).

4Note also that the energy dependence of single photon x⊥ -spectra from
√
s = 630 GeV to

√
s = 1800 GeV

is very well reproduced by NLO calculations, at variance with the single hadron production channel [24].
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Figure 3: Ratio of CDF preliminary single-
photon p⊥-spectra to NLO calculations. Taken
from [18].
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from p⊥ = 50 GeV up to p⊥ = 400 GeV, as shown by the
√
s = 1.96 TeV CDF preliminary

results [18] over NLO calculations plotted in Fig. 3. At low p⊥ . 40 GeV nevertheless, CDF
data tend to lie significantly above NLO calculations; an observation also reported by D0 [23].
In this respect, it would be interesting to perform measurements of inclusive jets at such low
transverse momenta to investigate whether a similar discrepancy is observed in this channel
as well. Finally, the production of prompt photons in association with a jet has been recently
measured by D0 at

√
s = 1.96 TeV [19]. As can be seen in Fig. 4, the NLO calculations using

the JETPHOX package [20] are able to reproduce correctly the D0 measurements, although the
data-over-theory ratio indicates that the NLO photon p⊥-spectra prove slightly harder than
seen experimentally.

3 Probing parton distributions

We discuss in this Section some observables involving prompt photons which could be useful in
order to constrain the parton densities either in a proton or in large nuclei.

3.1 Proton PDF

Constraining parton densities in the proton – especially in the gluon sector – is of course one of
the most important requirements for high-precision QCD phenomenology at the LHC. In this
respect, the versatility of prompt photon production in e–p photoproduction processes discussed
in Sect. 2 offers interesting possibilities, as emphasized in [25]. Take for instance the case of
photon–jet production in e–p collisions, and consider the observables

xobs
p =

pγ⊥ exp ηγ +Ejet
⊥ exp ηjet

2Ep
; xobs

γ =
pγ⊥ exp (−ηγ) +Ejet

⊥ exp (−ηjet)

2Eγ

which reduce at leading-order accuracy to the parton longitudinal momentum fraction in the
proton and in the photon. Despite higher order corrections, the differential cross sections
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FRANÇOIS ARLEO

126 PHOTON09



dσ/dxobs
p,γ should reflect to some extent the x-dependence of the proton and the photon PDF

and eventually help discriminating between various sets. In the detailed NLO study [25], various
kinematical cuts are discussed in order to maximize the sensitivity on the the gluon distribution
in the proton. Despite rather small cross sections, constraints on Gp around x ∼ 10−2 could be
achieved (similar results for Gγ are reported). The photon–jet channel has also been considered
recently in hadronic collisions at Tevatron and LHC [26]. As can be seen in Fig. 5, the jet
rapidity distribution (at fixed yγ = 0) depends somehow on the PDF set used in the calculation.

Figure 5: Jet rapidity distribution in photon–
jet events at the LHC computed at NLO with
JETPHOX [26].
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Figure 6: Ratio of γ–c jet and γ–b jet dis-
tributions measured by [27] to NLO calcula-
tions [28].

Prompt photon production in association with a c or b-tagged jet also proves a promising
tool in order to probe the proton PDF in the heavy quark sector, through the g Q → γ Q
Compton scattering process. Interestingly, the comparison of recent D0 measurements [27]
with NLO calculations [28] reveals a disagreement in γ–c jet events at large pγ⊥ , see Fig. 6.
This observation might be interpreted as coming from an enhanced (intrinsic) heavy flavour
component in the proton target [28]. However, the discrepancy could also come from the lack
of the g → Q fragmentation component in the NLO calculations of [28].

3.2 Nuclear PDF

It is certainly desirable to increase the precision of the PDF in the proton; in the case of
nuclear PDF (nPDF) this turns into an absolutely crucial requirement given the presently huge
uncertainties, especially in the gluon sector at small values of x (see e.g. Fig. 12 of [29]).
As a consequence, the current precision level for perturbative QCD cross sections in nuclear
collisions (p–A or A–A) is rather poor and way below the current state-of-the-art achieved in
p–p collisions. This is problematic since important signatures for quark-gluon plasma (QGP)
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formation, such as jet quenching, require a precise knowledge of “baseline” NLO predictions in
A–A collisions, independently of any medium effects.

Although single photon production does not entirely fix the kinematics of the underlying
partonic process even at leading order, it was shown in the NLO analysis [30] that the nuclear
production ratio,

R
pA

(x⊥ , y) =
1

A

d3σ

dy d2p⊥
(p+ A→ γ + X )

/ d3σ

dy d2p⊥
(p+ p→ γ + X ),

of isolated photons in p–A collisions at forward rapidity can be used as good approximation of
R

A

G
= G

A

/Gp used in the calculation5. Provided that the systematic errors are under control,
the future measurements of forward photons in d–Au collisions at RHIC should bring important
constraints on nPDF prior to the start of heavy-ion collisions at the LHC, thus clarifying the
effects of the medium on hard processes.

Let us mention that probing accurately the gluon nuclear density is also interesting in itself
in order to shed light on non-linear evolution expected in QCD at small x [32]. Prompt photon
production within a saturation picture has first been considered in [33]; it is demonstrated in
particular that saturation effects dramatically show up in the γ–jet channel, when the photon
and jet total transverse momentum is of the order of the saturation scale. More recently, it
was shown in [34] that the nuclear production ratio of forward inclusive photons may be able
to distinguish among various models including saturation physics. Finally, the importance of
measuring prompt photons at large rapidity also in p–p collisions is highlighted in [35].

4 Probing (medium-modified) fragmentation functions

4.1 DIS and hadronic collisions

As compared to parton distributions, fragmentation functions into hadrons still suffer from
rather large uncertainties despite important progress made from the inclusion of recent hadron
collider data in global fit analyses (see e.g. [36, 37] for recent reviews). The situation is worse in
the case of fragmentation functions into photons, where only e+e− data have been used so far,
as discussed in Sect. 2.1. Attempts to probe photon FF also in e–p or in hadronic collisions have
been discussed. In [38], the production of γ–(0 + 1) jet events6 in DIS has been investigated
at leading-order accuracy. Using the democratic clustering procedure [39] in which the photon
is clustered into a jet like any ordinary hadron, this study indicates that the photon spectrum
inside the jet is very sensitive to the quark-to-photon FF, making this observable competitive
with the standard e+e− measurements. In hadronic collisions, momentum correlations between
a non-isolated photon and a jet has been considered [26]. In particular, the distribution in the
momentum imbalance variable,

zγ jet = −p⊥
γ · p⊥ jet

||p⊥ jet||2 , (2)

which reduces to the variable z of the photon fragmentation function in a leading-order kinemat-
ics, allows for the various FF sets proposed in [2] to be discriminated. Interesting constraints
on FF into hadrons can similarly be obtained from the study of hadron–jet production.

5See also [31] regarding the sensitivity of prompt photon production with respect to various nPDF sets.
6“(0 + 1) jet” meaning here that no jets are produced besides the one which contains the photon and the

un-observed jet from the beam remnant.
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Instead of using jets to gauge the energy of the “opposite” parton which fragments into
a photon (or into a hadron), direct photons themselves could be used as an estimator of the
energy of the fragmenting parton into hadrons in photon–hadron production. This observable
is complementary to the hadron–jet channel: on the one hand it is spoiled by the fragmentation
photon components, but on the other hand it does not require the experimentally challenging
reconstruction of jets.

4.2 Heavy-ion collisions

The idea of “measuring” fragmentation functions into hadrons through photon–hadron corre-
lations has been discussed in the context of heavy-ion collisions [40], where it could be used to
investigate parton energy loss processes in the dense medium produced. Being colour neutral
photons are not modified by the medium, at least as long as they are produced directly in the
hard QCD process or, equivalently, on short time-scales. This makes photon–hadron observ-
ables in A–A collisions a priori much more attractive than hadron–jet measurements, despite
the fragmentation photon component7 which spoils the correlation between the prompt photon
and the hadron.

Figure 7: Quenching factor of prompt photons
(squares), pions and etas (circles and trian-
gles) in central Au–Au collisions at

√
sNN =

200 GeV measured by PHENIX [41].

Figure 8: z
T

-distribution of photon–hadron
production in p–p (left) and Au–Au (right) col-
lisions at

√
sNN = 200 GeV and for various

kinematic cuts. PHENIX data from [42].

The detailed dynamics of photon–hadron correlations from p–p to A–A collisions has been
investigated at NLO at RHIC [43] and at the LHC [44]. It is shown in particular that, using
appropriate kinematic cuts, the γ–h momentum imbalance distributions (see Eq. (2) above)
offers strong similarities with the vacuum and medium-modified fragmentation functions, in p–
p and A–A collisions respectively [45]. The possibility to constrain the probability distribution
in the energy loss through photon–hadron production has been discussed in the leading-order
analysis of [46]. On the experimental side, the PHENIX collaboration at RHIC recently reported
on the first measurements of photon–hadron correlations in p–p and Au–Au collisions at

√
sNN =

200 GeV, see Fig. 8. Despite the rather large error bars, these data are a promising first

7In A–A collisions, the huge hadronic background coming from the underlying event makes isolation criteria
highly delicate.
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step to constrain (medium-modified) fragmentation functions through this channel and thus,
eventually, to lead towards a better understanding of parton energy loss in QCD media. At the
LHC, preliminary studies by ALICE and CMS on photon–hadron correlation measurements
also appear very encouraging [47].

The measurement of single photon production is also crucial as it allows for calibrating
other hard QCD processes in heavy-ion collisions. In particular, the absence of single photon
suppression reported by PHENIX in central Au–Au collisions at RHIC, Rγ

AA
= O (1) (see

Fig. 7) is a clear hint that the significant suppression of large-p⊥ pions arises from rescattering
processes in the final state. The current interpretation of the preliminary single-photon data is
not completely clear yet (see [48] for a detailed discussion). On the one hand, the preliminary
data are compatible – yet slightly below – with trivial “isospin” corrections8 together with
nuclear PDF effects [43]. On the other hand, the trend both at low p⊥ ' 6–8 GeV and at
high p⊥ ' 18–20 GeV is consistent with a slight suppression due to energy loss effects in the
photon fragmentation channel [43]. Other processes such as jet-photon conversion [49] or photon
emission induced by the parton multiple scattering in the medium [50] – which both enhance the
emission of prompt photons in A–A as compared to p–p collisions – seem disfavoured, although
not excluded [48].

5 Summary

Prompt photons are an ideal playground to probe QCD through a detailed comparison of pertur-
bative calculations with the wealth of photoproduction, electroproduction and hadroproduction
measurements. Furthermore it may serve as a sensitive probe to non-perturbative objects such
as parton densities (either in photon, proton or in nuclei) as well as fragmentation functions
(into photons and hadrons). In heavy ion collisions, prompt photons are crucial to understand
the dynamics of parton energy loss processes in dense media at the origin of the significant
suppression of large-p⊥ hadrons in Au–Au collisions at RHIC.
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FRANÇOIS ARLEO

130 PHOTON09



[7] A. V. Lipatov and N. P. Zotov, Phys. Rev. D72 (2005) 054002.

[8] H1, A. Aktas et al., Eur. Phys. J. C38 (2005) 437.

[9] ZEUS, J. Breitweg et al., Phys. Lett. B472 (2000) 175.

[10] M. Fontannaz, J. P. Guillet and G. Heinrich, Eur. Phys. J. C21 (2001) 303.

[11] M. Krawczyk and A. Zembrzuski, Phys. Rev. D64 (2001) 114017.

[12] ZEUS, S. Chekanov et al., Eur. Phys. J. C49 (2007) 511.

[13] K. Nowak, Talk given at DIS 2009, Madrid.

[14] H1, F. D. Aaron et al., Eur. Phys. J. C54 (2008) 371.

[15] A. Gehrmann-De Ridder, T. Gehrmann and E. Poulsen, Phys. Rev. Lett. 96 (2006) 132002.

[16] ZEUS, S. Chekanov et al., Phys. Lett. B595 (2004) 86.

[17] A. Gehrmann-De Ridder, G. Kramer and H. Spiesberger, Nucl. Phys. B578 (2000) 326.

[18] CDF, C. Deluca, 0905.2201.

[19] D0, V. M. Abazov et al., Phys. Lett. B666 (2008) 435.

[20] S. Catani, M. Fontannaz, J. P. Guillet and E. Pilon, JHEP 05 (2002) 028.

[21] P. Aurenche, M. Fontannaz, J.-P. Guillet, E. Pilon and M. Werlen, Phys. Rev. D73 (2006) 094007.

[22] PHENIX, S. S. Adler et al., Phys. Rev. D71 (2005) 071102.

[23] D0, V. M. Abazov et al., Phys. Lett. B639 (2006) 151.

[24] F. Arleo, S. J. Brodsky, D. S. Hwang and A. Sickles, in preparation.

[25] M. Fontannaz and G. Heinrich, Eur. Phys. J. C34 (2004) 191.

[26] Z. Belghobsi et al., Phys. Rev. D79 (2009) 114024.

[27] D0, V. M. Abazov et al., Phys. Rev. Lett. 102 (2009) 192002.

[28] T. P. Stavreva and J. F. Owens, 0901.3791.

[29] K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP 04 (2009) 065.

[30] F. Arleo and T. Gousset, Phys. Lett. B660 (2008) 181.

[31] C. Brenner Mariotto and V. P. Goncalves, Phys. Rev. C78 (2008) 037901.

[32] F. Gelis, T. Lappi and R. Venugopalan, Int. J. Mod. Phys. E16 (2007) 2595.

[33] F. Gelis and J. Jalilian-Marian, Phys. Rev. D66 (2002) 014021.

[34] M. A. Betemps and V. P. Gonçalves, JHEP 09 (2008) 019.
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Recent ZEUS results on the production of isolated high energy photons in deep inelastic
scattering are presented.

1 Introduction

In the study of high energy collisions involving hadrons, events in which an isolated high-
energy photon is observed can provide a direct probe of the underlying parton process, since
the emission of these photons is largely unaffected by parton hadronisation. The study of such
“prompt” photons gives new perspectives on QCD processes, allowing theoretical models to be
tested from new viewpoints.

In this talk [1], I present new results from the ZEUS experiment on prompt photons produced
in deep inelastic scattering (DIS) at HERA. The process studied is ep→ eγX , where e denotes
an electron or positron. (Both electrons and positrons will here be referred to as electrons.)
The data were taken between 2003 and 2007 with the ZEUS detector and correspond to a total
integrated luminosity of 320±8 pb−1. The results are compared to two theoretical calculations,
from Gehrmann-De Ridder et al. [2] and Martin et al. [3].

2 Experiment and analysis

Outgoing photons and electrons were detected in the ZEUS electromagnetic calorimeter. This
was used to identify electrons scattered in the angular range 140◦ - 172◦ as measured relative to
the forward (proton) direction Z. The outgoing electron was required to have an energy of at
least 10 GeV, and was distinguished from other particles by means of a standard ZEUS neural
network tool. A standard definition was taken of the virtuality of the exchanged photon, namely
Q2 = (k− k′)2), where k, k′ are the four-momenta of the incoming and outgoing electrons. The
quantity x = Q2/2P.(k − k′) is also employed where P is the four-momentum of the incoming
proton. DIS electrons with 10 < Q2 < 350 GeV2 were used here. Well-measured DIS events
were selected by requiring the sum of E − pZ for the final state particles to be in the range 35
- 65 GeV.
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The central region of the ZEUS calorimeter was used to identify photons emerging in the
rapidity (η) range −0.7 - 0.9. Photon candidates were initially identified as signals in clusters
of cells in the fine-grained electromagnetic part of the calorimeter, with little energy in the
hadronic part. Their transverse energy ET was required to be in the range 4 - 15 GeV. To
remove diffractive Compton events, and elastic Bethe-Heitler events, at least one charged track
other than that of the scattered electron was demanded. To separate the photons of interest
from those closely associated with electrons or jets, two isolation criteria were imposed. For
the first, the photon was required not to lie close to a reconstructed track. For the second, a
kT -clustering jet reconstruction algorithm was applied. The photon candidate was rejected if it
comprised part of a jet-like object such that its energy was less than 0.9 of the total jet energy,

Photons are distinguished from the background arising from decay products of mesons by
the fact that the latter give rise to broader clusters of calorimeter cells than single photons,
usually with less energy in a single cell. The quantity 〈δZ〉 is defined as the energy-weighted
mean width in Z of the cluster relative to its centroid. The quantity fmax is the fraction of the
total electromagnetic energy in the cell with highest energy. To separate the photon signal from
the background, the latter was represented by a Monte Carlo calculation of neutral current DIS
events, passed through a simulation of the ZEUS detector.

Two types of photon signal are simulated: events where the photon is radiated from an
incoming or outgoing lepton (LL) and the true “prompt photons” that are emitted from a
quark as part of a QCD process (QQ). The event distributions were fitted as the sum of a fixed
theoretical LL contribution together with variable amounts of QQ signal and of hadronic back-
ground. These components to the fit were evaluated from Monte Carlo event samples, passed
through a simulation of the apparatus. Figure 1 shows the fitted 〈δZ〉 and fmax distributions
for the full data sample. The good fits to these shape parameters confirm that the calorimeter
showers are well modelled, and in the case of 〈δZ〉 show a strong peak around 0.5 due to π0

decays into two photons that are recorded strongly in two neighbouring cells. The photon signal
shows itself at low 〈δZ〉 and at high fmax. For each of the kinematic variables studied in the
analysis, namely photon transverse energy ET , Q2, photon pseudorapidity η and x, fits of this
kind were performed in each bin of the measured variable to evaluate the acceptance and hence
the differential cross sections.
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Figure 1: Distributions of 〈δZ〉 and fmax, with statistical error bars. In ascending order, the
cumulative histograms include the predicted number of LL photons and the fitted numbers of
QQ photons and the fitted background. The fmax distribution includes the requirement of
〈δZ〉 < 0.8.
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Figure 2: Present results compared to previous ZEUS analysis [4] and results of H1 [5]. Addi-
tional kinematic constraints Q2 > 35 GeV2 and 5 < ET < 10 GeV are applied.

3 Results and conclusions

Results of the fit to the signal and background are presented as differential cross sections.
Figure 2 shows the present results compared to earlier ZEUS results and results from H1, using
a common range of Q2 > 35 GeV2 and 5 < ET < 10 GeV for all three analyses. All three
sets of results are in agreement. In Fig. 3, cross sections are presented as functions of Q2, ET ,
η and x within the selected kinematic range. The removal of diffractive Compton and elastic
Bethe-Heitler events was incorporated by applying to the truth-level Monte Carlo a requirement
that the mass WX of the final state should be less than 5 GeV after subtracting out the photon
and scattered electron. The agreement with the Monte Carlo is good for the photon variables,
but the Monte Carlo is too high at low values of the electron variables Q2 and x. The largest
contribution to the systematic uncertainties arises from the uncertainty in the precise shape of
the hadronic background to the photon signal.

In Fig. 4 the results are compared to the theories of Gehrmann-De Ridder et al. (GGP)
and of Martin et al. (MRST). The approach of GGP is to evaluate prompt photons radiated
from the quark line (QQ) and photons radiated from the lepton (LL) at leading order in the
electromagnetic coupling. There is an interference term, but it is small. The MRST calculation
neglects the QQ component but provides a fuller, resummed version of the LL component by
assigning an effective photon density to the proton. It is seen from the figure that the GGP
calculation describes the shape of most of the distributions but is too low, while MRST comes
close to the data at regions where the LL contribution is predicted to be largest. A combination
of the two approaches would seem recommended; unfortunately, there is an overlap in the
calculations which means that the MRST cross sections cannot be simply added to the QQ
part of GGP. However, in any case, at low Q2 and low x the theory calculations appear to be
too low.
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Figure 3: Measured cross sections for high energy isolated photons in DIS as functions of
different kinematic variables, compared to the fitted Monte Carlo distributions. Statistical and
(statistical + systematic) uncertainties are shown.
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Figure 4: Measured cross sections for high energy isolated photons in DIS as functions of
different kinematic variables, compared to the predictions of GGP and MRST (see text).
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A brief overview of direct-photon measurements in p+p and Au+Au collisions at
√
sNN =

200 GeV with the PHENIX experiment at the Relativistic Heavy Ion Collider (RHIC) is
given. Direct-photon yields for pT & 4 GeV/c and photon-hadron azimuthal correlations
were determined with the aid of an electromagnetic calorimeter. By detecting e+e− pairs
from the internal conversion of virtual photons direct-photon yields were measured between
1 . pT . 4 GeV/c. In Au+Au collisions thermal photons from a quark-gluon plasma
(QGP) are expected to contribute significantly to the total direct-photon yield in this
range.

1 Introduction

In heavy-ion physics direct photons are typically defined as the difference between all measured
photons and background photons from hadronic decays [1]. Thus, isolated prompt photons with
small hadronic activity around them accompanied by a jet on the away-side as well as photons
produced in the fragmentation of jets (fragmentation photons) contribute to the direct-photon
signal. The primary reason for the interest in direct photons is their large mean free path with
respect to the dimensions of the created fireball. Thus, once produced photons leave the fireball
unscathed and carry away information about the early stage of the collisions.

The measured direct-photon signal is an integral over the entire evolution of the fireball
where different processes are dominant at different times. This is often regarded as a virtue,
however, it also means that disentangling the different sources typically relies on comparisons
with model calculations. The production of direct photons in ultra-relativistic A+A collision
can be divided into the following stages [2]. At first, direct photons are produced in initial
hard parton scatterings analogous to the production mechanism in p+p collisions. The yield of
these photons can be calculated in perturbative QCD and they are the dominant direct-photon
source at high pT (pT & 6 GeV/c for Au+Au at

√
sNN = 200 GeV). After a time on the order of

τ0 ≈ 1 fm/c [3] it is expected that a medium of deconfined quarks and gluons (the quark-gluon
plasma) forms for which a local temperature is a meaningful concept. In such a thermalized
medium thermal direct photons will be produced whose momentum distribution reflects the
temperature of the system. At a temperature of Tc ≈ 140 − 200 MeV [4, 5] a transition to a
hot hadron gas takes place and thermal direct photons are also produced in this phase.

It was discovered at RHIC that quark and gluon jets in central A+A collisions are affected
by the created medium. Jets apparently lose energy which results, e.g., in a reduced yield of
pions at high pT [6]. This is referred to as jet quenching. The jet-medium interaction gives
rise to further sources of direct photons. First, a direct photon can be produced in so-called
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Figure 1: a) Direct-photon invariant cross section in p+p collisions at
√
s = 200 GeV from

the 2005 run. The data agree with a next-to-leading-order (NLO) QCD calculation. Final
data from 2003 run were published in [9]. b) Direct-photons yields in Au+Au collisions at√
sNN = 200 GeV from the 2004 run for various centralities. The data are compared a p+p

NLO QCD calculation scaled by 〈TAB〉 = 〈Ncoll〉/σNN
inel. Final results from the 2002 run were

published in [10].

jet-photon conversions, e.g., in gluon Compton scattering qjet + gQGP → q + γ [7]. In these
processes the photon typically carries a large fraction of the initial jet energy. Second, the
presence of the medium induces the emission of bremsstrahlung photons [8]. This is analogous
to the induced gluon emission which is believed to be the dominant mechanism for the jet
energy loss.

2 Direct Photons at High pT

In the PHENIX experiment direct photons at midrapidity (|y| < 0.35) above pT ≈ 4 GeV/c are
measured with an electromagnetic calorimeter (EMCal) [11]. This detector subtends ∆φ ≈ π in
azimuth and consists of highly segmented lead-scintillator sampling (PbSc, 6 sectors) and lead-
glass Cherenkov calorimeters (PbGl, 2 sectors). The two detector technologies have different
systematics and provide the possibility of internal cross-checks. In the Au+Au analysis the
ratio (γinclusive/π

0)meas of the inclusive photon spectrum, i.e., the spectrum of photons from all
sources including decay photons, and the π0 spectrum is calculated. A direct-photon excess can
then be found be dividing this ratio by (γdecay/π

0)calc, i.e., by the calculated number of hadronic
decay photons per π0. The dominant contribution to these background photons comes from
π0 → γγ and η → γγ. Extracting the direct-photon excess from the ratio (γinclusive/π

0)meas

has the advantage that uncertainties of the energy scale of the calorimeter partially cancel. The
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Figure 2: a) RAA in central Au+Au collisions at
√
sNN = 200 GeV for direct photons, π0’s and

η’s. b) Direct-photon data from a) compared to a calculation which as a net result of different
nuclear effects discussed in the main text predicts RAA ≈ 0.8 at pT ≈ 20 GeV/c.

direct-photon yield is then calculated as

γdirect = γinclusive − γdecay =
(
1−R−1

)
× γinclusive with R =

(
γinclusive/π

0
)

meas

(γdecay/π0)calc

. (1)

In p+p collisions also a slightly different statistical subtraction method is employed [9].
Figure 1a shows that the measured invariant direct-photon cross section in p+p collisions at√

s = 200 GeV agrees with a next-to-leading-order (NLO) QCD calculation. In the absence of
nuclear effects yields of hard scattering processes are expected to scale as 〈TAB〉×E d3σ/d3p|p+p.
The nuclear overlap function 〈TAB〉 reflects the nuclear geometry and is related to the number
of inelastic nucleon-nucleon collisions Ncoll according to 〈TAB〉 = 〈Ncoll〉/σNN

inel where σNN
inel is the

inelastic nucleon-nucleon cross section [12]. The scaled p+p NLO QCD cross section agrees
well with the measured direct-photon yields as can be seen in Figure 1b.

The nuclear modification factor

RAB(pT) =
dN/dpT|A+B

〈TAB〉 × dσ/dpT|p+p
(2)

is used to quantify nuclear effects on the single particle yields. The suppression of the π0 and
η yields by a factor of ∼ 5 in central Au+Au collisions at

√
sNN = 200 GeV [6] as shown in

Figure 2a is interpreted as the result of energy loss of quark and gluon jets in a medium of
high color-charge density. The yield of direct photons from initial hard parton scatterings in
A+A collisions is expected to scale with 〈TAB〉 which is indeed observed in the region 6 .
pT . 12 GeV/c. Thus, the direct-photon results at high pT support the parton-energy loss
interpretation.

At first sight the decrease of the direct photon RAA below unity for pT & 14 GeV/c spoils the
simple picture of the last paragraph. However, 〈TAB〉 scaling of direct-photon yields is clearly
an oversimplification. First, a Au+Au collision can be regarded as a superposition of p+p, p+n,
and n+n collisions whereas only p+p collisions are used as reference in the calculation of RAA.
This so-called isospin effect reduces RAA at high pT. Moreover, the energy loss of jets will lead
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Figure 3: a) Charged-hadron yields opposite to a direct photon as a function of zT = phadron
T /pγT

in p+p (run 2005 + 2006) and Au+Au (run 2007) at
√
sNN = 200 GeV. b) The ratio IAA =

DA+A(zT)/Dp+p(zT) for four ranges of the trigger photon pT. Results from 2004 Au+Au run
are published in [13].

to a reduced production of fragmentation photons. On the other hand, anti-shadowing of the
parton distribution in the Au nucleus and bremsstrahlung photons from jet-plasma interactions
will increase RAA. In the calculation in Figure 2 the combination of these effects results in an
RAA ≈ 0.8 at pT = 20 GeV/c. The experimental issue here is the correction for the merging of
the two showers from π0 → γγ. A detailed study of this effect will be carried out for the final
publication.

3 Photon-Triggered Away-side Correlations

The pion yield at high pT in a given bin at pπT results from jets with a large spread in transverse

momentum pjet
T & pπT. Thus, the measured pion RAA contains only indirect information about

the energy loss of a jet with a given energy. To better constrain the initial jet energy one can
study jets opposite (∆φ ≈ π) to a direct photon as for leading order processes pjet

T = pγT. Full jet
reconstruction is difficult in heavy-ion reactions so that photon-triggered away-side correlations
are a useful tool to study jet energy loss. One defines zT = phadron

T /pγT and the distribution
D(zT) = 1/N trig

γ dNhadron/dzT approximates the light quark fragmentation function [13].

The zT distributions of charged hadrons associated with a direct photon are shown in Fig-
ure 3. If the zT distribution in p+p collisions is a good approximation of the fragmentation
function the distribution should scale in zT, i.e., it should only depend on zT independent of the
pT of the trigger photons. This is approximately satisfied in p+p, but interestingly apparently
also in Au+Au. The distributions in p+p and Au+Au are fit with an exponential exp(−bzT).
The difference between p+p (b = 6.89± 0.64) and Au+Au (b = 9.49± 1.37) reflects the energy
loss in the medium.

The ratios IAA = DA+A(zT)/Dp+p(zT) for different pT ranges of the trigger photon are
shown in Figure 3. They are compared with a jet quenching calculation [14] in which an energy
loss parameter was tuned to describe the single particle RAA. Overall a good agreement with
the data is observed. However, the uncertainties of the data points are currently too large to
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Figure 4: a) Mass distribution of e+e− pairs from internal conversion as given by Equation 3.
b) Measured e+e− mass distribution in Au+Au collisions at

√
sNN = 200 GeV. The data are

well described by adding contributions from hadronic decays and virtual direct photons.

confirm the change of IAA with the pT of the photon trigger as predicted by the calculation.

4 Direct Photons at Low pT

Systematic uncertainties related to the energy scale, the correction of detector effects and the
extraction of the π0 yields prevent the measurement of direct photons with the PHENIX EMCal
below pT . 4 GeV/c. This is the range in which the contribution from thermal direct photons
is expected to be largest. A solution to this quandary is the measurement of virtual photons
with small mass via their internal conversion in e+e− pairs [15]. Electrons and positrons are
identified within PHENIX with an Ring Imaging Cherenkov detector and by matching the
measured track momentum with the energy signal in the EMCal. e+e− pairs from external
conversions in the detector material are removed by a cut on the orientation of the pair in the
magnetic field. The combinatorial background is subtracted using a mixed-event technique.
The remaining correlated background is subtracted with the aid of constructing like-sign pairs.

The internal conversion method exploits the fact that any source of real photons also is a
source of virtual photons and that the rate of internal conversions and the mass distribution of
the e+e− pairs is calculable within QED. The number of e+e− pairs per real photon is given
by [16]

1

Nγ

dNee
dmee

=
2α

3π

1

mee

√
1− 4m2

e

m2
ee

(
1 +

2m2
e

m2
ee

)
S . (3)

For hadron decays, e.g., the π0 Dalitz decay, S = |F (m2
ee)|2

(
1−m2

ee/M
2
h

)3
where F (m2

ee) is
the form factor and Mh the hadron mass. For a point-like process such as gluon Compton
scattering (q + g → q + γ∗ → q + e+ + e−) S ≈ 1 for peeT � mee. The two cases are shown in
Figure 4a.

At small masses mee < 30 MeV the mass distribution is to very good approximation in-
dependent of the source, and the fraction of real direct photons can be expressed in terms
of virtual photons, i.e., r ≡ γdirect/γinclusive = (γ∗direct/γ

∗
inclusive)mee<30 MeV. At larger masses

e+e− pairs from hadronic decays are suppressed by the S factor and mee < Mh holds. Thus,
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Figure 5: a) Invariant direct-photon cross sections (p+p) and yields (Au+Au) at
√
sNN =

200 GeV [15]. The closed symbols are from the internal conversion method, the open symbols
from EMCal measurements. b) Comparison of the direct-photon spectrum in the 20% most
central Au+Au collisions with a calculation from [2].

the background from π0 Dalitz decays could be completely avoided by measuring virtual direct
photons in the range mee > Mπ0 . However, this comes at the expense of a loss in statistics as
for every real direct photon there are only ∼ 0.001 virtual direct photons with mee > Mπ0 .

For a given pT bin the direct-photon fraction r is determined as follows. First the mass
distribution of e+e− pairs from hadronic decays fcocktail with contributions from π0, η, ω, η′,
and φ and the mass distribution for virtual direct photons fdirect are separately normalized to
the data at mee < 30 MeV. Then r is extracted by fitting f(mee) = (1 − r)fcocktail(mee) +
rfdirect(mee) in the range 80 < mee < 300 MeV (see Figure 4b).

The direct-photon spectra in p+p and Au+Au collisions at
√
sNN = 200 GeV from the

internal conversion method are shown in Figure 5 along with the EMCal measurements. The
p+p spectrum agrees with the NLO QCD calculation over the entire range 1 < pT < 7 GeV/c.
The p+p data can be parameterized with fp+p(pT) = A(1+p2

T/b)
−n (dashed line). For Au+Au

the shape of the spectra differs significantly from the p+p spectrum and yields show a striking
enhancement for pT . 2 GeV/c with respect to 〈TAB〉 × fp+p(pT). A good fit of the Au+Au
data can be obtained with fAu+Au(pT) = 〈TAB〉 × fp+p(pT) +B exp(−pT/T ). The exponential
shape of the enhancement in Au+Au is consistent with the assumption that the excess photons
come from a thermal source. For the 20% most central Au+Au collisions the extracted slope
parameter is T = (221± 23 ± 18) MeV. In hydrodynamical models the initial temperature of
the thermalized quark-gluon plasma is typically 1.5 to 3 times T . Thus, if the excess photons
are of thermal origin the measured slope parameter T would indicate an initial temperate well
above the critical temperature for the QGP phase transition.

Figure 5b shows a comparison of the Au+Au direct-photon data at low pT with a calculation
which includes all the direct-photon sources discussed in section 1 [2]. The space-time evolution
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of the fireball is modeled with ideal hydrodynamics and an equation of state with a transition
from a non-interacting quark-gluon plasma to an chemically equilibrated hadron resonance gas
at a critical temperature of Tc = 164 MeV. The contribution from the pre-equilibrium phase is
accounted for by starting the hydro-evolution early at τ0 = 0.2 fm/c. Assuming full equilibrium
at τ0 = 0.6 fm/c corresponds to an initial temperature of Tinitial = 340 MeV in this model.
Another piece of evidence for the creation of a quark-gluon plasma is the fact that without
photons from jet-plasma interactions the data cannot be described.

5 Conclusions

Direct photons at high pT measured with the PHENIX EMCal played a crucial role in the
discovery of jet quenching at RHIC. Neutral pions and other hadrons in central Au+Au collisions
are suppressed whereas direct photons up to pT ≈ 14 GeV/c scale with TAB, i.e., with the
increase of the parton luminosity per collision as expected from nuclear geometry. This strongly
supports the interpretation of the high-pT hadron suppression as being caused by the energy loss
of quark and gluon jets in the created medium. Direct-photon hadron azimuthal correlations
allow to better constrain the initial jet energy. The correlation data were compared to one
particular jet quenching model which was only tuned to describe the single particle RAA and
agreement was found. A breakthrough is the measurement of low-pT direct photons with the
internal conversion method in p+p as well as in Au+Au collisions. The direct-photon spectrum
in central Au+Au collisions spectra exhibits an enhancement above the scaled p+p spectrum for
pT . 2 GeV/c. The exponential shape of this enhancement and the slope parameter T > Tc are
consistent with the assumption that thermal photons from a QGP phase contribute significantly
to this enhancement.
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Prompt photon production has been studied by the CDF and DØ experiments at the
Fermilab Tevatron collider in pp̄ collisions at the centre of mass energy of

√
s =1.96 TeV.

Measurements of the inclusive photon, inclusive photon plus jet, photon plus heavy flavor
jet, and diphoton production cross sections are discussed. The analyses use data sample
corresponding to integrated luminosity between 0.2 fb−1 and 1.02 fb−1. The results are
compared to the next to leading order (NLO) perturbative QCD (pQCD) calculations.

1 Introduction

Prompt photon production [1] have been extensively studied both theoretically and by various
fixed-target and collider experiments during the last three decades. Prompt photons, some-
times referred to as direct photons, emerge unaltered from the hard interaction between two
partons and thus provide a direct probe of the underlying hard-scattering process. Since they
emerge without the hadronization phase, they also provide a clean probe without additional
complication caused by the parton fragmentation and experimental systematic uncertainties
related to jet identification and energy measurement. At the lowest order (LO) in perturbative
QCD (pQCD), prompt photons are produced by quark-gluon Compton scattering gq → qγ and
the annihilation subprocess qq̄ → gγ. However, the Compton Scattering provides the domi-
nant contribution for photons with moderate transverse momentum (pT ) and the annihilation
contribution gains importance at high pT region. Study of prompt photons, therefore, provide
precision tests of our theoretical understanding based on pQCD as well as possible constraint
on the relatively poorely measured gluon density of the proton since gluon is involved at tree
level in contrast to deep inelastic scattering (DIS) and Drell-Yan (DY) processes where gluon
is involved only at a higher order.

Photons in final state may be an important sign of new particles and /or physics beyond the
Standard Model. Understanding the QCD production mechanisms of photons is, therefore, a
prerequisite to searches for new physics. Prompt photon production cross section measurement
is extremely challenging due to enormous background from jets fragmenting into a leading π0

or η, particularly at low pT . Photons arising from the decays of π0 and η are largely suppressed
by the photon selection requirements applied to data, and especially by the photon isolation,
since these mesons are produced mainly within jets during fragmentation and are surrounded
by other particles. Even after very tight selection criteria, highly electromagnetic jets provide
a formidable background due to their large cross section. The two showers from the energetic
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π0 or η decaying to two photons coalesce in the calorimeter and mimic single photon shower.
Consequently, they can not be rejected on an event-by-event basis and we must perform a
statistical background subtraction in order to measure the cross section.

2 Inclusive photon cross section measurement by DØ

DØ has measured the inclusive isolated photon cross section based on an integrated luminosity
of 380 pb−1 [2]. Central photons (|η| <0.9) with pT > 23 GeV are selected. Photon candi-
dates are formed from clusters of electromagnetic (EM) calorimeter cells within a cone of radius
R =

√
(∆η)2 + (∆φ)2 = 0.2 in the space of pseudorapidity (η) and azimuthal angle (φ). Can-

didates are selected if there is significant energy in the EM layers (>95%), and the probability
to have a spatially-matched track is less than 0.1%, and they satisfied an isolation requirement.
As an isolation criterion, the transverse energy not associated to the photon in a cone of radius
R=0.4 around the photon direction has to be less than 0.10 times the energy of the photon.
Potential backgrounds from cosmic rays and electrons from W boson decays are suppressed by
requiring the missing transverse energy (EmissT ) to be less than 0.7 pT . To better select photons
and estimate the residual background, an artificial neural network (γ − ANN) is constructed
using the powerful discriminating variables exploiting information from the calorimeter and the
tracker. The γ − ANN was trained to discriminate between direct photons and background
events. The photon purity (P) is determined statistically for each photon pT bin by fitting the
γ − ANN distribution in data to predicted γ − ANN distributions for signal and background
Monte Carlo (MC) samples.

The measured cross section, together with statistical and systematic uncertainties, is pre-
sented in Fig.1 and compared with the results from a next-to-leading order (NLO) pQCD calcu-
lation obtained from JETPHOX program [3] . These results were derived using the CTEQ6.1M
parton distributions functions (PDFs) and the BFG fragmentation functions (FFs). The renor-
malization, factorization, and fragmentation scales were chosen to be equal to photon pT . The
ratio of the measured to predicted cross sections is also shown in Fig.1. The scale dependence,
estimated by varying scales by factors of two, are displayed as dashed lines. As can be seen,
the results are consistent with theory within uncertainties. The difference in shape between
data and theory at low pT is difficult to interpret due to the large theoretical and experimental
uncertainties. Higher order calculations are expected to reduce the scale sensitivity and calcu-
lations that account for soft-gluon contributions are expected to provide better descriptions of
the data at low pT .

3 Inclusive photon cross section measurement by CDF

CDF has recently presented a preliminary result on the measurement of the inclusive isolated
photon cross section using a data set corresponding to an integrated luminosity of 2.5 fb−1 [4].
Measurements are performed as a function of the photon pT for photons with pT >30 GeV and
|η| <1.0. Photon candidates are required to be isolated in the calorimeter with E iso

T >2.0 GeV,
where EisoT is defined as the transverse energy deposited in a cone of radius R=0.4 around the
photon candidate minus that of the photon. To reject electrons from W decays and non-collision
backgrounds, candidates with EmissT > 0.8pT are vetoed. The calorimeter isolation distribution
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Figure 1: The measured differential cross section for isolated photon production by DØ (Top)
and the ratio of measured to predicted cross section by JETPHOX (Bottom).

Figure 2: The inclusive isolated photon cross section as a function of the photon transverse
momentum measured by the CDF experiment (Top). The pT spectrum of the ratio of measured
to NLO calculations is shown (Bottom).
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is employed to discriminate photon signal from QCD background (dominated by π0 decays).
Templates for signal and background are constructed using Monte Carlo simulations and fitted
to the data in each bin of pT to estimate the photon purity in the selected sample. The obtained
photon signal fraction varies from 70% to 100% as the photon pT increases.

The pT distribution of the measured cross section is unfolded back to the parton level for
comparison with the theory. The unfolding factors, which takes into account both the efficien-
cies, detector resolution effects and acceptance effects, vary between 64% to 69% in the pT
range considered. The systematic uncertainties in the cross section range from 10% to 15%,
dominated by the photon purity determination at low pT and by the uncertainty in the photon
energy scale at high pT . The cross section is measured as a function of the photon pT up to
400 GeV and compared to the NLO pQCD predictions as given by the JETPHOX program [3],
with CTEQ6.1M PDFs and BFGII fragmentation functions. Figure 2 shows these results that
test the pQCD over 6 orders of magnitude. The renormalization, factorization and fragmen-
tation scales are all set to the photon pT . The theory is corrected for the non-perturbative
effects from the underlying event and this correction decreases the theoretical cross section by
approximately 9%, and is independent of pT . The ratio of the measured and predicted cross
sections as a function of the photon pT is also presented in Fig. 2. Theory and data agree well
over the whole measured range except for pT < 40 GeV. For ppT < 40 GeV the data exhibits
an excess and a different shape, consistent with similar observation in previous measurements.

4 Inclusive photon + jet cross section by DØ

The production of a photon with associated jets in the final state is more sensitive to the
underlying dynamics of hard QCD interactions than the inclusive photon measurements. DØ
has measured the inclusive differential cross section of photon plus jet production based on
an integrated luminosity of 1.0 fb−1 [5]. The study considers different angular configurations
between the photon and the jets to probe different regions of parton momentum fraction x and
hard-scattering scales Q2. Photons with pT > 30 GeV and central rapidity |η| <1.0 are con-
sidered in the analysis. Photon candidates are required to deposit at least 96% of the detected
energy in the EM calorimeter layers and should not be spatially matched to a reconstructed
track. The isolation criteria requires the transverse energy not associated to the photon in a
cone of radius R=0.4 around the photon direction to be less than 0.07 times the energy of the
photon. Backgrounds from cosmics and electrons from W boson decays are vetoed by a missing
transverse energy requirement of EmissT < (12.5 + 0.36pT ) GeV. Electromagnetic cluster and
track information is fed into a neural network to further increase the photon purity. Jets are
reconstructed with a midpoint cone algorithm with R=0.7. Events containing at least one jet
are selected which must have pT >15 GeV and can be either central (yjet <0.8) or forward
(1.5< yjet <2.5). Finally, the photon candidate and the leading hadronic jet are required to be
separated in η-φ phase space by > 0.7. The photon purity of the sample in different pT bins is
determined by fitting the MC templates of γ −ANN in data.

The measured triple differential cross sections measured are shown in Fig. 3 as a function
of photon pT with the full experimental (systematic ⊕ statistical) errors for different kinematic
regions (distinguished by central and forward jets and same-side and opposite-side photon and
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Figure 3: The differential photon + jet cross section as a function of the photon pT in four
different kinematic regions (Top), the corresponding data/theory ratio (Middle) and the ratios
between the differential cross sections in each yjet region.
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jet rapidities). These four kinematic regions probe different momentum phase space of the
two initial interacting partons. The largest uncertainties are caused by the purity estimation,
photon and jet selections and luminosity. Statistical errors vary from 0.1% in the first pT bin
to 13 − 20% in the last bin, while systematic errors are within 10 − 15% depending on the
region. The superimposed theoretical curve corresponds to the NLO QCD predictions based
on the JETPHOX program [3] with the CTEQ6.5M set of PDFs and BFG set of fragmentation
functions. The choice of renormalization (µR), factorization (µF ) and fragmentation (µf ) scales
used is µR = µF = µf = pγT f(y?) with f(y?) = ([1+exp(−2|y?|)]/2)1/2 and y? = 0.5(ηγ−ηjet).
Non-pQCD effects were considered to be negligible. The ratio of the measured cross sections
to the NLO predictions are presented in Fig.3 for the different regions. As shown in Fig. 3,
the predictions do not describe the shape of the data for the whole measured range, especially
for jet yjet <0.8 and pT > 100 GeV and for 1.5< yjet <2.5, yγ .yjet >0 and pT <50 GeV,
where the difference in shapes is similar to those observed in previous inclusive photon mea-
surements. Figure 3 also shows the ratio of measured cross sections in the different regions
where the experimental systematic uncertainties are reduced further. In general, the shapes
of the measured cross section ratios in data are qualitatively reproduced by the theory but a
quantitative disagreement is observed for some kinematic regions even after taking into account
the overall (experimental and theoretical) uncertainty.

5 Inclusive photon + heavy flavor jet cross section by DØ

DØ has performed the first measurements of the differential cross section of the inclusive photon
production in association with heavy flavor (b and c) jets at a pp̄ collider using 1.02 fb−1 of
data [6]. The analysis considers one isolated photon with pT > 30 GeV in the central rapidity
region of |η| <1.0. Photons are essentially subjected to the same selection as in Section 4.
Background from dijet events containing π0 and η mesons is suppressed using an artificial
neural network (γ−ANN). Backgrounds from cosmics and electrons from W boson decays are
vetoed by a missing transverse energy requirement of EmissT < 0.7pT . Jets are reconstructed
with a midpoint cone algorithm with radius of R = 0.5. and are required to have pT > 15
GeV and yjet <0.8. Same side and opposite side photon and jet rapidity events are treated
separately. The leading jet must have at least two tracks associated with hits in the silicon
microstrip tracker for the heavy flavor tagging. A dedicated neural network (b−ANN) which
exploits the longer lifetimes of heavy flavored hadrons is applied to enrich the heavy flavor jet
content of the considered events. The b − ANN selection has an efficiency of 55-62% for b
jets and of 11-12% for c jets. Only 0.2-1% of light jets are misidentified as heavy-flavor jets.
Photon purity is estimated in each pT bin using the γ − ANN distribution. The fractional
contributions of b and c jets are determined by fitting templates of PHF-jet = − ln

∏
i Probitrack

(Fig. 4) to the data, where Probitrack is the probability that a track originates from the primary
vertex. The templates for b and c jets are obtained from MC, and the light jet templates come
from a data sample enriched with light jets. Jets from heavy quarks have typically large values
of PHF-jet. The estimated fractions of b and c jets in the pT bins vary between 25-34% and
40-48% respectively.

The measured differential cross sections are shown in Fig. 4 for γ + b + X and γ + c + X
production as a function of photon pT for two different kinematical regions defined by yγyjet >0
and yγyjet <0. The cross section falls by more than three orders of magnitude in the range
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Figure 4: Distributions of observed events for PHF−jet for photon pT 50< pT <70 GeV. The
distributions for the b,c and light jet templates are also shown (Top). The γ + b + X and
γ + c + X differential cross sections as a function of photon pT in the two regions yγyjet >0
and yγyjet <0 (Middle). the data-to-theory ratio of cross sections for γ + b+X and γ + c+X
in the corresponding regions (Bottom).
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30 < pT < 150 GeV. The statistical uncertainty on the results ranges from 2% in the first pT
bin to 9% in the last bin, while the total systematic uncertainty varies between 15% and 28%.
The uncertainty at low pT is mainly due to the photon purity, while at higher pT , it is domi-
nated by the heavy flavor fraction. The result is compared to the NLO pQCD predictions [7]
with CTEQ6.6M PDFs and all the theory scales set to photon pT (µR = µF = µf = pT ). The
predictions have been corrected for parton-to-hadron fragmentation effects by 7.5% (3%) in the
b (c) jet cross section for low pT and by 1% at high pT . The ratio of the measured to predicted
cross sections are also shown in Fig. 4. While the prediction agrees with the measured cross
section for γ + b + X production over the entire pT range, the prediction underestimates the
measured cross section for γ+c+X production for pT above 70 GeV. The measurements are also
compared to predictions including two models with intrinsic charm parameterizations in the
CTEQ6.6M PDF. Both non-perturbative models predict a higher γ+c+X , but, do not describe
the measured cross section. The observed difference in the shape could be due to an underesti-
mation of the g → QQ̄ splitting in the annihilation process which becomes dominant at high pT .

6 Inclusive diphoton cross section measurement by CDF

The measurements of prompt diphoton production provide a great test of QCD production
mechanisms and they are also possible signatures of ”new” physics. The diphoton anaysis
allows a direct measurement of the transverse momentum of the γγ system (qT ) which is sensi-
tive to initial-state soft gluon radiation. It is also one of the important backgrounds for Higgs
→ γγ searches at the LHC. CDF has measured the inclusive diphoton cross section using a
data sample of 207 pb−1 [8]. The leading contributions to the diphoton production arise from
quark-antiquark annihilation and from gluon-gluon scattering. In addition to the prompt pro-
duction, the diphoton cross section also receives contribution where one or both photons are
produced in fragmentation processes which are largely suppressed by photon isolation. Central
photon candidates (|η| <0.9) with transverse energy (ET ) greater than 14 GeV (13 GeV) for
the leading (softer) photons are selected based on lateral shower profile, preshower hit and no
associated track requirements. The isolation requirement requires the transverse energy in a
cone of radius R=0.4 around the photon direction, not associated with the photon, to be below
1 GeV. In total 427±59 (stat) diphoton events in 889 diphoton candidates are selected in the
analysis.

Figure 5 shows the differential diphoton cross section as a function of invariant diphoton
mass (Mγγ), qT , and the difference in azimuthal angle between two photons (∆φγγ). The
results are compared to the theoretical predictions of DIPHOX [9], ResBos [10] and Pythia [11].
DIPHOX includes NLO matrix elements for both the direct contribution and the fragmentation
contribution and the NNLO contribution from gg → γγ. ResBos includes the fragmentation
contributions only at LO but it implements the resummation of soft initial-state gluon radiation
which is relevant at low qT . Also shown are the results for PYTHIA (LO matrix elements for
both the direct and fragmentation contribution) which has been scaled by a factor of 2 to
match the data. The contributions from fragmentation processes are especially large in regions
of small Mγγ , large qT and small ∆φγγ and these regions are only described by DIPHOX which
includes the NLO corrections for the fragmentation process. The kinematic regions at low qT
and large ∆φγγ are especially sensitive to soft initial-state gluon emissions and ResBos describes
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this phase space, thanks to the resummation effects it incorporates. Describing the diphoton
production in all regions of phase space simultaneously requires a full NLO calculation taking
higher order gg → γγ corrections and resummed soft-gluon radiation into account.
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Figure 5: The differential diphoton cross section as a function of invariant diphoton mass (Mγγ),
transverse momentum of the diphoton system qT , and the difference in azimuthal angle between
two photons (∆φγγ) along with the predictions from DIPHOX, ResBos and Pythia.

7 Conclusions

Incluisve isolated photon, photon plus jet, diphoton and photon plus heavy flavor jet cross
sections have been measured by the CDF and DØ experiments in pp̄ collisions at the Fermilab
Tevatron. Inclusive isolated photon cross section measurements show a different shape at low
photon pT consistent with observation in previous measurements by UA2, CDF and DØ . The
differential photon plus jet cross section has been measured in four distinct kinematic regions
resulting in similar shapes as in the inclusive photon measurement. The theory can not describe
the measurement in the whole measured range, especially for yjet <0.8 and pT > 100 GeV and
for 1.5< yjet <2.5, yγ .yjet >0 and pT < 50 GeV. First measurements on γ + b + X and
γ + c + X cross sections have been presented. Good agreement with theory is observed in
case of b jets, while theory underestimates the measured γ + c + X cross section for pT >70
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GeV. The differential diphoton production cross section has been measured as a function of
diphoton invariant mass, transverse momentum and azimuthal opening angle and compared to
the theoretical calculations. These quantities can not be described simultaneously by a single
theoretical model.
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The energy scale of the LHC, as well as the large size of the ATLAS and CMS experiments,
present new challenges for the detection of direct photons as well as new opportunities for
physics observations. This talk will examine the direct photon energy and momentum
measurement capabilities of the two general purpose experiments for both converted and
unconverted photons, and the resulting prospects for diphoton physics channels such as
H→ γγ.

The Large Hadron Collider at CERN will provide an exciting new window into the physics
of high-energy direct photons. For the LHC running at design energy, direct photon production
(for photons with pT ≥ 20 GeV) is expected to have a cross-section of 100 nb, and for photon
pairs (both with pT ≥ 20 GeV) the expected cross-section is 15 nb. The diphoton channel
is also considered to be key for the discovery of a low-mass (120-140 GeV) Standard Model
Higgs boson, but the relatively low diphoton branching ratio (∼ 10−3) means that the effective
cross-section for H→ γγ at the LHC is of the order of 20 fb, 6 orders of magnitude below the
non-resonant direct diphoton cross-section. The ability to observe such a rare decay requires a
very good understanding of the detectors. The relatively narrow (MeV-scale) decay width of
the Standard Model Higgs boson in the low-mass range means that the measured width of any
Higgs boson signal will be dominated by the detector resolution; such a signal should be visible
as a small enhancement of the diphoton mass spectrum, requiring a detector resolution of order
σ(m)/m ∼ 1%, as well as a high level of rejection of jets and neutral pions. This note will
attempt to summarize the energy and momentum measurement capabilities of the two general
purpose experiments, and their ability to observe H→ γγ and other rare TeV-scale diphoton
decays such as those predicted in universal extra-dimension theories [1].

1 The ATLAS and CMS detectors at the LHC

The ATLAS and CMS detectors are located at the Large Hadron Collider (LHC) at CERN. For
proton-proton collisions, the LHC is designed to run with

√
s=14 TeV, with a bunch crossing

frequency of 25 ns. The design luminosity for the LHC is 1033 cm−2 s−1 for low-luminosity initial
operation, and 1034 cm−2 s−1 for high-luminosity operation. These energies and luminosities
require a very large size and fine granularity for the detectors. Because of the unprecedented
amount of material in the tracking detectors, particular attention has to be paid to material
effects, particularly to photon conversions in the context of this paper. Further information
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about the construction and expected performance of the general-purpose experiments can be
found in refs. [2] and [3] for ATLAS, and refs. [4], [5] and [6] for CMS.

The dimensions of the ATLAS detector are 25 m in height and 44 m in length, with a
2 Tesla solenoidal magnetic field in the inner volume, and an overall mass of the detector of
approximately 7000 tonnes. The CMS detector is more compact, but also more massive; it
measures 15 m in height and 21 m in length, with a 4 Tesla solenoidal magnetic field and
an overall mass of ∼12500 tonnes. The most crucial components of the detectors for direct
photon measurements are the electromagnetic (EM) calorimeters; ATLAS and CMS use very
different techniques in their calorimetry. The ATLAS EM calorimeter is a Liquid Argon (LAr)
sampling calorimeter with three sampling layers with the middle sampling layer consisting of
86,400 channels. The CMS EM calorimeter is composed of ∼80,000 lead tungstate (PbWO4)
scintillating crystals. These two very different calorimeters each have their own strengths; the
ATLAS LAr calorimeter, with its multiple sampling layers, is able to reconstruct shower shapes
in all three dimensions, thereby providing excellent electron and photon identification, while
the CMS EM calorimeter has extremely accurate energy reconstruction.

Both the ATLAS and the CMS EM calorimeters are highly segmented. The front layer of
the ATLAS calorimeter is comprised of narrow strips with widths of 0.003 in η, and middle
and back layers with widths of 0.025 in φ. The CMS EM calorimeter has a granularity of
∆η ×∆φ = 0.0175× 0.0175 in the barrel region. This fine segmentation is crucial for accurate
reconstruction of narrow diphoton resonances.

Both the ATLAS and CMS detectors contain multi-layered inner trackers which direct pho-
tons must cross before reaching the calorimeters. The material in these inner trackers is sub-
stantial; in the case of ATLAS, there is approximately 0.5 radiation lengths of inner-detector
material in the central region, and as much as 2 radiation lengths in the region around |η| =
1.7, and for CMS the numbers range from 0.4 radiation lengths in the central region to as much
as 1.5 radiation lengths around |η| = 1.7. As the probability for photons to convert to e+e−

pairs is proportional to the number of radiation lengths traversed, this large amount of material
means that direct photons have a probability of ∼ 20% of converting in the central region, and
up to a maximum probability of ∼ 60% of converting at larger |η|. Figure 1 shows probabilities
of conversion for photons in the ATLAS detector as well as the positions of photons converted in
the ATLAS inner detector as simulated in GEANT4 [3]; the tracking layers are clearly visible.

Efficiently reconstructing and identifying photon conversions while preserving the best pos-
sible EM calorimeter resolution is a challenging task. Figure 2 shows the efficiency of recon-
struction of photon conversions in the ATLAS detector as a function of conversion radius and η,
for photons from H→ γγ decay. In this figure, the points with error bars show the total recon-
struction efficiency, the solid histograms show the conversion vertex reconstruction efficiency,
and the dashed histograms show the single-track conversion reconstruction efficiency. Using
both tracks with silicon hits, as well as tracks from the Transition Radiation Tracker (TRT),
the total reconstruction efficiency ranges from ∼ 90% for photons converting within 15 cm of
the beam axis, to ∼ 60% for conversions occuring more than 70 cm from the beam axis; these
efficiencies are mostly independent of |η| over the geometrical acceptance of the TRT which
extends only to |η| ∼ 2.

Both ATLAS and CMS have extremely good energy resolution in their EM calorimeters. For
direct photons with energies of 100 GeV, the ATLAS LAr calorimeter has a resolution of better
than 1.4% at |η| = 1.075 [3], while the CMS EM calorimeter has a resolution of better than 0.7%
for 120 GeV electrons, after corrections [4]. Figure 3 shows the energy resolution for photons
in the ATLAS detector as a function of energy and η; Figure 4 shows the energy resolution
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of the ATLAS detector for 100 GeV photons (normalised to the true energy) and the energy
resolution for unconverted barrel photon showers in CMS with R9 ≥ 0.943, reconstructed
in a 5 × 5 crystal array, as a function of energy, together with the fitted parametrization.
The equation for the energy resolution in the barrel of the ATLAS LAr calorimeter can be
expressed as σE/E ≈ 10%/

√
E + 0.7% [3], while for CMS the relation is given as (σ/E)2 =

(3.6%/
√
E)2+(185(MeV)/E)2+(0.66%)2 [4]. The different equations for the relative resolutions

reflect the very different properties of the two calorimeters.

To first order, the angular resolution for direct photons is determined by the granularity
of the calorimeters; Figure 5 shows the angular resolution for photons in the ATLAS detector;
the polar angle resolution from calorimeter layers 1 and 2 for 100 GeV photons is σθ ∼ 50
mrad/

√
E. The angular resolution in ATLAS is improved for the case of converted photons due

to the high segmentation of the tracker, particularly in polar angle. For converted photons, the
polar angle can be determined to a resolution of 0.3 mrad for photons originating from H→ γγ
decays with mH = 120 GeV [3].

Due to the large hadronic backgrounds present at the LHC, rejections of the order of 103

or better are required to separate direct photons from jets and neutral pions; this rejection is
done primarily through the shower shapes. If isolation cuts are included, rejection rates of up
to 104 may be achieved [3].

Photons may be reconstructed with quite high efficiencies in the LHC detectors; for photons
from H→ γγ with pT ≥ 50 GeV simulated in the ATLAS detector, the efficiency ranges from
80-90% depending on the selection cuts. This efficiency is largely independent of |η|, with the
exception of the region between the barrel and end-cap of the LAr calorimeter around |η| = 1.5,
where it is somewhat reduced [3]. These high efficiencies can be extended up to the TeV energy
range; Figure 6 shows the photon reconstruction efficiency for high-pT photons from the decay
of gravitons with a mass of 500 GeV in the ATLAS detector [3].

2 Physics with diphoton resonances

The decay of the Standard Model Higgs boson into two photons is considered a key discovery
channel and has been extensively studied in simulation by both ATLAS and CMS. Given the
narrow Higgs boson width expected in the low-mass range (115-150 GeV), the shape of the
signal is dominated by the energy and angular resolution of the detectors; the observed width
of a Higgs boson with a mass of 120 GeV in the ATLAS detector is ∼1.4 GeV, with half of the
signal events having at least one converted photon.

Due to the large number of diphoton events coming from QCD direct photon production,
as well as the misidentification of jets and neutral pions as photons, the Standard Model Higgs
boson signal will be observable only on top of a large background; this background is on the
order of ∼100 times larger than the signal for the inclusive analyses. Thus, sizable statistics
will be required to observe any Higgs boson signal with significances of 3σ or more. For the
ATLAS standard cut-based combined analysis [3], 10 fb−1 of integrated luminosity allows for
an observed signal significance of between 3σ and 4σ, depending on the Higgs boson mass. For
the CMS optimized analysis [5], a 5σ signal may be observed with between 7 fb−1 and 15 fb−1

of data, depending on the Higgs boson mass.

The significance vs. luminosity plot for the H→ γγ signal in ATLAS, as well as an invariant
mass plot of the signal, are shown in Fig. 7. In the significance plot the solid circles correspond
to the sensitivity of the inclusive analysis using event counting. The solid triangles linked
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with |η| = 1.075 (left) [3] and CMS barrel photon energy resolution (right) [4].
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Figure 7: Expected signal significance for a Higgs boson in ATLAS using the H→ γγ decay for
10 fb−1 of integrated luminosity as a function of the mass (left) and ATLAS diphoton invariant
mass distribution after trigger and identification cuts (right); the shaded histogram corresponds
to events with at least one converted photon [3].

Figure 8: CMS diphoton mass distribution for H→ γγ signal and background after the appli-
cation of a kinematic neural-net analysis (left), and a cut-based analysis (right) [5].

with solid and dashed lines correspond to the sensitivity of the inclusive analysis by means
of one dimensional fits, with a fixed and floating Higgs boson mass, respectively. The solid
squares linked with solid and dashed lines correspond to the maximum sensitivity that can be
attained with a combined analysis. The CMS invariant mass plots for various diphoton channels,
including the H→ γγ channel, can be seen in Fig. 8, showing the results of a categorized
kinematic neural net analysis on the left for all barrel events with a neural net output greater
than 0.85, and the cut-based analysis on the right. The neural net analysis is normalised to an
integrated luminosity of 7.7 fb−1, and the cut-based analysis to 1 fb−1; the Higgs boson signal
in all CMS plots is scaled upwards by a factor 10 for visibility.

As an example of the decay of a high-mass exotic resonance into two photons, both ATLAS
and CMS have studied the possibility of observing the diphoton decay of the TeV-scale gravi-
ton [1]. Plots showing the significance of discovery for various integrated luminosities in both
the H→ γγ channel and the G→ γγ channel for CMS can be seen in Fig. 9; the left part of the
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Figure 9: Integrated luminosity needed for a 5σ discovery in CMS for the H→ γγ channel (left)
and the reach of the CMS experiment in the search for a heavy graviton decaying into the
diphoton channel (right) [5].

G→ γγ discovery limit curve is the region where the significance exceeds 5σ. The limit is shown
as a function of the coupling parameter c and the graviton mass for integrated luminosities of
10, 30 and 60 fb−1; the signal is generally observable for graviton masses up to 2 TeV, and may
be observable for masses as high as 4 TeV depending on the strength of the coupling parameter.
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The present knowledge of the structure of the photon is presented based on results obtained
by measurements of photon structure functions at e+e− collider. Results are presented both
for the QED structure of the photon as well as for the hadronic structure, where the data
are also compared to recent parametrisations of the hadronic structure function F γ2 (x,Q2).
Prospects of future photon structure function measurements, especially at an International
Linear Collider are outlined.

1 Introduction

The measurements of photon structure functions have a long tradition since the first of such
measurements was performed by the PLUTO Collaboration in 1981. The investigations concern
the QED structure of the photon as well as the hadronic structure. For the hadronic structure
function F γ2 (x,Q2) the main areas of interest are the behavior at low values of x and the
evolution with the momentum scale Q2, which is predicted by QCD to be logarithmic. The
experimental information is dominated by the results from the four LEP experiments.

This review is based on earlier work [1, 2] and as an extension provides a number of updated
figures, together with a comparison of the experimental data with new parametrisations of
F γ2 (x,Q2) that became available since then. Only results on the structure of quasi-real photons
are discussed here. The structure of virtual photons and the corresponding measurements of
effective structure functions are detailed in [3].

2 Structure function measurements

The photon can fluctuate into a fermion–anti-fermion state consistent with the quantum num-
bers of the photon and within the limitations set by the Heisenberg uncertainty principle. These
fluctuations are favored, i.e. have the longest lifetimes, for high energetic photons of low virtu-
ality. If such a fluctuation of the photon is probed, the photon reveals its structure. Using this
feature, measurements of photon structure functions are obtained from the differential cross-
section of the deep-inelastic electron-photon scattering1 process sketched in Figure 1. In this
process the structure of the quasi-real photon, γ, radiated off an electron from one beam is

1In this paper, the term electron encompasses positrons throughout.
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Figure 1: A sketch of the deep-inelastic electron-photon scattering process.

probed by the virtual photon, γ?. The γ? is radiated off an electron from the other beam such
that this electron is deflected into the detector.

The detailed formalism for the scattering of photons of arbitrary virtualities can be found
in [1]. For deep-inelastic electron-photon scattering on quasi-real photons the equation reduces
to the well known formula:

d2σeγ→eX

dxdQ2
=

2πα2

xQ4

[(
1 + (1− y)2

)
F γ2 (x,Q2)− y2F γL (x,Q2)

]
with: x =

Q2

P 2 +Q2 +W 2

The absolute values of the four momentum squared of the virtual and quasi-real photons are
denoted Q2 and P 2, with P 2 � Q2. The symbols x and y denote the usual dimensionless
variables of deep-inelastic scattering, W denotes the invariant mass of the final state excluding
the electrons, and α is the fine structure constant. The flux of the incoming photons, fγ(z, P 2),
where z is the fraction of the electron energy carried by the photon, is usually taken from the
equivalent photon approximation, EPA. At leading order, the structure function F γ2 (x,Q2) is
proportional to the parton content, fq/γ , of the photon, and therefore reveals the structure of
the photon. In the region of small y studied, y � 1, the contribution of the term containing
F γL (x,Q2) is small, and is usually neglected.

2.1 QED structure

The QED structure function F γ2,QED of the photon is measured from deep-inelastic electron-
photon scattering events in which a pair of muons is produced by the γγ? system. Figure 2
shows the present world data on this measurement. An update is expected when the ongoing
L3 analysis [4] is finalized. The data span a range of about two orders of magnitude in Q2 and
have a precision down to about 5%. With this precision, the treatment of the small but non-
zero virtuality of the quasi-real photon is important, as are electroweak radiative corrections
to the deep inelastically scattered electron. Unfortunately, the treatment of these corrections
is different for the various experiments, see [1] for details.

In addition to the measurements of F γ2,QED further structure functions [5] have been obtained
by analyzing the azimuthal correlation between the scattering plane of the deep inelastically
scattered electron and the plane spanned by the muon pair. Good agreement between data
and predictions has been found. Also the scattering of two highly virtual photons has been
analyzed, and an indirect evidence for the presence of interference terms has been found [6].
Both these measurements are discussed in detail in [1].
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Figure 2: The world date on the QED structure function F γ2,QED of the photon.

Apart from shining light on the QED structure of the photon the determination of the
QED structure functions of the photon serves two experimental purposes. It is a test bed for
preparing the tools for the measurements of F γ2 (x,Q2), and it sets the limit of precision that
could possibly be obtained in the more complex case of hadronic final states.

2.2 Hadronic structure

The measurement of the hadronic structure of the photon is hampered by the fact that for
measuring x, the invariant mass W of the hadronic final state has to be reconstructed. This
is because the energy of the incoming quasi-real photon is not known, and consequently, re-
construction of x from the deep-inelastically scattered electron alone is impossible. Since the
hadronic state is not perfectly described by the available Monte Carlo models, and part of the fi-
nal state hadrons are scattered into the forward regions of the detectors which are only equipped
with electromagnetic calorimeters, or even outside of the detector acceptance, the precision with
which x can be obtained is limited, especially at large values of W and correspondingly low
values of x. At large values of Q2 the value of x is determined much more precisely, and also
the data are much better described by the Monte Carlo models. The problems at low values
of x are partly overcome by sophisticated unfolding techniques, and by constraining the Monte
Carlo Models by utilizing combined LEP data on the hadronic final state [7]. Still the Monte
Carlo description at low values of x is one of the dominant uncertainties in this measurement,
such that some LEP experiments even refrained from assigning an error due to this model
dependence, but published results for individual models instead.

There is one important difference between the structure function F p2 of the proton and
F γ2 (x,Q2) of the photon, which originates in the different evolution equations the two have
to obey. Whereas F p2 results from a solution of a homogeneous evolution equation, the pho-
ton structure function F γ2 (x,Q2) follows an inhomogeneous evolution equation, and therefore
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Figure 3: The world data on F γ2 (x,Q2) unfolded on a logarithmic x scale.

receives two contributions. These are frequently called the hadron-like component, stemming
from the general solution of the homogeneous evolution equation as for F p2 , and the point-like
component, resulting from a specific solution of the inhomogeneous evolution equation. This
results in different scaling violations of F p2 and F γ2 (x,Q2).

The present status of the measurements of F γ2 (x,Q2) is shown in Figures 3 and 4. Starting
from the data used in [1] the TPC/2γ results are dropped. This is due to their unusual shape
as a function of x for low values of Q2, and consequently very bad χ2/dof values wrt. several
parametrisations of F γ2 (x,Q2), see Tables 4 and 5 in [1]. In addition, all preliminary and not
yet published LEP data have been excluded, and the newly published data from ALEPH [8]
and L3 [9, 10] have been added. The data span a region in Q2 from 1.9–780 GeV2 and in
x from 0.0025–0.98. The experimental precision is clearly dominated by the results from the
LEP experiments. There is a nice consistency between the results obtained at LEP1 energies
(open symbols) with the ones from LEP2 energy data (filled symbols), which at the same Q2

illuminate different detector parts. The higher order parametrisation from the GRV group [11],
which has been obtained before many of the shown datasets became available, still gives a fair
description of the data.

Since the end of LEP there has been quite some effort made in obtaining new parametrisa-
tions of F γ2 (x,Q2) by several groups of authors, namely CJK [12], AFG [13] and SAL [14]. Some
important ingredients of the various theoretical analyses are given below, for further details the
reader is referred to the original publications.

The CJK parametrisation is based on all available F γ2 (x,Q2) data forQ2 > 1 GeV2 including
the TPC/2γ data and the preliminary DELPHI data taken at LEP1 energies. Various ways
of treating the heavy quark, i.e. c, b, contributions are explored by the CJK group, leading to
various parametrisations. The parametrisation used in this review is the CJK NLO model,
which is based on the ACOT(χ) variable-flavor number scheme. For brevity, it is denoted by
CJK(HO). The parametrisation is evaluated in the DISγ factorization scheme, the starting scale
of the evolution as obtained from the fits is Q2

0 = 0.765 GeV2, and the strong coupling constant,

αs, uses ΛMS
4 = 280 MeV.

The AFG(HO) parametrisation is based on a subset of data, namely LEP1 data at medium
Q2, including the preliminary DELPHI data. The heavy quarks are taken to be massless, how-
ever, m2

q/Q
2 corrections to the direct component of F γ2 (x,Q2) are included in the calculation.
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Figure 4: The world data on F γ2 (x,Q2) unfolded on a linear x scale.

The AFG(HO) parametrisation is evaluated in the MS factorization scheme, the starting scale

for the evolution is Q2
0 = 0.7 GeV2, again as obtained from the fit, and ΛMS

4 = 300 MeV is
used.

Finally, the SAL(HO) parametrisation is based on a completely different theoretical concept,
namely the assumption of the Gribov factorization, which relates the total γγ cross-section to
the total γp and pp cross-sections. At small values of x the following relation between the

proton and photon structure functions is obtained: F γ2 =
σγ p(W )
σp p(W ) · F

p
2 ≈ 0.43 · F p2 , where

the numerical value stems from the Donnachie-Landshoff parametrisation of the total cross-
sections at large values of W . Consequently, the input data of F γ2 (x,Q2) used, i.e. all published
F γ2 (x,Q2) data except the TPC/2γ data, are augmented by the ZEUS F p2 results at x < 0.01
and Q2 < 100 GeV2. In the few overlapping regions the F p2 data are much more precise than
the corresponding F γ2 (x,Q2) data. In addition the F p2 results extend to much lower values
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Figure 6: Parametrisations of F γ2 (x,Q2) compared to LEP data at Q2 = 67.2 and 780 GeV2.

of x. Consequently, the F p2 data determine the low-x behavior of F γ2 (x,Q2). In addition, in
an attempt to better constrain the gluon distribution of the photon, also ZEUS di-jet data
measured in photo-production events are used. However, it turns out that in the present
kinematical region of the data the sensitivity to the gluon from the photon is rather limited.
The data are strongly dominated by contributions of quarks from the photon, while the fraction
of events originating from gluons from the photon is very small. The relative division of data
used for the fit for F γ2 (x,Q2)/F p2 /di-jet is about 7/5/1. For the treatment of heavy quarks
the SAL group derives an interpolation between the fixed flavor number scheme at low values
of Q2 and the zero-mass variable flavor number scheme at high values of Q2. The SAL(HO)
parametrisation is evaluated in the DISγ factorization scheme, the starting scale of the evolution

is chosen to be Q2
0 = 2.0 GeV2, and αs uses ΛMS

4 = 330 MeV.

Despite their rather different theoretical framework all groups face a common difficulty, they
have problems fitting the preliminary DELPHI data taken at LEP1 and/or LEP2 energies.
Finally, this results in an inflation of the experimental error, or even in exclusion of this data.

The fact that all parametrisations are based on different theoretical prejudice and use dif-
ferent experimental input to their fits makes it even more interesting to compare their behavior
to the experimental data. This comparison can be seen in Figures 5 and 6 for a number of
Q2 values spanning almost the entire experimental range of the LEP data. The data shown at
Q2 = 3.7/25.5/67.2/780 GeV2 were partly used, (+), in the respective fit, and partly not, (-),
where the corresponding patterns are for CJK(HO): (+/-/+/+), for AFG(HO): (+/-/-/-) and
finally for SAL(HO): (+/-/+/+). Amongst the three new parametrisations CJK(HO) exhibits
the steepest slope at low values of x, with increasing differences to the other parametrisations
for increasing Q2 values. At medium values of x the parametrisations are closer to each other,
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Figure 7: The measurement of F γ2,c from OPAL.

and at high values the differences increase again, with the AFG(HO) MS parametrisation always
yielding the lowest prediction. For comparison, the old GRV prediction generally lies in the
middle of the new predictions, but for the lowest x values at Q2 = 3.7 GeV2. Overall there is
good agreement of the new parametrisations with the data at Q2 = 3.7/67.2/780 GeV2 given
the experimental uncertainties. The largest differences are seen for the data at Q2 = 25.5 GeV2,
which have not been used by any of the fits and which have rather small uncertainties assigned.
Here the most notable difference to the data is at low values of x when compared to the
CJK(HO) prediction, which is significantly higher than the data.

Not only the inclusive structure function F γ2 (x,Q2) has been obtained experimentally, but
also its charm component, F γ2,c, has been measured [15]. The charm part has been identified
from the inclusive data by selecting charmed D mesons. The analysis makes use of the small
phase space of the pion in the decay D? → D◦π, which leads to a peaking structure in the
distribution of the mass difference of the D? and D◦ mesons. The result for F γ2,c in two bins

of x and unfolded to Q2 = 20 GeV2 is shown in Figure 7 in comparison to several theoretical
predictions. Shown are the purely perturbative calculations from [16, 17] at leading and next-
to-leading order, NLO, and for the two data bins of x. This clearly shows that NLO corrections
to F γ2,c are small. In addition shown is the functional form of the leading order GRS [18]
parametrisation for both the full F γ2,c and the point-like part alone. The separation in x of
the data has been such as to experimentally separate the point-like part, concentrated at large
values of x, from the hadron-like part, dominating at low values of x, as can be seen e.g. by
comparing to the GRS curves. Figure 7 demonstrates that the high x region is adequately
described by the point-like NLO prediction with only αs and the mass of the charm-quark, mc,
as free parameters. The behavior at low values of x is experimentally less well constrained.
However, it can not be accommodated by the point-like part alone, e.g. as given by the GRS
parametrisation, thereby suggesting a non-vanishing hadron-like part at low values of x also
for F γ2,c. The uncertainty on the measurement at low values of x is relatively big, but largely
dominated by statistical uncertainties (inner error bars), so a measurement of F γ2,c by the other
LEP experiments is highly desirable.

One key feature of F γ2 (x,Q2) is the logarithmic behavior with Q2 as predicted by pertur-
bative QCD. It is the point-like contribution discussed above that results in positive scaling
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Figure 8: Positive scaling violations of F γ2 (x,Q2) for various regions in x (left), and prospects
for a measurement of the Q2 evolution of F γ2 (x,Q2) at an ILC (right).

violations of F γ2 (x,Q2) for all values of x, in contrast to the proton, which exhibits negative
scaling violations at high values of x, due to gluon radiation, and positive scaling violations at
low values of x, due to pair creation of quark–anti-quark pairs. See [1] for a detailed assessment
of this issue.

The positive scaling violations of F γ2 (x,Q2) for all values of x is born out by the data as can
be seen from Figure 8(left). The data are displayed as a function of Q2 in bins of x, where each
data point is shown at its nearest average x value chosen from the list on the left. In addition,
for better visibility, the data points for the various bins in x are separated by constant offsets,
N. Linear fits to the data of the form F γ2 (Q2) = a + b lnQ2 have been performed. The fitted
values of b are significantly above zero for all bins of x, and a clear trend for increasing slope
with increasing values of x is observed.

What about the future of F γ2 (x,Q2) after LEP. There are two obvious candidates for future
measurements, a short term opportunity is the measurement at the B-factories, where the
Babar and Belle experiments are operating. The longer term option is the measurement of
F γ2 (x,Q2) at an International Linear Collider, ILC. The general prospects for Two-Photon
physics at an ILC can be found in [19]. The higher beam energy and luminosity available at
the ILC compared to LEP will allow to extend the available phase in Q2 by about two orders in
magnitude. For a detailed investigation of neutral current interactions see [20]. As an example,
the measurement of the Q2 evolution of F γ2 at medium values of x at an e+e− collider is shown
in Figure 8(right). At the ILC also novel features can be investigated like the measurement of
the flavor decomposition of F γ2 by exploring the exchange of W and Z bosons [21].
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2.3 Summary

The measurement of photon structure functions is an interesting field of research. Unfortunately,
experimentally it has come to a halt after the shut-down of LEP, since so far it has not been
pursued at the B-factories and the prospects for an ILC are still uncertain.

Up to now, a wealth of data has been analyzed both in terms of the QED structure, and
for the hadronic structure of the photon. In this short review only a part of the investigations
could be discussed in detail. Concerning the QED structure, F γ2,QED was investigated, as
well as additional structure functions from azimuthal correlations and the interactions of two
virtual photons. For the hadronic structure the emphasis is on F γ2 (x,Q2) and especially its
behavior at low values of x and the logarithmic scaling violations with Q2. In addition, the
charm contribution F γ2,c has been measured, and the interaction of two virtual photons were
investigated.

I strongly hope that the future will bring us additional information from the B-factories and
an ILC.
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We analyze the heavy quark mass effects on the virtual photon structure functions up
to the NLO in the framework based on the operator product expansion supplemented by
the mass-independent renormalization group method. We also investigate the target mass
corrections for the virtual photon structure functions up to the NNLO.

1 Introduction

In e+e− collision experiments, the cross section for the two-photon processes e+e− → e+e−+
hadrons, shown in Fig.1, dominates over other processes such as the annihilation process
e+e− → γ∗ → hadrons at high energies. In particular, the two-photon processes in the double-
tag events, where one of the virtual photon is very far off shell (large Q2≡−q2) while the other
is close to the mass shell (small P 2 ≡ −p2), can be viewed as deep-inelastic electron-photon
scattering and provide us the information on the structure of the photon.

e+

e+

γ q

‘probe’

Q2 = −q2 > 0

e−

e−

γp‘target’

P 2 = −p2 > 0

Figure 1: Deep-inelastic scattering on
a virtual photon in the e+e− collider
experiments

In fact, the study of the photon structure has been
an active field of research [1]. Recently we analyzed
the photon structure function F γ2 up to the next-to-
next-to-leading order (NNLO) and F γL up to the next-
to-leading order (NLO) in perturbative QCD (pQCD)
in the kinematical region Λ2 � P 2 � Q2, where Λ is
the QCD scale parameter [2]. The interest of study-
ing the photon structure in this kinematical region is
that a definite prediction of the whole structure func-
tion, its shape and magnitude, may become possible.
However, the above investigation of F γ2 and F γL has
two flaws that need to be fixed. One is that we have
treated all the quarks as massless. The other is that
we have considered the logarithmic corrections aris-
ing from QCD higher-order effects, but ignored all
the power corrections of the form (P 2/Q2)k (k = 1, 2, · · · ) coming from target mass effects.

∗Presented by Ken Sasaki
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In this paper we discuss two topics which we have investigated recently, namely, heavy quark
mass effects [4] and target mass effects [3] on the virtual photon structure functions. Heavy
quark mass effects for the real photon were studied in the literature [5, 6].

2 Master formula for the moments with heavy quark

For the first topic, heavy quark mass effects, we consider the system which consists of nf−1
massless quarks and one heavy quark qnf = qH together with gluons and photons. The extension
to the case with more heavy quarks is straightforward. Applying the operator product expansion
(OPE) for the product of two electromagnetic currents at short distance we get

i

∫
d4xeiqxT (Jµ(x)Jν(0)) =

(
gµν −

qµqν
q2

) ∑

n=0
n=even

(
2

Q2

)n
qµ1 · · · qµn

∑

i

CiL,nO
µ1 ···µn
i

+
(
−gµλgνσq2 + gµλqνqσ + gνσqµqλ − gµνqλqσ

)

×
∑

n=2
n=even

(
2

Q2

)n
qµ1 · · · qµn−2

∑

i

Ci2,nO
λσµ1 ···µn−2

i + · · · , (1)

where CiL,n and Ci2,n are the coefficient functions which contribute to the structure functions

F γL and F γ2 , respectively, and Oµ1···µn
i and O

λσµ1 ···µn−2

i are spin-n twist-2 operators (hereafter
we often refer to Oµ1···µn

i as Oni ). The sum on i runs over the possible twist-2 operators and
· · · represents other terms with irrelevant coefficient functions and operators.

Let us denote nf−1 massless quarks as a column vector ψ = (q1, q2, · · · , qnf−1)T. Then
the relevant operators in quark sector are light-flavour-singlet quark (L), heavy quark (H) and
light-flavour-nonsinglet quark (NS) operators as follows:

Oµ1 ···µn
L = in−1ψγ{µ1Dµ2 · · ·Dµn}1ψ − trace terms , (2a)

Oµ1 ···µn
H = in−1qHγ

{µ1Dµ2 · · ·Dµn}qH − trace terms , (2b)

Oµ1 ···µn
NS = in−1ψγ{µ1Dµ2 · · ·Dµn}(Q2

ch − 〈e2〉(nf−1)1)ψ − trace terms , (2c)

where { } means complete symmetrization over the Lorentz indices µ1 · · ·µn and Dµ denotes
covariant derivative. In quark operators OnL and OnNS given in Eqs.(2a) and (2c), 1 is an
(nf−1)× (nf−1) unit matrix, Q2

ch is the square of the (nf−1)× (nf−1) quark-charge matrix,

and 〈e2〉(nf−1) = (
∑nf−1

i e2
i )/(nf −1) is the average charge squared of massless quarks. Note

that we have a relation Tr(Q2
ch − 〈e2〉(nf−1)1) = 0. Due to this relation, the operator OnNS

does not mix with operators OnL and OnH . In addition to the above quark operators, the gluon
(OnG) and photon (Onγ ) operators are also relevant and appear in the r.h.s. of Eq.(1). Here the
importance of inclusion of the heavy quark operator should be stressed. We treat the heavy
quark in the same way as the light quarks and assume that both heavy and light quarks are
radiatively generated from the photon target. In contrast, in the case of the nucleon target,
heavy quarks are treated as radiatively generated from the gluon and light quarks.

The coefficient function Cik,n(k = 2, L) corresponding to the operatorsOni (i = L,H,G,NS, γ)
satisfies the following mass-independent renormalization group (RG) equation:

[
µ
∂

∂µ
+ β(g)

∂

∂g
+ γm(g)m

∂

∂m
− γn(g, α)

]

ij

Cjk,n

(
Q2

µ2
,
m2

µ2
, ḡ(µ2), α

)
= 0 , (3)
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with i, j = L,H,G,NS, γ. Here β(g) and γm(g) are the beta function and the anomalous
dimension for the mass operator, respectively, and γn(g, α) is a 5 × 5 anomalous dimension
matrix. To the lowest order in the QED coupling constant α, this matrix has the following
form:

γn(g, α) ≡
(

γ̂n(g) 0
Kn(g, α) 0

)
, γ̂n ≡




γnLL γnHL γnGL 0
γnLH γnHH γnGH 0
γnLG γnHG γnGG 0

0 0 0 γnNS


 , (4)

and Kn(g, α) is the four-component row vector

Kn = (Kn
L,K

n
H ,K

n
G,K

n
NS) , (5)

which describes the mixing between the photon operator and the remaining hadronic operators.
The solution to the RG equation (3) is given by

Cik,n

(
Q2

µ2
,
m2

µ2
, ḡ(µ2), α

)
=

{
T exp

[∫ ḡ(µ2)

ḡ(Q2)

dg
γn(g, α)

β(g)

]}

ij

Cjk,n

(
1,
m̄2(Q2)

Q2
, ḡ(Q2), α

)
,

(6)
with ḡ(µ2) being effective running QCD coupling constant and m̄(Q2) is the running heavy
quark mass evaluated at Q2.

The matrix elements of the relevant operators Oni sandwiched by the photon states with
momentum p are expressed as

〈γ(p)|Oµ1 ···µn
i |γ(p)〉 = Ain

(P 2

µ2
,
m̄2(µ2)

µ2
, ḡ(µ2)

)
{pµ1 · · · pµn − trace terms}

≡ Ain

(P 2

µ2
,
m̄2(µ2)

µ2
, ḡ(µ2)

)
{pµ1 · · · pµn}n , (7)

with i = L,H,G,NS, γ, and Ain is the reduced photon matrix element with µ being the renor-
malization point. Then the moment sum rules for the virtual photon structure functions F γ2
and F γL are given by (k = 2, L)

Mγ
k (n,Q2, P 2) =

∫ 1

0

dxxn−2F γk (x,Q2, P 2)

=
∑

i=L,H,G,NS,γ

Ain

(P 2

µ2
,
m̄2(µ2)

µ2
, ḡ(µ2)

)
Cik,n

(
Q2

µ2
,
m2

µ2
, ḡ(µ2), α

)
. (8)

Now using Eq.(6) and choosing µ2 = P 2, we obtain the master formula for the moments for
the case when a heavy quark exists,

Mγ
k (n,Q2, P 2) =

∑

i,j=L,H,G,NS,γ

Ain

(
1,
m̄2(P 2)

P 2
, ḡ(P 2)

){
T exp

[∫ ḡ(P 2)

ḡ(Q2)

dg
γn(g, α)

β(g)

]}

ij

×Cjk,n
(

1,
m̄2(Q2)

Q2
, ḡ(Q2), α

)
. (9)

The heavy quark mass effects appear in the reduced photon matrix element Ain and the coeffi-
cient function Cjk,n as the running quark mass m̄.
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3 Heavy quark mass effects in QCD

We focus on the moments Mγ
2 (n,Q2, P 2) and consider the heavy quark mass effects up to the

NLO. We take the difference between Mγ
2 (n,Q2, P 2) and the one for the case when all nf quarks

are massless,

∆Mγ
2 (n,Q2, P 2, m̄2) = Mγ

2 (n,Q2, P 2)−Mγ
2 (n,Q2, P 2)

∣∣∣
massless

. (10)

We already know Mγ
2 (n,Q2, P 2)

∣∣∣
massless

(actually, up to the NNLO). The 1-loop (4×4) anoma-

lous dimension matrix γ̂
(0)
n in hadronic sector in Eq.(4) has four eigenvalues λnL, λn± and λnNS and

we find λnL = λnNS(= γ
(0),n
ψψ = γ

(0),n
NS ) . Diagonalizing the matrix γ̂

(0)
n , we evaluate Mγ

2 (n,Q2, P 2)
in Eq.(9) up to the NLO and obtain

∆Mγ
2 (n,Q2, P 2, m̄2) =

α

4π

1

2β0


 ∑

i=±,NS
∆Ani

[
1−

(
αs(Q

2)

αs(P 2)

)dni ]

+
∑

i=±,NS
∆Bni

[
1−

(
αs(Q

2)

αs(P 2)

)dni +1
]

+ ∆Cn

+O(αs) ,(11)

where dni = λni /2β0 (i = ±, NS) with β0 = 11− (2/3)nf . In the massive quark limit,
Λ2 � P 2 � m2 � Q2, the explicit expressions of ∆Ani ,∆Bni ,∆Cn are

∆AnNS = −12β0e
2
H(e2

H − 〈e2〉nf )(∆ÃψnG/nf ), (12a)

∆An± = −12β0e
2
H〈e2〉nf (∆ÃψnG/nf )

γ
(0),n
ψψ − λn∓
λn± − λn∓

, (12b)

∆BnNS = 0, ∆Bn± = 0, ∆Cn = 12β0e
4
H(∆ÃψnG/nf ) , (12c)

where eH is the heavy quark charge, 〈e2〉nf =
∑nf
i=1 e

2
i /nf is the average squared charge and

∆ÃψnG/nf = 2

[
− n2 + n+ 2

n(n+ 1)(n+ 2)
ln
m̄2

P 2
+

1

n
− 1

n2

+
4

(n+ 1)2
− 4

(n+ 2)2
− n2 + n+ 2

n(n+ 1)(n+ 2)

n∑

j=1

1

j


 . (13)

We see from Eq. (11) that in our approach, using the OPE and the RG equation, the heavy
quark mass effects start to appear at the NLO, but not at the LO. Also for the longitudinal
structure function F γL(x,Q2, P 2), heavy quark mass effects do not appear in the LO (O(α)).

4 Numerical analysis

The structure functions of the virtual photon are derived from the double-tag measurements
of the reaction e+e− → e+e−+ hadrons. So far there exist only two experimental results
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Figure 2: QCD and QPM predictions for F γeff
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Figure 3: QCD and QPM predictions for F γeff

vs. L3 data

reported: one from the PLUTO Collaboration [7] and the other from the L3 Collaboration [8].
Both collaborations measured an effective photon structure function

F γeff(x,Q2, P 2) = F γ2 (x,Q2, P 2) +
3

2
F γL(x,Q2, P 2) . (14)

We evaluate F γeff up to the NLO and compare our theoretical predictions with these data. The
PLUTO (L3) data are at Q2 = 5 (120) GeV2 and P 2 = 0.35 (3.7) GeV2. Therefore, we assume
that the active flavours are u, d, s (massless) plus c (heavy) for the case of PLUTO and u, d, s, c
(massless) plus b (heavy) for L3. We take the following values of the quark masses as inputs:

mc = 1.3 GeV (for PLUTO), mb = 4.2 GeV (for L3). (15)

We plot F γeff(x,Q2, P 2) for Q2 = 5 GeV2 and P 2 = 0.35 GeV2 together with the PLUTO data in
Fig. 2. The thick red solid (green dashed) line represents the NLO QCD result with (without)
charm quark mass effects. We have put Λ = 0.2 GeV. Although the condition Q2 � m2

c is not
satisfied, the predicted curve with mass effects shows a trend of reducing the “over-estimated”
massless QCD calculation.

Also shown in Fig. 2 are the results by Quark Parton Model (QPM). In QPM F γeff(x,Q2, P 2)
is expressed by the following four structure functions as

F γeff(x,Q2, P 2) =
( 5

β̃2
− 3
)
x

[
WTT −

1

2
WTS

]
+

5

β̃2
x

[
WST −

1

2
WSS

]
, (16)

where WTT , WST , WTS , and WSS [9, 10] are functions of x and

β̃ =

√
1− P 2Q2

(p · q)2
, β =

√
1− 4m2

(p+ q)2
, L = ln

1 + ββ̃

1− ββ̃
, (17)

and charge factors δiγ(= 3× e4
i ). The quark mass dependence resides in the parameter β. For

the massless case we have β = 1. The thin blue solid (purple dashed) line represents the QPM
result with (without) charm quark mass effects.
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Figure 3 shows the results of F γeff(x,Q2, P 2) for Q2 = 120 GeV2 and P 2 = 3.7 GeV2 together
with the L3 data. In this case the condition Λ2 � P 2 � m2

b � Q2 is satisfied. The thick red
solid line represents the NLO QCD prediction with bottom quark mass effects while the thick
green dashed line shows the massless QCD result. Due to its charge factor, we see that the
bottom quark mass effects are almost negligible. Also shown are the QPM results: the case
for massive c and b (the thin blue solid line) and the case for massless u, d, s, c and b (the thin
purple dashed line).

The heavy quark mass has an effect of reducing the photon structure functions in magnitude.
This feature is explained by the suppression of the heavy quark production rate due to the
existence of its mass. The kinematical constraint for the heavy quark production (p+q)2 ≥ 4m2

gives xmax = 1

1+ 4m2

Q2 +P2

Q2

below which the contribution of heavy quark to the structure functions

exists and, therefore, the difference between the cases of massive and massless quark emerges
above xmax. This kinematical “threshold” effect is not clearly seen in our analysis since we
adopted the framework based on the OPE and took into account only the leading twist-2
operators. But still we see in Fig. 2 that the difference between the two becomes bigger at
larger x. It is also noted that the heavy quark mass effects are sensitive to the electric charge
of the relevant quark. The photon structure functions depend on the quark-charge factors 〈e2〉
and 〈e4〉. Thus, as we see from Figs. 2 and 3, the up-type heavy quark has larger effects than
the down-type heavy quark.

5 Target mass effects

For the case of massless quarks, we have studied in Ref.[2] the virtual photon structure functions
F γ2 (x,Q2, P 2) and F γL(x,Q2, P 2) in pQCD for the kinematical region Λ2 � P 2 � Q2. There
we have considered the logarithmic corrections arising from QCD higher-order effects, but
ignored all the power corrections of the form (P 2/Q2)k (k = 1, 2, · · · ) coming either from
target mass effects or from higher-twist effects. In fact, if the target is real photon (P 2 = 0),
there is no need to consider target mass corrections. But when the target becomes off-shell
(P 2 6= 0) and for relatively low values of Q2, contributions suppressed by powers of P 2/Q2

may become important. Then we need to take into account these target mass contributions.
The consideration of target mass effects (TME) is important by another reason. In the case of
massless quarks, the maximal value of the Bjorken variable x for the virtual photon target is
not 1 but xmax = 1

1+P2

Q2

, due to the constraint (p+ q)2 ≥ 0, which is in contrast to the nucleon

case where xmax = 1. The structure functions should vanish at x = xmax. However, the NNLO
QCD results [2] for F γ2 (x,Q2, P 2) as well as F γL(x,Q2, P 2) show that the predicted graphs do
not vanish but remains finite at x = xmax. This flaw is coming from the fact that TME have
not been taken into account in the analysis.

As the second topic, we show TME for the virtual photon structure functions F γ2 (x,Q2, P 2)
up to the NNLO and F γL(x,Q2, P 2) up to the NLO in QCD in the framework of the OPE.
The photon matrix elements of the relevant traceless operators in the OPE are expressed by
traceless tensors. These tensors contain many trace terms so that they satisfy the tracelessness
conditions. The basic idea for computing the target mass corrections is to take account of these
trace terms in the traceless tensors properly.

The operators which appear in the OPE in Eq.(1) are traceless and have totally symmetric
Lorentz indices µ1 · · ·µn (λσµ1 · · ·µn−2). Hence {pµ1 · · · pµn}n, which emerges in the photon
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matrix elements of these operators in Eq.(7), is the totally symmetric rank-n tensor formed with
the momentum p alone and satisfies the traceless condition gµiµj{pµ1 · · · pµn}n=0 . When we
take the spin-averaged photon matrix element of the both sides of Eq.(1), we need to evaluate
the contraction between qµ1 · · · qµn and the traceless tensors without neglecting any of the trace
terms. The results are expressed in terms of Gegenbauer polynomials [11]:

qµ1 · · · qµn{pµ1 · · · pµn}n = anC(1)
n (η) , (18a)

qµ1 · · · qµn−2{pλpσpµ1 · · · pµn−2}n =
1

n(n− 1)

[
gλσ

Q2
an2C

(2)
n−2(η) +

qλqσ

Q4
an8C

(3)
n−4(η)

+pλpσan−22C
(3)
n−2(η) +

pλqσ + qλpσ

Q2
an−14C

(3)
n−3(η)

]
, (18b)

where

a = −1

2
PQ, η = −p · q

PQ
, (19)

and C
(ν)
n (η)’s are Gegenbauer polynomials. Then we obtain the Nachtmann moments [11], the

weighted integrals of the structure functions F γ2 and F γL for the definite spin-n contributions,
in stead of the familiar moments of F γ2 and F γL (see Eq.(8)),

Mγ
2 (n,Q2, P 2) =

∫ xmax

0

dx
1

x3
ξn+1

[
3 + 3(n+ 1)r + n(n+ 2)r2

(n+ 2)(n+ 3)

]
F γ2 (x,Q2, P 2), (20)

Mγ
L(n,Q2, P 2) =

∫ xmax

0

dx
1

x3
ξn+1

[
F γL(x,Q2, P 2)

+
4P 2x2

Q2

(n+ 3)− (n+ 1)ξ2P 2/Q2

(n+ 2)(n+ 3)
F γ2 (x,Q2, P 2)

]
, (21)

where r and ξ are defined as

r ≡
√

1− 4P 2x2

Q2
, ξ ≡ 2x

1 +
√

1− 4P 2x2

Q2

=
2x

1 + r
. (22)

The left hand sides of Eqs.(20) and (21) are expressed as

Mγ
2 (n,Q2, P 2) =

∑

i

Ain(P 2, g) Ci2,n(Q2, P 2, g), (23)

Mγ
L(n,Q2, P 2) =

∑

i

Ain(P 2, g) CiL,n(Q2, P 2, g) , (24)

respectively, and are calculable by pQCD. Since the maximal value of x is not 1 but 1

1+P2

Q2

,

the allowed ranges of r and ξ turn out to be rmin ≤ r ≤ 1 and 0 ≤ ξ ≤ 1, respectively, where
rmin = r(xmax) = (1− P 2/Q2)/(1 + P 2/Q2) and ξ(xmax) = 1.

The inversion of the Nachtmann moments can be made to express the structure functions
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F γ2 and F γL explicitly as functions of x, Q2 and P 2. Introducing the following functions,

G(ξ) ≡ 1

2πi

∫ c+i∞

c−i∞
dn ξ−n+1M

γ
2 (n,Q2, P 2)

n(n− 1)
, (25a)

H(ξ) ≡ −dG(ξ)

dξ
=

1

2πi

∫ c+i∞

c−i∞
dn ξ−n

Mγ
2 (n,Q2, P 2)

n
, (25b)

F (ξ) ≡ −dH(ξ)

dξ
=

1

2πi

∫ c+i∞

c−i∞
dn ξ−n−1Mγ

2 (n,Q2, P 2) , (25c)

FL(ξ) ≡ 1

2πi

∫ c+i∞

c−i∞
dn ξ−n−1Mγ

L(n,Q2, P 2) , (25d)

we find

F γ2 (x,Q2, P 2) =
x2

r3
F (ξ)− 6κ

x3

r4
H(ξ) + 12κ2x

4

r5
G(ξ) , (26)

F γL(x,Q2, P 2) =
x2

r
FL(ξ)− 4κ

x3

r2
H(ξ) + 8κ2x

4

r3
G(ξ) . (27)

Equations (26) and (27) are the final formulas for the photon structure functions F γ2 and F γL
when target mass effects are taken into account.

We plot the graphs of F γ2 (x,Q2, P 2) and F γL(x,Q2, P 2) as functions of x in Fig.4 and Fig.5,
respectively, for the case of Q2 = 30GeV2 and P 2 = 1GeV2 with xmax = 0.968. We take Λ = 0.2
GeV and nf = 4 for the number of active quark flavours. The Bjorken variable x ranges from
0 to xmax. We observe that TME become sizable at larger x region. While TME enhances F γ2
at larger x, it reduces F γL . The target mass correction is of order 10 % when compared at the
maximal values for F γ2 . In the case of F γL , the maximal value is attained in the middle x, where
the TME reduces the F γL about 5 %.

6 Summary

Using the framework based on the OPE supplemented by the RG method, we investigated
the heavy quark mass effects and also the target mass effects on the virtual photon structure
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functions. As for the heavy quark effects, we assumed that heavy quark is generated radiatively
from the target photon as well as light quarks. In terms of the OPE terminology, we included the
heavy quark operator. Then, the heavy quark mass effects appear in the reduced photon matrix
element of this operator and also in the coefficient functions. We evaluated F γeff (x,Q2, P 2) with
quark mass effects up to the NLO and compared our results with the PLUTO and L3 data..
The predicted curve with charm quark mass effects in Fig. 2 shows a right trend of reducing
the “over-estimated” massless QCD calculation. As we see in Fig. 3, the bottom quark mass
effects are almost negligible due to its charge factor.

When we study the virtual photon structure functions in the framework based on the OPE
we also need to consider target mass corrections. We derived the Nachtmann moments for the
structure functions and then, by inverting the moments, we obtained the expressions in closed
form for F γ2 (x,Q2, P 2) and F γL(x,Q2, P 2), both of which include the target mass corrections.
We observe that the target mass effects appear at larger x and become sizable near xmax.
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Many important QCD tests been performed with the experiments H1 and ZEUS at the
HERA ep collider in the photoproduction regime. Differential cross sections of di-jets
in photoproduction are shown in direct and resolved enhanced regions and different jet
topologies and the sensitivity to different photon PDFs are studied. New results on prompt
photons in photoproduction are presented. Further topics address the first measurement of
diffractive scattering of quasi-real photons with large momentum transfer which is discussed
in the BFKL framework and scaled momentum distributions of charged particles within
jets.

1 Introduction

γ

p

e

g

e

p

γ

g

Figure 1: Examples of direct (left) and re-
solved (right) di-jet photoproduction dia-
grams in LO QCD.

High energy electron-proton scattering, as it has
been carried out at the ep collider HERA, is dom-
inated by so-called photoproduction processes, in
which a beam lepton emits a quasi real photon
which interacts with a parton from the proton.
At leading order (LO) quantum chromodynam-
ics (QCD) the scattering process may be classified
into two basic types. In direct processes the entire
photon interacts with a parton from the proton
and there is no remnant in the photon direction,
a typical LO diagram is shown in Fig. 1 (left).

In resolved processes, the incoming photon
fluctuates into a partonic state out of which a par-
ton with a momentum fraction xγ participates in

the hard scattering process as illustrated in Fig. 1 (right). There is a photon remnant carry-
ing the fraction 1− xγ of the photon energy. Resolved processes are sensitive to the partonic
structure of both the photon and the proton. At higher order in perturbative QCD (pQCD)
the separation into two classes does not hold anymore.

The large statistics of the HERA data allows detailed tests of pQCD using hadronic jets
and prompt (emerging from the hard interactions) photons. The hard scale is provided by the
transverse energy ET of the jet or the photon.

In this contribution recent results of di-jet and prompt photon production in photoproduc-
tion at HERA are discussed. In addition, some results with specific final states are presented:
the diffractive production of photons with large momentum transfer and the multiplicity dis-
tribution of charged particles within jets.
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2 Jets in Photoproduction
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Figure 2: Measured cross section dσ/dxobsγ com-
pared with NLO QCD predictions with different
PDFs for the photon. [1]

Experimentally, xγ is estimated by xobsγ ,
which is reconstructed from the measurement
of the transverse momenta ET and pseudora-
pidities η1 of the two jets, as

xobsγ = (Ejet1T e−η(jet1)+Ejet2T e−η(jet2))/(2yEe).

Here, y is the inelasticity of the event and
Ee the energy of the lepton beam. A pure
LO direct process has xobsγ = 1 but initial
and final state radiation as well as hadroni-
sation may reduce it. Typically the resolved
regime is defined to contain xγ values below
0.75 or 0.8. The xobsγ distribution as measured

in di-jet events, with E
jet1(2)
T > 20(15) GeV

and −1 < ηjet1,2 < 3, is shown in Fig. 2 to-
gether with NLO predictions using five differ-
ent parton density functions (PDFs) for the
photon [1]. At high xobsγ > 0.8 the predic-
tions are very similar as expected, since there
is little sensitivity to the photon PDFs in this
region, where towards low xobsγ the different
PDFs vary by up to 70%. The prediction
from CJK [2] deviates most from the others
and does not describe the data, all other pre-
dictions describe the data within the experi-
mental uncertainties.
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Figure 3: Di-jet cross section as a function of the cosine of the CMS scattering angle (cos Θ?)
for a resolved (left) and direct (right) enriched sample [3].

1The pseudorapidity η is defined as η = − ln tan(θ/2), where θ is the polar angle with respect to the direction
of the proton beam.
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The concept of resolved and direct interactions of the photon can be tested by measur-
ing the cross section as a function of cos Θ?, the cosine of the scattering angle in the centre
of mass system (CMS). Statistically, direct interactions are dominated by quark propagators
(dσ/|d cos Θ?| ∝ (1−| cos Θ?|)), whereas the gluon propagator (dσ/|d cos Θ?| ∝ (1−| cos Θ?|)−2)
dominates resolved interaction. Figure 3 shows the cross section as a function of cos Θ? for di-

jet events (E
jet1(2)
T > 25(15) GeV and −0.5 < ηjet1,2 < 2.75) with an invariant mass of the two

jets larger than 65 GeV for a direct (xγ > 0.8) and a resolved (xγ < 0.8) enriched sample [3].
The cross section in the resolved enriched sample rises more rapidly with cos Θ? than in the
direct sample due to the dominating gluon propagator in the resolved sample.

Many more measurements of inclusive jet, di-jet and multijet production have been per-
formed by the HERA experiments. In general data enriched with direct processes is well de-
scribed by NLO QCD predictions, whereas resolved enhanced samples are less well described.
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Figure 4: Measured cross section dσ/d|∆Φij | for xobsγ >

0.75 (left) and xobsγ ≤ 0.75 (right). The measurement is
compared to NLO predictions and to Monte Carlo pre-
dictions from HERWIG and PYTHIA [1].

As an example, Fig. 4 [1] shows
the transverse correlation of the two
jets, dσ/d|∆Φij |, with ∆Φij being
the azimuthal angle between the
two jets, for xobsγ above and below
0.75. In the direct enhanced re-
gion, xobsγ > 0.75, the cross sec-
tion falls steeply by three orders of
magnitude, more steeply than for
xobsγ < 0.75. The predictions from
NLO QCD and the Monte Carlo
(MC) generators HERWIG [4] and
PYTHIA [5] are compared to the
data. The MC predictions are nor-
malised to the measured cross sec-
tions.

At high xobsγ , NLO QCD agrees
with data but it falls somewhat
steeper, the PYTHIA prediction is
very similar to NLO QCD, whereas
HERWIG nicely describes the data.
For low xobsγ , the NLO prediction is
much too steep and significantly be-
low the data except for the highest
bin. Also the prediction from PYTHIA gives a poor description, HERWIG is in reasonable
agreement with the data. This shows that the parton shower model as implemented in HER-
WIG gives a better description of higher order processes than PYTHIA.

As the pseudorapidities of the two jets are sensitive to the momentum distributions of the
interacting partons, the cross sections as a function of xp, the momentum fraction of the parton

of the proton (xp = (Ejet1T eη(jet1) + Ejet2T eη(jet2))/(2Ep), with Ep the energy of the proton
beam), are shown in Fig. 5 for xobsγ > 0.8 and two different jet topologies: in the left figure

both jets are in the backward (ηjet1,2 < 1), in the right figure, both jets are in the forward
(ηjet1,2 > 1) region [3]. The high xp region can only be probed if both jets are pointing forward.
The NLO QCD prediction describes the data well, except for the highest bin in xp, where the
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PDF uncertainty, indicated by the shaded area, is largest
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Figure 5: Cross section as a function of xp for both jets pointing backwards (left) and forward
(right). [3]

3 Prompt Photons in Photoproduction
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Figure 6: Differential cross sections for prompt
photons with a hadronic jet dσ/dηγ (a),
dσ/dηjet (b), dσ/dxLOγ (c) and dσ/dxLOp (d).

Events with an isolated photon emerging
from the hard subprocess ep → eγX - so
called prompt photons - offer an alternative
access to study the hard interactions. The
measurement with prompt photons require
generally lower corrections for hadronisation
than measurements relying on jets, since the
photons emerge without the hadronisation
process by which final state quarks or glu-
ons form a jet. The analysis by H1 uses
photoproduction data with an integrated lu-
minosity of 340 pb−1. Events are selected
with an isolated photon with transverse en-
ergy 6 < EγT < 15 GeV and pseudorapid-
ity −1.0 < ηγ < 2.4. For cross section
measurements of prompt photons accompa-
nied by a hadronic jet, the jet has to ful-
fil 4.5 < EjetT ,−1.3 < ηjet < 2.3. To en-
sure isolation of the photon, the photon has
to carry more than 90% of the transverse
energy of the jet in which it is contained,
i.e. z = EγT /E

photon−jet
T > 0.9. The iso-

lation requirement rejects a large part from
the background from decay photons of neutral
hadrons. The photon signal is extracted from
the sample which still contains background
from the decay of neutral hadrons by a multivariate analysis which uses six different shower
shape variables.

Cross sections for the production of a prompt photon and a hadronic jet are presented in
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Fig. 6 as a function of the variables ηγ , ηjet, xLOγ and xLOp , where

xLOγ = EγT (e−η(γ) + e−η(jet))/(2yEe) and xLOp = EγT (eη(γ) + eη(jet))/(2Ep).

At LO these definitions correspond to the longitudinal momentum fractions of the parton of the
photon and the proton, respectively. The inner error bars correspond to the uncorrelated errors,
including the statistical error, the outer error bars include the correlated errors added in quadra-
ture. The results are compared to two sets of calculations, both corrected for hadronisation and
multiple interaction effects: a next-to-leading order calculation by Fontannaz-Guillet-Heinrich
(FGH) [6, 7] and a calculation based on the kT -factorisation approach by Zotov-Lipatov (LZ) [8].
Both calculations give a reasonable description of the cross sections as a function of ηγ and xLOγ
while only the NLO calculation well describes the cross sections as a function of ηjet of the
associated hadronic jet and xp

LO. Here, the LZ prediction is significantly too high for jets with
ηjet < 0.5 which translates also in an overestimated cross section at low xp. For the inclusive
prompt photon measurements it is found that the NLO calculation is slightly below the data
for backward photons (ηγ < −0.06). Both calculations have problems describing the transverse
correlations between the photon and the jet which are sensitive to higher order effects. In
general both calculations give a reasonable description of the different distributions but reveal
problems in some kinematic regions.

4 Diffractive Scattering of high t Photons

Diffractive scattering of photons with large four-momentum transfer squared t,γp→ γY , where
Y is the proton dissociative system, was studied by H1 using an integrated luminosity of
46.2 pb−1 [9]. The analysis of high t photons complements the measurements of exclusive
production of vector mesons, ρ, φ and J/Ψ [11], at HERA. For the production of photons the
calculations are simplified by the absence of a vector meson wave function, it is an experimen-
tally clean process and almost fully perturbatively calculable.

γ (*)

p

Y }

γ

Figure 7: Schematic illustration
of the process γp→ γY in a LLA
BFKL approach

The study of exclusive diffractive processes in presence
of a hard scale provides insight into the dynamics of the
diffractive exchange. The four-momentum squared trans-
ferred at the proton vertex t, provides the relevant scale
for the test of pQCD for |t| >> Λ2

QCD. Diffractive photon
scattering at high t can be modelled at sufficiently low val-
ues of Bjorken x in the leading log approximation (LLA)
BFKL [10] model. Here, the gluon ladder couples to a sin-
gle parton within the proton. The process is illustrated
schematically in Figure 7.

Due to the quasi-real nature of the incoming photon
(Q2 < 0.01 GeV2), the transverse momentum of the final
state photon, P γT , is entirely transferred by the gluon lad-
der to the parton of the proton. The separation in rapidity
between the parton scattered by the gluon ladder and the
final state photon is given by ∆η ' logŝ/(P γT )2), where ŝ is the invariant mass of the incoming
photon and the struck parton.

The data were recorded with the H1 detector during the running period 1999-2000 with
an integrated luminosity of 46.2 pb−1. Events are selected with a photon in the backward
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Figure 8: The γp cross section of diffractive scattering of photons as a function of W at
< |t|>= 6.1 GeV2 (a) and |t| for W = 219 GeV2 (b) [9].

(a) (b)

calorimeter with EγT > 8 GeV and a polar angle region 153◦ < Θ < 177◦ and the scattered
electron detected in the electron tagger, which restricts the virtuality of the incoming photon
to Q2 < 0.01 GeV2. Diffractive events are selected by requiring that the event inelasticity
yIP ' ΣY (E − Pz)/(2(Ee −E′e)) < 0.05 with E the energy and Pz the longitudinal momentum
of a particle. The sum runs over all final state particles except the final state photon and the
scattered electron. The cut on yIP ensures a large rapidity gap between the photon and the
proton dissociative system. The kinematic variable t reconstructs as t = (P γT )2 with a resolution
of 11%. The γp centre of mass energy, W, is calculated from the energy of the scattered electron
(E′e) as W '

√
1−E′e/Ee)s, where s is the ep centre of mass energy, with a relative resolution

of 4%. These reconstructions are valid in the approximation of small scattering angles of the
electron which is fulfilled for Q2 < 0.01 GeV2.

The γp → γY cross section is shown in Figure 8 a) as a function of W for 4 < |t| <
36 GeV2. The cross section rises steeply with W which is usually interpreted as an indication
of the presence of a hard sub-process in the diffractive interaction. A power-law dependence
of the form σ ∝ W δ is fitted to the measured cross section. The δ value of δ = 2.73 ±
1.02(stat.)+0.56

−0.78(syst.) is compatible with the measurement for J/Ψ production. The data is also
compared to predictions of the LLA BFKL model, using the HERWIG MC. The predictions
are normalised to the measured cross section, as the normalisation is not predicted by the
calculation. The W dependence can be used to measure αBFKLs , a free parameter in the
theoretical prediction, which is the value of the strong coupling αs used in the BFKL model.
The W dependence is well described by the LLA BFKL prediction with αBFKLs = 0.26 ±
0.10 (stat.)

+0.05
−0.07 (syst.), as extracted from the fitted δ, using δ = 4(3αs/π)4ln2. This value for

αBFKLs is in agreement with the measurements using vector mesons.

The cross section as a function of |t| is shown in Figure 8 b). It is compared to a fit of the
form dσ/dt ∝ |t|−n. The fit yields n = 2.60 ± 0.19(stat.)+0.03

−0.08(syst.). This |t| dependence is
significantly harder than measured for high |t| diffractive photoproduction of J/Ψ mesons. The

6 PHOTON09

KATHARINA M ÜLLER
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BFKL model also predicts a too soft |t| dependence and is unable to describe the data.

5 Scaled momentum distributions of charged particles

The measurement of soft charged particle distributions allows to study the formation of jets
of hadrons which can be described as a convolution of parton showering and hadronisation.
Parton showering can be calculated in pQCD as long as the energy scale is above ΛQCD while
hadronisation is a non perturbative process.

The study of charged particles with PT > 0.15 GeV in jets was performed in di-jet events
in photoproductionby the ZEUS collaboration using an integrated luminosity of 359 pb−1 [12].
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Figure 9: The ξ distribution for charged particles in jets
for different bins in ET of the jet and Θc the opening
angle of the jet [12].

The distributions are compared
to predictions based on pQCD
in the framework of the modified
leading-logarithmic approximation
(MLLA). Perturbative QCD based
on the MLLA can be used to pre-
dict the multiplicity and momen-
tum spectra of partons produced
within cones centred on the initial
parton direction. The MLLA may
only be used to describe partons at
scales above some minimum cutoff,
Λeff > ΛQCD. The value of Λeff is
predicted to be independent of the
process considered.

Figure 9 shows the number of
charged particles as a function of
ξ = ln(1/xchp) where xchp is the
fraction of the jet momentum car-
ried by the charged particle. The
ξ distributions are shown for five
bins in Ejet and three different cone
opening angles Θc around the jet
axis. The distributions are very
similar and roughly Gaussian in
shape with tails towards high ξ
which corresponds to very low mo-
mentum particles.

For each distribution, the peak position ξpeak is extracted using a three-parameter Gaussian
fit. The ξpeak values for Θc = 0.23 are shown in Fig. 10 as a function of µ sin Θc, where the
characteristic energy scale is µ = Ejet. The peak value increases with the energy. The plot
includes also results from ZEUS DIS [13], OPAL [14], TASSO [15], NOMAD [16] and CDF [17]
at their characteristic energy scale. There is an approximately linear relationship between ξpeak

and ln (Ejet sin (θc)).

The MLLA predicts a small square-root correction to the linear dependence (ξpl
peak = 1

2Y +√
cY +c with c = 0.29 and Y = ln(µ sin(Θc)/Λeff ). A single value of the intrinsic MLLA scale,
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Figure 10: ξpeak as a function of µsin(Θc), where µ is the characteristic energy scale for each
specific process. The ZEUS γp data is shown together with ep, pp̄ and e+e− data. The dashed
line corresponds to the fit using the MLLA prediction [12].

Λeff , is extracted by fitting the ξpeak data according to the predicted relationship assuming
Λeff is constant within the range of energies probed. The best fit value was found to be
Λeff = 275±4(stat.)+4

−8(syst.) MeV. The Λeff data are consistent with previously published data
sets using different initial states, supporting the prediction that Λeff is universal.

6 Conclusions

Several measurements of jets and prompt photons in photoproduction have been presented.
NLO calculations describe many aspects of jet samples which are dominated by direct interac-
tions, whereas resolved enhanced samples are less well described. Prompt photon production
in photoproduction is compared to a NLO calculation and to a calculation based on the kT fac-
torisation approach. Both calculation give a reasonable description of most of the distributions
but reveal problems in some kinematic regions.

Diffractive scattering of photons at large momentum transfer was compared to predictions
from a model based on the BFKL approach. While the W dependence of the cross section
is well described, the data show a steeper t dependence than the model and and previous
measurements with vector mesons.

The multiplicity distributions of charged particles within jets were measured and the intrinsic
MLLA scale Λeff was extracted and found to be universal.
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The photon is a very interesting object for QCD studies since it has both a pointlike
coupling to quarks, which yields a perturbative part of photons wave function, and a
non-perturbative coupling related to the magnetic susceptibility of the QCD vacuum and
which builds its chiral-odd twist-2 distribution amplitude. The first feature allows us to
compute the photon anomalous generalized parton distributions (GPD) and the diphoton
generalized distribution amplitudes. The second feature allows us to use a transverse spin
asymmetry to probe the chiral odd distribution amplitude of the photon.

1 Photon GPDs and diphoton GDAs

The factorization of the amplitude for the deeply virtual Compton scattering (DVCS) process
γ∗(Q)γ → γγ at high Q2 is demonstrated in two distinct kinematical domains, allowing to
define the photon generalized parton distributions and the diphoton generalized distribution
amplitudes. Both these quantities exhibit an anomalous scaling behaviour and obey new inho-
mogeneous QCD evolution equations. The parton content of the photon has been the subject
of many studies since the seminal paper by Witten [1] which allowed to define the anomalous
quark and gluon distribution functions. Recent progress in exclusive hard reactions focuses
on generalized parton distributions (GPDs), which are defined as Fourier transforms of ma-
trix elements between different states, such as 〈N ′(p′, s′)|ψ̄(−λn)γ.nψ(λn)|N(p, s)〉 and their
crossed versions, the generalized distribution amplitudes (GDAs) which describe the exclusive
hadronization of a q̄q or gg pair in a pair of hadrons, see Fig. 1. In the photon case, these
quantities are perturbatively calculable [2, 3] at leading order in αem and leading logarithmic
order in Q2. They constitute an interesting theoretical laboratory for the non-perturbative
hadronic objects that hadronic GPDs and GDAs are.

1.1 The diphoton generalized distribution amplitudes

Defining the momenta as q = p − Q2n
s , q′ = Q2n

s , p1 = ζp, p2 = (1 − ζ)p, where p and n are
two light-cone Sudakov vectors and 2p · n = s, the amplitude of the process

γ∗(Q, ε)γ(q′, ε′)→ γ(p1, ε1)γ(p2, ε2) (1)
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Figure 1: Factorizations of the DVCS process on the photon.

may be written as A = εµε
′
νε1
∗
αε
∗
2βT

µναβ . In forward kinematics where (q + q′)2 = 0, the

tensorial decomposition of T µναβ reads (see [3])

1

4
gµνT gαβT W q

1 +
1

8

(
gµαT gνβT + gναT gµβT − g

µν
T gαβT

)
W q

2 +
1

4

(
gµαT gνβT − g

µβ
T gανT

)
W q

3 . (2)

At leading order, the three scalar functions W q
i can be written in a factorized form which is

particularly simple when the factorization scale MF equals the photon virtuality Q. W q
1 is then

the convolution W q
1 =

1∫
0

dz CqV (z) Φq1(z, ζ, 0) of the coefficient function CqV = e2
q

(
1
z − 1

1−z

)
with

the anomalous vector GDA (z̄ = 1− z, ζ̄ = 1− ζ) :

Φq1(z, ζ, 0) =
NC e

2
q

2π2
log

Q2

m2

[
z̄(2z − ζ)

ζ̄
θ(z − ζ) +

z̄(2z − ζ̄)

ζ
θ(z − ζ̄)

+
z(2z − 1− ζ)

ζ
θ(ζ − z) +

z(2z − 1− ζ̄)

ζ̄
θ(ζ̄ − z)

]
. (3)

Conversely, W q
3 is the convolution of the function CqA = e2

q

(
1
z + 1

z̄

)
with the axial GDA :

Φq3(z, ζ, 0) =
NC e

2
q

2π2
log
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m2

[
z̄ζ

ζ̄
θ(z − ζ)− z̄ζ̄

ζ
θ(z − ζ̄)− zζ̄

ζ
θ(ζ − z) +

zζ

ζ̄
θ(ζ̄ − z)

]
(4)

and W q
2 = 0. Note that these GDAs are not continuous at the points z = ±ζ. The anomalous

nature of Φq1 and Φq3 comes from their proportionality to log Q2

m2 , which reminds us of the

anomalous photon structure functions. A consequence is that d
d lnQ2 Φqi 6= 0; consequently the

QCD evolution equations of the diphoton GDAs obtained with the help of the ERBL kernel
are non-homogeneous ones.
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1.2 The photon generalized parton distributions

We now look at the same process in different kinematics, namely q = −2ξp + n, q′ = (1 +
ξ)p, p1 = n, p2 = p1 + ∆ = (1− ξ)p , where W 2 = 1−ξ

2ξ Q
2 and t = 0. The tensor T µναβ is now

decomposed on different tensors with the help of three functions Wq
i as (see [2]):

1

4
gµαT gνβT Wq

1 +
1

8

(
gµνT gαβT + gανT gµβT − gµαT gνβT

)
Wq

2 +
1

4

(
gµνT gαβT − gµβT gναT

)
Wq

3 (5)

These functions can also be written in factorized forms which have direct parton model inter-

pretations when the factorization scale MF is equal to Q: Wq
1/3 =

1∫
−1

dxCqV/A(x)Hq
1/3(x, ξ, 0),

W2 = 0. The coefficient functions are CqV/A = −2e2
q

(
1

x−ξ+iη ± 1
x+ξ−iη

)
and the unpolarized

Hq
1 and polarized Hq

3 anomalous GPDs of quarks inside a real photon read :

Hq
1 (x, ξ, 0) =

NC e
2
q

4π2

[
θ(x − ξ)x

2 + (1− x)2 − ξ2

1− ξ2

+ θ(ξ − x)θ(ξ + x)
x(1− ξ)
ξ(1 + ξ)

− θ(−x− ξ)x
2 + (1 + x)2 − ξ2

1− ξ2

]
ln
Q2

m2
, (6)

Hq
3 (x, ξ, 0) =

NC e
2
q

4π2

[
θ(x − ξ)x

2 − (1− x)2 − ξ2

1− ξ2

− θ(ξ − x)θ(ξ + x)
1− ξ
1 + ξ

+ θ(−x− ξ)x
2 − (1 + x)2 − ξ2

1− ξ2

]
ln
Q2

m2
. (7)

Similarly as in the GDA case, the anomalous generalized parton distributions H q
i are propor-

tional to ln Q2

m2 , which violates the scaling. Consequently, the anomalous terms H q
i supply to

the usual homogeneous DGLAP-ERBL evolution equations of GPDs a non-homogeneous term
which changes them into non-homogeneous evolution equations.

We do not anticipate a rich phenomenology of these photon GPDs, but in the case of a high
luminosity electron - photon collider which is not realistic in the near future. However, the fact
that one gets explicit expressions for these GPDs may help to understand the meaning of general
theorems such as the polynomiality and positivity [4] constrains or the analyticity structure [5].
For instance, one sees that a D-term in needed when expressing the photon GPDs in terms of
a double distribution. One also finds that, in the DGLAP region, H1(x, ξ) is smaller than its
positivity bound by a sizeable and slowly varying factor, which is of the order of 0.7− 0.8 for
ξ ≈ 0.3.

2 Accessing the photon chiral-odd DA and the proton
transversity

In Ref.[6], we describe a new way to access the photon distribution amplitude through the
photoproduction of lepton pairs on a transversally polarized proton.
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Figure 2: Some amplitudes contributing to lepton pair photoproduction. (a) : The Bethe-
Heitler process. (b) : The Drell-Yan process with the photon pointlike coupling. (c) -(d) : The
Drell-Yan process with the photon Distribution Amplitude.

The leading twist chiral-odd photon distribution amplitude φγ(u) reads [7]

〈0|q̄(0)σαβq(x)|γ(λ)(k)〉 = i eq χ 〈q̄q〉
(
ε(λ)
α kβ − ε(λ)

β kα

) 1∫

0

dz e−iz(kx) φγ(z) , (8)

where the normalization is chosen as
∫
dz φγ(z) = 1, and z stands for the momentum fraction

carried by the quark. The product of the quark condensate and of the magnetic susceptibility
of the QCD vacuum χ 〈q̄q〉 has been estimated [8] with the help of the QCD sum rules tech-
niques to be of the order of 50 MeV and a lattice estimate has recently been performed [9].
The distribution amplitude φγ(z) has a QCD evolution which drives it to an asymptotic form
φasγ (z) = 6z(1− z). Its z−dependence at non asymptotic scales is very model-dependent [10].

We consider the following process (sT is the transverse polarization vector of the nucleon):

γ(k, ε)N(r, sT )→ l−(p)l+(p′)X , (9)

with q = p+ p′ in the kinematical region where Q2 = q2 is large and the transverse component
| ~Q⊥| of q is of the same order as Q. Such a process occurs either through a Bethe-Heitler
amplitude (Fig. 2a) where the initial photon couples to a final lepton, or through Drell-Yan
type amplitudes (Fig. 2b) where the final leptons originate from a virtual photon. Among these
Drell-Yan processes, one must distinguish the cases where the real photon couples directly
(through the QED coupling) to quarks or through its quark content. We thus consider the
contributions where the photon couples to the strong interacting particles through its lowest
twist-2 chiral odd distribution amplitude (Fig. 2c and 2d). We will call this amplitude Aφ.

One can easily see by inspection that interfering the amplitude Aφ with a pointlike amplitude
is the only way to get at the level of twist 2 (and with vanishing quark masses) a contribution to
nucleon transverse spin dependent observables. Reaction (9) thus opens a natural access to the
photon distribution amplitude [11], provided the amplitude Aφ interferes with the Bethe-Heitler
or a usual Drell-Yan process. Moreover, since this amplitude has an absorptive part, single
spin effects do not vanish. The amplitude where the photon interacts through its distribution
amplitude at lowest order (Fig. 2c and 2d) and in Feynman gauge, reads

Aφ(γq → ll̄q) (10)

= 2i
CF
4Nc

e2
qe4παsχ 〈q̄q〉

1

Q2

∫
dzφγ(z)ū(q′)[

A1

xz̄s(t1 + iε)
+

A2

zu(t2 + iε)
]u(r)ū(p)γµv(p′) ,
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with t1 = (zk − q)2 and t2 = (z̄k − q)2 and

A1 = x r̂ ε̂ k̂ γµ + γµ k̂ ε̂ q̂ , A2 = ε̂ q̂ γµ k̂ + k̂ γµ q̂ ε̂ , (11)

which do not depend on the light-cone fraction z. Most interesting is the analytic structure of
this amplitude since the quark propagators may be on shell so that the amplitude Aφ develops
an absorptive part proportional to

∫
dzφγ(z)ū(q′)[

A1

xz̄s
δ(t1) +

A2

zu
δ(t2)]u(r)ū(p)γµv(p′) .

The z−integration, after using the z − z̄ symmetry of the distribution amplitude, yields an

absorptive part of the amplitude Aφ proportional to φγ( αQ2

Q2+~Q2
⊥

). This absorptive part may

be measured in single spin asymmetries and thus scans the photon chiral-odd distribution
amplitude.

The cross section for reaction (9) can be decomposed as

dσ

d4QdΩ
=

dσBH
d4QdΩ

+
dσDY
d4QdΩ

+
dσφ

d4QdΩ
+

Σdσint
d4QdΩ

,

where Σdσint contains various interferences, while the transversity dependent differential cross
section (we denote ∆Tσ = σ(sT )− σ(−sT )) reads

d∆Tσ

d4QdΩ
=

dσφint
d4QdΩ

, (12)

where dσφint contains only interferences between the amplitude Aφ and the other amplitudes.
Moreover, one may use the distinct charge conjugation property (with respect to the lepton
part) of the Bethe Heitler amplitude to select the interference between Aφ and the Bethe-
Heitler amplitude :

d∆Tσ(l−)− d∆Tσ(l+)

d4QdΩ
=
dσφBH
d4QdΩ

. (13)

Conversely, one may use this charge asymmetry to cancel out the interference of Aφ with the
Bethe Heitler amplitude

d∆Tσ(l−) + d∆Tσ(l+)

d4QdΩ
∝ dσφDY
d4QdΩ

. (14)

The simplest observable which contains all appealing features of our proposal is the interfer-
ence of Aφ and the Bethe-Heitler amplitudes, see Eq.13, in the unpolarized photon case. The
polarization average of dσφBH reads :

1

2

∑

λ

dσφBH (γ(λ)p→ l−l+X) (15)

=
(4παem)3

4s

CF 4παs
2Nc

χ 〈q̄q〉
~Q2
⊥

∫
dx
∑

q

Q3
lQ

3
qh
q
1(x)2Re(IφBH ) dLIPS ,
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with the usual phase space factor dLips and

2Re(IφBH) = φγ [
αQ2

Q2 + ~Q2
⊥

]
32πα2ᾱ

xs(ᾱQ2 + ~Q2
⊥)2

(Q2 + ~Q2
⊥)[εrksTQTA+ εrksT lTB] , (16)

where A and B are algebraic functions [6]. Eqs. 15, 16 demonstate at the level of a highly
differential cross section the existence of a non-vanishing observable proportional to the photon

distribution amplitude Φγ(z = αQ2

Q2+~Q2
⊥

) and the nucleon transversity h1.
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The QED structure function Fγ2 can be rather easily extracted by means of the measure-
ment of cross sections for electron tagged events in e+e− scattering. We report on a
measurement of the QED structure functions of the photon with single tagged events, at
Q2 between 0.2 GeV 2 and 34 GeV 2. The data were collected with the L3 detector at LEP,
for c.m.s. energies between 189 GeV and 206 GeV. The sub detectors for tagging the single
beam electron were the Very Small Angle Tagger and the Luminosity detector of L3.

1 Introduction

Photons have structure and may interact with each other. This might be possible because pho-
tons can fluctuate into states of particles, which might be charged. Heisenberg’s uncertainty
relation ∆t ' 2Eγ

m2
pair

allows photons to fluctuate into intermediate states, where mpair represents

the mass of such a state. If Eγ becomes large, ∆t, i.e. the lifetime of the intermediate states can
also become quite large. These intermediate states will then be responsible for the interaction
of the photons and also for giving a structure to photons.
Since the fluctuation is a statistical process, the probability of the fluctuation into a particular
state is described in terms of structure functions.

2 Two Photon Physics and QED

Two-photon physics nowadays is of interest, since it allows to test Quantum-Chromodynamics
(QCD), the theory of strong interactions: the intermediate states might be strongly interacting
particles.
Experimentally, it is very difficult to collide high energy photon beams. A very elegant way
of avoiding this difficulty is the usage of virtual photons, e.g. the quantum fluctuation of an
electron into an electron-photon state. Thus, high energy e−e+ storage rings like the Large-
Electron-Positron collider (LEP) are an ideal tool for producing photons. Such accelerators can
be considered as Photon-Photon colliders, since a portion of the incoming electrons (positrons)
around collision points will be scattered into relatively large angles. Because of this scattering
highly virtual photons will be radiated and can be interacting with photons which are emitted
by the other beam particle. The increase of the photon emission probability with the increase
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of the beam-particle’s energy makes LEP a source of γ’s with continuous energy. Its cross-
section is much higher than in any previous e−e+-storage ring. Altogether, this fact allows to
obtain photon fluxes of high intensity; however, the “beam-energies” of such photons can not
be controlled.
The investigation of lepton pair production is a Quantum-Electrodynamics (QED) process
(Fig. 1, left), of the order O(α4), where α is the Fine-Structure Constant. The study of

Figure 1: Inelastic processes for γγ scattering, left: QED, right: QCD.

e−e+ → e−e+γγ → e−e+ l−l+ (l = e, µ, τ) allows to establish procedures to be adopted to
studies in hadronic photon structure functions. However, although the production of final
states with e±, µ±, and τ± have been measured, only the muonic case is feasible to extract the
structure function from data [1].
The information of the kinematics of this process can be obtained by experimental observation,
since the final state particles can be completely detected, in contrast to many QCD processes.
Thus, the study of lepton pair production from γγ-collisions will, besides supplying another
test of QED, provide important tools for the application in QCD studies.

3 Two-photon scattering

The measurements of the structure functions of photons can be performed for three special cases
due to experimental constraints [2]. The theoretical description as well as the measurements
for these cases will be quite different. One distinguishes between

1. Single tagging

2. Anti-tagging

3. Double tagging

The differences for the cases are incumbent upon the measurement of the so called tagged
electrons1. The measurements for the different cases define the virtuality of the radiated pho-
tons. The virtuality is a measure for the magnitude of the negative invariant masses squared
of the photons and thus a measure how far the photon is off its mass-shell. This quantity is
calculated from the squared four-momentum transfers of the electrons to the radiated photons,
which are described by Q2 respectively P 2, see Fig. 2. The configuration for the measure-

1Since the electron and positron behave identical in terms of two photon physics only the term electron will
be used in the following.
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Figure 2: Two-photon production and scattering.

ment described herein is case 1: one of the scattered electrons is observed within an angu-
lar range θlow < θ1 < θup, while the other electron is not observed over the angular range
θmax < θ2 < π − θmax. This means, that the first electron is detected and precisely measured
within a detector system with limited acceptance, whereas the second electron is considered
being scattered into the cone with θ2 < θmax or θ2 > π− θmax. If the angle θmax is sufficiently
small, the second electron will not be detected and is considered to be escaped close to the
beam line, i.e. outside the detector acceptance. Hence, case 1 classifies a direct accessible γγ∗

collision, since the four-momentum transfer to one photon will vanish, e.g. P 2 ∼ 0 (quasi-real),
whereas Q2 is measured. The asterisk is used for virtual photons.
An additional feature of the QED treatment of γγ-collisions is the access to further structure
functions: F γ,QEDA and F γ,QEDB , which correspond to transitions of photons with spin-flip
(Fig. 3). The helicity is defined by the spin component in the direction of motion. Since real
photons are massless, they cannot have a component parallel to their motion, i.e. they do not
have a longitudinal, but only a transversal component. Virtual photons are off the mass-shell.
This means, they can have a longitudinal polarization and therefore a non-zero helicity.
Since one photon is quasi-real, i.e. mγ ≡ 0 in the case of single tagging, it does not have a
longitudinal polarization. This photon is considered to be the target photon, whereas the other
is the photon, which probes the structure of the target photon. Thus, the three amplitudes
A1, A2, and A3 are the only ones, which are independent from each other. In Fig. 3 one can
schematically see the construction of the parameters Ai out of the total photon helicity states
λ.
A1 is described with the terms, (Fig. 3 from left to right) for λ = 0, 2, 1. A2 and A3 are made up

by interference terms. These coefficients are related to F γ,QED2 , F γ,QEDA and F γ,QEDB (see [3]).
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Figure 3: Helicity states for a single-tag configuration in two-photon collisions. The arrow depict
the transverse helicity states, the circle the longitudinal helicity state of the probe photon.

4 Cross section and structure function

The differential cross-section can be then written in terms of cross-sections σab and transition
amplitudes τab (see [4, 5]):

dσ = K
(

2|ρ+−
1 ρ+−

2 |τTT cos 2φ̃

−8|ρ+0
1 ρ+0

2 |τTL cos φ̃+ 2ρ++
1 ρ00

2

×
{
F2(W, q2

1 , q
2
2)/D

−F1(W, q2
1 , q

2
2)/C

}

+4ρ++
1 ρ++

2 F1(W, q2
1 , q

2
2)/C

)

×d
3p′1d

3p′2
E1E2

(1)

where

F1 =

√
ν2 − q2

1q
2
2

4π2α
(σTT −

1

2
σTL)

F2 =
ν|q2

1 |
4π2α

√
ν2 − q2

1q
2
2

(2)

×
(
σTT + σLT −

1

2
(σLL + σTL)

)

with ν = q1 · q2

The factors K and ρi depend on the four-momentum transfers, i.e. the measurable quantities
pi and qi only, and the index T, L correspond to transversal and longitudinal polarization,
respectively.
The structure-function F γ2 can be accessed with a Monte-Carlo generator, which produces
events according to (1). The basic idea of extracting F γ2 is to set this parameter as a fixed value
in the program and compare the measured differential cross-section with it. In other words,
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one normalizes the structure-function to a fixed differential cross-section, say, 1nb, and refers
to the measured cross-section. The ratio of the differential cross-section and the normalized
differential cross-section uncovers F γ2 .
This can in principle be done with MC generators, like VERMASEREN [6], by means of modifying
the program such, that it generates events according to F2 = 1nb. However, there exists a
Monte Carlo program, GALUGA [7], which can be used in a very convenient way.
It calculates the differential cross-section for e−e+ → e−e+X at given two-photon invariant mass
W, or integrated over W. This cross-section is rewritten in terms of the photon virtualities qi
as the outermost integration variables (next to W), in order to simultaneously cope with anti-
tagged and tagged electron modes.

5 Data analysis

The analyzed data sample was taken with the L3 detector at LEP/CERN in the years 1998-
2000. The c.m.s. energy was between 189GeV and 208GeV . The total integrated luminosity
for the data sample used, was L = 600.2 pb−1. The data sample was selected with single tag
mode, i.e. only one electron had to be seen in the detector. Furthermore, the tagged electron
had to be detected within the VSAT sub-detector ([8]) respectively the LUMInosity detector
([9]) of L3. The VSAT had a polar angular acceptance of 5mrad ≤ θ ≤ 12mrad, and accordingly
for the other side of the vertex position. The range for the squared four-momentum transfer
was 0.2GeV 2 ≤ Q2 ≤ 0.85GeV 2.
The LUMI had a polar angular acceptance of 32.6mrad ≤ θ ≤ 63.6mrad, and accordingly for
the other side of the vertex position.

Figure 4: The differential cross-section as a function of Q2 from the reaction e−e+ →
e−e+µ−µ+, left: with VSAT-tagged, right: with LUMI-tagged electrons. The QED curve
has been obtained with the generator GALUGA. Only statistical errors are drawn.
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The range for the squared four-momentum transfer was 11GeV 2 ≤ Q2 ≤ 34GeV 2.
The dimuon event was required to show exactly two well measured tracks where only one
particle had to be identified as a muon in order to uniformly cover the angular range. The
mean trigger efficiency for the years 1998 to 2000 was found to be ε = 96.5± 0.1%.

Figure 5: The structure function F2 as a function of x from the reaction e−e+ → e−e+µ−µ+,
left: with VSAT-tagged, right: with LUMI-tagged electrons. The QED curves have been
obtained with Eq.(2) and a mean virtuality of P 2 = 0GeV 2 (dashed line), P 2 = 0.019GeV 2

(solid line, MC), and P 2 = 0.031GeV 2 (dotted line, fit) for the target photon respectively. The
data suggest that a non-zero virtuality should be used. Only statistical errors are drawn.

6 Results

The theoretical prediction of the differential cross-section was calculated with the MC generator
GALUGA. Fig.4 shows a good agreement between data and the QED prediction. A series of
differential cross-sections dσ/dQ2 was calculated for a subdivision of Q2-ranges within the range
0.2GeV 2 ≤ Q2 ≤ 0.85GeV 2 respectively for 11GeV 2 ≤ Q2 ≤ 34GeV 2. The crucial parameter
used in GALUGA was the maximum polar angular range, in which the untagged electron can be
scattered. The average Q2 (center of gravity: c.o.g.) for each bin was calculated and the data
points are depicted accordingly. The parameter x, which the structure function depends upon,
is limited in its maximum to x = 0.2 for the VSAT-tagged sample. This is due to the fact
that the range of Q2 is rather small in connection with the minimum invariant mass of the two
lepton event in its final state.
The measured structure function F2 can be seen in Fig.5. There is a good agreement between
data and prediction, based on Eq.(2). The structure function is suppressed as compared to
non-vanishing virtualities of the probe photon. Although the effect of a non-zero virtuality of
the target photon is not very significant at low x, the data suggest that P 2 > 0GeV 2. This
becomes apparent for the case of higher four-momenta transfers (see Fig. 5 right). The average
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value of P 2 = 0.031 ± 0.001GeV 2 was obtained from a χ2-fit procedure. A mean value of
P 2 = 0.019±0.001GeV 2 was obtained from the reconstructed MC sample for the VSAT-tagged
sample.
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Chapter 6

Jets and Heavy Flavours
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The latest QCD results from the H1 and ZEUS collaborations at HERA presented here
cover a wide range in the energy scales relevant for the strong interactions. They comprise
a study of the underlying event, measurements of jet production and of αs(MZ) as well
as measurements of heavy flavor cross sections including the charm and beauty structure
functions.

1 Introduction

Recent results from HERA on the hadronic final state in deep-inelastic scattering (DIS) and
photoproduction (PHP) are presented, covering a wide range in the energy scales relevant for
the strong interactions. The study of the underlying event probes low and high scales, while jet
production is dominated by high scales. In heavy flavor production multiple scales play a role.

The HERA ep-collider operated with electrons or positrons of 27.6 GeV and protons of 820
or 920 GeV. Each of the two collider experiments H1 and ZEUS collected about 120 pb−1 from
1995 to 2000 (HERA-1) and after a luminosity upgrade about 370 pb−1 from 2003 to 2007
(HERA-2). Since the results presented here do not depend on whether the incident lepton was
an electron or a positron, the term “electron” is used to mean either of them. During part
of HERA-1 only H1 and since HERA-2 both experiments were equipped with micro-vertex
detectors, which is of particular relevance for some of the heavy flavor results shown. The
DIS kinematic region is defined by measuring the scattered electron in the main detector with
photon virtualities Q2 > 1 GeV2. The PHP region is defined by either not observing a scattered
electron (Q2 < 1 GeV2) or by requiring a signal in designated electron taggers (Q2 < 0.01 GeV2).
Requirements on the inelasticity y, measured via the scattered electron or the hadronic final
state, complete the definition of the DIS or PHP phase space.

The slides of the talk which include more figures than possible in this written version can
be found in [1].

2 Low & high scales: Underlying event in PHP

In ep collisions the quasi-real photon can directly interact with a parton from the proton or
it can have fluctuated into partons of which one interacts with a parton from the proton as
exemplified in Fig. 1. In the latter case additional interactions between the remnant partons of
the photon and the proton may occur. They are usually referred to as underlying event and/or
multi-parton interactions (MPI).
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Figure 1: A direct (left) and a resolved
(right) photon interaction diagram.

In leading order (LO) QCD one can dis-
tinguish between these direct and resolved in-
teractions by measuring the transverse ener-
gies and pseudo-rapidities of the two hard
jets and constructing the observable xγ =
1/(2yEe) (ET,jet1 exp−ηjet1 +ET,jet2 exp−ηjet2), i.e.
the fractional photon energy carried by the parton
from the photon. For direct events xγ → 1 and for
resolved events 0 < xγ < 1. Thus, at HERA MPI
can be turned on by studying events with typically
xγ < 0.7 or off for xγ > 0.7.

In case of a resolved photon event the additional interactions, besides the primary hard
parton-parton interaction leading to a hard dijet, are of interest. The MPI may consist of
additional soft interactions affecting the particle multiplicity, but also of semi-hard interactions
leading to an increase in jet multiplicity. The interpretation of the measurements in terms of
MPI is unfortunately not straightforward. Other effects, more or less well understood, due
to additional parton radiation (higher order QCD effects), fragmentation and beam remnants,
may lead to similar signatures as MPI. Since MPI provide an important background to precise
QCD measurements and to searches for new physics, particularly at the TEVATRON and soon
at the LHC, it is of great interest to improve the understanding and modeling of them.

Leading jet

Sub-leading jet

Figure 2: Definition of the four
azimuthal regions.

H1 provided new preliminary measurements [2] of the
mean charged particle multiplicity in different azimuthal
regions. The method, illustrated in Fig. 2, follows closely
an analysis [3] by the CDF collaboration. In PHP events,
Q2 < 0.01 GeV2 and 0.3 < y < 0.65, a leading and a sub-
leading jet with PT,jet > 5 GeV and |ηjet| < 1.5 were re-
quired. The jets were reconstructed in the laboratory frame
using the longitudinally invariant k⊥-cluster algorithm [4].
The leading jet at Φ⋆ = 0◦ defines the Toward region, and
the sub-leading jet is usually found in the Away region.
The mean charged particle multiplicity, using tracks with
PT > 150 MeV and |η| < 1.5, was measured in these and
the transverse regions. The transverse regions are distin-
guished into High and Low activity regions depending on
in which region the scalar sum over the transverse particle
momenta is higher. The expectation is that the transverse regions, particularly the Low activity

region, shows sensitivity to MPI.
For events satisfying the above mentioned requirements, the dependence of the mean charged

particle multiplicity on the angle ∆Φ between the leading jet and the charged particles is shown
in [1, 2] together with comparisons to Pythia [5] simulations. It is observed that the resolved-
enhanced events (xγ < 0.7) are described by Pythia only when MPI are included.

The Pythia event generation includes direct and resolved processes in LO matched with
DGLAP-type parton showers. MPI are simulated with additional semi-hard interactions down
to PT = 1.2 GeV. The data are also compared to Cascade [6, 7] which contains direct processes
using off-shell matrix elements in LO matched with CCFM-type parton showers, where the gluon
emissions are not ordered in kT. The gluon in the proton is described by kT un-integrated gluon
densities, i.e. the sets 2 and 3 [8], both of which describe the H1 data on the structure function
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F2. Note, Cascade simulates neither resolved photon processes nor MPI.
The mean charged particle multiplicities as a function of PT,jet1 in the Toward and Away

region are shown in [1, 2] for direct and resolved enhanced events separately. The direct-
dominated data are well described by both Pythia and Cascade. The resolved-dominated
data are best described by Pythia with MPI. The contribution from MPI is largest at low
PT,jet1. Cascade provides a reasonable description, except possibly at the lowest PT,jet1. The
multiplicities as a function of PT,jet1 in the High and Low activity regions are shown in Fig.3.
The direct-enhanced region (xγ > 0.7) is again similarly well described by both Pythia with
MPI and by Cascade. The resolved-enhanced region (xγ < 0.7) is reasonably well described by
Pythia with MPI. Cascade fails, but it is however closer to the data than Pythia without MPI.
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Figure 3: Mean charged particle multiplicity as a function of PT,jet1 in the High and Low activity

regions for direct (xγ > 0.7) and resolved (xγ < 0.7) enhanced events. The data are compared
to Pythia with and without MPI on the left and to Cascade for two different un-integrated
gluon densities (sets 2 and 3) on the right.

It is interesting to note that Cascade is only somewhat worse in describing the resolved
data, but is significantly better than Pythia without MPI. This is probably due to its different
ansatz in calculating the primary hard interactions. If this picture could be confirmed, it would
imply a smaller contribution from MPI. Clearly further studies at HERA and hadron-hadron
colliders are needed.

3 High scales: Jet cross sections and αs(MZ) in DIS and
PHP

In jet production in DIS there are two relevant high scales, i.e. Q and PT,jet, while in PHP there

is only PT,jet. In order to have a smooth transition from DIS to PHP the scale
√

(Q2 + P 2
T,jet)/2

is often used. In DIS we can have a more complicated interplay of the two scales. Depending
on the kinematic regions in Q and PT,jet, either one of them can be larger than the other or
they both can have rather similar magnitude. The precise measurements of jet cross sections
in PHP and DIS by H1 and ZEUS are found to agree very well with NLO QCD calculations
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such that precise values of the strong coupling αs(MZ) can be extracted.
A new preliminary extraction of αs(MZ) was obtained from a QCD re-analysis by ZEUS [10]

of inclusive jet cross sections as a function of ET,jet in PHP [9] from HERA-1. It is based on
next-to-leading (NLO) pQCD calculations [12] and an estimation of the theoretical error from
missing higher orders [11] not involving a refit of the data. This minimizes the theoretical
error and leads to one of the most precise determinations of αs(MZ) at HERA. The method
to extract αs consisted of performing the NLO calculations with more recent PDFs [13], which
had been extracted assuming different values of αs(MZ) when making the fits. The same
value of αs(MZ) was used consistently in the calculation of the matrix elements and in the
evolution of the PDFs. For the photon the GRV-HO [14] PDFs were used. The factorization
and renormalization scales were set to µR = µF = ET,jet of each jet.

The published data [9] and the new predictions are shown on the left of Fig. 4. The
theoretical uncertainties indicated include those due to the conventional but arbitrary variation
of the renormalization and factorization scales by a factor of 1/2 and 2, the PDF and the
hadronization uncertainties. The dominant experimental error is due to the jet energy scale
uncertainty of ≤ 1.5 %. The extracted value for the strong coupling

αs(MZ) = 0.1223± 0.0001 (stat) +0.0023
−0.0021(exp) ± 0.0030 (theory)

is very similar to the older published one, but the theoretical uncertainty is reduced. The total
uncertainty of 3.1 % is dominated by the theory uncertainty; the experimental contribution is
1.8 %.
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Figure 4: Inclusive jet cross section as a function of ET,jet in PHP (left) and as a function of
Q2 in DIS (right) compared to NLO predictions.

New preliminary results from ZEUS [15] on single and double differential inclusive jet cross
sections in neutral current DIS as a function of Q2, ET,jet and ηjet were presented this year.
They made use of HERA-2 data corresponding to an integrated luminosity of 188 pb−1. The
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DIS phase space was defined by requiring Q2 > 125 GeV2 and the angle of the hadronic system
| cos γh| < 0.65. The jets were identified in the Breit frame [16] using the k⊥ cluster algo-
rithm [4]. In this frame they were required to have ET,jet > 8 GeV and −2.0 < ηjet < 1.5. The
dependence of the inclusive jet cross section on Q2 is shown on the right of Fig. 4. The dominant
experimental error is due to the jet energy scale uncertainty of ≤ 1.9 %. The NLO predictions
are shown to be in excellent agreement with the data. These calculations were performed using
the program DISENT based on the dipole subtraction method [17]. The scales were chosen to
be µR = ET,jet and µF = Q, and for the proton PDFs the ZEUS-S parameterization [18] was
taken. For the extraction of αs(MZ) the same method was used as described above for the jets
in PHP. The theory uncertainty on αs(MZ) due to higher orders was estimated using the same
method [11] as for the preliminary PHP result. The smallest error on αs(MZ) was obtained
by fitting the Q2 dependence for Q2 > 500 GeV2. In this region the experimental uncertainties
are smaller than at lower Q2, and also the theoretical uncertainties due to the PDFs and the
missing higher orders are minimized, yielding:

αs(MZ) = 0.1192± 0.0009 (stat) +0.0035
−0.0032(exp) +0.0020

−0.0021 (theory) .

The total uncertainty is 3.5 %; in this case the experimental contribution of 2.9 % is somewhat
larger than the theoretical one.

H1 has provided new single and double differential measurements of normalized NC jet cross
sections [19], i.e. the ratio of inclusive jet, 2-jet and 3-jet cross sections to the inclusive DIS cross
sections. By measuring normalized jet cross sections a number of experimental errors cancel
partially, the luminosity error cancels completely, and the PDF uncertainty is also reduced.
The dominant experimental error is due to the ≤ 1.5 % uncertainty on the jet energy scale.
The data sample analyzed is from the years 1999 to 2007 and corresponds to an integrated
luminosity of 395 pb−1. The range covered in photon virtuality is 150 < Q2 < 15000 GeV2

and in inelasticity 0.2 < y < 0.7. The jet finding was performed in the Breit frame using the
longitudinally invariant k⊥ algorithm. Jets are accepted if in the laboratory frame they have
−0.8 < ηjet < 2.0. Furthermore, in the Breit frame the requirements are PT,jet > 7 GeV for
inclusive jets and PT,jet > 5 GeV and additionally M1,2 > 16 GeV for 2-jet and 3-jet events.
The normalized cross sections are measured as a function of Q2, the jet transverse momentum
and the proton momentum fraction [19].

Here, in Fig. 5, only the Q2 dependence of the normalized inclusive jet and 2-jet cross section
is shown. The NLO predictions for the jet cross sections were performed using the program
NLOJET++ [20], and for the NC DIS cross sections the program DISENT [17] was used.
The PDFs of the proton were taken from the CTEQ6.5M set [22]. For the jet calculations
the factorization scale was taken to be µF = Q and the renormalization scale to be µR =
√

(Q2 + P 2
T/2)/2, with PT denoting the PT,jet of the respective inclusive jet, or the arithmetic

mean of the PT,jet of the 2-jets or 3-jets. This choice is motivated by the presence of two hard
scales in jet production in DIS. The theoretical errors on the normalized jet cross sections were
determined in a similar way as described before for the ZEUS data.

For the extraction of the strong coupling, the jet cross sections were calculated as a function
of αs(µR) using the FastNLO program [23], which allows to efficiently calculate cross sections
based on the matrix elements from NLOJET++ and DISENT convoluted with the PDFS of
the proton. From the measurements and predictions a χ2(αs) was calculated using the Hessian
method [24]. This method takes the correlations of experimental uncertainties into account.
The dominant theory error is due to the uncertainty of the NLO prediction, which was estimated
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Figure 5: The normalized inclusive jet (left) and 2-jet (right) cross sections in NC DIS as
functions of Q2. They are compared to NLO predictions corrected for hadronization effects.
The theory uncertainties associated with the renormalization and factorization scales, the PDFs
and the hadronization are shown as grey bands.

by a variation of the renormalization and factorization scales by a factor of 1/2 and 2 of the
nominal scale in fits of the data.

Fits of αs(MZ) to the individual normalized jet cross section data sets yielded consistent
results. Therefore, all of them are used in a common fit taking correlations into account. This
fit yields

αs(MZ) = 0.1192± 0.0007 (exp) +0.0046
−0.0030 (theory) ± 0.0016 (PDF)

with a fit quality χ2/ndf = 65.0/53. The total uncertainty of 3.6 % is dominated by the theory
uncertainty; the experimental contribution is 0.6 % only.

On the left of Fig. 6 αs is shown as a function of the scale Q extracted from the high Q2

H1 data just discussed (6 rightmost points) and additionally as obtained from a preliminary
low Q2 H1 analysis [25]. The solid line shows the result of the evolution of the 2-loop solution
of the renormalization group equation using the value of αs(MZ) extracted from the high Q2

normalized jet cross sections. The inner (outer) band indicates the experimental (theoretical)
uncertainties. As can be seen, the αs values at low Q are nicely consistent with the prediction
from high Q, and, interestingly, they lie within the theory uncertainty of the high Q2 fit.
When estimating the theory errors for the low Q values a much larger theoretical uncertainty
is observed [25].

On the right of Fig. 6 the most recent values of αs(MZ) from jet measurements at HERA,
from jet and event-shape measurements at LEP [27] and the 2009 world average by Bethke [27]
are shown. The HERA αs(MZ) extractions have achieved an experimental precision compatible
and competitive with the result from LEP and the world average. At this point in time the
uncertainties at HERA are dominated by the NLO theory uncertainty. While advances in
theory are most promising and most needed for being able to reduce the total uncertainty, one
may also expect further experimental improvements by finalizing the analysis of all HERA data
and by combining measurements from H1 and ZEUS.
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Figure 6: The running of the strong coupling as a function of the scale Q. The line shows the
result of evolving the value of αs(MZ) extracted from the high Q2 normalized jet cross sections
down to the values of αs obtained from the low Q2 inclusive jet cross sections.

4 Multiple scales: Heavy flavor production

According to pQCD calculations, heavy quarks are mainly produced via the direct photon gluon
fusion process γg → QQ̄. Therefore, measurements of QQ̄ production provide information on
the gluon content of the proton. The heavy quark mass M is an additional hard scale in the
calculations besides the momentum transfer of the exchanged photon Q and the transverse
momentum PT of the heavy quark. Due to this multi-scale problem, different approaches exist
in the treatment of the pQCD series, depending on the relative magnitude of M, Q and PT.

• At low scales when Q and PT ≈ M , calculations in the massive fixed flavor number
scheme (FFNS) appear appropriate. In this scheme the heavy quarks are produced only
dynamically, they do not exist in the proton. The mass of the heavy quark is taken into
account in the LO photon gluon fusion (γg → QQ̄) matrix element. NLO terms are of
order α2

s. Parton level calculations at NLO which take this approach are provided by
the HVQDIS [29] program in DIS and by the FMNR [30] program in PHP. Also the
PDF parameterizations CTEQ5F3 [31] and MRST2004FF3 [32] were obtained using this
framework.

• At high scales when Q and PT ≫ M , calculations in the zero mass variable flavor number
scheme (ZM-VFNS) are applicable. In this scheme charm and beauty are treated as
massless partons which exist already in the proton. At LO the quark parton model
process (γQ → Q) provides the dominant contribution. At NLO photon gluon fusion and
QCD Compton processes also contribute.

• Finally and more recently, calculations in the general mass variable flavor number scheme
(GM-VFNS), which interpolate between the massless and the massive schemes, provide
a description of heavy quark production over the whole range in Q2. Such calculations
are used in the latest global PDF fits, yielding the following PDF parameterizations:
CTEQ6.6 NLO [33], MSTW08 NLO [34] and MSTW08 NNLO [34].
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Measurements of the contributions of charm and beauty, F cc̄
2 and F bb̄

2 , to the proton structure
function F2 allow to test these schemes. The gluon and heavy quark PDFs are important for
the understanding of measurements of standard and beyond standard model physics processes
at the TEVATRON and LHC. For this reason the focus here is on most recent measurements
of charm and particularly beauty in DIS at HERA. Some of the results presented make use of
the full HERA-2 data sample and thus offer a significant improvement in precision compared
to previous HERA-1 results.

The fraction of charm production in total NC DIS is large, up to ≈ 30% at HERA energies.
Charm quarks are tagged predominantly by reconstructing the decays of charmed hadrons,
D⋆±, D±, D±

s and D0 (see for example [35, 36]). The signal to background ratio of these
measurements can be further improved by using information on the decay length provided
by the decay vertex as reconstructed by the silicon vertex detectors of the H1 and ZEUS
experiments.

Beauty quarks, in contrast to the large contribution of charm to deep-inelastic scattering,
contribute at most a few % and an order of magnitude less at low Q2. This makes the tagging
of beauty in DIS events very challenging. To extract signals use is made of various properties of
beauty hadrons: their semi-leptonic decays and their relatively large mass and long life-time. In
semi-leptonic decays the large transverse momentum of the lepton w.r.t. the jet axis, prel

T , and

the missing neutrino momentum projected onto the direction of the lepton, p
miss‖µ
T , are used.

In addition, information on the impact parameter δ of the lepton as obtained from the vertex
detectors can be used. In analyses not requiring a lepton the impact parameter significance of
all tracks with hits in the vertex detector and the distance significance of the secondary vertex
are used by a neural network to discriminate between beauty, charm and light quarks. The c, b
and light quark fractions in the data are extracted performing fits of simulated Monte Carlo
(MC) templates to the measured distributions.
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Figure 7: Differential muon cross sections for c and b production as a function of Q2 and x.
The bands show the NLO predictions by HVQDIS and the corresponding uncertainties.

Inclusive charm and beauty cross sections were measured by ZEUS [37] based on 126 pb−1 of
HERA-2 data, using semi-leptonic decays of heavy hadrons into muons. The kinematic phase
space covered is given by Q2 > 20 GeV2, the inelasticity 0.01 < y < 0.7, PT

µ > 1.5 GeV
and −1.6 < ηµ < 2.3. The charm and beauty contributions were extracted by simultaneous

8 PHOTON09
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Figure 9: The structure function F cc̄
2 as a

function of Q2 for fixed values of x. Also
shown are the massive FFNS predictions
CTEQ5F3 and MRST2004FF3 in NLO.

fits of MC templates to the muon prel
T , p

miss‖µ
T and

δ distributions (see [1, 37]). The relatively low
cut on PT

µ allows both, the inclusive charm and
beauty cross sections to be determined simultane-
ously as a function of PT

µ, ηµ, Q2 and x. They
are shown as a function of Q2 and x in Fig. 7 (see
[1, 37] for the dependence on PT

µ and ηµ). The
charm data are well described by HVQDIS, while
for beauty the data lie above the predictions at
low Q2 and x. The measurements were extrapo-
lated to the full phase space to provide charm and
beauty structure functions (see Fig. 8 and Fig. 9
to be discussed below).

The H1 collaboration provided new data on
the inclusive production of charm and beauty
in DIS [38] in the kinematic region 5 < Q2 <
650 GeV2 and 0.0002 < x < 0.032 correspond-
ing to an integrated luminosity of 189 pb−1. This
analysis used the impact parameter significance
of tracks and the distance significance from the
primary vertex to the decay vertex of the heavy
hadrons as inputs to a neural network (see [1, 38].
As in the ZEUS analysis the charm and beauty
contributions were obtained from fits of various
distributions to MC templates. From these the
visible cross sections were determined and extrap-
olated to the full phase space, providing measure-
ments of the charm and beauty structure functions
F cc̄

2 and F bb̄
2 respectively.

The results for F bb̄
2 together with the ones

from ZEUS discussed above are shown in Fig. 8
as a function of Q2 for different fixed values of
x. They are in reasonable agreement, although
the ZEUS results tend to be higher than the ones
from H1 at low Q2. The measurements of F bb̄

2

are well described by the latest GM-VFNS cal-
culations (MSTW08) in NLO and NNLO. In the
phase space region of the measurements the dif-
ferences between NLO and NNLO are tiny, except
for Q2 < M2

b .
A large number of measurements of the charm

structure function F cc̄
2 using different methods are

shown in Fig. 9 as a function of Q2 for various fixed
values of x. The data cover a large phase space in
Q2 and x due to the substantially higher statistics
for charm. The acceptance of the different meth-
ods varies between 20% and 70%, but the results
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agree well between them. The theory prediction based on the massive FFNS provides a reason-
able description of the data. The largest differences between the CTEQ5F3 and MRST2004FF
are in the region Q2 < 2M2

c due to different inputs in this region when fitting the PDFs. The
precision in F cc̄

2 and F bb̄
2 can be expected to be further improved by analyzing the full HERA

statistics and by combining results using different methods within an experiment and within
H1 and ZEUS.

5 Summary

Low & high scales – The study of the underlying event, which involves an understanding
of the physics at high and at low scales, indicates that in resolved photon interactions the
description of the mean charged particle multiplicity in different azimuthal regions requires
multiple interactions when using Pythia to describe the data. The comparison of the data
with CASCADE, which provides a different approach to hard interactions and also includes
no MPI, suggests that within this model the importance of the underlying event is reduced.
This requires further studies. If correct, this of course would have interesting and important
consequences, particularly for understanding the data at the TEVATRON and LHC.

High scales – Jet production in DIS and PHP are found to be well described by NLO QCD.
This allows for precise extractions of the strong coupling αs(MZ), competitive and compatible
with results from e+e− annihilation at LEP and the world average. The experimental precision
reached so far is among the best of the various measurements, however the theoretical precision
at NLO is considerably worse. A significant increase in total precision can be expected from
the calculation of higher orders beyond NLO.

Multiple high scales – The physics of charm and beauty production at HERA involves the
interplay of the hard scales M, Q and PT. Experimentally, many different techniques to tag
charm or beauty have been employed for the measurement of differential cross sections and their
extrapolation to the total inclusive cross sections or structure functions F cc̄

2 and F bb̄
2 . They are

all found to be overall well described by QCD calculations.
Work is continuing at HERA towards final results by analyzing the complete HERA data

set with improved understanding of the detector and event reconstruction, and by combining
H1 and ZEUS measurements.
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This paper reviews several recent measurements at the Fermilab Tevatron, including cross
sections for inclusive jet, dijet production, cross sections for electroweak boson (W or Z)
production in association with inclusive or heavy-flavor (b or c) jets, and b-jet shapes.
In addition, searches for new physics using the dijet angular distributions are discussed.
These analyses are based on integrated luminosities of 0.3–2.5 fb−1 of pp collisions at

√
s =

1.96 TeV, collected with the CDF and DØ detectors. The results directly test the leading
order and next-to leading order calculations of perturbative quantum chromodynamics and
provide constraints on the parton distribution functions and physics beyond the standard
model.

1 Introduction

Measurements using jet final states have been of great interest to both experimentalists and
theorists for the following reasons. First, among high pT physics processes at a hadron collider,
jet production has the largest cross section. Therefore, jet production can test perturbative
quantum chromodynamics (pQCD) with the highest reach in energy and rapidity (y). Second,
measurements at the Tevatron, which are complementary to the measurements by HERA and
fixed target experiments, may constrain parton distribution functions (PDFs) in the region of
large Q2 and medium-to-large x and reduce uncertainties on the gluon, b, and s quark PDFs.
Measurements will have greater impacts on PDFs when the uncertainties on the cross sections
due to variation of renormalization and factorization scales (pQCD uncertainties) are much
smaller compared to the uncertainties from existing PDFs, e.g. measurements of inclusive
jet cross section. Third, these measurements not only provide stringent tests of the standard
model (SM) physics, but also probe physics beyond the SM. The production of W or Z in
conjunction with inclusive or heavy-flavor jets is one of the major backgrounds to searches
for SM Higgs, SUSY, and other models. Measurements of the cross sections of these processes
decrease uncertainties on the estimation of backgrounds. The angular distributions of jet events,
which are not very sensitive to PDFs, can also probe the presence of new physics.

Section 2 briefly describes the jet definition and reconstruction algorithms used at the Teva-
tron. Sections 3–10 discuss the results of these analyses. Section 11 gives the conclusion.
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2 Jet Definition and Reconstruction

Jets are collimated sprays of particles originating from quarks or gluons. The most common jet
reconstruction algorithms at the Tevatron are midpoint cone and kT .1 The midpoint cone and
kT algorithms cluster objects2 based on their proximity in the geometry and momentum space,
respectively. The midpoint cone algorithm starts from objects above an energy threshold (seeds)
and sums the four-momentum vectors of all objects within a cone of radius Rcone

3 around the
seed. The total four-momentum vector of these objects defines a new jet axis. The process
is iterated until the updated jet axis is within a tolerance from the previous jet axis; a stable
cone is formed. Then, additional seeds are added at the midpoints between all pairs of stable
cones whose separation is less than 2Rcone and the clustering procedure is repeated using these
additional seeds. Finally, geometrically overlapping cones are split or merged depending on
the amount of shared momentum. The kT algorithm starts by considering every object as a
protojet and calculates k2

T,i for each protojet and k2
T (i,j) for each pair of protojets.4 All k2

T,i

and k2
T (i,j) are then collected into a single sorting list. If the smallest in this list is k2

T,i, protojet

i is promoted to a jet and removed from the list. If the smallest is k2
T (i,j), protojets i and

j are combined into a single protojet. The procedure is iterated until the list is empty. The
cone algorithm has simpler underlying event and multiple interaction corrections while the kT
algorithm is less sensitive to higher order perturbative QCD effects. More discussions of the
strengths and weaknesses of these two algorithms are in Ref. [1].

Three levels of energies are defined, (i) parton level: the true energy of the parent parton
(quark or gluon), (ii) particle level: the total true energy of all particles contained in a jet,
including underlying event and products of fragmentation and hadronization, but excluding
the energy from multiple pp̄ interactions per crossing, (iii) detector level: energy measured in
the calorimeters. The cross sections discussed here are presented as functions of particle-level
energy.5 Calorimeters may under- or over-measure the energies of particles due to finite resolu-
tion, non-uniformity, and inefficiency of detector. Programs that provide theoretical predictions
of cross sections at the next-to leading order (NLO) typically do not include parton showering.
Therefore, in order to have a valid comparison between data and theory, corrections have to be
applied. For measurements in data, corrections of energy from the detector to the particle level
follow the procedures described in Ref. [2, 3].6 For theory predictions, corrections of energy
from the parton to the particle level are obtained by comparing PYTHIA or HERWIG MC with
parton shower and fragmentation switched on vs. switched off.7

1When comparing data and theory, the same algorithms are applied.
2In data, the “object” is a calorimeter cell with energy deposit. In theory, the “object” is a parton.
3R2

cone ≡ ∆y2 + ∆φ2.
4Here, k2

T,i ≡ p2
T,i and k2

T (i,j)
≡ min(p2

T,i, p
2
T,j)∆R

2
i,j/D

2, where Ri,j is the distance between the two

protojets in the y − φ space and D is a parameter that controls the size of the jet.
5The energy at the particle level depends only on physics models, not detectors.
6The corrections are ≈ 20% (50%) of the jet energy at 50 GeV and ≈ 10 % (20%) at 400 GeV for CDF(DØ).
7The corrections are ≈ 10–20% at 50 GeV and drops quickly to below 5 % when energy is above 100 GeV.
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3 Measurements of Inclusive Jet Cross Section

As mentioned in Section 1, inclusive jet production cross section provides constraints on the
gluon PDF.8 The inclusive jet cross section from Tevatron Run I [4] had excess in data with
respect to NLO predictions at high pT . Data had been included later in the global fits of CTEQ6
and MRST2001 and preferred larger contribution of gluons at high x. At Run II, CDF and
DØ have measured inclusive jet cross section with midpoint cone [5, 6] and kT algorithms [7].
The Run II measurements have extended the cross section reach significantly both in pT and
rapidity (y). The midpoint seeds are added9 in the cone algorithm in order to reduce sensitivity
to non-perturbative effects, such as radiation of soft gluons.

The cross section is measured as a function of corrected jet pT (to the particle level), in 5–6
bins of jet rapidity. Dominant sources of systematic uncertainties are jet energy scale10 and jet
energy resolution. Measurements in data are compared to NLO predictions and CTEQ6.1M
PDFs for CDF, CTEQ6.5M PDFs for DØ. The renormalization and factorization scales (µR
and µF ) are set to 0.5pjet

T for CDF and pjet
T for DØ. Figure 1 and Figure 2 show the ratios of

Run II data to theory using the cone algorithm and kT algorithm, respectively. Although the
PDFs and scales used are not exactly the same, all three measurements have a similar trend: at
high pT and large |y| (equivalent to large x), the data prefer smaller values of cross section than
the theory prediction. The CDF kT and DØ cone measurements are already included in the
global fit of MSTW2008 PDFs; not only the uncertainties of gluon component have decreased,
but also the central values. There is an ongoing effort to include the CDF cone measurement
and update CTEQ PDFs as well.

4 Measurements of Dijet Mass Spectra and Search for
New Particles Decaying into Dijets

Measurements of dijet mass spectra provide an alternate method to constrain PDFs. In ad-
dition, new particles predicted by physics beyond SM may appear as resonances in the dijet
mass spectra. These new particles and decays include: (i) q∗ → qg (quark compositeness [8]),
(ii) axigluon or coloron → qq̄ (chiral color model [9]), (iii) color-octet techni-ρ (ρT8) → qq̄ or
gg (extended and topcolor-assisted technicolor [10]), (iv) Randall Sundrum graviton → qq̄ or
gg (warped extra dimension [11]), (v) W ′ (Z ′) → qq̄′(qq̄) (grand unified theories GUT [12]),
(vi) diquark → qq or q̄q̄ (E6 GUT [13]). The CDF measurement of dijet mass spectrum [14]
requires both jets to be central (|yjet| < 1.0) while the DØ measurement [15] is performed in six
bins of |y| and extended to |y|max = 2.4, where |y|max is the rapidity of the jet with the largest
|y| among the two leading jets (see Figure 3).11 Both CDF and DØ have not seen significant
discrepancy from the NLO predictions and the results are yet to be included in the global PDF
fits. While the limits on W ′, Z ′, and RS graviton are not as stringent as those obtained by the
lepton channels, CDF has set the world’s best limits and excluded at 95% C.L. the mass of q∗

at 260–870 GeV/c2, of axigluon and coloron at 260–1250 GeV/c2, of ρT8 at 260–1100 GeV/c2,
and of E6 diquark at 260–630 GeV/c2. The DØ limits are work in progress.

8The inclusive jet cross section measured in the forward region will be most sensitive to gluon PDF since
new physics is expected to appear mostly in the central region.

9There were no midpoint seeds at Run I.
10The uncertainty on the jet energy scale is 2–3(1.2–2)% for CDF(DØ).
11Ordered in jet pT .
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Figure 1: The Tevatron Run II results of inclusive jet cross section using midpoint cone algo-
rithm. Ratios of CDF (top) and DØ (bottom) data to NLO theory are shown.
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5 Search for New Physics in the Dijet Angular Distribu-

tions

An excess in data may indicate presence of new physics, but may also imply that the PDFs have
to be updated; matrix elements for hard scattering processes and PDFs are entangled in the
calculation of absolute production cross sections. Instead, the shapes of angular distributions,
which are disentangled from PDFs, are more sensitive to new physics. The shape of the dijet
angular variable, χdijet

12, is flat for Rutherford scattering, and is more strongly peaked at small
value of χdijet in the presence of new physics;13 the peak fraction increases as the dijet mass Mjj

increases. CDF has focused on Mjj =0.55–0.95 TeV/c2 and looked at the ratio of the number of
events in two χdijet regions: N1<χdijet<10/N15<χdijet<25, for four Mjj bins [16]. DØ has a wider
mass range14, 0.25–above 1.10 TeV/c2, and has studied the normalized χdijet distributions for
ten Mjj bins (see Figure 3) [17]. Since no significant discrepancy is observed between the data
and SM prediction, both experiments set limits on the compositeness scales [8], ΛC , which
characterizes the physical size of composite states. DØ has obtained the world’s best limits:
ΛC > 2.84 (2.82) TeV for the interference term η = +1(−1), assuming flat prior in the new
physics cross section. DØ also set limits on ADD large extra dimension [18] and TeV−1 extra
dimension [19].

6 Measurement of W + Inclusive Jet Cross Section

CDF has used early Run II data and measured the W + jet cross section [20]. While most
jet cross section measurements have major uncertainties from the jet energy scale, this mea-
surement also suffers from the uncertainty on the background estimate at large jet pT and
high jet multiplicity; this is the region where top pair production dominates. Measured re-
sults are compared with NLO predictions from MCFM and two different schemes of inter-
facing leading-order (LO) matrix element with parton shower generators and jet matching
(MLM:ALPGEN+HERWIG+MLM, SMPR: MADGRAPH+PYTHIA+CKKW). Both LO and NLO predict
well the cross section ratios of different jet multiplicity σn/σn−1. The NLO predictions also
have good agreement with the measurement, both in shape and absolute cross section, as func-
tions of jet multiplicity and jet ET . As expected, the LO tends to under-predict the absolute
cross section. Among the two LO schemes, SMPR has better agreement at low ET due to a
better underlying event model in PYTHIA.

7 Measurements of W + Heavy-flavor Jet Cross Section

The production of W boson in association with heavy-flavor jets is one of the major backgrounds
to searches for new physics (e.g. Higgs). A sample of W boson with heavy-flavor jets may be
obtained by requiring the jets to contain either secondary vertices (SECVTX tagging) or a soft
electron or muon (soft lepton tagging).

12Here, χdijet ≡ (1 + cos θ∗)/(1 − cos θ∗), where cos θ∗ = tanh(y∗), ±y∗ is the rapidity of each jet in the

center-of-mass frame, and y∗ = 1
2

(y1 − y2).
13Here, the new physics models refer to quark compositeness, large extra dimension, and TeV−1 extra dimen-

sion.
14This is the same dataset that is used to measure the dijet mass spectrum, as described in Section 4.
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Figure 3: Measurements of dijet mass spectra by DØ (left) and normalized χdijet distributions
from the DØ data, SM, and new physics predictions (right).

CDF has measured the W + b jet production cross section, where the measurement is
proportional to the number of b jets and restricted to the kinematic range: a charged lepton
with pT > 20 GeV/c and |η| < 1.1, a neutrino with pT > 25 GeV/c, and one or two jets
regardless of species with ET > 20 GeV and |η| < 2.0 [21]. This definition of cross section
has been chosen in order to minimize uncertainties on the acceptance. The jets are tagged by
ultra-tight SECVTX [22].15 The fraction of tagged jets originating from b quarks is extracted by
fitting the mass reconstructed at the secondary vertices to templates of light, c, and b-flavor
jets (see Figure 4). The cross section has been measured to be 2.74± 0.27(stat) ± 0.42(syst)
pb, which is ≈ 3.5 times larger than the LO prediction of 0.78 pb from ALPGEN. The NLO
calculations are available, but not yet implemented in an MC program that allows comparison
of data and theory with user-defined kinematic requirements.

CDF and DØ have also studied samples of W boson with single charm candidate by tagging
the charm quark with soft muon tagging [23, 24]. While SECVTX and soft lepton taggings could
help separating heavy-flavor from light-flavor jets, a separation between b and c requires more
advanced analysis techniques, such as neural network. Nevertheless, one could employ the fact
that in W + single charm events, the muon from semileptonic decays of c hadrons and the

15The ultra-tight SECVTX is operated at a different point from the standard SECVTX [22] and further decreases
the light (charm) backgrounds by a factor of 10 (4), at the expense 50% reduction in b-tagging efficiency.
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charged lepton from W decays are oppositely charged, therefore, with a large asymmetry in the
number of oppositely-charged vs. same-charged events, while background from Wbb̄ or Wcc̄ has
zero asymmetry. CDF has measured the absolute cross section for W → `ν̄`, p

c
T > 20 GeV/c,

and |ηc| < 1.5 to be 9.8±3.2 pb. DØ has measured the cross-section ratio, σ(W +c)/σ(W+jet)
for jet pT > 20 GeV/c and |η| < 2.5, to be 0.074± 0.019(stat) +0.012

−0.014 (syst), and also measured
the ratios as a function of jet pT . Both experiments have found good agreement between data
and LO or NLO predictions within uncertainties. Since the dominant process of Wc production
is gs → Wc, future Wc cross section measurements with reduced uncertainties may constrain
the s quark PDF.

8 Measurements of Z + Inclusive Jet Cross Section

The measurements of Z boson production in association with inclusive jets contain only small
amount of background from mis-identified leptons and are one of the cleanest channels to test
pQCD. CDF has measured the Z + jet cross section as functions of jet multiplicity and jet
ET [25]. In addition, DØ has measured the cross section as a function of Z boson kinematics:
pT (Z) and y(Z), and the angular separation between Z and jets: ∆φ(Z, jet), ∆y(Z, jet), and
yboost(Z + jet) [26, 27, 28]. Both CDF and DØ have seen good agreements between data
and theory when NLO predictions are available. DØ has also compared their results with a
number of LO matrix element generators and pure parton showering programs, such as ALPGEN,
SHERPA, PYTHIA, HERWIG. Overall, the LO MC programs under-predict the cross sections, but
the programs that interface matrix element generator with parton shower MC have better
agreement with data in shapes. The results of these comparisons may provide inputs to the
MC generation for LHC experiments.

9 Measurement of Z + Heavy-flavor Jet Cross Section

CDF has measured the ratio of Z+b jet cross section to inclusive Z cross section [29]. Mea-
suring the ratio, instead of the absolute cross section, makes the systematic uncertainties from
luminosity and lepton identification largely cancel. Analysis requires at least one jet tagged
by the standard SECVTX algorithm and the b fraction is extracted by fitting the secondary
vertex mass as described in Section 7. The per jet cross section ratio, σjet(Z + b jet)/σ(Z),

for Eb jet
T > 20 GeV, |ηb jet| < 1.5, 76 < M`` < 106 GeV/c2, has been measured to be

(3.32± 0.53(stat)± 0.42(syst))×10−3. Although the measured results are consistent with pre-
dictions from MCFM, the predictions have a large dependence on scales, which is unexpected
for NLO calculations. For example, the cross section ratio at Njet = 2 for Q2 =

〈
p2
T,jet

〉
is a

factor of two of the prediction for Q2 = m2
Z . Several investigations show that MCFM does not

provide full NLO predictions for one of the production diagrams: qq̄ → Zbb̄ when only one b
jet is observed.16 Similar to the case of W + b cross section, NLO calculations are available,
but not yet implemented in an MC program that allows user-defined kinematic requirements.
The other dominant production process is gluon initiated, gb → Zb17, therefore, future Z + b
cross section measurements may constrain the b quark PDF.

16When the two b quarks are collinear, they may be reconstructed as single b jet. When the two b quarks are
well separated, one of them may be outside of the detector acceptance.

17Equivalent to gg→ Zbb̄.
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10 Measurement of b-jet Shapes

The jet shape Φ(r) is defined as the fraction of momentum carried by particles within a cone of
radius r, relative to the total momentum within the jet cone size R. By definition, Φ(R) is equal
to one. The b-jet shapes provide an alternate method to probe the bb̄ production mechanism,
particularly the fraction of gluon splitting, which is complementary to the measurement of the
bb̄ angular correlation. A b-jet that originates from only one b quark has narrower18 jet shape
than a b-jet that originates from two b quarks; gluon splitting tends to produce more 2-b-quark
jets. The CDF measurement has been compared to predictions by PYTHIA and ALPGEN, with
the default 1-b-quark fraction f1b, only one b quark, only two b quarks, and with f1b − 0.2 [30].
Data have shown a preference over f1b − 0.2 (see Figure 4).
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Figure 4: Fitting of secondary vertex mass measured in CDF data to templates of light, c, and
b-flavor jets (left). The CDF measurement of b-jet shape in four pT bins, and predictions from
PYTHIA and HERWIG with various 1-b-quark fractions (right).

11 Conclusion

Measurements of inclusive jet, dijet mass, W/Z + inclusive jet cross sections provide stringent
tests of pQCD and are in agreement with NLO predictions. The Run II inclusive jet cross
section results have decreased the central value and uncertainty of gluon PDF at high x. The
dijet mass spectrum and angular distributions have been used to set the world’s best limits
on parameters predicted by new physics, such as mass of excited quark, axigluon/coloron,
and compositeness scale, etc. Measurement of b-jet shape suggests that the fraction of gluon-
splitting for bb̄ production has to be increased in PYTHIA and HERWIG. More data are being
collected at the Tevatron and 8 fb−1 of pp collisions are expected by the end of 2010. Updates
with more data will benefit the W/Z + heavy flavor measurements and also push the other
analyses to a wider kinematic range. In addition, full NLO predictions for W/Z + heavy flavor
in a user-friendly MC program will give more sensible data and theory comparisons. As the

18Narrower jet shape means more momentum at small r.
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QCD productions of these processes are well measured and studied, our chance of discovery
will be enhanced due to the better understanding of backgrounds.
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If large-angle multigluon radiation gives significant contributions to parton showers in
the LHC high-energy region, appropriate generalizations of parton branching methods are
required for Monte Carlo simulations of exclusive high-multiplicity final states. We discuss
the use in this context of transverse-momentum dependent kernels which factorize in the
region of high energies. We give examples based on ep and pp̄ multi-jet data, and point to
possible developments for distributions associated with massive final states at the LHC.

1 Introduction

Complex final states with high particle multiplicity are central to many aspects of the LHC
physics program. Theoretical predictions for these processes require advanced QCD calcu-
lational tools, which rely both on perturbative results (at present, mostly next-to-leading-
order) [1] and on parton shower event generators for realistic collider simulations [2].

This article discusses aspects of spacelike parton showers that depend on the structure of
QCD multiparton matrix elements in the multiple-scale region of large center-of-mass energy√
s and fixed transferred momenta, and are likely to affect the form of the final states at high

multiplicity.
Let us recall that the physical picture underlying the most commonly used branching Monte

Carlo generators [2, 3] is based on collinear evolution of jets developing, both “forwards” and
“backwards”, from the hard event [4], supplemented (in the case of certain generators) by
suitable constraints for angularly-ordered phase space [5]. The angular constraints are designed
to take account of coherence effects from multiple soft-gluon emission [5, 6, 7].

The main new effect one observes when trying to push this picture to higher and higher
energies is that soft-gluon insertion rules [6, 7] based on eikonal emission currents [8, 9] are
modified in the high-energy, multi-scale region by terms that depend on the total transverse
momentum transmitted down the initial-state parton decay chain [10, 11, 12]. As a result, the
physically relevant distribution to describe initial-state showers becomes the analogue not so
much of an ordinary parton density but rather of an “unintegrated” parton density, dependent
on both longitudinal and transverse momenta.1

1Theoretical aspects of unintegrated pdfs from the point of view of QCD high-energy factorization are
discussed in [13]. Associated phenomenological aspects are discussed in [14, 15], and references therein (see
also [16, 17] for recent new work). See works in [18] for first discussions of a more general, nonlocal operator
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The next observation concerns the structure of virtual corrections. Besides Sudakov form-
factor effects included in standard shower algorithms [2, 3], one needs in general virtual-graph
terms to be incorporated in transverse-momentum dependent (but universal) splitting func-
tions [10, 18, 19, 20, 21] in order to take account of gluon coherence not only for collinear-ordered
emissions but also in the non-ordered region that opens up at high

√
s/p⊥.

These finite-k⊥ corrections to parton branching have important implications for multiplicity
distributions and the structure of angular correlations in final states with high multiplicity. In
the next section we discuss examples of such effects in the case of multi-jet production in ep
and pp̄ collisions. In Sec. 3 we go on to possible developments involving the hadroproduction of
massive states. In particular, we point to studies beginning to investigate the role of showering
corrections versus multiparton interaction corrections in Monte Carlo event generators [22, 23,
24]. We give final remarks in Sec. 4.

2 Jet-jet correlations

In a multi-jet event the correlation in the azimuthal angle ∆φ between the two hardest jets pro-
vides a useful measurement, sensitive to how well QCD multiple-radiation effects are described.
In leading order one expects two back-to-back jets; higher-order radiative contributions cause
the ∆φ distribution to spread out. Near ∆φ ∼ π the measurement is mostly sensitive to in-
frared effects from soft-gluon emission; the behavior as ∆φ decreases is driven by hard parton
radiation. At the LHC such measurements may become accessible relatively early and be used
to test the description of complex hadronic final states by Monte Carlo generators [25].

Experimental data on ∆φ correlations are available from the Tevatron [26] and from Hera [27,
28]. These analyses indicate that the comparison of data with Monte Carlos and perturbative
results are very different in the two cases. Observe in Fig. 1 that the Tevatron ∆φ distribution
drops by about two orders of magnitude over a fairly narrow range, essentially still close to
the two-jet region. The measurement is dominated by leading-order processes, with small
sub-leading corrections. Correspondingly, data are reasonably well described both by collinear
showers (Herwig and new Pythia tuning) and by fixed-order NLO calculations [25, 26].

The Hera ∆φ measurements, on the other hand, are much more sensitive to higher orders,
Fig. 2 [27]. NLO results for di-jet azimuthal distributions are affected by large corrections in
the small-∆φ and small-x region, and begin to fall below the data for three-jet distributions in
the smallest ∆φ bins [27]. These measurements are likely relevant for extrapolation of initial-
state showering effects to the LHC, given the large phase space available for jet production,
and relatively small ratio of jet transverse energy to the center-of-mass energy.

Refs. [29, 30] analyze the effects of finite-k⊥ corrections to initial-state showers, using
data [27] on jet angular and momentum correlations, and factorization at fixed transverse
momentum [11] valid for high energies. Fig. 3 shows results from the collinear Herwig Monte
Carlo [31] and from the k⊥-shower Cascade Monte Carlo [15] for the distributions in ∆φ and
∆pt [27, 29], measuring the transverse momentum imbalance between the leading jets. The
largest differences between the two Monte Carlos are at small ∆φ and small ∆pt, where the
two highest ET jets are away from the back to back region and one has effectively three hard,
well-separated jets. By examining the angular distribution of the third jet, Ref. [29] finds sig-
nificant contributions from regions where the transverse momenta in the initial state shower

formulation of u-pdfs applied to parton showers beyond leading order.
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Figure 1: Dijet azimuthal correlations measured by D0 along with the Herwig and Pythia
results [26].

are not ordered. The description of the measurement by the k⊥-shower is good, whereas the
collinear-based Herwig shower is not sufficient to describe the observed shape.

The physical picture underlying the k⊥-shower method involves both transverse-momentum
dependent pdfs and matrix elements. Fig. 4 [30] illustrates the relative contribution of these
different components to the result, showing different approximations to the azimuthal dijet dis-
tribution normalized to the back-to-back cross section. The solid red curve is the full result [29].
The dashed blue curve is obtained from the same unintegrated pdf’s but by taking the collinear
approximation in the hard matrix element. The dashed curve drops much faster than the full
result as ∆φ decreases, indicating that the high-k⊥ component in the ME [20] is necessary to
describe jet correlations for small ∆φ. The dotted (violet) curve is the result obtained from the
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Figure 2: (left) Azimuth dependence and (right) Bjorken-x dependence of ep di-jet distribu-
tions [27], compared with NLO results.
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Figure 3: (left) Angular correlations and (right) momentum correlations [29] in three-jet final
states measured by [27], compared with k⊥-shower (Cascade) and collinear-shower (Herwig)
Monte Carlo results.

unintegrated pdf without any resolved branching. This represents the contribution of the in-
trinsic distribution only, corresponding to nonperturbative, predominantly low-k⊥ modes. That
is, in the dotted (violet) curve one retains an intrinsic k⊥ 6= 0 but no effects of coherence. We
see that the resulting jet correlations in this case are down by an order of magnitude. The
inclusion of the perturbatively computed high-k⊥ correction distinguishes the calculation [29]
from other shower approaches (see e.g. [32]) that include transverse momentum dependence in
the pdfs but not in the matrix elements.
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Figure 4: The dijet azimuthal distribution [30] normalized to the back-to-back cross section:
(solid red) full result (u-pdf ⊕ ME); (dashed blue) no finite-k⊥ correction in ME (u-pdf ⊕
MEcollin.); (dotted violet) u-pdf with no resolved branching.

The above observations underline the role of accurate multi-jet measurements in events
associated with proton scattering off virtual photons [16]. Further phenomenological analyses
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of available jet correlation data (and multiplicity distributions [29]) will be helpful. In this
respect note that the effects of coherence emphasized above dominate for sufficiently small
∆φ and small x. But the unintegrated formulation of parton showers is potentially more
general [18, 33, 34]. Such analyses can be of use in attempts to relate [35] shower effects in DIS

event shapes [36] measuring the transverse momentum in the current region to vector-boson
hadroproduction pT spectra [22, 37].

3 Massive final states

Corrections to collinear-ordered showers affect heavy mass production, including the structure
of the final states associated with heavy flavor and heavy boson production. We next point to
examples that depend on the physics of unintegrated gluon distributions.

Measurements of angular correlations for bottom quark jets have recently been performed at
the Tevatron [38, 39, 40]. See [16, 41, 42, 43] for reviews of related phenomenology. Results for b-
jet distributions in invariant mass and azimuthal angle are shown in Fig. 5 [39] and Fig. 6 [40].
Monte Carlo simulations based on Pythia, Herwig and MC@NLO do not appear to give
satisfactory descriptions of the observations [2, 39] especially at small ∆φ. The measurement of
b-jet correlations has considerable interest, given their potential sensitivity to soft underlying
events [39, 44] and possibly models for multiple-parton interactions [22, 23].2 In this context it is
worth noting the possible role of showering corrections, at the level of single-parton interactions,
due to transverse-momentum dependent parton branching.

Di-b-J e t Prod u c tion

! These observables are very involved (b-jets at hadron level) and

cannot be computed with analytical techniq ues;

! The underlying event in Pythia is fitted to data; default Herwig

model (used in MC@NLO) does not fit data well (lack of MPI).
19

Figure 5: Invariant-mass distribution and azimuthal-angle distribution for production of b-jets
at the Tevatron [39].

To this end let us recall that heavy flavor hadroproduction is dominated for sufficiently
high energies by gluon splitting into heavy-quark pairs [13], g → QQ where g is produced
from the spacelike jet. The high-energy asymptotic behavior is controlled by a triple-pole
singularity [13] in the complex plane of the Mellin moment conjugate to the transferred k⊥.

2This is unlike the DIS jet correlation data discussed in the previous section, where multiparton contributions
are believed to be much suppressed [16].
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The coefficient functions associated to this singularity enhance regions that are not ordered in
transverse momentum in the initial state shower. In fact, such contributions are already found
to be significant at the level of the NLO correction [42, 43].3
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Figure 6: Comparison of data and Monte Carlos for b-jet azimuthal correlations at the Teva-
tron [40].

A typical contribution to g → QQ is pictured in Fig. 7a. Note that for small ∆φ this graph
gives effectively a contribution of leading order. Corrections of the next order from additional
jet emission are shown in Fig. 7b. In the notation of Fig. 7, the triple-pole behavior is produced
from regions in which m2

Q � (kT + k′T )2 � k2
T ' k′2T , where mQ is the heavy quark mass, and

kT , k
′
T are transverse momentum vectors. Collinear shower calculations, even if supplemented

by NLO matrix elements as in MC@NLO, are not designed to take account of this behavior.
This is likely to reduce the numerical stability of predictions as one goes to higher and higher
energies. It may cause a non-negligible contribution from showering to be missed in the b-jet
∆φ distribution at small ∆φ. On the other hand, such corrections can be obtained by methods
based on transverse-momentum dependent parton branching, as those discussed in the previous
section. It is of interest to analyze these contributions in comparison with those, e.g. in Fig. 6,
from multiple interactions.

Such an analysis would pay off as one goes from the Tevatron to the LHC. Parton showers
at the LHC will be more influenced by the asymptotic high-energy pole. Let us observe that
effects of a similar physical origin will affect the structure of final states associated to production
processes predominantly coupled to gluons, e.g. central scalar boson production [45]. See studies
of showering effects in this case [24]. These can affect the description of soft underlying events
and minijets [44, 22] as well as the use of exclusive production channels [46].

4 Concluding remarks

Final states with high particle multiplicity acquire qualitatively new features at the LHC com-
pared to previous collider experiments due to the large phase space opening up for events

3It is possible that terms of this kind at orders higher than NLO are responsible for the rather large theoretical
uncertainties found [42, 43] in the NLO predictions when going from the Tevatron to the LHC.
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Figure 7: (a) Heavy quark hadroproduction from gluon showering at high energy; (b) next
correction from extra jet emission.

characterized by multiple hard scales, possibly widely disparate from each other. This brings
in potentially large perturbative corrections to the hard-scattering event and potentially new
effects in the parton-shower components of the process.

If large-angle multigluon radiation gives significant contributions to parton showers at the
LHC, appropriate generalizations of parton branching methods are required. We have discussed
applications of transverse-momentum dependent kernels for parton showering that follow from
factorization properties of QCD multiparton matrix elements in the high energy region, which
are valid not only for collinear emission but also at finite angles.

While we have focused on observables that are sensitive primarily to the physics of initial-
state gluonic showers, expressible in terms of “unintegrated” gluon densities, treatments of
quark contributions to showers at unintegrated level are being worked on (see e.g. [16, 17]). In
this respect, theoretical results [20] already applied for inclusive phenomenology could also be
of use in calculations for exclusive final states.

Also, while we have considered production processes in the central rapidity region, tech-
niques are being developed [47] to allow one to also address multi-particle hard processes in the
forward rapidity region.

Acknowledgments. It is a pleasure to thank the organizers and convenors for the invitation
to a very interesting conference.
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The LHC experiments ATLAS and CMS plan to take advantage of large multi-jet samples
with and without heavy flavour tagging and vector boson production to test QCD at
the TeV scale. Initial multi-jet cross section measurements at LHC will demonstrate the
understanding of the calibration of the detectors, the jet energy scale systematics and the
trigger. Further in the LHC run, measurements of inclusive di-jet cross sections with heavy
flavour tag, which provides the process hard scale, will probe QCD at scales never tested
before. Jet production measurements with associated W and Z bosons provide a separate
test of QCD in different and complementary channels. Measurements of these processes
are essential to demonstrate the understanding of major backgrounds to Higgs and SUSY
channels, such as those of top-quark production or W+jet/Z+jet.

1 Overview of ATLAS and CMS

A detailed description of the ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon
Solenoid) experiments can be found respectively in [1] and [2]. ATLAS (CMS) has an overall
length of 44 m (22 m), a diameter of 25 m (15 m), and weighs 7 000 tons (12 500 tons).

ATLAS is composed of a thin 2 T superconducting solenoid surrounding the inner-detector
cavity, a high granularity liquid-argon (LAr) electromagnetic sampling calorimeter, followed by
scintillator-tile/LAr hadronic calorimeters, three large superconducting toroids arranged with
an eight-fold azimuthal symmetry around the calorimeters, and a muon spectrometer. The
inner detector is made of semiconductor pixel and strip detectors, surrounded by straw-tube
tracking detectors with the capability to generate and detect transition radiation. LAr forward
calorimeters extend the pseudo-rapidity coverage from |η| > 3 to |η| < 4.9.

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter. Within the field volume are the silicon pixel and strip tracker, the lead-tungstate crystal
electromagnetic calorimeter (ECAL) and the brass-scintillator hadronic calorimeter (HCAL).
Muons are measured in gas chambers embedded in the iron return yoke. CMS also has extensive
forward calorimetry, extending the pseudo-rapidity coverage of the calorimeters from |η| > 3 to
|η| < 5.

In ATLAS (CMS), the ECAL has an energy resolution of about 1 % (0.5 %) at 100 GeV, and
represents 22 to 26X0 (24.7 to 25.8X0). The HCAL, when combined with the ECAL, measures
jets with a resolution ∆E/E ≈ 50 %/

√
E ⊕ 3 % (≈ 100 %/

√
E ⊕ 5 %). The calorimeter cells

are grouped in projective towers, of granularity ∆η×∆φ = 0.1× 0.1 (0.087× 0.087) at central
rapidity and 0.2× 0.1 (0.175× 0.175) at forward rapidity. The resolution in the ATLAS (CMS)
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tracker is expected to be σ/pT ≈ 5 × 10−5 × pT ⊕ 0.01 (≈ 1.5 × 10−5 × pT ⊕ 0.005). Both
apparatuses provide the vertex position with ≈ 100µm accuracy for 1 GeV tracks, and below
20µm accuracy for tracks above 20 GeV.

2 QCD and the LHC
Process σ (nb)
Total 108

W± → eν 20
Z→ e+e− 2
t̄t 0.8
bb̄ 5×105

cc̄ 107

central jets
pT > 10 GeV 2.5×106

pT > 100 GeV 103

pT > 1000 GeV 1.5×10−3

Table 1: Cross-sections expected at the
LHC for a few processes, at

√
s = 10 TeV.

QCD processes constitute the dominant source of
interactions at the LHC due to their large cross
sections relative to other processes, as detailed in
Tab. 1 [3]. This makes QCD an attractive topic for
early physics at LHC. By measuring jets, several
objectives can be attained, both from theoretical
and experimental points of view: commissioning of
the detectors, confrontation of perturbative QCD
(pQCD) at the TeV scale, tests of PDF evolution
schemes, probes of αS , understanding of multi-jet
production (background to other searches), sensi-
tivity to new physics.

The number of jets per bin in transverse mo-
mentum pT , for a centre of mass energy of 10 TeV
expected at start-up of the LHC, is shown in Fig. 1, for different ranges in rapidity y. With
only 10 pb−1 of integrated luminosity, several tens of events are still expected with jets above
1 TeV, and so early measurements are possible for a large range in energy.

3 Jets at the LHC

3.1 Definition of a jet

From a theoretical point of view, a so-called parton jet originates from the proton-proton col-
lision, and should contain the partons produced and the particles from initial- and final-state
radiation (ISR/FSR). From an experimental point of view, a parton jet then undergoes hadro-
nisation (decays, or interactions in the beam pipe/tracker material), after which point it can be
reconstructed as a particle jet if individual particles are identified (so called particle flow algo-
rithms). Electromagnetic and hadronic components will finally shower in the calorimeters, so
that pure calorimeter jets can be reconstructed. Two types of algorithms exist: cone-based and
sequential recombination. Cone-based can be seeded (at LHC, iterative, with sizes ∆R = 0.4
(CMS 0.5) and 0.7), in which case they are not infrared- or collinear-safe, but are fast and
reliable for triggering, or seedless (the Seedless Infrared Safe - SIScone - algorithm in CMS).
The sequential recombination algorithm kT is used in both ATLAS and CMS with sizes 0.4 and
0.6. To compare jets at each step, the same jet reconstruction algorithm should be employed.
Inputs to the algorithms are hence either calorimetric energy depositions (towers or clusters),
tracks, particle or energy flow reconstructed objects, simulated or generated particles.

The particle content of a jet is shown in Fig. 2 [4], and is independent of the jet trans-
verse momentum, as expected since jet fragmentation functions are independent of the energy.
Charged particles will carry 65% of the energy, hence use should be made of the good tracker
resolution of both detectors. Photons will carry 25% of the energy, and the excellent EM
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Figure 1: Expected number of jets per bin
in pT for 10 pb−1 of integrated luminosity
at
√
s = 10 TeV.

Figure 2: Particle content of a jet as a func-
tion of its transverse energy.

calorimeter resolution should help significantly in the overall jet energy resolution. Neutral
particles will carry the remaining 10% of the energy, and represent the limiting factor to jet
energy resolution.

3.2 Jet energy scale and jet energy resolution

Figure 3: Track-based correction procedure in ATLAS: jet
energy scale for different fractions of energy carried by the
tracks associated to the jet (left) and jet energy resolution
before and after corrections (right).

In ATLAS, the jet energy scale
is obtained by a calibration
procedure described in detail
in [4]. Several methods are
used in order to improve the
jet energy resolution. One of
them involves using the track
content of a jet. The method is
illustrated in Fig. 3, left. The
overall jet response is centred
on the expected energy, but
different bins in the fraction
ftrk =

ptracks
T

pcalo
T

show different

central values for the response,
leading to an artificially larger
spread in the overall response.
By correcting the energy as a
function of ftrk, the jet energy resolution can be improved by ≈ 10% at 40 GeV, as illustrated
in Fig. 3, right, leaving the overall jet response unchanged.
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Figure 4: Jet response (left) and jet energy resolution (right)
for calorimeter and particle flow jets in CMS.

In CMS, the jet energy cal-
ibration uses a factorised ap-
proach, after which the jet re-
sponse for calorimeter jets is
flat in transverse momentum
and pseudo-rapidity [5]. By
using a more complete recon-
struction of the events with a
particle flow (PF) algorithm,
making use of both iterative
tracking and calorimeter clus-
tering using calibrated clusters,
it is possible to improve greatly
the jet energy resolution [6].
The jet response before any
correction is shown in Fig. 4, left, for both calorimeter and PF jets. The jet response is
already nearly flat and close to the expected value for PF jets. The jet energy resolution after
corrections of the calorimeter jets is shown in Fig. 4, right. PF reconstruction of the event leads
to an improvement of ≈ 40% on the jet energy resolution at 40 GeV, allowing to recover a value
compatible with the one obtained in ATLAS.

3.3 First measurements with jets

In order to determine the jet energy scale with real data, different ranges in energy are treated
differently. Jets with 10 < pT < 200 GeV (200 < pT < 500 GeV) are corrected using Z+jets
(γ+jets) events. In ATLAS, the jet energy scale is expected to be measured with a statistical
uncertainty of 1% (1-2%) with 300 pb−1 (100 pb−1) of integrated luminosity [4] [7]. The system-
atic uncertainties, at the level of 5-10% at low pT , reducing to 1-2% for pT > 100 GeV, are due

Figure 5: Uncertainties expected for 10 pb−1 in
di-jet events in CMS.

mainly to theoretical uncertainties on ISR/FSR
and on the underlying event (UE). Above
500G̃eV, a multi-jet pT -balance method is
used: low-pT jets with known jet energy scale
(JES) are balanced against high-pT jet with
unknown JES. A statistical (systematic) un-
certainty of 2% (7%) is expected for 1 fb−1 of
integrated luminosity.

Another important step in the commis-
sioning of the detector is the measurement of
di-jet cross-sections. A small amount of data
is shown to be enough to exceed the Teva-
tron pT reach ( 700 GeV). With 10 pb−1 at
14 TeV, the sensitivity to contact interactions
goes beyond the Tevatron limit of 2.7 TeV [8].
With 100 pb−1, the sensitivity to objects de-
caying into 2 jets (di-jet resonances: q*, Z’,
etc.) goes also beyond the Tevatron limit of
0.87 TeV. Uncertainties for such measurements are shown in Fig. 5 as a function of the jet pT ,
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with the dominant one being due to the jet energy scale. Constraining the PDFs with such
measurements will require a profound knowledge of the systematic uncertainties.

When the first data arrive, the first measurements involving jets will however be to charac-
terise the underlying event, and to put constraints on the current Monte Carlo (MC) simulations.
A method employed in CMS is described in detail in [9] and emphasises the search for variables
allowing to discriminate between different MC models.

4 Heavy flavour at the LHC

4.1 B-tagging algorithms

Heavy-flavoured particles are characterised by a large lifetime: cτ =125-300 (500) µm for
D (B) mesons. It is hence crucial for their identification to have a good reconstruction of
tracks/vertices displaced from the primary vertex. In addition, semi-leptonic decays are im-
portant, with branching ratios BR(b→l+X) = 20% and BR(b→c→l+X) = 20%. Soft-lepton
tagging methods will improve the identification. Furthermore, B hadrons take away about 70%
of the b quark energy, so high mass states are looked for.

These criteria are used and combined differently in eleven algorithms in CMS, from the
simple track-counting based algorithms to more evolved secondary-vertex finder algorithms.
The current expected performance of a secondary-vertex tagging algorithm is of 1% mis-tagging
rate for 50% (15%) b-tagging efficiency if no misalignment (start-up) scenario is applied.

4.2 Calibration on real data

In order to fully understand the detectors, the b-tagging efficiency and the mis-tagging rate
must be extracted from real data. Two categories of methods are being developed, depending
on the energy of the jets.

Figure 6: Expected b-tagging efficiency as
a function of jet pT , for 10 pb−1 of inte-
grated luminosity in CMS.

At low pT , the efficiency is extracted from
muon-in-jet QCD samples, using two methods in
CMS. The prelT method is based on estimating the
muon content of jets, and the particularity of the
projection of pµT on the jet axis (prelT ), which is
different for b- and u,d,s,g,c-jets. The System8
method [10] uses two di-jet samples of differing b-
quark content, and two uncorrelated tagging algo-
rithms (typically the soft muon one and the al-
gorithm to be calibrated), to form a system of
eight equations with eight unknown, from which
the b-tag efficiency can be extracted. The result
is shown in Fig. 6 for a track-counting based al-
gorithm, for 10 pb−1 of integrated luminosity in
CMS, and a 1% mis-tagging rate, as a function of
the jet pT . For 100 pb−1 of integrated luminosity
in CMS, and a mis-tagging rate of 1%, an uncer-
tainty of ≈8.6% is expected on the measurement
of the b-tagging efficiency. Whereas the System8 method is expected to give reliable results at
low pT , it is however not suited for pT larger than 80 GeV.
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Figure 7: Number of b-tagged jets
expected for different samples, with
100 pb−1 of integrated luminosity in
ATLAS.

At high pT , a method developed in ATLAS relies
on using jets from tt̄ events to isolate a highly enriched
b-jet sample [4]. Assuming that both top-quark decay
into W+b, the events will indeed contain at least two
b-jets. In addition, depending on the W decay mode,
the topology studied will contain two leptons, or one
lepton and two jets.

These events can be identified using a counting
method: the number of events expected as a function
of the number of tagged jets is shown in Fig. 7 for
different MC samples, for 100 pb−1 of integrated lu-
minosity in ATLAS. When requiring more than one
jet, t̄t events dominate by more than one order of
magnitude compared to other samples. The b-tagging
efficiency εb can be obtained with an uncertainty of
∆εb/εb ≈ 2.7(4.2)(stat.) ⊕ 3.4(3.5)(syst.)% for lep-
ton+jets (di-lepton) final states with 100 pb−1 of in-
tegrated luminosity.

t̄t events can also be identified using kinematic, topological or likelihood requirements.
These methods require background subtraction, but allow to measure εb as a function of ET
and η of the jet. The resulting uncertainty is expected to be ±10% with 100 pb−1 in ATLAS
(6-10% in CMS with 1 fb−1).

4.3 Measurement of the bbZ cross-section

Figure 8: Invariant mass of the two leptons in
a selection of bbZ events, with 100 pb−1 of in-
tegrated luminosity in CMS.

An example for a measurement involving b-
tagging is the measurement of the b(b)Z
cross-section. The gains of such an analy-
sis are both theoretical and experimental: the
same techniques are employed to calculate the
b(b)H cross-section, and large theoretical un-
certainties (≈ 20% uncertainty due to renor-
malisation and factorisation scales, and an
additional 5-10% due to PDFs) exist, which
could be constrained by a measurement [11].

A preliminary study has been done in
CMS [12], using a selection of at least two
leptons (e (η < 2.5) or µ (η < 2)) with
pT > 20 GeV, with in addition at least two
jets with η < 2.4 and ET > 30 GeV. A track-
counting b-tagging discriminant is used, with
a working point leading to a mis-tagging rate
smaller than 1% (0.1%) for c (light-flavour)
jets. The tt̄ background is further reduced
by a cut on the transverse missing energy
MET < 50 GeV. The main systematic uncertainties are due to: jet energy scale (±7.6%),
MET (±7.4%), difference between NLO and LO for generator level cuts (-10%), luminosity
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(±10.%), b-tagging (±16%), mis-tagging (±1.%), tt̄ background subtraction (±4.6%), with the
numbers calculated for an integrated luminosity of 100 pb−1. With early data, it will hence
already be possible to measure the bbZ cross-section with a total uncertainty of the order of
the theoretical uncertainties.

5 Conclusion

LHC can probe (p)QCD, but the dominant experimental uncertainty, due to the jet energy
scale, must be controlled. A large integrated luminosity will be needed to obtain a 1% error on
the jet energy scale. Vice versa, QCD is essential to LHC discoveries: a better understanding of
hard-scattering processes will lead to a better understanding of the backgrounds to new physics.
Contact interactions and resonances decaying into di-jets can be discovered early on, even with
10% JES uncertainty at start-up. Theoretical uncertainties also need to be reduced to the size
of the experimental uncertainties to increase the sensitivity to new physics. Feedback loops
between measurements and theory are important in this respect.
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We study inclusive production of prompt photons and D mesons at HERA and the Teva-
tron within the framework of the quasi-multi-Regge-kinematics approach applying the
quark Reggeization hypothesis. We use the Reggeon-Reggeon to particle and the particle-
Reggeon to particle effective vertices in the leading order approximation of the quasi-multi-
Regge-kinematics approach. We describe well and without free parameters the relevant
data obtained at HERA and the Tevatron. At the stage of numerical calculations we
use the Kimber-Martin-Ryskin prescription for unintegrated quark and gluon distribution
functions, with the Martin-Roberts-Stirling-Thorne collinear parton densities for a proton
as input.

1 Introduction

The study of the inclusive production of photons and D mesons with large transverse momenta
originating from the hard interaction between photon and parton or between two partons in the
high-energy collisions provide precision tests of perturbative quantum chromodynamics (QCD)
as well as information on the parton densities within proton and photon. Also, these studies
increase our potential for the observation of a new dynamical regime, namely the high-energy
Regge limit, which is characterized by the following condition

√
S >> µ >> ΛQCD, where

√
S

is the total collision energy in the center of mass reference frame, ΛQCD is the asymptotic scale
parameter of QCD, µ is the typical energy scale of the hard interaction. At this high-energy
limit, the contribution from the partonic subprocesses involving t−channel parton (quark or
gluon) exchanges to the production cross section can become dominant. In the region under
consideration, the transverse momenta of the incoming partons and their off-shell properties
can no longer be neglected, and we deal with ”Reggeized” t−channel partons.

The quasi-multi-Regge-kinematics (QMRK) approach [1] is particularly appropriate for this
kind of high-energy phenomenology. It is based on an effective quantum field theory imple-
mented with the non-Abelian gauge-invariant action including fields of Reggeized gluons [2]
and Reggeized quarks [3]. Roughly speaking, the Reggeization of amplitudes is a trick that
offers an opportunity to take into account efficiently large radiation corrections to the processes
under Regge limit condition beyond the collinear approximation of the parton model. The
particle Reggeization is known in high-energy quantum electrodynamics (QED) for electrons
only [4] and for gluons and quarks in QCD [5, 6].

In the leading order (LO) approximation of the QMRK approach an inclusive production
of particles is described by the Reggeon-Reggeon to particle and the particle-Reggeon to par-
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ticle effective vertices. The relevant squared matrix elements of the 2 → 1 inclusive particle
production processes can be presented as follows:

|M(QQ̄→ γ)|2 =
4

3
παe2

q(t1 + t2), (1)

|M(RQ→ q)|2 =
2

3
παs(t1 + t2 + 2

√
t1t2 cosφ), (2)

|M(γQ→ q)|2 = 4παe2
qt2, (3)

|M(RR→ g)|2 =
3

2
παs(t1 + t2 + 2

√
t1t2 cosφ), (4)

where R is the Reggeized gluon, Q is the Reggeized quark, eq is the quark electric charge,
ti = ~q 2

iT is the transverse momentum of the Reggeized particle, i = 1, 2, and φ is the azimuthal
angle between ~q1T and ~q2T .
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Figure 1: The pT distributions of inclusive D∗+ (left) and D+
s (right) hadroproduction for√

S = 1.96 TeV and |y| ≤ 1. The CDF data from Ref. [12] are compared with LO predictions
from the QMRK approach with the quark Reggeization hypothesis.

2 Inclusive open charm production

In this section we study D-meson production via charm-quark fragmentation under HERA and
Tevatron experimental conditions for the first time in the framework of the QMRK approach
complemented with the quark Reggeization hypothesis [7]. In our numerical calculations below,
we adopt the prescription proposed by Kimber, Martin, and Ryskin [8] to obtain unintegrated
gluon and quark distribution functions for the proton from the conventional integrated ones,
as implemented in Watt’s code [9]. As input for this procedure, we use the Martin-Roberts-
Stirling-Thorne [10] proton PDFs. As for the c → D fragmentation function Dc→D, we adopt
the non-perturbative D-meson sets determined in the zero-mass variable-flavor-number scheme
with initial evolution scale µ0 = mc [11] from fits to OPAL data from CERN LEP1.
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2.1 D-meson production at the Tevatron

CDF [12] measured the pT distributions of D0, D+, D∗+, and D+
s mesons with rapidity |y| ≤ 1

inclusively produced in hadroproduction in run II at the Tevatron, with
√
S = 1.96 TeV. To

leading order (LO) in the QMRK approach there is only one partonic subprocess Cp(p)Rp(p) →
c, where the subscript indicates the mother particle. This subprocess is described via the
Reggeized-quark–Reggeized gluon effective vertex CqRQ from Ref. [3].

In Fig. 1, our results for D∗+ and D+
s mesons are compared with the CDF data [12]. We

find that the theoretical predictions generally agree rather well with the experimental data,
except perhaps for the slope. In fact, the predictions exhibit a slight tendency to undershoot
the data at small values of pT and to overshoot them at large values of pT . However, we have
to bear in mind that these are just LO predictions, so that there is room for improvement by
including higher orders.
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Figure 2: The pT distributions of inclusive D∗± (left) and D±s (right) photoproduction for√
S = 300 GeV and |y| ≤ 1.5. The ZEUS data from Ref. [13] and Ref. [14] are compared with

LO predictions from the QMRK approach with the quark Reggeization hypothesis.

2.2 D-meson photoproduction at HERA

On the experimental side, ZEUS measured the pT distributions of D∗± [13] and D±s [14] mesons
with rapidity |y| ≤ 1.5 inclusively produced in photoproduction at HERA I, with proton energy
Ep = 820 GeV and lepton energy Ee = 27.5 GeV in the laboratory frame, in the ranges
2 ≤ pT ≤ 12 GeV and 3 ≤ pT ≤ 12 GeV, respectively. Since we neglect finite quark and
hadron mass effects, pseudorapidity and rapidity coincide. In this section, we compare this
data with our QMRK predictions. At leading order (LO), we need to consider only three
2 → 1 partonic subprocesses, namely Cpγ → c for direct photoproduction and Cpgγ → c and
Rpcγ → c for resolved photoproduction, using the effective vertices CqQγ from Ref.[3], CqQg and

CqRq , respectively.
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In Fig. 2 our results for D∗± and D±s mesons, respectively, are broken down to the Cpγ → c,
Cpgγ → c, and Rpcγ → c contributions and are compared with the ZEUS data [13, 14]. We
find that the theoretical predictions are dominated by direct photoproduction and agree rather
well with the experimental data over the whole pT range considered.
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Figure 3: The ET spectra of prompt photons at
√
S = 1.8 TeV (left) and

√
S = 1.96 TeV

(right), and |η| < 0.9. The data are from D0 Collaboration [19].

3 Inclusive prompt photon production

In this part we consider an inclusive production of isolated photons at the Fermilab Tevatron
and DESY HERA Colliders. In the QMRK approach the leading order (LO) contribution comes
from the direct Reggeized quark-Reggeized antiquark annihilation into a photon (QQ̄→ γ) via
the effective vertices Cγ

Q̄Q
[3, 6]. In case of photoproduction at HERA it takes place in the

resolved production, in which one quark (or anti-quark) comes from a photon. The additional
small contributions originate from the fragmentation of produced quarks and gluons into the
photon, which is described by the parton to photon fragmentation functions. We have obtained,
the same as it was shown in Ref. [15], the contribution of the fragmentation mechanism is
strongly suppressed by the isolation cone condition, which is applied to the experimental data
[16, 17, 18, 19]. Such a way, we estimate the above mentioned contribution as a small one and
do not take it into account in the presented analysis.

3.1 Prompt photon production at the Tevatron

The transverse momentum pT spectra of isolated photons were studied by the CDF and D0
Collaborations [18, 19] at the energies

√
S = 1.8 TeV and

√
S = 1.96 TeV. The inclusive prompt

photon production cross sections were measured in the range of 10 ≤ pT ≤ 300 GeV, both in
the central region of pseudorapidity |η| < 0.9, and in the forward region, where one takes values
in the range of 1.6 < |η| < 2.5.
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Figure 4: The ET spectrum of prompt photons at
√
S = 1.8 TeV and 1.6 < |η| < 2.5; the data

are from D0 Collaboration [19](left). The ET spectrum of prompt photons at
√
S = 319 GeV,

−1.0 < η < 0.9, and 0.2 < y < 0.7; the data are from H1 Collaboration [16] (right).

In the Figure 3 one can find the agreement between our calculations and the experimental
data in the central pseudorapidity region of Run-I (Fig. 3, left) and Run-II (Fig. 3, right), up
to pT ' 100 GeV. That directly demonstrates valid behavior and correct normalization of the
quark unintegrated structure functions Φp

q(x, t, µ
2) obtained by using KMR prescription [8], in

the wide range of parameters x, µ2 and t. The solid and dashed lines correspond to the different
choices of factorization scale µ2, which is taken as µ2 = p2

T /4, p
2
T , and 4p2

T . The above choices
have strong effects in the region of pT > 100 GeV, where theoretical results overestimate the
experimental data. Note that in this region of the photon transverse momentum the parton
longitudinal momentum fractions become non-small and no longer satisfy the conditions of
particle Reggeization. At very large pT one has x1,2 ≥ 0.1 and so far the collinear parton model
should be applied, where the squared Reggeized amplitude |M(QQ̄→ γ)|2 → 0 and the 2→ 2
parton subprocesses (qg → qγ, qq̄ → gγ, etc.) are needed to take into account.

The similar situation takes place also considering the prompt photon production in the
interval of large pseudorapidity 1.6 < |η| < 2.5 (Figure 4, left). In this case we consider
the parton Reggeization in the one channel, because the only one parton has the longitudinal
momentum fraction x � 1 under the non-symmetric kinematical conditions at the |η| > 1.6.
We have found that the number of events involving both interacting partons with non-small x
is large even at pT > 50 GeV. This fact provides an explanation of the discrepancy between
our predictions and the experimental data at the large pT .

3.2 Prompt photon production at HERA

The H1 Collaboration [16] has measured the inclusive prompt photon production at the HERA
Collider in the region of a small exchange photon virtuality Q2 < 1 GeV2, i.e. in the pho-
toproduction processes. Figure 4 (right) shows that LO contribution, coming from parton
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subprocesses Qpq̄γ → γ and Q̄pqγ → γ, does not describe data. The preliminary study of
the next-to-leading order (NLO) corrections have been performed in the Ref. [20], where the
contributions of the 2 → 2 subprocesses (γRp → γg, γQp → γq, RγQp → gq, QγRp → gq and
QQ̄→ γg) were analyzed. The Reggeon-particle to particle-particle effective vertices CγgγR and

CγqγQ were written down in the same manner as in the Ref. [3] and the relevant contributions
were calculated. Note, if we take into account isolation cone conditions the contribution of the
2 → 2 subprocesses to the inclusive photon spectra is free from singularities. The inclusion of
such type of NLO corrections makes the agreement between theoretical predictions and exper-
imental data more adequate. To perform this comparison more precise, for prompt photons we
need to take into account the so-called hadronization effects too [16], which inclusion slightly
decrease the resulting cross section.
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This article discusses a measurement of the gluon polarization in the nucleon, ∆g/g. It
concentrates on the most direct and cleanest way, the measurement of double spin asymme-
tries of charmed mesons produced in deep inelastic muon-nucleon scattering. The method,
the experimental set-up and the analysis leading to the result

∆g

g
= −0.39 ± 0.24(stat.)± 0.11(syst.)

at an average gluon momentum fraction xg ≈ 0.11 and a scale µ2 ≈ 13 GeV2 are presented.

1 Introduction: The Nucleon Spin Puzzle

One of the open questions in hadron physics is the decomposition of the nucleon spin of 1/2
among helicity and orbital angular momentum contributions of its constituents. The naive
expectation, supported by the static quark model, is that the valence quarks are responsible for
the spin of the nucleon. Results from deep inelastic scattering show that the helicity contribution
of quarks to the nucleon spin, ∆Σ, is only ≈ 30 % [1] by interpreting the matrix element of the
singlet axial current, a0, as ∆Σ.

This interpretation is not free of ambiguities. It depends on the renormalization scheme
used. In schemes where ∆Σ does not depend on the renormalization scale, a large helicity
contribution of gluons, ∆G = 2− 3, would lead to a much higher value of ∆Σ, consistent with
quark models [2].

Here ∆G denotes the first moment of the gluon helicity distribution, ∆g(xg), i.e. ∆G ≡∫ 1

0
∆g(xg)dxg =

∫ 1

0
g↑(xg) − g↓(xg)dxg . g↑ (g↓) is the number density of gluons with spin

parallel (antiparallel) to the nucleon spin at a momentum fraction xg . The unpolarized gluon
distribution is thus given by g(xg) = g↑(xg) + g↓(xg).
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Figure 1: Deep inelastic µ-proton event with the photon-gluon-fusion process (left) and the
absorption of the virtual photon by a quark (right) as the underlying partonic subprocess.

2 How to measure ∆G?

2.1 Tagging the gluon

The main tool to study the partonic structure of the nucleon is deep inelastic lepton nucleon
scattering (DIS). In the quark parton model, deep inelastic scattering is interpreted as an
incoherent sum of scattering processes off partons inside the nucleon. Of particular interest
for the discussion here is the process shown in Figure 1, left. It shows a deep inelastic event
in the proton-photon center of mass system where the participating parton is a gluon. The
partonic subprocess γ∗g → qq̄ (indicated by the red ellipse) is called photon-gluon-fusion (PGF).
Identifying this process among the much more abundant leading processes where the virtual
photon is directly absorbed by one of the quarks inside the nucleon (Fig. 1, right) is the main
difficulty. The cleanest way to tag the PGF process is to especially look for the production
of charm quarks in the PGF process, i.e. γ∗g → cc̄. This process can be identified by the
observation of charmed mesons produced in the fragmentation of the c and c̄ quarks. At lepton
energies considered here, intrinsic charm in the nucleon can be neglected and the production of
charmed mesons in the fragmentation process is also strongly suppressed, i.e. the PGF process
γ∗g → cc̄ is the dominating process for the production of charmed hadrons. They are identified
experimentally via the invariant mass of their decay products.

The cross section is schematically given by

σµN→µ
′DX ∝

∫
σµg DD

c g(xg) dxg ,

where g(xg) is the gluon distribution, σµg the cross section for the partonic process µg → µ′cc̄
and DD

c a fragmentation function describing the probability for a c quark to fragment into a D
meson. To simplify the formula the dependence of the quantities on various kinematic variables
was omitted. The integral indicates that for a fixed event kinematics the gluon density is probed
in a given range of the gluon momentum fraction xg . This is in contrast to the leading process
where the quark momentum fraction is identical to the Bjorken variable xBj accessible from
the event kinematics.

2.2 Learning about the helicity contribution of gluons

To investigate the helicity contribution of the gluons to the nucleon spin, in addition to iden-
tifying processes where the gluon participated, a longitudinally polarized beam and target are
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needed. The polarized lepton-nucleon cross section is related to the gluon distribution in the
following way:

σµ(↑)N(↓) ∝
∫

(σµ(↑)g(↓)g↑ + σµ(↑)g(↑)g↓)DD
c dxg , (1)

σµ(↑)N(↑) ∝
∫

(σµ(↑)g(↑)g↑ + σµ(↑)g(↓)g↓)DD
c dxg . (2)

The arrows indicate the spin direction.

The muon-nucleon asymmetry, AµN→µ
′DX , gives access to the gluon helicity distribution

∆g = g↑ − g↓.

AµN→µ
′DX =

σµ(↑)N(↓) − σµ(↑)N(↑)

σµ(↑)N(↓) + σµ(↑)N(↑)

=

∫ (
σµ(↑)g(↓) − σµ(↑)g(↑)) (g↑ − g↓)DD

c dxg∫ (
σµ(↑)g(↓) + σµ(↑)g(↑)) (g↑ + g↓)DD

c dxg

=

∫
∆g
g aLL σ

µg gDD
c dxg∫

σµg gDD
c dxg

(3)

where the partonic asymmetry

aLL =
σµ(↑)g(↓) − σµ(↑)g(↑)

σµ(↑)g(↓) + σµ(↑)g(↑) (4)

has been introduced. It depends on the photon-gluon kinematics. At leading order 1 (LO)
QCD an expression can be found in [3]. Finally one arrives at

AµN→µ
′DX(X) = 〈aLL〉(X) 〈∆g/g〉x (5)

where

〈aLL〉 =

∫
aLL σ

µg g DD
c dxg∫

σµg gDD
c dxg

.

and

〈∆g/g〉x =

∫
∆g/g aLLσ

µgdxg∫
aLLσµgdxg

.

The argument X for 〈aLL〉 indicates the dependence on kinematic variables, like for example
the photon virtuality Q2, the energy of the virtual photon divided by the energy of the incoming
lepton in the target rest system, y, the energy of the D-meson divided by the energy of the
virtual photon, zD0 , and the transverse momentum of the D meson with respect to the virtual
photon axis, pT . The measurement of the double spin asymmetry, AµN→µ

′DX , gives thus access
to the gluon polarization in the nucleon, 〈∆g/g〉x, averaged over a certain range in xg .

1Note that the terminology is sometimes confusing. For the open charm analysis presented here the PGF
process shown in Fig. 1, left is leading order (LO) since it is the process with the lowest order in αs where charm
quarks are produced. Whereas in an inclusive analysis the process shown in Fig. 1, right is LO and the left
diagram is next-to-leading order (NLO).
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3 The COMPASS experiment at CERN

From the discussion in the previous section one can read off the main requirements for the
measurement of ∆g/g. These are

• a high energetic polarized lepton beam

• a polarized target

• good particle identification to identify the decay products of D mesons.

The COMPASS experiments meets these requirements. COMPASS is a fixed target ex-
periment at CERN using hadron and muon beams to study the structure of the nucleon and
spectroscopy of hadrons. For the subject discussed here, a 160 GeV naturally polarized pos-
itively charged muon beam is used. Its polarization is −0.80 ± 0.04. 6LiD serves as target
material. The target material is placed in a superconducting solenoid and is polarized via dy-
namic nuclear polarization. 6Li can be considered as a helium nucleus plus a deuteron. Thus
4 out of the 8 nucleons in 6LiD are polarizable. This would lead to a so called dilution factor
of 4/8 = 0.5. Talking into account additional non polarizable material in the target leads to
a dilution factor of approximately 0.4. The exact value depends on the kinematics and is cal-
culated event by event. Its relative uncertainty is 5%. The target polarization reached is 50%
with a relative error of 5%. For the years 2002-2004 two target cells oppositely polarized were
in use. In 2006, 3 target cells were used, the outer two had opposite polarization compared to
the central cell. The use of 2 (or 3) target cells oppositely polarized and simultaneously exposed
to the muon beam is mandatory for the extraction of asymmetries. Combining data sets with
two different polarizations with respect to the muon polarization, allows, to a large extend, a
cancellation of possible acceptance variations during the data taking.

The scattered muon and the produced hadrons are detected and identified in a two stage
magnetic spectrometer. Of special importance for this analysis is the Ring Imaging Cherenkov
Detector for charged particle identification. It allows a pion-kaon separation from threshold
(9 GeV) up to momenta of 40 GeV at a 2.5 σ level. For a more detailed description of the
experimental setup see [4].

4 Analysis

4.1 Event selection

For the present analysis events with an incoming muon, a scattered muon and at least two
additional reconstructed tracks of opposite charge are selected. Note that the event sample
comprises events from quasi-real photon production Q2 ≈ m2

µy
2/(1− y) to the maximum Q2 of

about 100 GeV2 attainable at this beam energy. Even events at very low Q2 can be interpreted
in perturbative QCD since a hard scale, µ, is given by µ2 ≈ 4m2

c and not simply by the virtuality
of the photon Q2. All events are in the deep inelastic region, i.e. the invariant mass of the
hadronic final state, W , is larger than 4 GeV2.

The D mesons are reconstructed via their decay in Kπ pairs. The analysis is performed
independently for the following decay channels (charge conjugate channels are always implied)

1. D0 → K−π+
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2. D∗+ → D0 π+

↪→ D0 → K−π+

3. D∗+ → D0 π+

↪→ D0 → K−π+(π0),
π0 is not reconstructed.

4. D∗+ → K−π+π+

kaons below the threshold of RICH,
kaons are identified by neither giving a signal corresponding to a pion or an electron in
the RICH.

The corresponding invariant mass spectra are shown in Fig. 2. The channelD0 → K−π+(π0),
where the π0 is not reconstructed shows up in Figure 2 (center) as a shoulder at M(Kπ) −
M(D0) ≈ 0.250 GeV. The final event samples amount to 37400, 8700, 6200, 1800 for the four
samples, respectively.
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Figure 2: Invariant mass distributions of the Kπ pairs for channel 1 (left), channel 2 and 3
(center) and channel 4 (right).

4.2 Determination of ∆g/g

As derived in section 2.2, information on the gluon polarization is contained in the asymmetry

AµN→µ
′D0X =

σµ(↑)N(↓) − σµ(↑)N(↑)

σµ(↑)N(↓) + σµ(↑)N(↑) .

This asymmetry is related to the number of observed events by

dkN

dm dX
= aφn(s+ b)

[
1 + PtPµf

(
s

s+ b
AµN→µ

′D0X +
b

s+ b
AB

)]
. (6)

Here a,Φ and n are the spectrometer acceptance, the time integrated muon flux and the number
of target nucleons, respectively. Pt, Pµ denote the target and beam polarizations and f the
dilution factor. The factor s/(s+b) is the ratio of signal (s) to signal plus background (b) events.
It can be obtained as a function of the invariant mass from Fig. 2. The term b/(s+ b)AB takes
into account a possible asymmetry of the combinatorial background.

In a LO QCD analysis AµN→µ
′D0X is replaced by < aLL > (X) 〈∆g/g〉x according Eq. 5.

To make best use of the data in terms of the statistical error, 〈∆g/g〉x is not simply determined
from the counting rate asymmetry of the number of observed events but rather with a weighting

PHOTON09 5

MEASUREMENT OF THEGLUON POLARIZATION IN THE NUCLEON VIA SPIN . . .

PHOTON09 251



procedure where every event is weighted by its analyzing power which is essentially 2 the factor in
front of 〈∆g/g〉x, i.e. wS = Pµf

s
s+b < aLL >. Introducing a similar weight for the background

allows a simultaneous extraction of signal and background asymmetries. It can be shown that
this methods provides the smallest possible statistical error [5].

To evaluate 〈∆g/g〉x, apart from the number of (weighted) events, the various factors
Pt, Pµ, f,

s
s+b and aLL have to be known. Whereas this is straight forward for the two po-

larizations and the dilution factor, it is much more difficult for 〈aLL〉 and s
s+b . 〈aLL〉 de-

pends on the partonic event kinematics and is thus not known event by event. With the
help of a neural network it is parameterized in terms of the known event kinematics. The
neural network is trained on an AROMA MC sample and uses a leading order QCD expres-
sion for aLL. The aLL parameterizations for the different decay channels are almost identi-
cal. Figure. 3 shows a correlation of 81% between the generated and the parameterized aLL.

Figure 3: Correlation between the generated and re-
constructed aLL.

The dependence on the invariant
mass of s/(s + b) can be directly ob-
tained from the plots in Fig. 2. However
it turns out that there is a strong anti-
correlation between s/(s + b) and aLL.
This means that it is not sufficient to
determine s/(s+ b) as a function of the
invariant mass, it is also necessary to in-
clude the dependence on the other kine-
matic variables. Moreover this provides
a smaller statistical error.

This is achieved with an iterative
multivariate procedure, where s/(s+b) is
build as a function of kinematic variables
and the response of the RICH detector
[6, 7]. For the decay channels with less
statistics (no. 3) and 4)) this method
has difficulties and a new way to deter-
mine s/(s+b) was invented. Here a neu-
ral network (NN) is trained on kinematic
variables and the information from the RICH. A training set is obtained from wrong charge com-
binations (wcc), K−π+π−, for the background and good charge combinations (gcc), K−π+π+,
for the signal. Figure 4 shows one of the input variables of the NN, namely the polar angle
of the kaon in the rest system of the D0, | cos θ∗|, in the peak region and outside the peak
region, once for the good and once for the wrong charge combination. One clearly observes the
different shape for the events with the good charge combination in the peak region.

In both methods the parameterization is validated by verifying that the signal purity, s/(s+
b), obtained by the procedure in a given bin in s/(s + b) agrees with the value obtained from
a fit to the invariant mass spectrum in this bin. Combining data taken with two oppositely
polarized target cells before and after a reversal of the target spin allows to extract 〈∆g/g〉x
and AB largely independent of acceptance and flux variations as explained in [7].

2The target polarization, PT , is not included in the weight since it changes with time and may lead to a bias
in the asymmetry extraction.
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Figure 4: Distribution of | cos θ∗| in the signal region (left) and in the sidebands (right) for the
good charge combination (gcc) and the wrong charge combination (wcc).

5 Results

Figure 5 shows the results obtained for the four decay channels used in the analysis. The right
most point is the weighted average. The gluon distribution is probed at an average momentum
fraction 〈xg〉 = 0.11+0.11

−0.05 and at a scale µ2 ≈ 4m2
c+p

2
T = 13 GeV2. The background asymmetries

come out to be consistent with 0.
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Figure 5: Results on 〈∆g/g〉x for the different decay channels used in the analysis. Only the
statistical error is shown.

5.1 Systematic Error

Tab. 1 shows a detailed list of systematic errors for channel 1) and 2). The largest contribution
to the systematic error comes from the parameterization of the signal purity in the case of the
D0 sample (channel 1) and possible experimental false asymmetries in the D∗ sample (channel
2). The systematic error of the other two channels are of similar size. To be conservative a
fully correlated systematic error of 0.11 is assigned to all four decay channels. Note that the
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source 〈∆g/g〉x source 〈∆g/g〉x
False asymmetry 0.05(0.05) Beam polarization Pµ 0.02
S/(S +B) 0.07(0.01) Target polarization Pt 0.02
aLL 0.05(0.03) Dilution factor f 0.02

Total error 0.11(0.07)

Table 1: Systematic error contributions to 〈∆g/g〉x for D0(D∗) channels.

major contributions to the systematic error can be lowered with more statistics.

5.2 Final result

The final result is
〈∆g/g〉x = −0.39± 0.24(stat.)± 0.11(syst.)

at an average gluon momentum fraction xg ≈ 0.11 and a scale µ2 ≈ 13 GeV2.
This result is obtained in LO QCD analysis. In Ref. [7] also photon-nucleon asymmetries

defined by AγN→DX = AµN→µ
′DX/D, where D is the depolarization factor describing the

polarization transfer from the muon to the virtual photon, are published. This asymmetry is
independent of the interpretation in LO QCD.

5.3 Comparison to other results

Figure 6 shows the open charm result in comparison with other results obtained by using
hadrons with large transverse momentum with respect to the virtual photon to tag the PGF
process. In this method the signal purity has to be determined in a model dependent way from
MC simulations in contrast to the open charm method where the signal purity is obtained from
the invariant mass spectra.

The results clearly favor a small value of ∆g/g at x ≈ 0.1 and exclude first moments of
∆G = 2−3. This is also supported by results obtained from polarized proton-proton scattering
at RHIC [11] and NLO fits to inclusive DIS data [1].

6 Summary & Outlook

The measurement presented here together with other measurements shows that the polarization
of gluons around xg ≈ 0.1 is consistent with 0 and incompatible with large contribution of the
first moment ∆G =

∫
g(xg)dxg = 2− 3, though still consistent with ∆G =

∫
g(xg)dxg = 0.5,

i.e. the gluons carrying 100% of the nucleon spin. The next steps are the inclusion of data
taken in 2007 in the analysis and an analysis in next-to-leading order QCD.

At present COMPASS is the only experiment being able to use charmed meson for the
determination of ∆g/g. In the future, a polarized electron nucleon collider would offer much
better opportunities for this method. One would not suffer from the absorption of hadrons in
a solid state target. This will increase the number of reconstructed D mesons. Moreover it will
offer the possibility to reconstruct both charmed particles produced in one event. This gives a
better access to the gluon momentum fraction xg .
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Figure 6: Comparison of the ∆g/g measurements from open charm and high pT hadron pro-
duction by COMPASS, SMC [8] and HERMES [9] as a function of xg . Horizontal bars indicate
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A brief overview of the standard model (SM) prediction for the muon magnetic anomaly is
given with main emphasis in the leading order (LO) hadronic contribution which provides
at present the main source of uncertainty. Combining data on the 2π spectral functions
from τ decays at Belle with previous measurements and using new calculations of the
isospin breaking (IB) corrections we give a new determination of the LO term, which
is closer to the one based on e+e− data. Further progress in understanding IB effects
combined with more precise data on hadron production at e+e− machines can produce an
accurate determination of the LO terms as required by future measurements of the muon
magnetic anomaly.

1 Introduction

For a particle of charge e and mass m, its intrinsic magnetic dipole moment and spin vectors
are related by ~µ = g(e/2m)~s. In a quantum field theory description, an elementary fermion has
a gyromagnetic ratio g = 2; the quantum corrections of the self-interacting fermion naturally
generates a magnetic anomaly a ≡ (g − 2)/2 6= 0. In the following we will be concerned with
the magnetic anomaly of the muon which will be denoted by aµ (for some comprehensive recent
articles, see for example [1]).

The most precise measurements of the muon magnetic anomaly have been achieved by the
BNL-E821 Collaboration in recent years (an account of previous measurements can be found
in [1]). The current world average from positive and negative muons is aexpµ = 116592080(63)×
10−11 [2], an impressive accuracy of 0.54 ppm. This experimental accuracy has prompted
improved theoretical calculations in recent years, which include the effects of the three standard
model interactions beyond the one-loop level. It becomes also sensitive to the effects expected
from New Physics contributions. In view of current proposals aiming to reduce the experimental
uncertainty up to ±15 × 10−11 [3], improved theoretical calculations are required to make a
meaningful test of the SM and, eventually, to establish the existence of physics beyond it [3].

In this contribution we give an overview of the present SM calculation in the determination
of the muon magnetic anomaly, where current uncertainties stems mainly from hadronic con-
tributions. We focus on some recent progress in the evaluation of the LO hadronic contribution
based on tau lepton and electron-positron data.
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2 Brief summary of the SM prediction

It is customary to separate the theoretical calculation according to the contributions of the three
SM interactions: aSMµ = aQEDµ + aEWµ + ahadµ [1]. The QED and electroweak EW contributions
can be calculated from the first principles of perturbative field theory, whereas the hadronic
contributions rely either on input data or tools to deal with strong interactions in the non-
perturbative regime.

The calculation of the QED contribution involve only loops of leptons and photons. The
result is known in analytic form up to the third order in α, in a numerical form at the fourth
order and even the leading-logs of order α5 have been evaluated (references to original works
can be found in [1]). By using the most precise evaluation of the fine structure constant α−1 =
137.035999710(96) from the measured value of the electron anomalous magnetic moment [4]
one obtains the following QED prediction (see for instance the most recent reviews in [1]):

aQEDµ = (116584718.09± 0.14± 0.04)× 10−11 (1)

where the first and second uncertainties stems from the error estimate of the order α5 corrections
and from the experimental uncertainty in the measured value of α, respectively.

The EW corrections involve loops with at least one weakly interacting boson. The one-loop
corrections were calculated long ago and the two-loop corrections were completed until recently
in Refs. [5]. Even some estimates of the leading-logs of third order have been reported in the
literature [6]. The final numerical results reads:

aEWµ = (154± 2± 1)× 10−11 , (2)

where the first error bar includes uncertainties in the Higgs boson and top quark masses and
third order loop effects, while the second includes hadronic uncertainties associated to triangle
graphs [5]. It is clear that the uncertainties from QED and EW corrections are very small and
do not pose a problem for present and even future comparisons of theory and experiment.

The most uncertain contribution in the SM calculation does arise from corrections involving
hadronic loops. There are three kinds of such hadronic corrections:

ahadµ = ahad,LOµ + ahad,HOµ + ahad,LBLµ , (3)

where superscripts refers to leading order (LO, at O(α2)), higher order (HO, at O(α3)) and
light by light (LBL, at O(α3)) effects.

The different contributions in Eq.(3) cannot be calculated with arbitrary high accuracy as
they involve strong interactions in the non-perturbative regime. Inputs from experimental data
or models of hadronic interactions at low energies are useful in this case to come to a reliable
result. By far, the largest contribution in Eq. (3) is the leading order correction, which needs
to be calculated with a precision below the 1 % level and will be discussed in further detail in
the next section. The accuracy required in the higher order HO and LBL corrections to match
the experimental precision is much lower. The second term in Eq. (3) can be calculated using
the same input data as the one used to compute the LO contribution. We just reproduce here
the value obtained using electron-positron data (the numerical value obtained using τ lepton
data is approximately 3% larger) [7]:

ahad,HOµ = (−98± 1)× 10−11 , (4)
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where the uncertainty stems mainly from input experimental data.
The hadronic light-by-light contribution is by far the most difficult to compute and the least

precise ingredient of aµ. There is not a direct connection to measurable quantities as in the
case of the other two terms in Eq. (3). For the purposes of comparison with experiment, we
use the results of a recent calculation [8]:

ahad,LBLµ = (105± 26)× 10−11 . (5)

More details about recent improvements leading to Eq. (5) and a comparison with results of
previous calculations are described in the accompanying paper by J. Prades [9].

3 The hadronic contribution at leading order

The hadronic contribution at leading order is obtained by inserting one loop of quarks or
hadrons in the photonic propagator as indicated in Figure 1. The LO hadronic contribution

hads.

Figure 1: Hadronic contribution at leading order.

can be evaluated by means of the dispersion integral [10, 11]

ahad,LOµ =
1

3

(α
π

)2
∫ ∞

4m2
π

ds
K(s)

s

σ0(e+e− → hadrons)

σpoint(e+e− → µ+µ−)
, (6)

where the superscript ‘0’ denotes the cross section for hadron production with photonic correc-
tions to the initial state and vacuum polarization effects removed but with final state photonic
corrections included. The QED kernel K(s)/s ∼ s−2 [12] gives a large weight to low energy
hadronic cross sections which makes the dominant contributions fall into the non-perturbative
domain of strong interactions. Thus for instance, the 2π channel below 1.8 GeV contributes
approximately 73% of the integral (6) and 82% of its total uncertainty, while the total contri-
bution above 5.0 GeV is only 1.4%. The small contributions from large values of s, typically√
s ≥ 5 GeV, can be reliably obtained from perturbative QCD.

In this section we present an update of the 2π contribution to the muon magnetic anomaly
taking into account recent data from the KLOE collaboration in the case of e+e− [13]. We
also take advantage of a high-statistics study of the 2π hadronic spectrum from Belle [14] and
recent calculations of the IB effects in the τ lepton case to re-evaluate the LO from τ data. For
further details we refer the reader to our recent paper [15].

3.1 2π contribution using electron-positron data

The most relevant measurements of the 2π cross section in electron-positron collisions have been
reported by the CMD2 [16, 17], SND [18] and, very recently, the KLOE [13] collaborations. The
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accuracy of these data sets around the ρ(770) resonance peak is below the 1% level, as required
for theoretical predictions to match the experimental accuracy. The recent data published
by KLOE [13] have reduced uncertainties and are slightly closer to CMD2 and SND results
than before [19]. The Babar Collaboration [20] has reported preliminary measurements of this
channel for center of mass energies between 0.5 and 3.0 GeV with an accuracy below the 0.6%
level, which looks promissing for future improved analysis.

Previous evaluations of the 2π contribution to the muon magnetic anomaly using CMD2,
SND and older KLOE measurements, can be found in [21, 22, 23, 24, 25]. In Ref. [15] we
have presented an updated evaluation of the two-pion contribution by using the published data
from CMD2, SND and KLOE. The evaluations of a2π,LO

µ have been compared for the energy
regions where data from different experiments overlap. As in previous analysis [23, 24], a
good agreement is found between results based on CMD2 and SND data, while KLOE gives a
lower result. Thus, we quote two results (either by including or excluding KLOE data) from
combined data sets in the energy region where they overlap. As in previous analysis [21, 23], the
evaluation of a2π,LO

µ in the low energy region (chosen as
√
s = 2mπ − 0.36 GeV in Ref. [15]) is

done by using a cubic expansion in s for the pion form factor as described in [21]. Our updated
evaluation for the two-pion contribution gives [15]:

a2π,LO
µ (e+e−) =

{
(5027.7± 30.1± 11.1)× 10−11, including KLOE
(5038.3± 37.9± 16.5)× 10−11, excluding KLOE

(7)

where the first uncertainty stems from experimental input data and the second from the pro-
cedure used to extrapolate between data points in the dispersion integral [15]. As expected,
using KLOE data [13] leads to a more precise but a slightly lower result.

3.2 2π contribution using tau decay data

The conserved vector current (CVC) hypothesis allows to replace data on the production of an
even number of pions in e+e− collisions via the I = 1 current by the isospin analogous final
state produced in τ lepton decays [26] (BX denotes the branching fraction for final state X in
τ decays):

σ(e+e− → XI=1
0 ) =

(
4πα2

s

)
m2
τ

6|Vud|2
BX−
Be

(
1

NX

dNX
ds

)(
1− s

m2
τ

)−2(
1 +

2s

m2
τ

)−1
RIB(s)

SEW
.

(8)
In our numerical evaluations we use [15]: |Vud| = 0.97418 ± 0.00019 [27], Be = (17.818 ±
0.032)% [28], SEW = 1.0235± 0.0003 for the short-distance electroweak corrections [29]. We
denote (1/NX)dNX/ds as the normalized hadronic mass distribution in τ → X−ν decays. In
the case of the two-pion final state we use B2π = (25.42 ± 0.10)%, which corresponds to the
weighted average of different measurements [15].

The s-dependent factor RIB(s) encodes the information about IB corrections that must be
applied to the hadronic spectrum in τ decays in order to be used in the dispersion integral
(RIB(s) = 1 in the absence of IB effects or in the limit of exact CVC). It is defined as:

RIB(s) =
FSR

GEM (s)
·
(
β0(s)

β−(s)

)3 ∣∣∣∣
F0(s)

F−(s)

∣∣∣∣
2

. (9)

The factor FSR [30] refers to the final state photonic corrections to the e+e− → π+π−

cross section, GEM (s) denotes the long-distance radiative corrections to τ → ππν decays [31],
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(β0/β−)3 is the ratio of pion velocities in their center of mass frame and F0,−(s) refers to the
pion form factors (the subscripts 0,− refer to the electric charge of the 2π system). In Figure
2 we plot the s-dependent IB correction factors that enter the definition of RIB(s). Note that
the first two factors in Eq. (9) have an important effect close to threshold s = 4m2

π, while the
IB effects in the ratio of pion form factors are more important around the ρ resonance region.
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Figure 2: s dependence of IB correction factors defined in Eq. (9).

Some of the most recent evaluations of the 2π contribution using τ data from ALEPH [33],
OPAL [34] and CLEO [35] Collaborations were reported in [21, 23]. Very recently, the Belle
collaboration has reported a high-statistics study of the hadronic spectrum in τ → ππν decay
[14]. In addition, new calculations of the GEM (s) corrections to this decay [32] and of the
width difference of ρ0 − ρ± vector mesons [36] have become available. Particularly important
is the role that plays the width difference ∆Γρ given the wide resonance shape of the 2π cross
section in the ρ meson region. The new calculation of ∆Γρ takes into account the full radiative
corrections to the dominant ρ → ππ decay modes [36] including the effects of hard photons.
All these new ingredients have prompted the analysis undertaken in Ref. [15].

In Table I we summarize the effects produced in aππ,LOµ (τ) by the different sources of IB
corrections that enter Eq. (9). Other numerical values of the IB parameters required in the

Source ∆aππ,LOµ (τ)[10−11]

SEW −121.9± 1.5
GEM −18.6± 8.8
FSR +46.4± 4.6
ρ− ω interference +24.0± 3.5
mπ± −mπ0 in cross section −77.1
mπ± −mπ0 in ρ widths +41.1± 4.0
mρ± −mρ0 −0.8± 3.5
ππγ em decays −59.4± 5.9
total −165.5± 15.5

Table 1: Contributions to ∆aππ,LOµ from isospin-breaking corrections.

form factors can be found in Ref. [15]. The most important changes with respect to previous
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evaluations [21, 23] come from the width difference of ρ mesons. The largest uncertainty in
Table 1 comes from the difference in the IB corrections from GEM (s) as calculated in [32] and
that from Ref. [31]. We have attributed a 10% uncertainty to the IB effects that arise from FSR
and ∆Γρ due to neglected effects induced by the electromagnetic structure of pions in virtual
corrections. Finally, the uncertainties quoted in the fourth, sixth and seventh rows of Table 1
arise from taking the difference between results obtained using the Gounaris-Sakurai (GS) and
Kuhn-Santamaria parametrizations of the pion form factors (see [15]). Despite the conservative
estimate of errors in Table 1, the total uncertainty becomes smaller than before [21].

Using the combined π−π0 mass spectrum of ALEPH, CLEO, OPAL and Belle collaborations,
and applying the IB corrections discussed above, the dispersion integral Eq. (6) together with
(8) and (9) yields [15]:

aππ,LOµ (τ) = (5143± 12± 22± 16)× 10−11 , (10)

where the quoted errors arise, respectively, from uncertainties in the measured hadronic spec-
trum, in the π−π0 branching ratio and in the IB corrections.

A comparison of Eqs. (7) and (10), yields the following difference in the ππ channel,

δaππ,LOµ = aππ,LOµ (τ) − aππ,LOµ (e+e−) =

{
(115.3± 43.8)× 10−11, incl. KLOE
(114.7± 50.1)× 10−11, excl. KLOE

, (11)

which should be compared with previously obtained δaππ,LOµ = (154± 49)× 10−11 [23]. These
results makes explicit the impact of new data and the new calculation of IB effects.

CVC can be used to predict other contributions to ahad,LOµ that involve an even number
of pions. Currently, data on the 4π mass spectrum in τ decays yields [23] (in units of 10−11):
214 ± 25 ± 6IB (for π+π−2π0)) and 123 ± 10 ± 4IB (for 2π+2π−). Including other hadronic
contributions from e+e− data (see Ref. [23]) we get the following results for the LO hadronic
contribution [15]:

ahad,LOµ =





(6901± 44± 19rad ± 7QCD)× 10−11, e+e− excl. KLOE
(6891± 38± 19rad ± 7QCD)× 10−11, e+e− incl. KLOE
(7044± 35± 7rad ± 18IB)× 10−11, τ decay data

(12)

The discrepancy between the predictions of the LO terms based on τ and e+e− data is at the
2.2σ (2.5σ) level obtained by excluding (including) KLOE data.

4 Updated SM prediction for aµ

The SM prediction is obtained by adding up results in Eqs. (1), (2), (4), (5) and (12):

aSMµ =





(116591780.1± 55.0)× 10−11, from e+e− (excl. KLOE)
(116591770.1± 50.3)× 10−11, from e+e− (incl. KLOE)
(116591923.1± 47.7)× 10−11, from τ data

(13)

All error bars were added in quadrature. They are dominated by the hadronic uncertainties
from LO and light-by-light contributions.

In Figure 3 we plot the deviations of the SM predictions from the experimental value of the
muon magnetic anomaly. The predictions of other recent analysis [21, 23, 24, 25] that include
recent CMD2 and SND results and the previous SM prediction based on τ decay data are also
shown for comparison.
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Figure 3: Deviations of SM predictions from experiment for the muon anomaly.

5 CVC prediction for the branching fraction

An independent consistency test of the 2π spectral functions is provided by comparing the
measured branching fraction of τ decays with its prediction based on e+e− data using CVC.
The formula relating these quantities is given by [15]:

B(τ → ππν) =
3

2

Be|Vud|2
πα2m2

τ

∫ m2
τ

smin

dsσ0
π+π−(s)

(
1− s

m2
τ

)2(
1 +

2s

m2
τ

)
SEW
RIB(s)

. (14)

In the limit of isospin symmetry, SEW = 1 and RIB(s) = 1. A previous evaluation of this
branching ratio [21, 23] exhibited a discrepancy at the 4.5σ level when compared to the average
of direct measurements. Including the new calculation of the isospin breaking effects increases
the CVC-based prediction by the amount (+0.73± 0.19)% [15]. This error bar is dominated by
the uncertainties in the long-distance radiative corrections to τ → ππν decays due to neglected
pion form factor effects in virtual corrections [15].

In Figure 4 we compare the direct measurements of the branching ratio for τ decays, with
the predictions based on e+e− data from CMD2, SND and KLOE corrected by IB effects
according to Eq. (14). The difference between direct measurements of the branching fraction
and predictions based on IB corrected e+e− data are now (0.61 ± 0.27)% and (0.47 ± 30)%,
respectively, by including and excluding KLOE data. This shows a smaller discrepancy than in
previous results [21] and gives further support to the use of τ decay data to predict the muon
magnetic anomaly.

6 Conclusions

Recent progress in calculations of the hadronic leading order and light-by-light contributions,
allows to predict the muon magnetic anomaly aµ with a better accuracy that its measured
value. The prediction of aµ based on e+e− data persistently shows a disagreement with the
experimental value, currently at the 3.5σ level. Taking advantage of the high-statistics mea-
surements of the 2π hadronic spectrum from Belle [14], and using new calculations of the IB
effects, we have found [15] a SM prediction based on τ data which is closer to the one based
on e+e data; the discrepancy between both predictions still remains large given their smaller
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τ average
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25.24 ± 0.01 ± 0.39

25.44 ± 0.12 ± 0.42

25.49 ± 0.10 ± 0.09

25.31 ± 0.20 ± 0.14

24.62 ± 0.35 ± 0.50
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24.81 ± 0.25

25.07 ± 0.27

24.98 ± 0.29

24.94 ± 0.35

24.67 ± 0.26

Figure 4: Branching fraction of τ decay compared to predictions based on CVC.

current uncertainties. On the other hand, this brings further support to the use of tau decay
data in the search of an improved prediction of aµ as required by future measurements.

An even better accuracy of the SM prediction can be achieved with more precise measure-
ment of the e+e− → hadrons cross sections at CMD2, SND, KLOE and BaBar. Although some
advances have been done [15] in understanding IB effects in the 2π spectral functions when
comparing τ and e+e − data, further work is required to solve completely the discrepancy
between both sets of data. Solving this discrepancy will help to reach a precise prediction for
aµ as required by the E969 experiment.
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Campus de Fuente Nueva, E-18002 Granada, Spain

DOI: http://dx.doi.org/10.3204/DESY-PROC-2009-03/Prades

I review the recent calculations and current status of the hadronic light-by-light scattering
contribution to muon g-2. In particular, I discuss the main results obtained in a recent work
together with Eduardo de Rafael and Arkady Vainshtein where we came to the estimate
aHLbL
µ = (10.5±2.6)×10−10 . How the two-photon physics program of low energy facilities

can help to reduce the present model dependence is also emphasized.

1 Introduction

One momenta configuration out of the six possible ones contributing to the hadronic light-by-
light to muon g-2 is depicted in Fig. 1 and described by the vertex function

Γµ(p2, p1) = −e6

∫
d4k1

(2π)4

∫
d4k2

(2π)4

Πµνρσ(q, k1, k2, k3)

k2
1 k

2
3 k

2
3

× γν(6p2+ 6k2 −m)−1γρ(6p1− 6k1 −m)−1γσ

(1)

where q → 0 is the momentum of the photon that couples to the external magnetic source,
q = p2 − p1 = −k1 − k2 − k3 and m is the muon mass.

The dominant contribution to the hadronic four-point function

Πρναβ(q, k1, k3, k2) =

i3
∫

d4x

∫
d4y

∫
d4z ei(−k1·x+k3·y+k2·z) 〈0|T [V µ(0)V ν(x)V ρ(y)V σ(z)] |0〉 (2)

comes from the three light quark (q = u, d, s) components in the electromagnetic current

V µ(x) =
[
q Q̂ γµ q

]
(x) where Q̂ ≡ diag(2,−1,−1)/3 denotes the quark electric charge ma-

trix. We are interested in the limit q → 0 where current conservation implies

Γµ(p2, p1) = −a
HLbL

4m
[γµ, γν ] qν . (3)
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Figure 1: Hadronic light-by-light scattering contribution.

Therefore, the muon anomaly can then be extracted as

aHLbL =
e6

48m

∫
d4k1

(2π)4

∫
d4k2

(2π)4

1

k2
1k

2
2k

2
3

[
∂

∂qµ
Πλνρσ(q, k1, k3, k2)

]

q=0

× tr
{

(6p+m)[γµ, γλ](6p+m)γν(6p+ 6k2 −m)−1γρ(6p− 6k1 −m)−1γσ
}
. (4)

Here I discuss the results of [1] and [2]. Previous work can be found in [3, 4, 5, 6, 7, 8, 9,
10, 11, 12] and recent reviews are in [13, 14, 15, 16].

The hadronic four-point function Πµνρσ(q, k1, k3, k2) is an extremely difficult object involv-
ing many scales and no full first principle calculation of it has been reported yet –even in the
simpler large numbers of colors Nc limit of QCD. Notice that we need it with momenta k1, k2

and k3 varying from 0 to ∞. Unfortunately, unlike the hadronic vacuum polarization, there is
neither a direct connection of aHLbL to a measurable quantity. Two lattice groups have started
exploratory calculations [17, 18] but the final uncertainty that these calculations can reach is
not clear yet.

Attending to a combined large number of colors of QCD and chiral perturbation theory
(CHPT) counting, one can distinguish four types of contributions [19]. Notice that the CHPT
counting is only for organization of the contributions and refers to the lowest order term con-
tributing in each case. In fact, Ref. [1] shows that there are chiral enhancement factors that
demand more than Nambu-Goldstone bosons in the CHPT expansion in the light-by-light con-
tribution to the muon anomaly. See more comments on this afterwards.

The four different types of contributions are:

• Nambu-Goldstone boson exchanges contribution are O(Nc) and start at O(p6) in CHPT.

• One-meson irreducible vertex contribution and non-Goldstone boson exchanges contribute
also at O(Nc) but start contributing at O(p8) in CHPT.

• One-loop of Goldstone bosons contribution are O(1/Nc) and start at O(p4) in CHPT.

• One-loop of non-Goldstone boson contributions which are O(1/Nc) but start contributing
at O(p8) in CHPT.
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Based on the counting above there are two full calculations [3, 4, 6] and [5, 7]. There is also
a detailed study of the π0 exchange contribution [8] putting emphasis in obtaining analytical
expressions for this part.

Recently, two new calculations of the pion exchange using also the organization above have
been made. In Ref. [10], the pion pole term exchange is evaluated within an effective chiral
model. These authors also study the box diagram one-meson irreducible vertex contribution.
The results are numerically very similar to the ones found in the literature as can be seen in
Table 1. In Ref. [11], the author uses a large Nc model π0γ∗γ∗ form factor with the pion also
of-shell. This has to be considered as a first step and more work has to be done in order to
have the full light-by-light within this approach. In particular, it would be very interesting to
calculate the contribution of one-meson irreducible vertex contribution within this model.

Using operator product expansion (OPE) in QCD, the authors of [12] pointed out a new
short-distance constraint of the reduced full four-point Green function

〈0|T [V ν(k1)V ρ(k3)V σ(−(k1 + k2 + q))] |γ(q)〉 (5)

when q → 0 and in the special momenta configuration −k2
1 ' −k2

3 >> −(k1 + k3)2 Euclidean
and large. In that kinematical region,

T [V ν(k1)V ρ(k3)] ∼ 1

k̂2
ενραβ k̂α

[
q Q̂2 γβγ5 q

]
(6)

with k̂ = (k1 − k3)/2 ' k1 ' −k3 . See also [20]. This short distance constraint was not
explicitly imposed in previous to [12] calculations.

2 Leading in 1/Nc Results

Using effective field theory techniques, the authors of [9] shown that leading large Nc contribu-
tion to aHLbL contains an enhanced term at low energy by log2(Mρ/mπ) where the rho mass
Mρ acts as an ultraviolet scale and the pion mass mπ provides the infrared scale.

aHLbL(π0) =
(α
π

)3

Nc
m2Nc

48π2f2
π

[
ln2 Mρ

mπ
+O

(
ln
Mρ

mπ

)
+O(1)

]
(7)

This leading logarithm is generated by the Goldstone boson exchange contributions and is
fixed by the Wess–Zumino–Witten (WZW) vertex π0γγ. In the chiral limit where quark masses
are neglected and at large Nc, the coefficient of this double logarithm is model independent and
has been calculated and shown to be positive in [9]. All the calculations we discuss here agree
with these leading behaviour and its coefficient including the sign. A global sign mistake in the
π0 exchange in [3, 4, 5] was found by [8, 9] and confirmed by [6, 7] and by others [21, 22]. The
subleading ultraviolet scale µ-dependent terms [9], namely, log(µ/mπ) and a non-logarithmic
term κ(µ), are model dependent and calculations of them are implicit in the results presented in
[3, 4, 5, 7, 12]. In particular, κ(µ) contains the largeNc contributions from one-meson irreducible
vertex and non-Goldstone boson exchanges. In the next section we review the recent model
calculations of the full leading in the 1/Nc expansion contributions.
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Figure 2: A generic meson exchange contribution to the hadronic light-by-light part of the
muon g − 2.

Table 1: Results for the π0, η and η′ exchange contributions.
Reference 1010 × a

π0 only π0, η and η′

[3, 4, 6] 5.7 8.3 ± 0.6
[5, 7] 5.6 8.5 ± 1.3

[8] with h2 = 0 5.8 8.3 ± 1.2
[8] with h2 = −10 GeV2 6.3

[10] 6.3 ∼ 6.7
[11] 7.2 9.9 ± 1.6
[12] 7.65 11.4±1.0

2.1 Model Calculations

The pseudo-scalar exchange is the dominant numerical contribution and was saturated in [3, 4,
5, 6, 7, 8, 10, 11] by Nambu-Goldstone boson’s exchange. This contribution is depicted in Fig.
2 with M = π0, η, η′. The relevant four-point function was obtained in terms of the off-shell
π0γ∗(k1)γ∗(k3) form factor F(k2

1 , k
2
3) and the off-shell π0γ∗(k2)γ(q = 0) form factor F(k2

2 , 0)
modulating each one of the two WZW π0γγ vertex.

In all cases several short-distance QCD constraints were imposed on these form-factors. In
particular, they all have the correct QCD short-distance behaviour

F(Q2, Q2)→ A

Q2
and F(Q2, 0)→ B

Q2
(8)

when Q2 is Euclidean and large and are in agreement with π0γ∗γ low-energy data 1. They differ
slightly in shape due to the different model assumptions (VMD, ENJL, Large Nc, NχQM)
but they produce small numerical differences always compatible within quoted uncertainty
∼ 1.3× 10−10 –see Table 1.

Within the models used in [3, 4, 5, 6, 7, 8, 10, 11], to get the full contribution at leading in
1/Nc one needs to add the one-meson irreducible vertex contribution and the non-Goldstone

1See however the new measurement of the γγ∗ → π0 transition form factor by BaBar [23] at energies between
4 and 40 GeV2
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Table 2: Sum of the short- and long-distance quark loop contributions [5] as a function of the
matching scale Λ.

Λ [GeV] 0.7 1.0 2.0 4.0

1010 × aHLbL 2.2 2.0 1.9 2.0

Table 3: Results for the axial-vector exchange contributions from [3, 4, 6] and [5, 7].
References 1010 × aHLbL

[3, 4, 6] 0.17 ± 0.10
[5, 7] 0.25 ± 0.10

boson exchanges. In particular, below some scale Λ, the one-meson irreducible vertex contri-
bution was identified in [5, 7] with the ENJL quark box contribution with four dressed photon
legs. While to mimic the contribution of short-distance QCD quarks above Λ, a loop of bare
massive heavy quark with mass Λ and QCD vertices was used. The results are in Table 2
where one can see a very nice stability region when Λ is in the interval [0.7, 4.0] GeV. Similar
results for the quark loop below Λ were obtained in [3, 4] though these authors didn’t discuss
the short-distance long-distance matching.

In [5, 7], non-Goldstone boson exchanges were saturated by the hadrons appearing in the
model, i.e. the lowest scalar and pseudo-vector hadrons. Both states in nonet-symmetry –this
symmetry is exact in the large Nc limit. Within the ENJL model, the one-meson irreducible
vertex contribution is related trough Ward identities to the scalar exchange which we discuss
below and both have to be included [5, 7]. The result of the scalar exchange obtained in [5] is

aHLbL(Scalar) = −(0.7± 0.2)× 10−10 . (9)

The scalar exchange was not included in [3, 4, 6, 8]. The result of the axial-vector exchanges
in [3, 4, 6] and [5, 7] can be found in Table 3.

Melnikov and Vainshtein used a model that saturates the hadronic four-point function in
(2) at leading order in the 1/Nc expansion by the exchange of the Nambu-Goldstone π0, η, η′

and the lowest axial-vector f1 states. In that model, the new OPE constraint of the reduced
four-point function found in [12] mentioned above, forces the π0γ∗(q)γ(p3 = 0) vertex to be
point-like rather than including a F(q2, 0) form factor.

There are also OPE constraints for other momenta regions [24] which are not satisfied by
the model in [12] though they argued that this made only a small numerical difference of the
order of 0.05× 10−10. In fact, within the large Nc framework, it has been shown [25] that in
general for other than two-point functions, to satisfy fully the QCD short-distance properties
requires the inclusion of an infinite number of narrow states.

3 Next-to-leading in 1/Nc Results

For the next-to-leading in 1/Nc contributions to the aHLbL there is no model independent
result at present and is possibly the most difficult component. Charged pion and kaon loops
saturated this contribution in [3, 4, 5, 6, 7]. To dress the photon interacting with pions, a
particular Hidden Gauge Symmetry (HGS) model was used in [3, 4, 6] while a full VMD was
used in [5, 7]. The results obtained are −(0.45± 0.85)× 10−10 in [3] and −(1.9± 0.5)× 10−10
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Figure 3: Goldstone boson exchange in the model in [12] contributing to the hadronic light-by-
light.

Table 4: Results for the full hadronic light-by-light contribution to aHLbL.
Full Hadronic Light-by-Light 1010 × aµ

[3, 4, 6] 8.9± 1.7
[5, 7] 8.9 ± 3.2
[12] 13.6 ± 2.5

in [5] while using a point-like vertex one gets −4.6 × 10−10. Both models satisfy the known
constraints though start differing at O(p6) in CHPT. Some studies of the cut-off dependence
of the pion loop using the full VMD model was done in [5] and showed that their final number
comes from fairly low energies where the model dependence should be smaller. The authors of
[12] analyzed the model used in [3, 4] and showed that there is a large cancellation between the
first three terms of an expansion in powers of (mπ/Mρ)

2 and with large higher order corrections
when expanded in CHPT orders but the same applies to the π0 exchange as can be seen from
Table 6 in the first reference in [2] by comparing the WZW column with the others. The authors
of [12] took (0 ± 1) × 10−10 as a guess estimate of the total NLO in 1/Nc contribution. This
seems too simple and certainly with underestimated uncertainty.

4 Comparing Different Calculations

The comparison of individual contributions in [3, 4, 5, 6, 7, 8, 10, 11, 12] has to be done with care
because they come from different model assumptions to construct the full relevant four-point
function. In fact, the authors of [10] have shown that their constituent quark loop provides the
correct asymptotics and in particular the new OPE found in [12]. It has more sense to compare
results for aHLbL either at leading order or at next-to-leading order in the 1/Nc expansion.

The results for the final hadronic light-by-light contribution to aHLbL quoted in [3, 4, 5, 6,
7, 12] are in Table 4. The apparent agreement between [3, 4, 6] and [5, 7] hides non-negligible
differences which numerically almost compensate between the quark-loop and charged pion and
[12] are in Table 4. Notice also that [3, 4, 6] didn’t include the scalar exchange. Comparing
the results of [5, 7] and [12], as discussed above, we have found several differences of order
1.5×10−10 which are not related to the new short-distance constraint used in [12]. The different
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axial-vector mass mixing accounts for −1.5× 10−10, the absence of the scalar exchange in [12]
accounts for −0.7×10−10 and the use of a vanishing NLO in 1/Nc contribution in [12] accounts
for −1.9× 10−10. These model dependent differences add up to −4.1× 10−10 out of the final
−5.3× 10−10 difference between [5, 7] and [12]. Clearly, the new OPE constraint used in [12]
accounts only for a small part of the large numerical final difference.

5 Conclusions and Prospects

To give a result at present for the hadronic light–by–light contribution to the muon anomalous
magnetic moment, the authors of [1], from the above considerations, concluded that it is fair
to proceed as follows
Contribution to aHLbL from π0, η and η′ exchanges

Because of the effect of the OPE constraint discussed above, we suggested to take as central
value the result of Ref. [12] with, however, the largest error quoted in Refs. [5, 7]:

aHLbL(π , η , η′) = (11.4± 1.3)× 10−10 . (10)

Recall that this central value is quite close to the one in the ENJL model when the short–
distance quark loop contribution is added there.
Contribution to aHLbL from pseudo-vector exchanges

The analysis made in Ref. [12] suggests that the errors in the first and second entries of Table 2
are likely to be underestimates. Raising their ±0.10 errors to ±1 puts the three numbers in
agreement within one sigma. We suggested then as the best estimate at present

aHLbL(pseudo− vectors) = (1.5± 1)× 10−10 . (11)

Contribution to aHLbL from scalar exchanges

The ENJL–model should give a good estimate for these contributions. We kept, therefore, the
result of Ref. [5, 7] with, however, a larger error which covers the effect of other unaccounted
meson exchanges,

aHLbL(scalars) = −(0.7± 0.7)× 10−10 . (12)

Contribution to aHLbL from a dressed pion loop

Because of the instability of the results for the charged pion loop and unaccounted loops of
other mesons, we suggested using the central value of the ENJL result but wit a larger error:

aHLbL(π−dressed loop) = −(1.9± 1.9)× 10−10 . (13)

From these considerations, adding the errors in quadrature, as well as the small charm
contribution 0.23× 10−10, we get

aHLbL = (10.5± 2.6)× 10−10 , (14)

as our final estimate.
The proposed new gµ − 2 experiment accuracy goal of 1.6× 10−10 calls for a considerable

improvement in the present calculations. The use of further theoretical and experimental con-
straints could result in reaching such accuracy soon enough. In particular, imposing as many as
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possible short-distance QCD constraints [3, 4, 5, 6, 7, 8, 11] has result in a better understand-
ing of the numerically dominant π0 exchange. At present, none of the light-by-light hadronic
parametrization satisfy fully all short distance QCD constraints. In particular, this requires the
inclusion of infinite number of narrow states for other than two-point functions and two-point
functions with soft insertions [25]. A numerical dominance of certain momenta configuration
can help to minimize the effects of short distance QCD constraints not satisfied, as in the model
in [12].

More experimental information on the decays π0 → γγ∗, π0 → γ∗γ∗ and π0 → e+e− (with
radiative corrections included [22, 26, 27]) can also help to confirm some of the neutral pion
exchange results. A better understanding of other smaller contributions but with comparable
uncertainties needs both more theoretical work and experimental information. This refers in
particular to pseudo-vector exchanges. Experimental data on radiative decays and two-photon
production of these and other C-even resonances can be useful in that respect.

New approaches to the pion dressed loop contribution, together with experimental informa-
tion on the vertex π+π−γ∗γ∗ in the intermediate energy region (0.5− 1.5 GeV) would also be
very welcome. Measurements of two-photon processes like e+e− → e+e−π+π− can be useful to
give information on that vertex and again could reduce the model dependence. The two-gamma
physics program low energy facilities like the experiment KLOE-2 at DAΦNE will be very useful
and well suited in the processes mentioned above which information can help to decrease the
present model dependence of aHLbL

µ .
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HERA measurements of diffractive ep scattering - the quasi-elastic scattering of the photon
in the proton colour field - are summarised. Emphasis is placed on the most recent data.

1 Introduction

Between 1992 and 2007, the HERA accelerator provided ep collisions at centre of mass energies
beyond 300 GeV at the interaction points of the H1 and ZEUS experiments. Perhaps the most
interesting results to emerge relate to the newly accessed field of perturbative strong interaction
physics at low Bjorken-x, where parton densities become extremely large [1]. Questions arise
as to how and where non-linear dynamics tame the parton density growth [2] and challenging
features such as geometric scaling [3] are observed. Central to this low x physics landscape is
a high rate of diffractive processes, in which a colourless exchange takes place and the proton
remains intact. In particular, the study of semi-inclusive diffractive deep-inelastic scattering
(DDIS), γ∗p → Xp [4] has led to a revolution in our microscopic, parton level, understanding
of the structure of elastic and quasi-elastic high energy hadronic scattering [5]. Comparisons
with hard diffraction in proton-(anti)proton scattering have also improved our knowledge of
absorptive and underlying event effects in which the diffractive signature may be obscured by
multiple interactions in the same event [6]. In addition to their fundamental interest in their
own right, these issues are highly relevant to the modelling of chromodynamics at the LHC [7].

The kinematic variables describing DDIS are illustrated in figure 1a. The longitudinal
momentum fractions of the colourless exchange with respect to the incoming proton and of the
struck quark with respect to the colourless exchange are denoted xIP and β, respectively, such
that β x

IP
= x. The squared four-momentum transferred at the proton vertex is given by the

Mandelstam t variable. The semi-inclusive DDIS cross section is usually presented in the form

of a diffractive reduced cross section σ
D(3)
r , integrated over t and related to the experimentally

measured differential cross section by [8]

d3σep→eXp

dx
IP

dx dQ2
=

2πα2

xQ4
· Y+ · σD(3)

r (x
IP
, x,Q2) , (1)

where Y+ = 1+(1−y)2 and y is the usual Bjorken variable. The reduced cross section depends

at moderate scales, Q2, on two diffractive structure functions F
D(3)
2 and F

D(3)
L according to

σD(3)
r = F

D(3)
2 − y2

Y+
F
D(3)
L . (2)

For y not too close to unity, σ
D(3)
r = F

D(3)
2 holds to very good approximation.
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Figure 1: Sketches of diffractive ep processes. (a) Inclusive DDIS at the level of the quark parton
model, illustrating the kinematic variables discussed in the text. (b) Dominant leading order
diagram for hard scattering in DDIS or direct photoproduction, in which a parton of momentum
fraction zIP from the DPDFs enters the hard scattering. (c) A leading order process in resolved
photoproduction involving a parton of momentum fraction xγ relative to the photon.

2 Measurement methods and comparisons

Experimentally, diffractive ep scattering is characterised by the presence of a leading proton
in the final state, retaining most of the initial state proton energy, and by a lack of hadronic
activity in the forward (outgoing proton) direction, such that the system X is cleanly separated
and its mass MX may be measured in the central detector components. These signatures have
been widely exploited at HERA to select diffractive events by tagging the outgoing proton in the
H1 Forward Proton Spectrometer or the ZEUS Leading Proton Spectrometer (‘LPS method’
[9, 10, 11]) or by requiring the presence of a large gap in the rapidity distribution of hadronic
final state particles in the forward region (‘LRG method’ [8, 10, 12]). In a third approach,
not considered in detail here, the inclusive DIS sample is decomposed into diffractive and non-
diffractive contributions based on their characteristic dependences on MX [12, 13]. Whilst the
LRG and MX -based techniques yield better statistics than the LPS method, they suffer from
systematic uncertainties associated with an admixture of proton dissociation to low mass states,
which is irreducible due to the limited forward detector acceptance.

The H1 collaboration recently released a preliminary proton-tagged measurement using its
full available FPS sample at HERA-II [11]. The integrated luminosity is 156 pb−1, a factor of
20 beyond previous H1 measurements. The new data tend to lie slightly above the recently
published final ZEUS LPS data from HERA-I [10], but are within the combined normalisation
uncertainty of around 10%. The most precise test of compatibility between H1 and ZEUS is
obtained from the LRG data. The recently published ZEUS data [10] are based on an integrated
luminosity of 62 pb−1 and thus have substantially improved statistical precision compared with
the older H1 published results [8]. The normalisation differences between the two experiments
are most obvious here, having been quantified at 13%, which is a little beyond one standard
deviation in the combined normalisation uncertainty. After correcting for this factor, very good
agreement is observed between the shapes of the H1 and ZEUS cross sections throughout most
of the phase space studied, as shown in figure 2. A more detailed comparison between different
diffractive cross section measurements by H1 and ZEUS and a first attempt to combine the
results of the two experiments can be found in [14].
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Figure 2: H1 and ZEUS measurements of the diffractive reduced cross section at two example
xIP values [14]. The ZEUS data are scaled by a factor of 0.87 to match the H1 normalisation.
The data are compared with the results of the H1 2006 Fit B DPDF based parameterisation
[8] for Q2 ≥ 8.5 GeV2 and with its DGLAP based extrapolation to lower Q2.

3 Soft physics at the proton vertex

To good approximation, LRG and LPS data show [8, 9, 10] that DDIS data satisfy a ‘proton
vertex factorisation’,1 whereby the dependences on variables which describe the scattered proton
(xIP , t) factorise from those describing the hard partonic interaction (Q2, β). For example, the
slope parameter b, extracted in [10] by fitting the t distribution to the form dσ/dt ∝ ebt, is
shown as a function of DDIS kinematic variables in figure 3a. There are no significant variations
from the average value of b ' 7 GeV−2 anywhere in the studied range. The measured value of
b is significantly larger than that from ‘hard’ exclusive vector meson production (ep → eV p)
[15]. It is characteristic of an interaction region of spatial extent considerably larger than the
proton radius, indicating that the dominant feature of DDIS is the probing with the virtual
photon of non-perturbative exchanges similar to the pomeron of soft hadronic physics [18].

Figure 3b shows the Q2 dependence of the effective pomeron intercept αIP (0), which is
extracted from the xIP dependence of the data [10]. No significant dependence onQ2 is observed,
again compatible with proton vertex factorisation. These results are consistent with the H1

1This factorisation is not expected to hold to indefinite precision, due for example to the presence of a
‘hard’, fully perturbatively tractable diffractive exchange which governs exclusive vector meson production in
the presence of hard scales [15]. This leads to a higher twist contribution to σDr for β → 1 [16, 17]. However,
this contribution seems to be numerically small when compared with the the inclusive diffractive cross section.
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Figure 3: a) Measurements of the exponential t slope from ZEUS LPS data, shown as a function
of Q2, xIP and MX . b) ZEUS extractions of the effective pomeron intercept describing the xIP
dependence of DDIS data at different Q2 values [10].

value of αIP (0) = 1.118±0.008 (exp.) +0.029
−0.010 (model) [8]. Both collaborations have also extracted

a value for the slope of the effective pomeron trajectory, the recently published ZEUS value
being α′IP = −0.01± 0.06 (stat.) ± 0.06 (syst.) GeV−2 [10].

The intercept of the effective pomeron trajectory is consistent within errors with the ‘soft
pomeron’ results from fits to total cross sections and soft diffractive data [19]. Although larger
effective intercepts have been measured in hard vector meson production [15], no deviations with
either Q2 or β have yet been observed in inclusive DDIS. The measured slope of the effective
trajectory is smaller than the canonical soft diffractive value of 0.25 GeV−2 [20], though it is
compatible with results from the soft exclusive photoproduction of ρ0 mesons at HERA [21].

4 Diffractive Parton Density Functions

In the framework of the proof [22] of a hard scattering collinear QCD factorisation theorem for
semi-inclusive DIS processes such as DDIS, the concept of ‘diffractive parton distribution func-
tions’ (DPDFs) [23] may be introduced, representing conditional proton parton probability dis-
tributions under the constraint of a leading final state proton with a particular four-momentum.
The differential DDIS cross section may then be written in terms of convolutions of partonic
cross sections σ̂ei(x,Q2) with DPDFs fDi as

dσep→eXp(x,Q2, x
IP
, t) =

∑

i

fDi (x,Q2, x
IP
, t) ⊗ dσ̂ei(x,Q2) . (3)

The empirically motivated proton vertex factorisation property (section 3) suggests a further
factorisation, whereby the DPDFs vary only in normalisation with the four-momentum of the
final state proton as described by x

IP
and t:

fDi (x,Q2, x
IP
, t) = fIP/p(xIP , t) · fi(β = x/x

IP
, Q2) . (4)
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Figure 4: ZEUS down quark (one sixth of the total quark + antiquark) and gluon densities as a
function of generalised momentum fraction z at Q2 = 6 GeV2 [25]. Two heavy flavour schemes
are shown, as well as H1 results [8] corrected for proton dissociation with a factor of 0.81.

Parameterising fIP/p(xIP , t) using Regge asymptotics, equation 4 amounts to a description of
DDIS in terms of the exchange of a factorisable pomeron with universal parton densities [24].
The β and Q2 dependences of σDr may then be subjected to a perturbative QCD analysis based
on the DGLAP equations in order to obtain DPDFs. Whilst FD2 directly measures the quark
density, the gluon density is only indirectly constrained, via the scaling violations ∂FD2 /∂ lnQ2.

The high statistics ZEUS LRG and LPS data [10] have recently been fitted to extract
DPDFs [25]. The method and DPDF parameterisation are similar to an earlier H1 analysis [8],
the main step forward being in the heavy flavour treatment, which now follows the general mass
variable flavour number scheme [26]. In figure 4, the resulting DPDFs are compared with results
from both ZEUS and H1 using a fixed flavour number scheme. The agreement between the
experiments is reasonable when the uncertainty on the H1 DPDFs is also taken into account and
the conclusion that the dominant feature is a gluon density with a relatively hard z dependence
is confirmed. The error bands shown in figure 4 represent experimental uncertainties only.
Whilst the quark densities are rather well known throughout the phase space, the theoretical
uncertainties on the gluon density are large. Indeed, in the large z region, where the dominant
parton splitting is q → qg, the sensitivity of ∂FD2 /∂ lnQ2 to the gluon density becomes poor and
different DPDF parameterisations lead to large variations [8, 25]. Improved large z constraints
have been obtained by including dijet data in the QCD fits [27, 25].

In common with the inclusive proton PDFs at low x [1], the DPDFs exhibit a ratio of
around 7:3 between gluons and quarks, consistent with a common QCD radiation pattern far
from the valence region. Qualitatively, the diffractive quark density is similar in shape to that
of the photon [28], which might be expected if the high z quarks are generated from initial basic
g → qq̄ splittings, similar to the γ → qq̄ splitting in the photon case.

5 Factorisation Tests in Diffractive DIS

According to [22], the diffractive parton densities extracted from σDr should be applicable to the
prediction of a wide range of other observables in diffractive DIS. There have been many tests of
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Figure 5: Comparisons [32] of measurements of diffractive open charm production with predic-
tions based on DPDFs extracted from σDr data [8].

this diffractive hard scattering factorisation over the years, the most precise and detailed arising
from jet [29, 30, 27] and heavy flavour [31, 32] cross section measurements. Being dominated
by the boson-gluon fusion parton level process γ∗g → qq̄ (figure 1b), these data are directly
sensitive to the diffractive gluon density, in contrast to σDr . Such tests have been successful
at moderate values of z, as shown for the example of diffractive charm quark production in
figure 5. As mentioned in section 4, the situation changes at large z >∼ 0.4, where the gluon
density from σDr has a large uncertainty and dijet data give the best constraints.
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Figure 6: First measurement of the longitu-
dinal diffractive structure function [34], com-
pared with DPDF based predictions.

At low x and Q2, the longitudinal diffrac-
tive structure function, FDL , is closely related to
the diffractive gluon density [33] and thus gives
a complementary test of diffractive factorisation
and the role of gluons to those provided by jet
and charm cross sections. Measurements of FDL
became possible following the reduced proton
beam energy runs at the end of HERA opera-
tion. According to equation 2, FDL and FD2 may
then be separated through the y = Q2/(s β x

IP
)

dependence as s varies at fixed Q2, β and x
IP

.

The H1 collaboration recently released pre-
liminary FDL data, as shown in figure 6. The
results [34], when integrated over β show that
FDL is non-zero at the 3σ level. It is also
clearly incompatible with its maximum possi-
ble value of FD2 . The measured ratio of longi-
tudinal to transverse photon induced cross sec-
tions in diffraction is similar to that in inclusive
DIS measurements [35], though the errors in the
diffractive case are large. The measured FDL is in agreement with all reasonable predictions
based on DPDFs extracted from σDr . Dipole model predictions such as [2, 16] have thus far
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neglected any contribution from a leading twist FDL and formally give predictions very close
to zero in the relatively low β range covered. A hybrid approach [36] which mixes a leading
twist DPDF based FDL with a higher twist contribution at high β derived from [2], is in good
agreement with the data.

6 Hard Diffractive Photoproduction and Rapidity Gap
Survival Probabilities

Figure 7: Ratios of diffractive dijet photo-
production cross sections measured by H1
to NLO QCD calculations [41].

As expected [22, 37], DPDF-based predictions for
hard diffractive processes in pp̄ scattering fail by
around an order of magnitude [38]. This factori-
sation breaking is generally attributed to absorp-
tive corrections, corresponding to the destruction
of the outgoing proton coherence and the rapidity
gap due to multiple interactions within a single
event. These effects are associated with the pres-
ence of a proton remnant, in contrast to the point-
like photon coupling in DDIS. The corresponding
‘rapidity gap survival probability’ can be treated
semi-quantitatively [6] and its prediction at LHC
energies is a major current issue [7].

The questions of DPDF applicability and ra-
pidity gap survival can be addressed in hard
diffractive photoproduction, where the virtuality
of the exchange photon coupling to the electron
is close to zero [39]. Under these circumstances,
the photon can develop an effective partonic struc-
ture via γ → qq̄ fluctuations and further subse-
quent splittings. In a simple leading order pic-
ture, there are thus two classes of hard photopro-
duction: ‘resolved’ interactions (figure 1c), where
the photon interacts via its partonic structure and
only a fraction xγ of its four-momentum partici-
pates in the hard subprocess and ‘direct’ interac-
tions (figure 1b), where the photon behaves as a
point-like particle and xγ = 1. The gap survival
probability has been estimated to be 0.34 for re-
solved processes [40] and is expected to be unity
for direct photon interactions.

Figure 7 [41] shows ratios of H1 measurements
of diffractive dijet photoproduction cross sections
to NLO QCD calculations which neglect absorp-
tive effects [42]. Results are shown differentially
in the leading jet transverse energy Ejet1T and in
hadron level estimators of zIP and xγ , obtained as described in [30]. For most of the measured
points, the ratios are significantly below unity. When taking the H1 Fit B DPDFs [8], which
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describe a wide range of DDIS observables, there is little dependence of the ratio on zIP .

    obs
γx

0.4 0.6 0.8 1

 (p
b)

  
ob

s
γ

/d
x

σd

100

200

300

400

500 p 99-00γZEUS diff dijet  
corr. uncertainty
ZEUS (prel.) DPDF S incl+dijets

 0.81×H1 Fit 2007 Jets 

ZEUS

Figure 8: ZEUS diffractive dijet pho-
toproduction data [43], compared with
DPDF based predictions.

Figure 8 shows a recent ZEUS measurement [43] as
a function of xγ compared with predictions based on H1
[27] and ZEUS [25] DPDFs extracted by fitting σDr and
diffractive dijet electroproduction data. In contrast to
the H1 case, these data are compatible with NLO pre-
dictions. A possible explanation for the apparent dis-
crepancy between the two collaborations is offered by
indications of a dependence of the data-to-theory ra-
tio on the jet transverse energy (figure 7c) [30, 43, 41].

The ZEUS measurement is made for Ejet1
t > 7.5 GeV,

whereas H1 measure for Ejet1
t > 5 GeV. There is as

yet no accepted theoretical explanation for this effect.
Intriguingly, the ratios of data to theory measured

by both collaborations have at most a weak dependence
on xγ , in contrast to theoretical expectations [40, 44].
Since the correlations between the variables are compli-
cated (e.g. Ejet1T and xγ are strongly positively corre-
lated through the kinematic restrictions), more differ-
ential studies are required to fully unfold the dynamics.

7 Summary

Recent H1 and ZEUS semi-inclusive diffractive DIS (DDIS) data are in fair agreement within
their normalisation uncertainties. The data exhibit proton vertex factorisation to good approx-
imation. Dependences on variables describing the coupling to the proton lead to a picture in
which DDIS probes a diffractive exchange whose origins lie in the soft dynamics below typical
factorisation scales, and which is similar to that exchanged in soft hadronic scattering. The
parton densities (DPDFs) associated with this exchange have a structure dominated by a hard
gluon density, which successfully describes all measured observables in diffractive DIS, includ-
ing the longitudinal diffractive structure function, FDL . The rapidity gap survival probability
derived from DPDF-based predictions of hard diffractive photoproduction data is surprisingly
similar for direct and resolved photon interactions, a fact which remains under investigation.
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The theoretical and experimental aspects of particle production from the strong equiva-
lent photon fluxes present at high energy hadron colliders are reviewed. The goal is to
show how photons at hadron colliders can improve what we have learnt from experiments
with lepton beams. Experiments during the last 5-10 years have shown the feasibility of
studying photoproduction in proton-proton and heavy-ion collisions. The experimental
and theoretical development has revealed new opportunities as well as challenges.

1 Introduction

During the last decade the idea to study electromagnetic particle production at hadron and
heavy-ion colliders has developed theoretically as well as experimentally. At the previous con-
ference in this series (Photon 07, held at the Sorbonne in Paris), a session was devoted to this
topic. I gave a summary of photoproduction at hadron colliders, in particular in heavy-ion col-
lisions, at that meeting [1]. Since then, several new results have been published and an update
of the latest developments will be given here. More comprehensive reviews of the field can be
found e.g. in [2] and [3].

There are several reasons to study photon-induced reactions in collisions between hadrons.
At the Large Hadron Collider (LHC) at CERN, the accessible two-photon center-of-mass en-
ergies will be much higher than at LEP and the photon-nucleon energies will be higher than
at HERA. The LHC will thus explore a new and uncharted territory also in interactions me-
diated by photons. Heavy-ion interactions at the Relativistic Heavy-Ion Collider and at the
LHC provide an opportunity to study photons from strong electromagnetic fields where the
coupling is Z

√
α rather than

√
α. At a hadron collider both projectiles can act as photon

emitter and target, and this leads to some interesting interference phenomena, which will be
discussed below. Furthermore, the electromagnetic contribution is important for understanding
other types of exclusive particle production, e.g. through Pomeron+Pomeron interactions in
pp or pp collisions. It has been been proposed to use two-photon production of µ+µ−–pairs as
a luminosity monitor at the LHC.

To separate the electromagnetic interactions from the “background” of strong, hadronic
processes, it is in practice necessary to restrict the study to so-called ultra-peripheral colli-
sions, where the impact parameters are larger than the sum of the beam particle radii. This
means impact parameters in the range ≈1.4(14) - 100 fm in proton-proton (heavy-ion) col-
lisions. The upper range 100 fm is somewhat arbitrary but in practice the fields at current
colliders are too weak to produce particles outside this range. The exception is production of
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low-mass e+e−–pairs, where impact parameters above 1000 fm can give a significant contribu-
tion. Experimentally, interactions mediated by photons can be separated from purely hadronic
interactions by their lower multiplicity and the presence of rapidity gaps. If the entire event is
reconstructed, charge conservation and the low total transverse momentum also provide strong
background rejection.

2 Results from RHIC

Ultra-peripheral collisions have been studied at the Relativistic Heavy-Ion Collider (RHIC)
at Brookhaven National Laboratory by the two large experiments PHENIX and STAR. The
first results on ρ0 photoproduction were published by the STAR collaboration based on data
from the first run at RHIC in the year 2000. STAR has so far mainly focussed on low-mass
states, such as photoproduction of the ρ0 meson and low-mass e+e− pairs. The study of ultra-
peripheral collisions in PHENIX has been directed towards heavy vector meson production
(J/Ψ) and high-mass e+e− pairs. The first preliminary results from PHENIX were presented
at the Quark Matter 2005 conference [4], and earlier this year the final results were published [5].
The final results also include cross sections for two-photon production of e+e− pairs.
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Figure 1: Invariant mass (a) and transverse momentum (b) distributions of e+e− pairs in ultra-
peripheral Au+Au collisions as measured by PHENIX[5]. The event selection is described in
the text.

PHENIX has implemented a trigger where an energy deposit of E ' 0.8 GeV in the mid-
rapidity electromagnetic calorimeters is combined with two rapidity gaps at intermediate ra-
pidities. The rapidity gaps are defined by an absence of a signal in the Cherenkov Beam-Beam
Counters (BBC) covering the pseudorapidity range 3.0 < |η| < 3.9 on either side of midrapidity.
It is furthermore required that there should be a signal (E ' 30 GeV) in one or both of the
Zero-Degree Calorimeters (ZDC) situated 18 m downstream from the interaction point. This
requirement means that the central production occurs in coincidence with exchange of one or
more additional photons which lead to the break up of one or both nuclei.

A data sample with an integrated luminosity of 141± 12µb from the 2004 high-luminosity
run at RHIC has been analyzed. This luminosity corresponds to around 960 · 106 inelastic
Au+Au events (σinel = 6.8 b). The UPC trigger as described above collected 8.5 · 106 events
out of which 6.7 · 106 satisfied standard data quality assurance criteria. The electrons and
positrons were tracked and identified in the PHENIX central tracking arms, covering |η| <
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minv [GeV ] dσ/dminvdy dσ/dminvdy
(|y| < 0.35) (|y| < 0.35, |η1,2| < 0.35)

2.0 ≤ minv ≤ 2.8 86± 23(stat)± 16(syst) 0.95± 0.25(stat)± 0.18(syst)
2.0 ≤ minv ≤ 2.3 129± 47(stat)± 28(syst) 1.43± 0.52(stat)± 0.31(syst)
2.3 ≤ minv ≤ 2.8 60± 24(stat)± 14(syst) 0.65± 0.26(stat)± 0.15(syst)

Table 1: Differential cross sections for two-photon production of e+e− pairs [5]. The variables
y and minv refer, respectively, to the rapidity and invariant mass of the pair. The rightmost
column shows the cross section when one requires both the e+ and e− to be within |η| < 0.35.

0.35 and ∆φ = 90o each. Tracking was performed by multi-layer drift chambers and multi-
wire proportional chambers in each arm, and electrons were identified by their signals in the
Ring-Imaging-Cherenkov (RICH) detectors and the electromagnetic calorimeters. In the offline
analysis, it was required that the event should contain exactly 2 tracks of opposite charge
satisfying the UPC electron/positron identification criteria and that the event vertex should be
within |Z| < 30 cm from the center of the detector. It was required that each electron/positron
should have E > 1 GeV to be well above the trigger threshold (E ' 0.8 GeV). This gave a
sample with 28 events, the invariant mass and pT distributions of which are shown in Fig. 1.
There was no like-sign background after the offline cuts had been applied. The results are
consistent with production of e+e−–pairs through two-photon interactions, γ+ γ → e+e−, and
photonuclear production (coherent and incoherent) of J/Ψ, γ + Au → J/Ψ + Au, followed by
the decay J/Ψ→ e+e−. The background from hadronically produced e+e− pairs in the ultra-
peripheral sample was estimated from measurements of e+e− pairs in proton-proton collisions
and was found to be negligible (< 1 event). The majority of the events are from coherent
production, as can be seen from the transverse momentum distribution in Fig. 1 b). The curve
shows for comparison the nuclear (Au) form factor.

The cross section for J/Ψ production, dσ/dy = 76 ± 31(stat) ± 15(syst)µb with nuclear
break up, is consistent with theoretical predictions [6, 7, 8, 9], but the size of the experimental
errors precludes a discrimination between the models. The cross sections for continuum e+e−

production are shown in Table 1. The results are in good agreement with calculations using
the method of equivalent photons as implemented in the Starlight Monte Carlo [11].

The mid-rapidity cross section for J/Ψ is a measure of the J/Ψ+ Nucleon cross section in
nuclear matter [7] and is also affected by nuclear gluon shadowing [10]. Recent calculations
by Baltz [12] for two-photon production of di-muons and di-electrons have found that higher-
order terms reduce the cross section by 20-30% in heavy-ion collisions. A recent calculation has
however not found such large reductions from higher order terms, particularly not for µ+µ−

pairs [13]. A measurement with smaller errors could settle this issue experimentally.

The STAR collaboration has studied coherent and incoherent photoproduction of ρ0 mesons
in Au+Au collisions at

√
sNN = 130 and 200 GeV [14, 15]. The pions from the decay ρ0 → π+π−

were reconstructed in the STAR Time-Projection Chamber (TPC), which covers the pseudora-
pidity range |η| < 1 with full coverage in azimuth. Two trigger classes were defined. One class
was based on having two roughly back-to-back hits in the Central Trigger Barrel (CTB), a set
of 240 scintillators surrounding the TPC. This trigger (“topology trigger”) selects photopro-
duced ρ0 mesons with and without nuclear break up. The second trigger class (“minimum bias
(MB)”) required the events to have a signal in both ZDCs, and thus selected photoproduction
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in coincidence with mutual Coulomb breakup of both Au nuclei. The cross sections, rapidity
and pT distributions have been published earlier and have been found to be in good agreement
with calculations [14, 15].

Both nuclei can act as photon emitter and target in an ultra-peripheral collision. Since
the two possibilities cannot be distinguished, they might interfer quantum mechanically. The
separation of the two nuclei when a ρ0 meson is produced at RHIC energies is typically 14–40
fm, with a different distribution depending on whether the ρ0 is produced with or without
nuclear breakup. The median impact parameters are < b >= 46 fm for the total production
and < b >= 18 fm with mutual break up [6]. The ρ0 meson is always produced near the surface
of one of the nuclei because of the short range of the nuclear force. The system thus acts as a
two-source interferometer and, depending on the separation of the nuclei and the wave length
of the ρ0, interference might occur. The interference will be destructive in collisions between
particles and constructive in collisions between particles and anti-particles. For production at
mid-rapidity, where the amplitudes for the two possibilities are equal, the cross section for a
meson with tranverse momentum ~pT in a collision with impact parameter ~b is

σ( ~pT ,~b) = 2σ1( ~pT ,~b)
(

1± cos( ~pT ·~b)
)
, (1)

where σ1( ~pT ,~b) is the cross section for emission from a single source. The total production cross
section is obtained by integrating over all allowed impact parameters. For pT � 1/ < b >,
the cross section will be affected by the interference. This is illustrated in Fig. 2, where the
solid curve shows the expected t = p2

T spectrum with interference and the dashed curve shows
the expected spectrum without interference. The smaller mean impact parameters in collisions
with nuclear breakup means that the interference extends to higher transverse momenta, as
seen in Fig. 2b.

The presence of interference and its effect on the vector meson transverse momentum spec-
trum was predicted [16]. It has now been experimentally confirmed by the STAR collabora-
tion [17]. The measured transverse momentum distributions for the two trigger classes are
shown in Fig. 3. As one moves away from mid-rapidity, the amplitudes for the two target and
photon-emitter configurations will be different and one expects the interference to decrease.
This can be seen in the two plots to the right in Fig. 3.
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Figure 2: Predicted ρ0 transverse momentum spectra with (solid curve) and without (dashed
curve) interference [6, 16]. The left plot shows the spectrum for all events while the right plot
shows the spectrum for events with mutual Coulomb break up.
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Figure 3: Transverse momentum (p2
T = t⊥) spectrum for photoproduction of ρ0 mesons in

ultra-peripheral Au+Au collisions as measured by STAR [17]. The top plots are for minimum
bias data and the bottom plots are for the topology trigger. The plots in the left column
show production at mid-rapidity and those in the right column show production away from
mid-rapidity. The curves are fits to a function with an interference term.

What makes this interference particularly interesting is the fact that the life-time of the ρ0

is much smaller than the separation between the nuclei divided by the speed of light. The inter-
ference must therefore occur between the decay products of the ρ0, which are in an entangled
state. The interference is the result of the large separation between the nuclei in an ultra-
peripheral collision and is expected to be different for other coherent production mechanisms,
e.g. Odderon–Pomeron fusion.

3 Results from the Tevatron

Two-photon and photonuclear interactions have been studied by the CDF collaboration in
proton-anti-proton collisions at the Tevatron. The latest results include exclusive di-muon
production in the invariant mass range 3 ≤ mµµ ≤ 4 GeV [18] and two-photon production
of di-leptons with mll > 40 GeV [19]. The produced particles have been detected at central
rapidities, |η| < 0.6 for intermediate mass di-muons and |η| < 4 for the high mass di-leptons.
The centrally produced particles are observed in an otherwise empty event, which is defined
by other detectors with a coverage out to |η| < 7.4. Further details on the experimental setup,
trigger, and the exact phase space coverage can be found in Refs. [18, 19].

The exclusive di-muon events were identified as coming from exclusive photoproduction of
J/Ψ and Ψ′ followed by the decay to µ+µ− and two-photon continuum production of µ+µ−

pairs. The background from the χc mesons produced in exclusive Pomeron-Pomeron interac-
tions decaying to χc → J/Ψ + γ was estimated. Measurements were made where a J/Ψ was
produced in coincidence with a photon with energy Eγ > 80 MeV. From this, it could be esti-
mated that the background from χc events where the photon is not detected contributed about
4% to the exclusive J/Ψ sample.

The exclusive events can be simulated with the Starlight Monte Carlo, which is based on
the model in [25]. The photon-proton cross sections as measured by experiments at HERA and
at fixed target experiments with lepton beams are used as input to the calculations. These are
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combined with the equivalent photon spectrum to give the cross section for p+ p→ p+ p+ V ,
where V is a vector meson. Starlight can also calculate the cross section for µ+µ− pairs produced
in two-photon interactions. The differential cross section, dσ/dy, for vector meson production
is given by

dσ(p+p→p+p+V )
dy =

k1
dnγ
dk1

σγp(k1) + k2
dnγ
dk2

σγp(k2).
(2)

Here, dn/dk is the photon spectrum and σγp the cross section for γ+p→ V +p. A J/Ψ produced
at central rapidity within |y| < 0.5 corresponds to photoproduction with photon-proton center-
of-mass energies between 60 ≤ Wγp ≤ 100 GeV. Exclusive J/Ψ and Ψ′ production has been
studied at HERA in this energy range by both the Zeus [20] and H1 [21] collaborations. The
γ + p → J/Ψ + p cross sections are thus known experimentally, with errors typically in the
range 6–9 %.

The photon spectrum associated with a relativistic proton can be calculated from that of
a point charge modulated by a form factor [22]. A problem with this approach is that it does
not properly exclude collisions where the protons interact hadronically. A different approach is
therefore used here. The method is similar to that used for nuclear collisions, where one has to
require that the impact parameter be larger than the sum of the nuclear radii to exclude strong
interactions [23]. The proton has a more diffuse surface, however, so applying a sharp cut-off in
impact parameter space is unphysical. A more realistic approach is to calculate the (hadronic)
interaction probability as function of impact parameter by applying a Fourier transform to the
pp elastic scattering amplitude [24]. To set a conservative upper limit on the photon spectrum,
it is also calculated with a cut on the impact parameter b > 0.7 fm. This gives a photon
spectrum very similar to that obtained when using the proton form factor.

The transverse momentum distributions for the three final states are shown in Fig. 4 together
with Starlight predictions. The transverse momenta of the vector mesons reflect the proton form
factor and extend out to around ≈ 1 GeV/c, whereas the transverse momenta of the two-photon
final state are considerably lower. The agreement between data and Starlight is very good.

For the calculations of the cross sections, the latest results from HERA were used to make
a new fit to the γ + p → V + p cross sections. These fits are slightly different from the ones
used earlier [25]. The uncertainties in the calculated cross sections are determined from the
uncertainty in the measured γp cross sections and the calculation of the photon spectrum with

Figure 4: Transverse momentum distributions of exclusive µ+µ− pairs in pp collisions, as
measured by the CDF collaboration [18]. The crosses show the experimental results and the
histograms are the Starlight predictions, normalized to the data. Fig. a) shows µ+µ− pairs in
the invariant mass ranges 3.2 ≤ minv ≤ 3.6 and 3.8 ≤ minv ≤ 4.0 GeV.
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b > 0.7 fm. The results are

J/Ψ :
dσ

dy

∣∣∣∣
y=0

= 2.7+0.6
−0.2 nb , Ψ′ :

dσ

dy

∣∣∣∣
y=0

= 0.45+0.11
−0.04 nb . (3)

These can be compared with the measured values, 3.92± 0.25(stat)± 0.52(syst) nb and 0.53±
0.09(stat)± 0.01(syst) nb, for the J/Ψ and Ψ′, respectively [18]. The measured cross section
for the J/Ψ is thus about two standard deviations above the calculated value and about one
standard deviation above the calculated upper limit. The CDF collaboration has concluded
that the upper limit for an Odderon contribution (Odderon+Pomeron→ J/Ψ) is less than
dσ(y = 0)/dy < 2.3 nb with 95% confidence level.

4 Outlook to the LHC

The results from RHIC and the Tevatron show the feasibility of studying two-photon and
photon-nucleon interactions at hadron colliders. The results have been found to be in general
agreement with predictions, but the statistics at least for heavy final states have so far been
rather low.

The situation should be more advantageous at the LHC for at least two reasons: First,
the cross section increases dramatically with the increased collision energy. This is illustrated
in Fig. 5, which shows the excitation function for J/Ψ production at mid-rapidity in heavy-
ion collisions. The increase in cross section is about a factor of 100 between RHIC and LHC
energies. Secondly, the large and versatile experiments at the LHC should have the capability
to trigger on and reconstruct particles produced in ultra-peripheral collisions over a wide range
of phase space.
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y 
(y

=0
) [
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Total

With Coulomb breakup
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2
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Figure 5: Calculated excitation function for mid-rapidity photoproduction of J/Ψ in Au+Au
collisions, based on [6].

Several topics can be studied in ultra-peripheral collisions at the LHC. The CMS collab-
oration has for example investigated the possibilities for studying exclusive Υ production in
Pb+Pb collisions [26] and two-photon production of supersymmetric pairs in pp collisions [27].
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ALICE, which is primarily aimed for studying heavy-ion collisions, has performed simulations
of J/Ψ and two-photon production in heavy-ion and proton-proton collisions [28].

Most studies so far, both at the existing colliders RHIC and the Tevatron as well as at the
LHC, have focussed on exclusive production of a single particle or pair of particles. It should
however be possible to extract as much information from inclusive processes, for example heavy
quark production from photon-gluon fusion and photon-induced jet production.

To summarize, ultra-peripheral collisions are an interesting enhancement of the physics
programs at hadron colliders. They can be studied at existing and planned experiments with
no or only minor modifications. The results from RHIC and the Tevatron have followed the
theoretical expectations. Further studies at the LHC and at existing accelerators with increased
luminosities will hopefully lead to useful constraints on e.g. the parton density distributions
and possibly even to the discovery of new phenomena.
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Selected topics on exclusive ρ0 production from the COMPASS experiment are discussed.
They include the transverse target spin asymmetry, the longitudinal double-spin asymme-
try and the spin density matrix elements. Future plans for the GPD studies at COMPASS
and results from a DVCS test run are also presented.

1 Introduction

Exclusive processes in electro- and muoproduction have played an important role in studying
strong interactions and gained a renewed interest, as they can give access to Generalized Parton
Distributions (GPDs) and thus to a wealth of information on the nucleon structure. A study of
Hard Exclusive Meson Production and Deeply Virtual Compton Scattering (DVCS) is a part
of the COMPASS physics program. In addition, COMPASS provides also large statistics data
for meson production in the non-perturbative region at low Q2.

The recent results from COMPASS on the transverse target spin asymmetries for ρ0 produc-
tion off polarised protons and deuterons will be discussed in Sect. 3. Other advanced analyses
are those of the longitudinal double spin asymmetry (Sect. 4), of the spin density matrix ele-
ments (Sect. 5), and of Q2- and W -dependence of unpolarised cross sections, separated σL and
σT cross sections and the t− slopes of cross sections dσ/dt. Experimental tests of feasibility
to isolate exclusive single photon events have just started at COMPASS and the results will be
briefly discussed in Sect. 6.

2 COMPASS experimental set-up

A high intensity positive muon beam from the CERN SPS, of 160 GeV/c momentum and −76%
average polarisation, impinges on a large solid-state polarised target. The polarisable material
is either 6LiD with 50% deuteron polarisation or NH3 with 90% proton polarisation. Both
protons and deuterons could be polarised either longitudinally or transversely with respect to
the beam direction. The targets contain either two or three separate cells with polarisable
material, placed one after another along the beam. The beam traverses 120 cm of the total
length of polarised material. Polarisation directions in the alternate cell are opposite and are
periodically reversed.
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The COMPASS detector consists of two high resolution magnetic spectrometers equipped
with tracking detectors, electromagnetic and hadronic calorimetry and muon identification. The
first, large angle spectrometer is equipped with the RICH detector. A detailed description of
the COMPASS apparatus can be found in [1].

3 Transverse target spin asymmetries for ρ0 production

3.1 Theoretical motivation

It was pointed out that vector meson production on a transversely polarised target is sensitive
to the nucleon helicity-flip GPD E [2, 3]. This GPD offers unique views on the orbital angular
momentum carried by partons in the proton [4] and on the correlation between polarisation
and spatial distribution of partons [5].

The reference [6] provides a detailed framework to our study. The cross section of the
reaction µ+N → µ′+ρ0 +N ′ on a transversely polarised nucleon is a function of the kinematic
variables xB , Q2, t, φ and φS . Here φ is the azimuthal angle between the lepton plane and the
hadron plane and φS is the azimuthal angle of the the target spin vector ST w.r.t. the virtual
photon direction. An observable which allows access to the GPD E is the transverse target
spin asymmetry w.r.t. virtual photon direction defined as

AUT (φ, φS) =
1

ST
· dσ(φ, φS)− dσ(φ, φS + π)

dσ(φ, φS) + dσ(φ, φS + π)
. (1)

The modulation of asymmetry as a function of sin(φ − φs) in deep inelastic kinematics region
can be expressed as

A
sin(φ−φs)
UT (φ, φS) ∝ Im(σ+−

++ + ε σ+−
00 )

1
2 (σ++

++ + σ−−++) + ε σ++
00

. (2)

The notation for the cross sections and interference terms is that of Ref. [6], with the lower
indices referring to the helicities of the virtual photon and the upper ones to the helicities of
the target proton, and ε is the virtual photon polarisation parameter. The only leading-twist
observables are the longitudinal cross section σ++

00 and the interference term σ+−
00 . They can be

written as:

1

Γ′
dσ++

00

dt
= (1− ξ2)|HM |2 − (ξ2 +

t

4M2
p

)|EM |2 − 2ξ2Re(E∗MHM), (3)

1

Γ′
dσ+−

00

dt
= −

√
1− ξ2

√
t0 − t
Mp

Im(E∗MHM) , (4)

where Γ′ = αem/Q
6 × x2

B/(1 − xB), the skewedness variable is ξ = xB/(2 − xB) and the
minimal four-momentum transfer is t0 = −4ξ2M2

p/(1 − ξ2). The quantities HM and EM are
weighted sums of integrals over the GPD Hq,g and Eq,g respectively. The weights depend on
the contributions of quarks of various flavours and of gluons to the production of meson M (ρ0

in present analysis).
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3.2 Event sample

The results presented in Sect. 3 were obtained using the full sets of data with transversely
polarised protons from the NH3 target taken in 2007, and with transversely polarised deuterons
from the 6LiD target taken in 2002-2004. As an example, the selection of the sample of inco-
herent exclusive ρ0 production will be described here for the 2007 data.

In order for an event to be accepted, it was required to originate inside the target, have
reconstructed beam and scattered muon tracks and have only two additional tracks, which
correspond to charged pions from the decay of ρ0. A cut on the invariant mass of two pions,
0.47 < mππ < 1.07 GeV/c2, selects the ρ0. As the slow recoil target particles are not detected,
in order to select exclusive events we use the cut on the missing energy, −2.5 < Emiss <
2.5 GeV, on the transverse momentum of ρ0 with respect to the direction of virtual photon,
p2
t < 0.5 (GeV/c)2, and on the ρ0 energy, Eρ > 15 GeV. Here Emiss = (M2

X −M2
p )/2Mp,

where MX is the missing mass of an unobserved recoiling system and Mp is the proton mass.
Coherent interactions on the nitrogen and other nuclei in the target are removed by a cut
p2
t > 0.05 (GeV/c)2. To obtain a final data sample of events in the deep inelastic region, the

negative four-momentum squared of the virtual photon is restricted to Q2 > 1.0 (GeV/c)2, while
the region of hadron resonances is excluded by applying a cut on the total energy in the γ∗N
center of mass system, W > 5.0 GeV. Another cut is applied on the variable y, 0.1 < y < 0.9,
in order to remove events with large radiative corrections (large y) or poorly reconstructed
kinematics (low y).
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Figure 1: Distributions of Mππ (top left), Emiss (top right) and p2
t (bottom) for the exclusive

sample. The arrows show cuts imposed on each variable to define the final sample.

The distributions of mππ, Emiss and p2
t are shown in Fig. 1. Each plot is obtained applying

all cuts except those corresponding to the displayed variable. On the left top panel of Fig. 1
a clear peak of the ρ0 resonance is visible on the top of the small contribution of background

PHOTON09 3

ANDRZEJSANDACZ

296 PHOTON09



of the non-resonant ππ pairs. A small bump below 0.4 GeV/c2 is due to assignment of the
charged pion mass to the kaons from decays of φ mesons.

On the right top panel of the figure the peak at Emiss ≈ 0 is the signal of exclusive ρ0

production. The width of the peak, σ ≈ 1.1 GeV, is due to the spectrometer resolution. Non-
exclusive events, where in addition to the recoil nucleon other undetected hadrons are produced,
appear at Emiss > 0.

The p2
t distribution shown on the bottom panel of the figure indicates a contribution from

coherent production on target nuclei at small p2
t values. A three exponential functions fit to

this distribution was performed, which indicates also a contribution of non-exclusive background
increasing with p2

t . Therefore to select the sample of exclusive incoherent ρ0 production, the
aforementioned p2

t cuts, indicated by arrows, were applied.
After all selections the final sample for incoherent exclusive ρ0 production consists of about

230 000 events.

3.3 Extraction of the transverse target spin asymmetry

The numbers of events as a function of the angle η = φ− φS is given by

N(η) = Fnσa(η)(1 + εsin(η)) , (5)

where F is the muon flux, n the number of target particles, σ the spin averaged cross-section,
a(η) the product of angular acceptance and efficiency of the apparatus and ε is the raw asymme-
try. It should be taken into account that a(η) is not known precisely enough and it is different
for the different target cells. To minimize acceptance effects, the double ratio method was
chosen. The double ratio (DR) is calculated for 10 angular bins in η

F (η) =
(N↑u(η) +N↑d (η)) ·N↑c (η)

(N↓u(η) +N↓d (η)) ·N↓c (η)
=

(1 + ε · sin(η))2

(1− ε · sin(η))2
, (6)

where ↑(↓) indicate up/down target polarisation and u/c/d refer to the upstream/central/down-
stream target cells. This relation is obtained with a plausible assumption that the ratio of
combinations of acceptances for various cells is the same before and after the polarisation
reversal

a−u (η) + a−d (η)

a+
c (η)

=
a+
u (η) + a+

d (η)

a−c (η)
. (7)

The raw asymmetry ε is determined from a fit to the DR dependence on the angle η = φ− φS .
The transverse target asymmetry is extracted using expression

A
sin(φ−φs)
UT =

ε

f · 〈PT 〉
, (8)

where f ' 0.14 is the mean value of the dilution factor for the polarised target and 〈PT 〉 ' 0.9
is the mean value of the proton polarisation.

3.4 Results for A
sin(φ−φs)
UT

The transverse target spin asymmetry A
sin(φ−φs)
UT for the proton is shown in Fig. 2 as a function

of Q2, xB and p2
t . The average values of kinematic variables for this sample are 〈Q2〉 =
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2.2 (GeV/c)2, 〈xBj〉 = 0.4 and 〈p2
t 〉 = 0.18 (GeV/c)2. The errors shown are statistical ones.

Preliminary estimates of systematic errors indicate that they are smaller than the statistical
ones. The asymmetry is consistent with zero within the statistical errors.
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Figure 2: A
sin(φ−φs)
UT for the proton target as a function of Q2, xB and p2

t .

A similar analysis of A
sin(φ−φs)
UT for the deuteron was done using the data taken in 2002-

2004 with transversely polarised 6LiD target. The selections for the exclusive ρ0 sample were
similar to these for the NH3 data, except the coherent and incoherent contributions to the
exclusive production on the deuteron were not separated. The applied cut on p2

t was 0.01 <
p2
t < 0.5(GeV/c)2.The number of events for this sample is about 270 000. The transverse target

spin asymmetry for the deuteron is shown in Fig. 3 as a function of Q2, xB and pt. (Note the
difference in the transverse momentum scales in Figs 2 and 3.) The asymmetry for the deuteron
is consistent with zero as well.
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Figure 3: A
sin(φ−φs)
UT for the deuteron target as a function of Q2, xB and pt.

A further analysis is in progress to separate the leading term σ+−
00 and the subleading

term σ+−
++ (cf. Eq. 2), both for protons and deuterons, to separate coherent and incoherent

contributions for the deuterons and to estimate effects of the non-exclusive background on the
systematic errors.

The asymmetry A
sin(φ−φs)
UT for ρ0 for the proton target was first obtained by the HERMES

collaboration [7]. The HERMES results are consistent with zero within statistical errors, which
are of a comparable magnitude as for COMPASS. The longitudinal and transverse separation
has also been accomplished by HERMES.

Theoretical predictions for A
sin(φ−φs)
UT for ρ0 have been done by Goloskokov and Kroll [8,
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9]. The predicted values for asymmetry on the proton is about -0.02 for ρ0 production, but
significantly higher, about -0.10, for ω production.

4 Double spin asymmetry in exclusive ρ0 production

Here we discuss the longitudinal double-spin asymmetry Aρ1 = (σ1/2 − σ3/2)/(σ1/2 + σ3/2) for
incoherent ρ0 production on polarized deuterons. The cross sections σ1/2 and σ3/2 refer to the
cases when the absolute value of the total photon-nucleon angular momentum component along
the virtual photon axis is 1/2 or 3/2, respectively. In the Regge approach the longitudinal double
spin asymmetry Aρ1 can arise due to the interference of amplitudes for exchange in the t-channel
of Reggeons with natural parity (Pomeron, ρ, ω, f , A2 ) with amplitudes for Reggeons with
unnatural parity (π,A1). For large Q2 (> 3 GeV2), a pQCD-inspired model involving GPDs
has been proposed by Goloskokov and Kroll [8], in which the non-leading twist longitudinal
double spin asymmetry results from the interference between the dominant GPD Hg and the

helicity-dependent GPD H̃g. The asymmetry is estimated to be of the order k2
T H̃g/(Q

2Hg),
where kT is the transverse momentum of the quark and the antiquark.

The longitudinal double spin asymmetry Aρ1 for the exclusive production of ρ0 meson,
µ + N → µ′ + ρ0 + N ′, has been measured by scattering longitudinally polarised muons off
longitudinally polarised deuterons from the 6LiD target and selecting incoherent exclusive ρ0

production. The COMPASS results for 2002 and 2003 data [10] cover a wide kinematic range,
3 · 10−3 ≤ Q2 ≤ 7 (GeV/c)2 and 5 · 10−5 ≤ x ≤ 0.05. The measured asymmetry is shown as
a function of Q2 and xBj in Fig. 4. It is compatible with zero in the whole covered kinematic
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Figure 4: Aρ1 as a function of Q2 (left) and of xBj (right) from the present analysis compared
to HERMES results on the deuteron target. The curve is described in the text.

range. This may indicate that the role of unnatural parity exchanges like π- or A1-Reggeon
exchange is small in that kinematic domain. The asymmetry is compared to HERMES results
on the deuteron target [11]. The results from both experiments are consistent within errors.
The kinematic range covered by the COMPASS measurements extends further towards small
values of Q2 and xBj by almost two orders of magnitude.

The xBj dependence of measured Aρ1 is compared with the prediction Aρ1 = 2A1/(1 +
(A1)2) [12], which relates Aρ1 with the A1 asymmetry for inclusive inelastic lepton scattering at
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the same xBj . The curve in Fig. 4 was obtained using the parameterisation of A1 obtained from
a fit [10] to the world data from polarised deuteron targets, including COMPASS measurements
of A1 at very low Q2 and xBj . Within the present accuracy the results on Aρ1 are consistent
with this prediction.

5 Results for ρ0 spin density matrix elements

Here we present preliminary results of the analysis of angular distributions for exclusive inco-
herent ρ0 production µ + N → µ′ + ρ0 + N ′ and subsequent decay ρ0 → π+π−. The angular
distributions allow one to determine ρ0 spin density matrix elements (SDME) [13], which carry
information on the spin structure of the production amplitudes. In particular, SDMEs allow
one to test the s-channel helicity conservation (SCHC) and to determine R = σL/σT , the ratio
of the longitudinal to transverse virtual photon cross section for γ∗ + N → ρ0 + N ′. The ρ0

angular distribution W (cos θ, ϕ, φ) is studied in the s-channel helicity frame. The ρ0 direction
in the virtual photon-nucleon centre of mass system is taken as the quantization axis. The angle
θ is the polar angle and ϕ the azimuthal angle of the positive decay meson in the ρ0 centre of
mass system. The angle ϕ is then that between the decay plane and the ρ0 production plane
(the γ∗-ρ0 plane). The angle φ is that of the ρ0 production plane with respect to the lepton
scattering plane (cf. Sect. 3.1.).

The preliminary results presented here come from COMPASS 2002 data taken with the
longitudinally polarised 6LiD target. For the analysis of the spin density matrix elements the
data with opposite target polarisations were merged resulting in the average target polarisation
close to 0.

In this analysis we consider only single-dimensional projections of W (cos θ, ϕ, φ). For cos θ
and ϕ they are given by the following formulae

W (cos θ) =
3

4
[(1− r04

00) + (3 r04
00 − 1) cos2 θ] , (9)

W (ϕ) =
1

2π
[1− 2r04

1−1 cos 2ϕ+ Pµ
√

1− ε2 2 =m r3
1−1 sin 2ϕ] . (10)

In above equations the r’s are the spin density matrix elements for exclusive ρ0 production, Pµ
is the polarisation of muon beam and ε is the virtual photon polarisation parameter [13].

The element r04
00 is determined from cos θ distribution, and can be interpreted as the fraction

of longitudinal (helicity 0) ρ0 in the sample. If SCHC holds, R can be obtained using

R =
1

(ε+ δ)

r04
00

1− r04
00

, (11)

where δ is the correction [13] to the ratio of the longitudinal and transverse virtual photon
fluxes due to the finite lepton mass.

The COMPASS results on the Q2 dependence of R are compared to other experiments in
Fig. 5 (left). At small Q2 the production by transverse photons (σT ) dominates, while with
increasing Q2 the contribution of the production by longitudinal photons (σL) takes over at
Q2 ' 2 (GeV/c)2.

From ϕ distribution one could determine two matrix elements r04
1−1 and =mr3

1−1. COMPASS
preliminary results are compared to other experiments in Fig. 5 (right). Note, that =m r3

1−1

could be accessed only with polarised lepton beams. COMPASS measurements exhibit small
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Figure 5: Q2 dependence of R = σL/σT (left) and of matrix elements r04
1−1 and =mr3

1−1 (right)

negative values of r04
1−1 (≈ −0.03) approximately independent of Q2, whereas =m r3

1−1 is con-
sistent with 0. The non-zero value of r04

1−1 indicates a small contribution of amplitudes with
helicity flip.

In conclusion, the high precision COMPASS data on ρ0 spin density matrix elements, which
cover a wide range 0.01 < Q2 < 10 (GeV/c)2, are consistent with a substantial increase of R
with Q2 and a weak violation of SCHC in agreement with other high energy experiments.

6 Future GPD program and 2008 DVCS test run

The study of GPDs using Deeply Virtual Compton Scattering and Hard Exclusive Meson Pro-
duction is one of the topics proposed for the COMPASS future plans (COMPASS Phase II). The
physics motivations are briefly described in a Letter of Intent [14] submitted to the CERN/SPSC
in January 2009. A full proposal of the experiment will be submitted in 2009. The first stage
of this program requires a 4 m long recoil detector (RPD) together with a 2.5 m long liquid
hydrogen (LH) target. Upgrades of electromagnetic calorimeters to enlarge coverage at large
xBj and reduce background are foreseen. The second stage requires a transversely polarised
NH3 target and a RPD.

The setup presently used for the meson spectroscopy measurements with hadron beams
happens to be an excellent prototype to perform validation measurements for DVCS. A first
measurements of exclusive γ production on a 40 cm long LH target, with detection of the slow
recoiling proton in the RPD has been performed during a short (< 2 days) test run in 2008
using 160 GeV µ+ and µ− beams. The measurements were performed with the present hadron
setup, all the standard COMPASS tracking detectors, the ECAL1 and ECAL2 electromagnetic
calorimeters for photon detection and appropriate triggers. An efficient selection of single
photon events, and suppression of the background is possible by using the combined information
from the forward COMPASS detectors and the RPD.
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Figure 6: The distribution of the azimuthal angle φ for observed exclusive single photon pro-
duction (points). The line is the Monte Carlo prediction normalised to the data.

A way to tag the observed process, µ + p → µ′ + γ + p′, to which both the DVCS and
Bethe-Heitler process contribute, is to look at the angle φ between the leptonic and hadronic
planes. The Bethe-Heitler contribution, which dominates the sample, show a peak at φ ' 0.
The observed distribution, after applying all cuts and selections and for Q2 > 1 (GeV/c)2,
is displayed in Fig. 6 with the prediction from the Monte Carlo simulation. The shape of
the observed distribution is compatible with the dominant Bethe-Heitler process. The overall
detection efficiency can be deduced from the relative normalisation of the two distributions.
The efficiency is equal to about 0.3.
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We discuss the production of two pion pairs in photon collisions at high energies. We
calculate the according matrix elements in kT -factorization and discuss the possibility to
reveal the existence of the perturbative Odderon by charge asymmetries.

1 Introduction

At high energies amplitudes of reactions with rapidity gaps in hadronic interactions are domi-
nated by the exchange of a color singlet, C-even state – called the Pomeron. In the language
of perturbative QCD – at lowest order – the Pomeron can be described as the exchange of two
gluons in the color singlet state. In contrast to the very well settled notion of the Pomeron,
the status of its C-odd partner – the Odderon – is less safe. Although it is needed e.g. to
describe properly the different behaviors of pp and p̄p elastic cross sections [1], it still evades
confirmation in the perturbative regime, where – again at lowest order – it can be described by
the exchange of three gluons in the color singlet state.

The main reason lies in its smaller exchange amplitude in comparison to the Pomeron
exchange such that in the cross section, obtained after squaring the sum of both amplitudes,
the Pomeron amplitude squared dominates. In this contribution we present results of our
study [2] of a charge asymmetry in the production of two pion pairs in photon-photon collisions
where that Pomeron squared part vanishes. This observable is thus linearly sensitive to the
Odderon contribution.

In the present analysis we deal with the hard Pomeron and the hard Odderon exchanges,
i.e. both treated within perturbative QCD. This approach can be confronted with a description
of the Pomeron-Odderon interference based on soft, non-perturbative physics and developed in
Refs. [3]. The experimental observation of the P-O interference effects will thus shed a light on
the important question which of the above mechanisms is more appropriate for the description
of data.

2 Kinematics, amplitudes and GDAs

Figure 1 shows a sample diagram of the process under consideration. We consider large γγ
energies such that the amplitude can be expressed in terms of two impact factors convoluted
over the transverse momenta of the exchanged gluons. The impact factors are universal and
consist of a perturbative part – describing the transition of a photon into a quark-antiquark
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Figure 1: Kinematics of the reaction γγ → π+π− π+π− in a sample Feynman diagram of the two

gluon exchange process.

pair – and a non-perturbative part, the two pion generalized distribution amplitude (GDA)
parametrizing the quark-antiquark hadronization into the the pion pair [4, 5]. This comes as a
variant of the approach which has been previously proposed in the case of the electroproduction
of a pion pair [6, 7, 8], and which is based on the fact that the π+π−-state does not have any
definite charge parity. These GDAs which are functions of the longitudinal momentum fraction
z of the quark, of the angle θ (in the rest frame of the pion pair) and of the invariant mass m2π

of the pion pair are the only but nevertheless essential phenomenological inputs. In principle,
they have to be extracted from experiments but this is a very challenging task and has not
been done so far. However, after an expansion in Gegenbauer polynomials Cmn (2z − 1) and in
Legendre polynomials Pl(β cos θ) (where β =

√
1− 4m2

π/m
2
2π) [4], it is believed that only the

first terms give a significant contribution:

ΦI=1(z, θ,m2π) = 6zz̄βf1(m2π) cos θ,

ΦI=0(z, θ,m2π) = 5zz̄(z − z̄)
[
−3− β2

2
f0(m2π) + β2f2(m2π)P2(cos θ)

]
,

where f1(m2π) can be identified with the electromagnetic pion form factor Fπ(m2π). For the
I = 0 component we use different models. The first model follows Ref. [6] and expresses the
functions f0/2 in terms of the Breit-Wigner amplitudes of the according resonances. A second
model has been elaborated in Ref. [8] and interprets the functions f0/2 as corresponding Omnès
functions for S− and D−waves constructed by dispersion relations from the phase shifts of
the elastic pion scattering. It has been argued [8, 9] that the actual phases of the GDA might

be closer to the phases δT,l of the corresponding T matrix elements ηle
2iδl−1
2i , where ηl is the

inelasticity factor. The third model for the I = 0 component of the GDA takes this into
account by using the technique of model 2 with these phases δT,l of the T matrix elements.
Indeed, measurements at HERMES [10] do not observe a resonance effect at the f0-mass, but
concerning the f2 both phases (δ2 and δT,2) are compatible with data [8]. Having this in mind,
we consider also a fourth model – a mixed description with the f0 contribution from model 3
and the f2 contribution from model 2.

Recently the BaBar experiment reported a new measurement of the reaction γ?γ → π0 up
to photon virtualities squared of 40 GeV2 [11]. In the latter study, the reaction γ?γ → π0π0
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Figure 2: Asymmetry Â at t = −1 GeV2 for model 1 (solid), 2 (dashed), 3 (dotted), and 4
(dash-dotted) – model 3 and 4 are nearly on top of each other. Left column has mmin = .3 GeV
and mmax = mρ, while right column has mmin = mρ and mmax = 1 GeV.

was investigated in the f0(980) and f2(1270)resonance regions as a potential background for the
study of the π0 transition form factor. This low-W 2 kinematical region should soon be analysed
in the framework of generalised two-meson distribution amplitudes [12]. This will settle the
question of the adequate model to be used.

3 Charge asymmetries and rates

The key to obtain an observable which linearly depends on the Odderon amplitude is the
orthogonality of the C-even GDA (entering the Odderon process) and the C-odd one (entering
the Pomeron process) in the space of Legendre polynomials in cos θ. Due to an additional
multiplication by cos θ before the angular integration only the interference term survives. We
have to do this for both the pion pairs. Moreover we integrate over the invariant mass of one
of the pion pairs to reduce the complexity of our observable. Finally, we define the charge
asymmetry in the following way:

Â(t,m2
2π;m2

min,m
2
max) =

∫m2
max

m2
min

dm′22π
∫

cos θ cos θ′ dσ(t,m2
2π ,m

′2
2π, θ, θ

′)
∫m2

max

m2
min

dm′22π
∫
dσ(t,m2

2π ,m
′2
2π, θ, θ

′)

=

∫m2
max

m2
min

dm′22π
∫ 1

−1
d cos θ

∫ 1

−1
d cos θ′ 2 cos θ cos θ′Re [MP(MO +Mγ)∗]

∫m2
max

m2
min

dm′22π
∫ 1

−1 d cos θ
∫ 1

−1 d cos θ′
[
|MP|2 + |MO +Mγ |2

] .

An analytic calculation of the Odderon matrix element would demand the notion of analytic
results for two-loop box diagrams, whose off-shellness for all external legs is different. With the
techniques currently available such a calculation is not straightforward and we choose to rely
on a numerical evaluation by Monte Carlo methods. In particular we make use of a modified
version of Vegas as it is provided by the Cuba library [13]. The result for Â is shown in Fig. 2
where we took two different choices for the integrated region of the invariant mass of the two
pions system. Since our framework is only justified for m2

2π < −t, (in fact strictly speaking,
one even needs m2

2π � −t ), we keep m2π below 1 GeV.
To answer the question whether it is possible to measure this asymmetry, we adress the two

main issues here. First, one has to convolute the γγ cross section obtained by our calculations
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with the effective photon flux at a certain collider. As we discuss in Ref. [2] in detail, the most
recent review on this topic [14] presents an overview of photon fluxes for different colliding
hadrons which is flawed by an inconsistency in the underlying hadron-hadron luminosities.
Therefore, we show a consistent comparison for the design luminosities of different colliding
particles in Fig. 3. For the proton case we display the different luminosities based on either the
proton form factor [15, 16] or on the asymptotic formula for large nuclei.

Although photon fluxes are important in p-p collisions at the designed LHC luminosity
(1034 cm−2s−1), data collected under these conditions will suffer from the pile up of events,
which will prevent an analysis of the process considered here from being performed. At lower
luminosity, rates may be marginally sufficient for values of −t ≈ 1GeV2, but designing a trigger
strategy to record interesting events seems very difficult: typical triggers on high pt mesons
demand a minimum pT of a few GeV, which is incompatible with such low values of −t and
the corresponding limit of m2π <

√−t. Moreover, an important issue is the background in case
of hadron colliders. In contrast to electromagnetic processes which have been proposed to be
studied in ultraperipheral collisions, pions are produced by pure QCD processes as well. It is
not easy to demonstrate quantitatively that one can separate these two processes by relying
on the fact that ultraperipheral processes are strongly peaked at low t, contrarily to the flatter
depence of the Pomeron induced ones [19].

In nucleus-nucleus collisions, the trigger problem is easily solved by detecting neutrons from
giant dipole resonances in the Zero Degree Calorimeters, but the rates are much lower, especially
for the heavier ions. The best compromise may be Oxygen-Oxygen collisions, which is by no
means the priority of the heavy ion physics community.

In contrast, an electron-positron collider such as the projected ILC would be the ideal
environment to study the process under consideration. Photon photon collisions are indeed the
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dominant processes there and no pile up phenomenon can blur the picture of a scattering event.
Studies of similar exclusive processes like diffractive double J/ψ [20] or double ρ production [21]
show that high rates are expected. Maybe an alternative, which we did not study, is a large
energy electron ion collider in its ultraperipheral mode.

In conclusion, our proposal to discover the perturbative Odderon through asymmetries in
the production of two pion pairs in ultraperipheral collisions at the LHC seems to have a hard
time to win over quite severe experimental constraints. Will the perturbative Odderon continue
to escape detection for the next 10 years?
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A review of measurements of the total cross section in pp collisions at the TEVATRON
and an outlook on the expected performance for similar determinations at the LHC is
given. The experimental method is based on the optical theorem to determine the total
cross section independent of the machine luminosity. It consists of the extrapolation of the
t-spectrum for elastic scattering to t → 0 with a simultaneous measurement of the total
inelastic rate.

1 Introduction

One of the most elementary observables at hadron colliders is the total cross section. Precise
measurements at high energies have been pioneered at the SPS by the UA4 [1] collaboration.
The method requires an instrumentation of the forward region far away from the interaction
point but close enough to the beam to measure small-angle elastic scattering. At high energies
the t-value for elastic pp̄ and pp scattering can be obtained from a measurement of the scattering
angle θ by −t = (p ·θ)2 with the beam momentum p. The scattering angle is reconstructed from
the proton impacts in the forward tracking devices, usually located in movable beam pockets,
the so-called Roman Pots. On the other side, simultaneously with the elastic measurement, the
total inelastic rate must be determined, which requires an extended pseudorapidity η coverage.
In this case the total cross section is given by

σtot =
16π

1 + ρ2

dRel/dt|t→0

Rin+Rel
, ρ =

Re(Fel(t))

Im(Fel(t))

∣∣∣∣
t→0

,

independent of the machine luminosity. In this formula, Rin(el) is the inelastic (elastic) rate,
and the F are the corresponding amplitudes. In the following we shall review the measure-
ments performed by the TEVATRON experiments and summarise the potential for the LHC
experiments.
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2 Measurements at the TEVATRON

2.1 E710

At the FNAL TEVATRON pp-accelerator the first total cross section measurement was done
by the E710 experiment [2]-[4] at

√
s = 1.8 TeV. The E710 set-up was located around the E0

interaction point and was equipped with two Roman Pots at each side of E0 for the measurement
of elastic protons. The Roman Pots were instrumented with wire chambers for the tracking
and trigger scintillators. The locations of these detectors were in between 25 and 124 m from
the interaction point. Under suitable beam conditions with high β? optics and low emittance
the detector could be moved close to the beam at a distance of a few millimetres. In this case
the impact position u = x, y is related to the scattering angle by u ∝ √β?βRP θ, where β is
the betatron oscillation function resulting from the magnetic lattice. The measured t spectrum
from E710 is shown in fig. 1. The t-spectrum exhibits an approximately exponential fall-off with

Figure 1: Elastic t spectrum at 1.8 TeV measured by E710 [2].

the nuclear slope B in the considered range. The elastic differential cross section is normally
given by

dσ

dt
=

1

16π
|FC(t) + FN(t)|2 ; (1)

FC(t) = −8πα~c
G2(t)

t
exp (iαΦ(t)) ;

FN(t) = (ρ+ i)
σtot

~c
exp

(−Bt
2

)
,
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with the Coulomb and nuclear amplitudes FC resp. FN, the electric form factor of the proton
G2(t) and the Coulomb phase Φ(t). The Coulomb contribution is rather small in the t-range
covered by E710, thus only the nuclear component was used to fit the spectrum (line in fig. 1)
in order to determine the optical point, which is defined by the value of the fit at t = 0.

The total inelastic rate was measured in E710 by the set-up depicted in fig. 2. It consisted of

Figure 2: Inelastic detectors of E710.

various annular scintillator counters segmented in four quadrants along the beam line covering
a pseudo-rapidity range from 3.8 to 6.5, supplemented by drift chambers for precision tracking.
With a trigger coincidence between the left and right arm about 70% of the inelastic interactions
are covered. Some events, in particular from single diffraction processes escaped the left-right
detection and were recovered by a single-arm OR trigger condition. This trigger is dominated
by background from beam-gas interactions or halo protons which was measured using non-
colliding bunches in the machine and then subtracted. A small fraction of events could still not
be detected because of the limited angular acceptance coverage. The acceptance corrections
were also obtained from the data using the drift chamber extrapolation the rate as function of
the cosine of the maximum detected angle to zero, following a method developed by UA4 [1].
The final results from E710 are summarised in Table 1.

Table 1: Results from TEVATRON experiments.
σtot[mb] σel[mb] σtot/σel experiment
80.03 ± 2.24 19.70 ± 0.85 0.246 ± 0.004 CDF
71.42 ± 2.41 15.79 ± 0.87 0.220 ± 0.008 E811
72.8 ± 3.1 16.6 ± 1.6 0.230 ± 0.012 E710

2.2 CDF

The second experiment to perform measurements of elastic and total cross sections at the
TEVATRON was CDF [5],[6]. The elastic spectrometer of CDF consisted of three Roman Pot
stations on the p̄-side and two on the p-side, each instrumented with wire chambers, silicon
strip detectors and trigger scintillators. The acceptance for elastic scattering was obtained
from a detailed beam transport simulation and is shown in fig. 3. The inelastic measurement
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Figure 3: Acceptance of CDF for elastic scattering.

of CDF profited from the rich instrumentation around the interaction point; in particular the
vertex TPC covering up to |η| ≤ 3.5 allowed for a high-quality vertexing and enabled efficient
background rejection. In the forward region a telescope of drift chambers from UA4 covering
3.8 ≤ |η| ≤ 5.5 and a movable telescope enclosing completely the beam pipe when in beam
position and covering then to |η| ≤ 7 were installed. For the determination of the inelastic
rate, in addition to the traditional left-right coincidence, a dedicated single-diffraction trigger
consisting of a coincidence between the elastic spectrometer on one side detecting the diffractive
proton and the opposite inelastic detectors tagging remnants of the diffractive dissociation was
set up. Acceptance corrections for the limited angular coverage of the inelastic detectors and
for losses of the diffractively scattered protons were obtained from detector and beam line
simulations. The result from CDF, given in Table 1, is somewhat larger than the E710 result,
both for the elastic and the total cross section. It should be noted that CDF has also provided
a measurement [6] at 546 GeV, σtot = 61.26± 0.93 mb, compatible with the UA4 result [1].

2.3 E811

Given the discrepancy between E710 and CDF, another experiment E811 [7] was built upgrading
the E710 location. E811 used the same inelastic detectors as E710 but replaced the elastic
detectors by a scintillating fibre tracked coupled to a CCD read-out yielding a spatial resolution
of 20 µm. The analysis technique was similar to the E710 method but E811 accumulated larger
statistics, extended the t-range and improved the systematic uncertainties [8]. Their final
result [9] confirms the first E710 measurement and differs from CDF by 2.6 σ on the total and
by 2.9 σ on the elastic cross section. The total cross section measurements are shown in fig. 4
together with lower energy pp̄ results.
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Figure 4: Summary of total cross section measurements at TEVATRON compared to lower
energy data. This experiment is E811, taken from [8]

3 Prospect for measurements at LHC

3.1 TOTEM

At the LHC similar measurements are proposed by the TOTEM experiment [10],[11] and AT-
LAS [12] with its dedicated ALFA subsystem [13]. TOTEM shares the interaction point with
CMS and has Roman Pot stations at 147 and 220 m distance, with both detection in the verti-
cal and horizontal planes to cover elastic scattering and diffraction and to ease alignment. The
elastic set-up is shown in fig. 5; each station houses silicon detectors for high-precision tracking
and triggering. At each location two stations separated by a few meters allow for the determi-
nation of the local track slope. The detectors consist of 10 planes of silicon strips alternating
in U- and V-Geometry, in a novel edgeless technology allowing to approach the beam as close
as possible. The running scenario foresees a dedicated beam optics for the total cross section
measurement with a β? value of 1540 m, in which case a good t-acceptance between 0.002 and
1.5 GeV2 is achieved. But also other configurations with smaller β? are considered which opens
up access to large t values up to 10 GeV2 and to extended diffractive studies.

The inelastic detectors are shown in fig. 6. They consist of two tracking telescopes T1 and T2
in the pseudorapidity region 3.1 ≤ |η| ≤ 6.5. T1 is of conical shape and inserted underneath the
CMS flux return yoke at a distance between 7.5 and 10.5 m from the interaction point. Given the
requirements on rate capabilities and radiation hardness, cathode strip chambers were selected
as technology choice. The compact T2 telescope is installed in the forward shield of CMS in
front of the CASTOR calorimeter at about 13.5 m from the interaction point. For T2 gaseous
electron multiplier detectors were selected because of their excellent ageing performance. The
telescopes will be used to trigger inelastic events with high efficiency and for the reconstruction
of the primary vertex to discriminate against beam-gas and beam-halo background. In addition,
integrated cross sections for hard and soft diffraction can be measured, also differentially in t
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Figure 5: TOTEM elastic detectors.

and in the diffractive mass Mx.

The systematic uncertainties for the total cross section depend on the optics used. For
the intermediate optics with β?=90 m an uncertainty of 4% is anticipated, dominated by the
uncertainty of the optical functions needed for the t-reconstruction, but for the high β? optics
the uncertainty may decrease to 1%.

Figure 6: Inelastic detector T1 and T2 of TOTEM embedded in CMS components.

3.2 ATLAS ALFA

The primary focus of the ATLAS ALFA detector is on the absolute luminosity calibration
for the different relative luminosity monitors of ATLAS and specifically the dedicated relative
monitor LUCID. Therefore the detector is designed to run only for a short period and under
special beam conditions at low luminosity, thereby relaxing the constraints on the radiation
tolerance. The luminosity can be determined according to eq. 1 without using a measurement
of the inelastic rate if the Coulomb-nuclear interference (CNI) region is covered. In this case
the total cross section and the luminosity decouple because of the appearance of the Coulomb
term. From a fit of the elastic t spectrum the luminosity, total cross section, B and ρ parameters
can be determined simultaneously. An example of a fit to the t-spectrum reconstructed with
ALFA is shown in fig. 7. This requires, however, that the CNI point where |FC| ≈ |FN|, i.e.
t ≈ 6.5 ·10−4 GeV2 is reached. It is therefore envisaged to use a very high β? optics with 2600 m
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at a low luminosity of about 1027 cm−2s−1 with low emittance. In this case the detector can
approach the beam as close as 1.5 mm (12 σ) and the CNI point is covered.

The ALFA detector is located at 240 m from the ATLAS interaction point; at each location
two vertical Roman Pot stations will be installed at a distance of 4 m from each other. The
Roman Pots are instrumented with 10 planes of scintillating fibres, each double-sided plane
carrying 64 U- and 64 V- fibres. The fibres have a good sensitivity also at the edge oriented to
the beam, which is essential for a high acceptance at small t. The scintillation light is recorded
by multi-anode photomultipliers. Since the detector is operated only for short periods it is
foreseen to be removed after each period in order to prevent radiation damages during normal
LHC operations. The scintillating fibre tracker is supplemented by plain scintillator tiles for
triggering. The selected optics provides a parallel-to-point focusing in the vertical plane, and
the accuracy of the t-scale depends crucially on an accurate vertical alignment. This is obtained
by dedicated overlap detectors, which are made of horizontally aligned scintillating fibres housed
in extrusions of the Roman Pots. When the Roman pots are in beam position the upper and
lower overlap detector will measure the same halo tracks and the distance between the two pots
can be determined with ± 10 µm precision.

The elastic trigger will consist of a left-right coincidence requesting a signal from an upper
detector on one side and from a lower one on the other side in agreement with the back-to-back
topology of elastic events, while coincidences of the same detector type can be used to measure
the beam related background. Further background rejection can be achieved by using the local
slope information from the two stations at each location. This enables a reconstruction of the
transverse interaction vertex position through the beam transfer matrices.

The systematic uncertainties are dominated by the knowledge of the optical functions, the
detector alignment and the background determination. According to simulation a total uncer-
tainty of 3% is achievable, for a running time of about 100 hours at a luminosity of 1027cm−2s−1.

4 Conclusion

The long-standing tradition of total cross section measurements at hadron colliders from elas-
tic scattering and the optical theorem has been successfully pursued at the TEVATRON with
several measurements by CDF, E710 and E811 with an accuracy of about 3%. At the LHC the
dedicated TOTEM experiment will continue along these lines and even more precise measure-
ments of 1% accuracy are expected, which will also be measured by ATLAS experiment with
their dedicated ALFA system.
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The high-energy behavior of amplitudes in gauge theories can be reformulated in terms
of the evolution of Wilson-line operators. In the leading order this evolution is governed
by the non-linear Balitsky-Kovchegov (BK) equation. In QCD the NLO kernel has both
conformal and non-conformal parts. To separate the conformally invariant effects from
the running-coupling effects, we calculate the NLO evolution of the color dipoles in the
conformal N = 4 SYM theory, then we define the “composite dipole operator”, and the
resulting Möbius invariant kernel for this operator agrees with the forward NLO BFKL
calculation.

1 Small-xB evolution of color dipoles

The high-energy scattering processes in a gauge theory can be described in terms of Wilson
lines - infinite gauge factors ordered along the straight lines (see e.g. the review [2]). The fast
particle moves along its straight-line classical trajectory and the only quantum effect is the
eikonal phase factor acquired along this propagation path. In QCD, for high energy scattering
of quark or gluon off some hadronic target, this eikonal phase factor is a Wilson line which is
an infinite gauge link ordered along the straight line collinear to particle’s velocity nµ:

Uη(x⊥) = Pexp
{
ig

∫ ∞

−∞
du nµ A

µ(un+ x⊥)
}

(1)

Here Aµ is the gluon field of the target, x⊥ is the transverse position of the particle which
remains unchanged throughout the collision, and the index η is the rapidity of the particle.

To obtain the high-energy behavior of QCD amplitudes we study the evolution of color
dipoles. Let us consider the small-x behavior of structure functions of deep inelastic scattering
(DIS). At high energies the virtual photon decomposes into quark and antiquark pair which
propagate along the straight lines separated by transverse distance and form a color dipole -
two-Wilson-line operator.

Ûη(x⊥, y⊥) = 1− 1

Nc
tr{Ûη(x⊥)Û †η(y⊥)} (2)
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The energy dependence of the structure function is then translated into the dependence of the
color dipole on the rapidity η. There are two ways to restrict the rapidity of Wilson lines:
one can consider Wilson lines with the support line collinear to the velocity of the fast-moving
particle or one can take the light-like Wilson line and cut the rapidity integrals “by hand”. While
the former method appears to be more natural, it is technically simpler to get the conformal
results with the latter method of “rigid cutoff” in the longitudinal direction.

Thus, the small-x behavior of the structure functions is governed by the rapidity evolution of
color dipoles [3, 4]. At relatively high energies and for sufficiently small dipoles we can use the
leading logarithmic approximation (LLA) where αs � 1, αs lnxB ∼ 1 and get the non-linear
BK evolution equation for the color dipoles [5, 6]:

d

dη
Ûη(z1, z2) =

αsNc
2π2

∫
d2z3

z2
12

z2
13z

2
23

[Ûη(z1, z3) + Ûη(z3, z2))

−Ûη(z1, z3)− Ûη(z1, z3)Ûη(z3, z2)] (3)

where η = ln 1
xB

and z12 ≡ z1 − z2 etc. (As usual, we denote operators by “hat”). The first
three terms correspond to the linear BFKL evolution [7] and describe the parton emission while
the last term is responsible for the parton annihilation. For sufficiently low xB the parton
emission balances the parton annihilation so the partons reach the state of saturation [8] with
the characteristic transverse momentum Qs growing with energy 1/xB (for a review, see [9])

It is easy to see that the BK equation (3) is conformally invariant in the two-dimensional
space. This follows from the conformal invariance of the light-like Wilson lines. Indeed, the
Wilson line

U(x⊥) = Pexp
{
ig

∫ ∞

−∞
dx+ A+(x+, x⊥)

}
(4)

is invariant under the inversion xµ → xµ/x2 (with respect to the point with zero (-) component).
Indeed, (x+, x⊥)2 = −x2

⊥ so after the inversion x⊥ → x⊥/x2
⊥ and x+ → x+/x2

⊥ and therefore

U(x⊥) → Pexp
{
ig

∫ ∞

−∞
d
x+

x2
⊥
A+(

x+

x2
⊥
, x⊥)

}
= U(x⊥/x

2
⊥) (5)

It is easy to check that the Wilson line operators lie in the standard representation of the
conformal Möbius group SL(2,C) with conformal spin 0.

2 NLO evolution of color dipoles

The NLO evolution of color dipole in QCD [10] is not expected to be Möbius invariant due to
the conformal anomaly leading to dimensional transmutation and running coupling constant.
However, the NLO BK equation in QCD [10] has an additional term violating Möbius invariance
and not related to the conformal anomaly. To understand the relation between the high-energy
behavior of amplitudes and Möbius invariance of Wilson lines, it is instructive to consider the
conformally invariant N = 4 super Yang-Mils theory. This theory was intensively studied
in recent years due to the fact that at large coupling constants it is dual to the IIB string
theory in the AdS5 background. In the light-cone limit, the contribution of scalar operators to
Maldacena-Wilson line [11] vanishes so one has the usual Wilson line constructed from gauge
fields and therefore the LLA evolution equation for color dipoles in the N = 4 SYM has the
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same form as (3). At the NLO level, the contributions from gluino and scalar loops enter the
picture.

As we mentioned above, formally the light-like Wilson lines are Möbius invariant. Unfor-
tunately, the light-like Wilson lines are divergent in the longitudinal direction and moreover,
it is exactly the evolution equation with respect to this longitudinal cutoff which governs the
high-energy behavior of amplitudes. At present, it is not known how to find the conformally
invariant cutoff in the longitudinal direction. When we use the non-invariant cutoff we expect,
as usual, the invariance to hold in the leading order but to be violated in higher orders in
perturbation theory. In our calculation we restrict the longitudinal momentum of the gluons
composing Wilson lines, and with this non-invariant cutoff the NLO evolution equation in QCD
has extra non-conformal parts not related to the running of coupling constant. Similarly, there
will be non-conformal parts coming from the longitudinal cutoff of Wilson lines in the N = 4
SYM equation. In [1] we demonstrate that it is possible to construct the “composite conformal
dipole operator” (order by order in perturbation theory) which mimics the conformal cutoff in
the longitudinal direction so the corresponding evolution equation has no extra non-conformal
parts. This is similar to the construction of the composite renormalized local operator in the
case when the UV cutoff does not respect the symmetries of the bare operator - in this case the
symmetry of the UV-regularized operator is preserved order by order in perturbation theory by
subtraction of the symmetry-restoring counterterms.

Let us present our result for the NLO evolution of the color dipole in the adjoint represen-
tation (hereafter we use notations zij ≡ zi − zj and (T a)bc = −ifabc)

d

dη

[
Tr{Ûηz1

Û †ηz2
}
]conf

(6)

=
αs
π2

∫
d2z3

z2
12

z2
13z

2
23

[
1− αsNc

4π

π2

3

][
Tr{T aÛηz1

Û †ηz3
T aÛz3Û

†η
z2
} −NcTr{Ûηz1

Û †ηz2
}
]conf

− α2
s

4π4

∫
d2z3d

2z4
z2

12

z2
13z

2
24z

2
34

{
2 ln

z2
12z

2
34

z2
14z

2
23

+
[
1 +

z2
12z

2
34

z2
13z

2
24 − z2

14z
2
23

]
ln
z2

13z
2
24

z2
14z

2
23

}

× Tr{[T a, T b]Ûηz1
T a
′
T b
′
Û †ηz2

+ T bT aÛηz1
[T b

′
, T a

′
]Û †ηz2
}[(Ûηz3

)aa
′
(Ûηz4

)bb
′ − (z4 → z3)]

where

[Tr{Ûηz1
Û †ηz2
}
]conf

= Tr{Ûηz1
Û †ηz2
}+

αs
2π2

∫
d2z3

z2
12

z2
13z

2
23

[Tr{TnÛηz1
Û †ηz3

TnÛηz3
Û †ηz2
}

−NcTr{Ûηz1
Û †ηz2
}] ln

az2
12

z2
13z

2
23

(7)

is the “composite dipole” with the conformal longitudinal cutoff in the next-to-leading order
and a is an arbitrary dimensional constant. In fact, a(η) = aeη plays the same role for the
rapidity evolution as µ2 for the usual DGLAP evolution: the derivative d

da gives the evolution
equation (6). The kernel in the r.h.s. of Eq. (6) is obviously Möbius invariant since it depends

on two four-point conformal ratios
z2
13z

2
24

z2
14z

2
23

and
z2
12z

2
34

z2
13z

2
24

. In [1] we also demonstrate that Eq. (6)

agrees with forward NLO BFKL calculation of Ref. [12].
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After briefly recalling the experimental motivations for studying high energy scattering
at strong coupling, as coming from the heavy–ion collisions at RHIC, I will focus on two
related topics: (i) a lattice test for strong coupling behaviour in QCD at finite tempera-
ture, and (ii) the use of string theory, via the AdS/CFT correspondence, for describing
photon interactions (deep inelastic scattering and electron–positron annihilation) at strong
coupling. I will emphasize some striking predictions of the strong–coupling scenario, like
the absence of pointlike constituents in a hadron wavefunction and the lack of jets in the
final state of a hadronic collision.

1 Introduction: Jet quenching at RHIC

Some of the experimental discoveries at RHIC, notably the unexpectedly large medium effects
known as elliptic flow and jet quenching, led to the suggestion that the deconfined hadronic
matter produced in the intermediate stages of a heavy ion collision behaves like a strongly
coupled plasma. The coupling constant αs = g2/4π in QCD can never become large, because
of asymptotic freedom, but it can be of order one at scales of order ΛQCD, and this might lead
to an effectively strong–coupling behavior. It is notoriously difficult to do reliable estimates in
QCD when αs ≃ 1, so it has become common practice to look to the N = 4 supersymmetric
Yang–Mills (SYM) theory, whose strong coupling regime can be addressed within the AdS/CFT
correspondence [1], for guidance as to general properties of strongly coupled plasmas (see the
review papers [2, 3, 4]). Since conformal symmetry is an essential property of N = 4 SYM,
this theory is probably not a good model for the dynamics in QCD in the vicinity of the
deconfinement phase transition (T ≃ Tc ≃ 200 MeV), where the conformal anomaly associated
with the running of the coupling in QCD is known to be important. But lattice QCD studies
[5] also show that the conformal anomaly decreases very fast with increasing T above Tc and
becomes unimportant for temperatures T & 2Tc. Hence, there is a hope that, within the
intermediate range of temperatures at 2Tc . T . 5Tc, which is the relevant range for the
phenomenology of heavy ion collisions at RHIC and LHC, the dynamics in QCD may be at
least qualitatively understood by analogy with N = 4 SYM theory at strong coupling.

The most intriguing among the RHIC data are those referring to jet quenching, i.e., the
energy loss and the transverse momentum broadening for a relatively ‘hard’ probe — a heavy
and/or energetic quark or lepton, with transverse momentum of a few GeV —, for which
one would naively expect a weak–coupling behavior, because of the asymptotic freedom of
QCD. Yet, perturbative QCD seems to be unable to explain the strong suppression of particle
production in Au+Au collisions, as shown in Fig. 1 (the left figure). Namely, the ratio RAA

between the particle yield in Au+Au collisions and that in p+p collisions rescaled by the number
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Figure 1: Left: The ratio RAA of measured versus expected yield of various particles (π0, η, γ) in
Au+Au collisions at

√

sNN = 200 GeV as function of the transverse momentum pT (RHIC, PHENIX
collaboration). Right: Azimuthal correlations for jet measurements at RHIC (STAR collaboration) in
p+p, d+Au, and Au+Au collisions.

of participants would be one if a nucleus–nucleus collision was the incoherent superposition
of collisions between the constituents nucleons of the two incoming nuclei. But the RHIC
measurements show that RAA is close to one only for direct photon production, whereas for
hadron production it is close to 0.2. This suggests that, after being produced through a hard
scattering, the partonic jets are somehow absorbed by the surrounding medium.

Additional evidence in that sense comes from studies of jets, cf. Fig. 1 right. A high–
energy proton–proton (or electron–positron) collision generally produces a pair of partons whose
subsequent evolution (via fragmentation and hadronisation) leaves two jets of hadrons which
propagate back–to–back in the center of mass frame. Hence, the distribution of the final state
radiation w.r.t. the azimuthal angle ∆Φ shows two pronounced peaks, at ∆Φ = 0 and π;
this is the curve denoted as ‘p+p min. bias’ in Fig. 1 right. A similar distribution is seen in
deuteron–gold collisions, but not in central Au+Au collisions, where the peak at ∆Φ = π has
disappeared, as shown by the respective RHIC data in Fig. 1 right. It is then natural to imagine
that the hard scattering producing the jets has occurred near the edge of the interaction region,
so that the near side jet has escaped to the detector, while the away side jet has been absorbed
within the medium.

One should nevertheless keep in mind that this phenomenology is quite difficult and not
devoid of ambiguities: strong assumptions are necessary in order to compute the energy loss of,
say, a heavy quark in the medium, and also to extract its value from the RHIC data.

2 A lattice test of the coupling strength in QCD

In view of the experimental difficulties, it is natural to ask whether lattice gauge theory can
illuminate this question. In what follows, we shall describe a recent proposal in that sense [6],
which involves the lattice measurement of leading–twist operators. These are the operators
with spin n, classical dimension d = n +2, and twist t = d−n = 2, which in the weak coupling
regime control the operator product expansion (OPE) of deep inelastic scattering (DIS) at
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large photon virtuality Q2 [7]. There are two infinite sequences of leading–twist operators —
the fermionic ones and the gluonic ones — among which we only show here those with n = 2:

Oµν
f ≡ 1

2
q̄
(

γµiDν + γνiDµ
)

q , (1)

(the sum over quark flavors is implicit and we neglect the quark masses) and

Oµν
g ≡ −Fµα

a F ν,a
α +

1

4
gµνFαβ

a F a
αβ . (2)

These two operators are recognized as the energy–momentum tensors for quarks and gluons,
respectively. More generally, the hadron expectation values of the spin–n leading–twist oper-
ators measure the (n − 1)–th moment of the longitudinal momentum fraction carried by the
quark and gluon constituents of that hadron.

Being composite, these operators are well defined only with a renormalization prescription,
and thus implicitly depend upon the renormalization scale Q2. Physically, this dependence
expresses the fact that quantum fields can radiate and their internal structure in terms of ‘bare’
quanta depends upon the resolution scale Q2 at which one probes this structure.

For instance, the success of the valence parton model for high–energy scattering in QCD
is deeply related to the asymptotic freedom property of QCD. This property guarantees that
parton branching at Q2 ≫ Λ2

QCD is controlled by weak coupling, via the bremsstrahlung process.
This in turn favors the emission of ‘soft’ and ‘collinear’ quanta, i.e. quanta which carries
only a small fraction x of the longitudinal momenta of their parent partons and relatively
small transverse momenta. Hence, although there are many small–x gluons in the proton
wavefunction at high energy, most of the proton longitudinal momentum is still carried by the
point–like valence quarks.

By contrast, at strong coupling one expects parton branching to be ‘quasi democratic’ : the
energy of the parent parton is quasi equally shared by the daughter partons, so that all partons
will cascade down to low–momentum constituents [8, 9, 10]. At finite temperature, it is natural
to assume that the branchings have taken place between the temperature scale T and the “hard”
resolution scale Q, with Q ≫ T , at which the operator is evaluated. Hence, although there is
in principle no contradiction in having a quasiparticle picture for a strongly–coupled plasma on
the thermal scale T (as shown by the similarity between the strong–coupling and, respectively,
zero–coupling results for the entropy density of the N = 4 SYM plasma [1]), one expects these
‘quasiparticles’ to be highly composite, without a pointlike core carrying a significant fraction
of the quasiparticle energy.

These physical considerations find a precise mathematical expression in the renormalization
group equations describing the evolution of the leading–twist operators with the resolution scale
µ2. Up to operator mixing issues to which we shall return in a moment, these equations read

µ2 d

dµ2
O(n) = γ(n)O(n) =⇒ O(n)(Q2)

O(n)(µ2
0)

= exp

{ Q2
∫

µ2
0

dµ2

µ2
γ(n)(µ2)

}

, (3)

for a generic spin–n operator O(n). Here γ(n) is the corresponding anomalous dimension and
is strictly negative — meaning that the evolution increases the number of partons with small
longitudinal momentum fraction x while decreasing that of the partons with larger x —, except

PHOTON09 3

EDMOND IANCU

322 PHOTON09



for the total energy–momentum operator

T µν = Oµν
f + Oµν

g , (4)

which has zero anomalous dimension since it is a conserved quantity (and hence it does not
depend upon the resolution scale Q2). Hence, in the continuum limit Q2 → 0, the expectation
values of all the leading–twist operators except for T must vanish. But the rate of this evolution
is very different at weak and respectively strong coupling.

(i) Weak coupling : To lowest order in the running coupling, one has

γ(n)(µ2) = −a(n) αs(µ
2)

4π
=⇒ O(n)(Q2)

O(n)(µ2
0)

=

[

ln(µ2
0/Λ2

QCD)

ln(Q2/Λ2
QCD)

]a(n)/b0

, (5)

with αs(µ
2) = 4π/[b0 ln(µ2/Λ2

QCD)], b0 = (11Nc−2Nf)/3, and a(n) > 0. Thus, the perturbative
evolution is rather slow — merely logarithmic.

(ii) Strong coupling & conformal field theory : At strong coupling, direct calcu-
lations in QCD are not possible anymore, but we shall use the corresponding results for N = 4
SYM as a hint towards what could be the behavior in QCD in such a strong–coupling scenario.
In a conformal field theory, γ(n) is scale–independent and negative (with the exception of T µν ,
of course), so the evolution is power–like:

O(n)(Q2)

O(n)(µ2
0)

=

[

µ2
0

Q2

]|γ(n)|

. (6)

Moreover, AdS/CFT predicts that, at strong coupling λ ≡ g2Nc ≫ 1, all the non–zero anoma-
lous dimensions are very large |γ(n)| ∼ λ1/4 [11], hence the leading–twist operators rapidly die
away with increasing Q2 (meaning that all partons have fallen down to small values of x). In
particular, the DIS structure functions at strong coupling are controlled by T µν together with
protected higher–twist operators which have zero anomalous dimensions [8].

These results suggest that a natural way to measure the strength of the coupling in QCD
at finite temperature is to compute thermal expectation values of leading–twist operators in
lattice QCD [6]. These operators evolve from the natural physical scale T up to the resolution
scale Q set by the lattice spacing: Q = a−1. In practice, the ratio Q/T = aT is not very large,
Q/T . 10, so if the evolution is perturbative, cf. (5), the expectation value of an unprotected
operator is only slightly reduced. On the other hand, if the plasma is effectively strongly coupled
at the scale T , than at least the early stages of the evolution (say from the scale T up to an
intermediate scale µ ≈ a few times T ) should involve a large negative anomalous dimension,
leading to a strong suppression in the expectation value measured at the final scale Q.

The previous argument applies to the unprotected operators, which include all the higher–
spin operators with n ≥ 4. Unfortunately, however, it turns out that it is very difficult, if
not impossible, to accurately measure on the lattice such high–spin operators. There is another
possibility, though, which should be easier in practice: this is to measure the linear combination
of the spin–2 operators in Eqs. (1)–(2) which is orthogonal to T µν within the renormalization
flow and therefore has a non–zero, and negative, anomalous dimension. There is however a
serious problem with this proposal too: finding the proper orthogonal contribution requires the
knowledge of the relevant anomalous dimensions, which in full QCD are computable only in
perturbation theory, and hence at weak coupling.
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Fortunately, there is a simpler version of the theory where the identification of this operator
becomes possible for any value of the coupling: this is quenched QCD. Loosely speaking, this
is the theory obtained from QCD after removing all the quark loops. On the lattice, this is
non–perturbatively defined by removing the fermionic determinant from the QCD action. Note
that the quark fields are still present in this theory, but only as external probes. As argued in
Ref. [6], Oµν

f is the operator orthogonal to T µν in quenched QCD. Indeed, in quenched QCD, a
quark can emit gluons, but the emitted gluons, as well as those from the thermal bath, are not
allowed to emit quark–antiquark pairs. Hence, when the system is probed on a sufficiently hard
scale, most of the total energy appears in the gluon fields. In the continuum limit, the total
energy–momentum tensor reduces to its gluonic component: T µν → Oµν

g (Q2) as Q2 →∞.
To summarize, the proposal made in Ref. [6] is to measure the thermal expectation value

〈O00
f (Q2)〉T of the quark energy density in lattice quenched QCD, for a temperature T =

2Tc ≃ 600 MeV and for an inverse lattice spacing Q = a−1 ≃ 8T . If the deviation from the
corresponding result for the ideal Fermi–Dirac gas turns out to be relatively small, . 30%,
then one can conclude that the QCD plasma is weakly coupled at the scale T . If on the other
hand the lattice result turns out to be considerably smaller, then there must be a regime in µ
around T where QCD is effectively strongly coupled. Simple estimates together with the RHIC
phenomenology of jet quenching suggest that a suppression by a factor of 5 could be expected
in the strong–coupling scenario [6].

3 DIS and parton saturation at strong coupling

The previous discussion has emphasized the importance of understanding parton evolution at
strong coupling. The OPE provides a valuable tool in that sense [8], but this applies only
for sufficiently large Q2 — where it teaches us that, at strong coupling, the partons disappear
through branching — and thus it cannot tell us what is the final fate of these partons, after
cascading down to lower momenta. In particular, this is inappropriate to study the unitarity
corrections to scattering at high energy. Fortunately, the gauge/string duality also allows us to
directly compute the cross–sections for elementary processes, with results which shed further
light on the parton evolution at strong coupling [3, 4, 8, 9, 10, 12].

The simplest version of the formalism, known as the ‘supergravity approximation’, is ob-
tained by taking the large–Nc limit, or, equivalently, the large ‘t Hooft coupling limit: λ =
g2Nc → ∞ with g fixed and small (g ≪ 1). This is generally not a good limit to study a
scattering process, since the corresponding amplitude is suppressed as 1/N2

c [8, 9], yet it is
meaningful for processes taking place in a deconfined plasma, like those of interest for heavy
ion physics: indeed, the plasma involves N2

c degrees of freedom per unit volume, thus yielding
finite amplitudes when Nc →∞. In this limit, the N = 4 SYM plasma at finite temperature is
described as a black–hole (BH) embedded in AdS5 and the dynamics reduces to classical gravity
in this curved space–time [1, 2, 3, 4]. This BH is homogeneous in the physical 4 dimensions1,
so like the plasma that is it dual to, but it has an horizon in the radial, or ‘fifth’, dimension of
AdS5, at a position which is determined by the temperature of the plasma.

The AdS5 BH geometry is illustrated in Fig. 2, which also shows the supergravity process
dual to DIS off the N = 4 SYM plasma: A space–like virtual photon, with 4–momentum
qµ = (ω, 0, 0, q) and virtuality Q2 ≡ q2 − ω2 ≫ T 2, acts as a perturbation on the Minkowski

1More recently, a finite–length plasma ‘slice’ has been considered too, as a model for a nucleus which admits
a simple supergravity dual (a ‘shockwave’) [13].
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Figure 2: Space–like current in the plasma: the trajectory of the wave packet in AdS5 and its ‘shadow’
on the boundary. Left: the low energy case — the Maxwell wave gets stuck near the boundary up to
tunnel effect. Right: the high energy case — the wave has an accelerated fall into the BH.

boundary of AdS5 (χ = 0), thus inducing a massless, vector, supergravity field Am (with m = µ
or χ) which propagates within the bulk of AdS5 (χ > 0), according to the Maxwell equations
in curved space–time:

∂m

(√−ggmpgnqFpq) = 0 , where Fmn = ∂mAn − ∂nAm . (7)

Here, gmn is the metric tensor in 5–dimensions which in particular contains the information
about the BH horizon at χ = 1/T (we follow the conventions in [3]). Thus (7) describes the
gravitational interaction between the Maxwell field Am and the BH. The strength of this inter-
action is proportional to the product ω2T 4 between the energy densities in the two interacting
systems — the virtual photon and the plasma. Interestingly, there is a threshold value for this
quantity, of order Q6, below which there is essentially no interaction [10]: so long as ωT 2 ≪ Q3,
the Maxwell wave is stuck within a distance χ . 1/Q ≪ 1/T from the Minkowski boundary
and does not ‘see’ the BH (cf. Fig. 2 left). But for higher energies and/or temperatures, such
that ωT 2 & Q3, the wave gets attracted by the BH and eventually falls into it. Physically, this
means that the energetic space–like photon is absorbed with probability one into the plasma
— the ‘black disk limit’ for DIS (cf. Fig. 2 right).

This critical value Qs ∼ (ωT 2)1/3, together with the physical picture of the scattering, can
be understood with the help of the ‘UV/IR correspondance’, which relates the 5th dimension
of AdS5 to the momenta (or typical sizes) of the quantum fluctuations which are implicitly
integrated out in the boundary gauge theory. Namely, the radial penetration χ of the Maxwell
wave packet in AdS5 is proportional to the transverse size L of the quantum fluctuation of the
virtual photon in the dual gauge theory. By the uncertainty principle, we expect an energetic
space–like photon with ω ≃ q ≫ Q to fluctuate into a partonic system with transverse size
L ∼ 1/Q — which indeed matches the radial penetration of the dual Maxwell field, as illustrated
in Fig. 2 left — and lifetime ∆t ∼ ω/Q2. The space–like fluctuation cannot decay into on–shell
partons (at least, not in the vacuum), because of energy–momentum conservation. But the
situation can change in the presence of the plasma: unlike the photon, which is color neutral,
its partonic fluctuation has a dipolar color moment and thus can interact with the plasma. Via
such interactions, the partons can acquire the energy and momentum necessary to get on–shell,
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and then the fluctuation decays: the space–like photon disappears (cf. Fig. 2 right).
Let us now return to the threshold value Qs ∼ (ωT 2)1/3, to which we shall refer as the

saturation momentum. The condition Q ∼ Qs can be rewritten as

Q ∼ ω

Q2
T 2 , (8)

which admits the following interpretation [10] : the scattering becomes strong when the lifetime
∆t ∼ ω/Q2 of the partonic fluctuation is large enough for the mechanical work W = ∆t× FT

done by the plasma force FT ∼ T 2 acting on these partons becomes sufficient to compensate
for the energy deficit Q of the space–like system. This plasma force FT ∼ T 2 represents in an
average way the effect of the strongly–coupled plasma on color dipole fluctuations and can be
viewed as a prediction of the AdS/CFT calculation.

Introducing the Bjorken x variable x ≡ Q2/(2ωT ) for DIS off the plasma — as usual, this
represents the longitudinal momentum fraction of the plasma constituent which absorbs the
virtual photon —, one can rewrite the plasma saturation line as Qs(x) = T/x or, alternatively,
xs(Q) = T/Q. The AdS/CFT results then suggest a partonic picture for the strongly–coupled
plasma [10]. For Q ≫ Qs(x) (or, equivalently, x ≫ xs(Q)), the scattering is negligible and the
DIS structure function F2 is exponentially small: F2(x, Q2) ∼ exp {−Q/Qs(x)}. This shows
that there are no pointlike constituents in the strongly coupled plasma, in agreement with the
OPE argument in Sect. 2. For x . xs(Q), on the other hand, the scattering is maximal and
the structure function is found to be large: F2(x, Q2) ∼ xN2

c Q2. This is in agreement with our
physical expectation that partons must somehow accumulate at small values of x, as a result
of branching, and is moreover consistent with energy–momentum conservation, which requires

the integral
∫ 1

0
dxF2(x, Q2) to have a finite limit as Q2 →∞ [7]. The previous results imply

∫ 1

0

dxF2(x, Q2) ≃ xsF2(xs, Q
2) ∼ N2

c T 2 , (9)

where the integral is dominated by x ≃ xs(Q): the energy and momentum of the plasma as
probed on a ‘hard’resolution scale Q2 ≫ T 2 is fully carried by the partons ‘along the saturation
line’, i.e., those having x ≃ T/Q. A similar picture holds for other hadronic targets so like
a ‘glueball’ [8, 9] or a ‘nuclear’ shockwave [13], but the respective saturation momentum rises
slower with 1/x than for the infinite plasma: Q2

s(x) ∝ 1/x for a finite–size ‘hadron’ as opposed
to Q2

s(x) ∝ 1/x2 for the plasma. The additional factor 1/x in the case of the plasma comes
from the lifetime ∆t ∼ ω/Q2 ∼ 1/xT of the partonic fluctuation: since the medium is infinite,
the effects of the scattering accumulate all the way along the parton lifetime.

4 High–energy scattering at strong coupling

The parton picture at strong coupling as just described has some striking physical consequences
for the high–energy scattering problem which are vastly different from everything that we know
about the corresponding problem in real–life QCD. For instance, the rapid energy growth
Q2

s(x) ∝ 1/x of the saturation momentum, which is automatic in this gravity context, is much
faster than the respective growth observed in the HERA data, namely Q2

s ∼ 1/xω with ω ≃
0.2÷ 0.3, and which is in fact well accounted for by perturbative QCD [14]. Also, the absence
of large–x partons in a hadronic wavefunction at strong coupling means that, in a hypothetical
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scattering between two such hadrons, there would be no hard particle production at either
forward or backward rapidities: the two nuclei colliding with each other at strong coupling
would fully stop each other [15]. This is in sharp contrast to the situation at RHIC, where the
large–x partons from the incoming nuclei are seen to emerge from the collision, as hadronic
jets, along their original trajectories (‘leading baryons’).

Figure 3: Final state in e+e− annihilation. Left: weak coupling. Right: strong coupling.

Another striking prediction of AdS/CFT is the absence of jets in electron–positron an-
nihilation at strong coupling [10, 12]. Fig. 3 exhibits the typical, 2–jet, final state in e+e−

annihilation at weak coupling (left) together with what should be the corresponding state at
strong coupling (right). In both cases, the final state is produced via the decay of a time–like
photon into a pair of partons and the subsequent evolution of this pair. At weak coupling this
evolution is rather slow and consists mostly in the emission of soft and collinear gluons, with
the result that the leading partons get dressed into a pair of well–collimated jets of hadrons (cf.
Fig. 3 left). Multi–jet (n ≥ 3) events are possible as well, but they have a lower probability,
as they require hard parton emissions in the final state, which are suppressed by asymptotic
freedom [7]. At strong coupling, on the other hand, parton branching is much more efficient,
as previously explained: all splittings are hard and happen very fast, so they rapidly split the
original energy over many quanta which carry energies and momenta of the order of the soft,
confinement, scale, and which are almost isotropically distributed in space, because of their
large number. Thus, the respective final state shown no sign of jets, but only an isotropic
distribution of hadronic matter (cf. Fig. 3 right) [12].

Let us finally return to our original motivation for studying the dynamics at strong coupling,
which was the propagation of a ‘hard probe’ through a strongly–coupled plasma. Consider
the energy loss by a heavy quark towards the plasma: the respective AdS/CFT calculation
has been given in [16], but the result can be also inferred via physical arguments, using the
previously explained parton picture at strong coupling [17]. Among the virtual, space–like,
quanta which are continuously emitted and reabsorbed by the heavy quark, only those can
escape to the plasma which have a virtuality Q lower than the plasma saturation momentum
Qs(x) for a value of x set by the lifetime of the fluctuation: 1/x ∼ T∆t with ∆t ∼ ω/Q2. Since
dE/dt ∝ ω/∆t ∼ Q2, the energy loss is controlled by the fluctuations having the maximal
possible value for the virtuality, that is, those having Q ∼ Qs(x) with x set by the rapidity γ
of the heavy quark. Using γ = ω/Q and Qs ∼ T/x ∼ γT 2/Qs, one finds Qs ∼ √γT and hence

− dE

dt
≃
√

λ
ω

(ω/Q2
s)
≃
√

λQ2
s ∼

√
λγ T 2 , (10)
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where the factor
√

λ enters via the normalization of the Nambu-Goto action and expresses the
fact that, at strong coupling, the heavy quark does not radiate just a single quanta per time
∆t, but rather a large number ∼

√
λ. Eq. (10) is parametrically consistent with the respective

AdS/CFT result [16]. Note the strong enhancement of the medium effects at high energy, as
expressed by the Lorentz γ factor in the r.h.s of (10): this is in qualitative agreement with the
strong suppression of particle production seen in Au+Au collisions at RHIC, but one should be
very careful before directly comparing such AdS/CFT results with the QCD phenomenology.

To summarize, the strong–coupling picture of high–energy scattering appears to be very
different from everything we know, theoretically and experimentally, about real–life QCD. There
are no valence partons, the saturation momentum (and hence the hadronic cross–sections) grow
much too fast with increasing energy, and there are no jets in the final state of any kind of
collision. This is not necessarily a surprise: within QCD, these high–energy phenomena are
controlled by hard momentum exchanges and thus by weak coupling, by virtue of the asymptotic
freedom. On the other hand, AdS/CFT might give us some qualitative insight in the semi–hard
physics of particle production in heavy ion collisions, and also in some longstanding problems
like thermalization and the emergence of hydrodynamics in the late stages of such a collision.
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We review the descriptions of hard exclusive processes based on QCD factorization.

1 Introduction

Since a decade, there have been much developments in hard exclusive processes, based on
collinear factorization. This was initiated by form factors studies more than 30 years ago,
leading to the concept of Distribution Amplitudes (DA) [1], which describes the partonic content
of a hadron facing an elastic scattering off a hard photonic probe. These DAs were then
extended to Generalized Distribution Amplitudes (GDA) [2, 3, 4] in which two or more hadrons
are produced. Independently, starting from inclusive DIS which relates Parton Distribution
Functions (PDFs) to the discontinuity of the forward γ∗p→ γ∗p amplitude, it was shown [5, 3]
that the partonic interpretation remains valid for the Deep Virtual Compton Scattering (DVCS)
amplitude γ∗p→ γ p itself, leading to the concept of Generalized Parton Distributions (GPDs),
and to more general exclusive processes studies. In a parallel way, tremendous progresses in
experimental facilities (high luminosity beams, improvement of detectors...) opened the way to
studies and measures with increasing precision of these non forward matrix elements [6, 7, 8, 9].

2 The illuminating example of ρ−electroproduction

DVCS and GPD [10]

The factorization of the DVCS amplitude in the large Q2 limit follows two steps. First, one
should factorize it in momentum space. This can be set up more easily when using the Sudakov
decomposition (introducing two light-cone vectors p1(2) (+(−) directions) with 2 p1 · p2 = s)

k = αp1 + β p2 + k⊥
+ − ⊥ (1)

In the limit Q2 → ∞, the only component of the momentum k to be kept in the hard blob H
is k− . In particular, this means that the quark-antiquark pair entering H can be considered as
being collinear, flying in the direction of the p2 momentum. Therefore, the amplitude reads
∫
d4k S(k, k + ∆)H(q, k, k + ∆) =

∫
dk−

∫
dk+d2k⊥ S(k, k + ∆) H(q, k−, k− + ∆−) ,

as illustrated in Fig.1. The Fierz identity in spinor and color space then shows that the DVCS
amplitude completely factorizes, and reads symbolically: M = GPD⊗Hard part .
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Figure 1: Factorization of the DVCS amplitude in the hard regime. The signs + and − indicate
corresponding flows of large momentum components.

ρ−meson production: from the wave function to the DA
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Figure 2: Factorization of the amplitude of hard ρ−electroproduction.

We now replace the produced photon by a ρ−meson, described in QCD by its wave function
Ψ which reduces in hard processes to its Distribution Amplitude. As for DVCS, in the limit
Q2 →∞ , the amplitude of diffractive electroproduction of a ρ−meson can be written as

∫
d4` M(q, `, `−pρ) Ψ(`, `−pρ) =

∫
d`+M(q, `+, `+ − p+

ρ )

∫
d`−
|`2⊥| < µ2

F∫
d2`⊥Ψ(`, `− pρ) (2)

(see Fig.2). This factorization involves the ρ−wave function integrated over `⊥ (and `−), which
is the DA already involved in the partonic description of the hard meson form factor [1].

ρ−meson production: factorization with a GPD and a DA [11]

Combining the previous factorizations, one can describe the hard electroproduction of a
ρ−meson in a fully factorized form involving a GPD and a DA, as illustrated in Fig.3. It reads

∫
d4k d4` S(k, k + ∆)H(q, k, k + ∆) Ψ(`, `− pρ) =

∫
dk−d`+ (3)

×
∫
dk+

|k2
⊥| < µ2

F2∫
d2k⊥ S(k, k + ∆) H(q; k−, k−+ ∆−; `+, `+− p+

ρ )

∫
d`−

|`2⊥| < µ2
F1∫
d2`⊥Ψ(`, `− pρ) .

GPD F (x, ξ, t, µ2
F2

) Hard part T (x/ξ, u, µ2
F1
, µ2
F2

) DA Φ(u, µ2
F1

)
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Figure 3: Full factorization of the amplitude of hard electroproduction of a ρ−meson.

Chiral-even DA

As discussed above, DAs are obtained from wave functions through
∫
d`−

∫
d2`⊥ integration,

and thus related to non-local correlators between fields separated by a light-like distance z (along
p2, conjugated to the + direction by Fourier transformation). The vector correlator reads

〈0|ū(z)γµd(−z)|ρ−(P, λ)〉 = fρmρ

[
pµ
e(λ) · z
p · z

∫ 1

0

du ei(u−ū)p·zφ‖(u, µ
2
F )

+ e
(λ)
⊥µ

∫ 1

0

du ei(u−ū)p·zg(v)
⊥ (u, µ2

F )− 1

2
zµ
e(λ) · z
(p · z)2

m2
ρ

∫ 1

0

du ei(u−ū)p·zg3(u, µ2
F )

]

where φ‖, g
(v)
⊥ , g3 are DAs respectively of twist 2, 3 and 4, with p = p1, P = pρ . Correspond-

ingly, the axial correlator calls for the introduction of a twist 3 DA, as

〈0|ū(z)γµγ5d(−z)|ρ−(P, λ)〉 =
1

2

[
fρ − fTρ

mu +md

mρ

]
mρ ε

ναβ
µ e

(λ)
⊥ν pα zβ

∫ 1

0

du eiξp·zg(a)
⊥ (u, µ2

F ) .

Selection rules and factorization status

Since for massless particle chirality = + (resp. -) helicity for a (anti)particule and based on
the fact that QED and QCD vertices are chiral even (no chirality flip during the interaction),
one deduces that the total helicity of a qq̄ pair produced by a γ∗ should be 0. Therefore, the
helicity of the γ∗ equals Lqq̄z (z projection of the qq̄ angular momentum). In the pure collinear
limit (i.e. twist 2), Lqq̄z = 0, and thus the γ∗ is longitudinally polarized. Additionaly, at
t = 0 there is no source of orbital momentum from the proton coupling, which implies that
the helicity of the meson and of the photon should be identical. In the collinear factorization
approach, the extension to t 6= 0 changes nothing from the hard side, the only dependence with
respect to t being encoded in the non-perturbative correlator which defines the GPDs. This
implies that the above selection rule remains true. Thus, only 2 transitions are possible (this is
called s−channel helicity conservation (SCHC)): γ∗L → ρL, for which QCD factorization holds
at t=2 at any order (i.e. LL, NLL, etc...) [11] and γ∗T → ρT , corresponding to twist t = 3 at
the amplitude level, for which QCD factorization is not proven, an explicit computation [12] at

leading order showing in fact that the hard part has end-point singularities like
1∫
0

du/u .
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Some solutions to factorization breaking?

In order to extend the factorization theorem at higher twist, several solutions have been
discussed. First, one may add contributions of 3-parton DAs [13] for ρT [14, 15] (of dominant
twist equal 3 for ρT ). This in fact does not solve the problem, while reducing the level of
divergency, but is needed for consistency. Next, it was suggested to keep a transverse `⊥ depen-
dency in the q, q̄ momenta, used to regulate end-point singularities, leading to the Improved
Collinear Approximation (ICA). Soft and collinear gluon exchange between the valence quarks
are responsible for large double-logarithmic effects which exponentiate. This is made easier
when using the impact parameter space b⊥ conjugated to `⊥ , leading to Sudakov factor

exp[−S(u, b,Q)] .

S diverges when b⊥ ∼ O(1/ΛQCD) (large transverse separation, i.e. small transverse momenta)
or u ∼ O(ΛQCD/Q) [16]. This regularizes end-point singularities for π → πγ∗ and γγ∗ → π0

form factors [17]. This perturbative resummation tail effect combined with an ad-hoc non-
perturbative gaussian ansatz for the DAs

exp[−a2 |k2
⊥|/(uū)] ,

which gives back the usual asymptotic DA 6u ū when integrating over k⊥, provides practical
tools for the phenomenology of meson electroproduction [18].

Chiral-odd sector

The ± chiralities are defined by the decomposition

q±(z) ≡ 1

2
(1± γ5)q(z) with q(z) = q+(z) + q−(z) ,

implying that q̄±(z)γµq±(−z) or q̄±(z)γµγ5q±(−z) conserve chirality (chiral-even) while q̄±(z) ·
1·q∓(−z), q̄±(z)·γ5 ·q∓(−z) or q̄±(z)[γµ, γν ]q∓(−z) change chirality (chiral-odd). In the specific
case of ρ, the chiral odd sector involves DAs of twists 2 and 4 for ρT and DAs of twist 3 for ρL .
Correspondingly, chiral-odd 3-partons DAs are of dominant twist equal to 3 for ρL [13].

Since QED and QCD are chiral even, chiral-odd objects can only appear in pairs. While the
amplitude of ρT electroproduction on linearly polarized N vanishes at leading twist 2 (a single
gluon exchange between hard lines is not enough to prevent the vanishing of Dirac traces) [19],
this vanishing can be avoided [20], for example in the electroproduction of a π+ and ρ0

T pair on
a nucleon N [21], the hard scale being provided by the pT of the produced mesons.

3 Generic results for DAs

Gauge invariance

The non-local correlators 〈0|Ψ̄(z)γµΨ(−z)|ρ〉 are gauge invariant since they should be un-
derstood as 〈0|Ψ̄(z)γµ[z, −z ]Ψ(−z)|ρ〉 where [, ] is a Wilson line along p2 . This implies that
even at twist 2, gluons are there, although hidden. The Taylor expansion with respect to z

involves the covariant derivative
↔
Dµ . This can be used for studying hard electroproduction

of exotic (non qq̄ quantum numbers) hybrids mesons |qq̄g〉 with JPC = 1−+ which cannot be
described by the quark model. Thus, γ∗p→ H0p is not suppressed: it is twist 2. The expected
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order of magnitude of the cross-section is comparable with ρ-electroproduction [22], with possi-
ble tests at JLab and Compass. The same conclusion applies for the process γγ∗ → H0 with the
advantage of avoiding the mixing with GPDs [23]. Tests should be possible at BaBar, BELLE,
BEPC-II. A possible candidate for the neutral hybrid H0 could be the π1(1400) .

Equations of motion

The Dirac equation leads to 〈i(
→
/D (0)ψ(0))α ψ̄β(z)〉 = 0 which, after applying the Fierz de-

composition to 2 and 3-parton correlators, implies Equations Of Motion (EOM) relating the
various 2 and 3-body DAs.

Renormalization group equations

Back to the factorization (2) or (3) of the process in term of a DA, which symbolically reads

M(Q2) = Φ∗(x, µ2
F ) ⊗ TH(x,Q2, µ2

F ) , (4)

the arbitrariness of the factorization scale µ2
F leads to the Efremov-Radyushkin, Brodsky-Lepage

equation [24] for the DA Φ(u, µ2
F ):

µ2
F

∂

∂µ2
F

Φ(x, µ2
F ) = V (x, u, µ2

F ) ⊗ Φ(u, µ2
F ) .

Collinear conformal invariance [25]

The full conformal group SO(4, 2) is defined as transformations which only change the
scale of the metric. In the limit Q2 →∞ , hadron states are replaced by a bunch of partons
that are collinear to p1, which thus lives along p2 , implying that z is the only remaining
variable. The transformations which map the light-ray in the p2 direction into itself is the
collinear subgroup of the full conformal group SO(4, 2) , that is SL(2,R), made of translations
z → z + c, dilatations z → λ z and special conformal transformations z → z ′ = z/(1 + 2 a z) .
The Lie algebra of SL(2,R) is O(2, 1) . One remaining additional generator commutes with
the 3 previous ones: the collinear-twist operator. Interestingly, the light-cone operators which
enter the definition of DAs can be expressed in terms of a basis of conformal operators. Since
conformal transformations commute with exact EOM (they are not renormalized), EOM can
be solved exactly (with an expansion in terms of the conformal spin n + 2). For example the

twist 2 DA for ρL can be expressed, for unpredicted a
‖
n(µ), as [26]

φ‖(u, µ0) = 6u ū
∞∑

n=0

a‖n(µ)C3/2
n (u− ū) C3/2

n = Gegenbauer polynomial .

Since the Leading Order renormalization of the conformal operators is diagonal in the conformal
spin (counterterms are tree level at this accuracy and they thus respect the conformal symetry
of the classical theory), this implies that

φ‖(u, µ) = 6u ū

∞∑

n=0

a‖n(µ0)

(
αs(µ)

αs(µ0)

)γ(0)
n /β0

C3/2
n (u− ū)

µ→∞−→ 6u ū asymptotic DA

with the anomalous dimensions

γ(0)
n = CF

(
1− 2

(n+ 1)(n+ 2)
+ 4

n+1∑

m=2

1

m

)
.
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Figure 4: kT -factorization in the case of γ∗ γ∗ → ρ ρ.

At Next to Leading Order conformal symetry is broken; studying conformal anomalies provides
the NLO anomalous dimensions and the corresponding ERBL kernels [27].

4 The specific case of QCD at large s

Theoretical motivations and kT -factorization

The dynamics of QCD in the perturbative Regge limit is governed by gluons (dominance of
spin 1 exchange in t channel). The BFKL Pomeron (and extensions: NLL, saturations effects,
...) is expected to dominate with respect to Born order at large relative rapidity in any diffractive
or inclusive process. In this regime, the key tool is the kT -factorization, shown in Fig.4 in the
case of γ∗ γ∗ → ρ ρ. Using the Sudakov decomposition (1) for which d4k = s

2 dα dβ d
2k⊥ and

noting that t−channel gluons with non-sense polarizations (ε
up/down
NS = 2

s p2 /1) dominate at
large s, and then rearranging the k-integration (see Fig.4) leads to the impact representation

M = is

∫
d2 k

(2π)2k2 (r − k)2
Φγ
∗(q1)→ρ(pρ1)(k, r − k) Φγ

∗(q2)→ρ(pρ2 )(−k,−r + k) (5)

where Φγ
∗(q)→ρ(pρ) is the γ∗L,T (q) g(k1)→ ρL,T (pρ) g(k2) impact factor (with k2

⊥ = −k2). QCD
gauge invariance implies, for colorless probes, that the impact factor should vanish when k → 0
or r− k → 0. In particular, at twist 3 level (for γ∗T → ρT transition), gauge invariance is a non-
trivial statement which requires 2- and 3-parton correlators. Recently, HERA provided data
for vector mesons with detailled polarization studies, in particular for our example γ∗L,T + p→
ρL,T + p [9]. It exhibits a total cross-section which strongly decreases with Q2, with a dramatic
increase with W 2 = sγ∗P . The transition from soft to hard regime is governed by Q2. The
transitions γ∗L → ρL, γ∗T (−) → ρT (−) and γ∗T (+) → ρT (+) dominate with respect to any other
possible transition, as expected from SCHC discussed above. In particular at t = tmin one can
experimentally distinguish two transitions: γ∗L → ρL which dominate (twist 2 dominance) and
the γ∗T (±) → ρT (±) which is sizable, although of twist 3. This calls for detailled studies beyond
the applicability of the collinear factorization theorem.

Phenomenological applications: meson production at HERA

The production of mesons in diffraction-type experiments at HERA has been studied exten-
sively in various situations [9, 8]. In the safe case, like J/Ψ photoproduction, collinear factor-
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ization holds and combined with kT -factorization a consistent description of H1 and ZEUS data
was obtained [28, 29]. In the more intricate case of exclusive light vector meson (ρ, φ) photo-
production at large t, relying on kT -factorization, one can describe H1 and ZEUS data, which
seem to favor BFKL [29, 30]. One needs to regularize end-point singularities for ρT , using for
example a quark mass m = mρ/2 , and a rather poor understanding of the whole spin density
matrix has been achieved. The exclusive vector meson electroproduction γ∗L,T + p→ ρL,T + p
has been described [18] based on the ICA for DA coupling and collinear factorization with
GPDs, as explained above, without any use of kT factorization. However, it turns out that at
moderate value of s, HERMES [8] measured the interference phase between L→ L and T → T
transitions which cannot be described within perturbative QCD at the moment.

A full twist 3 treatment of ρ-electroproduction in kT -factorisation is possible [31]. It relies
on the computation of the γ∗T → ρT impact factor at twist 3 including consistently all twist
3 contributions, i.e. 2-parton and 3-parton correlators. This gives a gauge invariant impact
factor, and an amplitude which is free of end-point singularities due to the presence of kT .

Exclusive processes at Tevatron, RHIC, LHC, ILC

Exclusive γ(∗)γ(∗) processes are golden places for testing QCD at large s, in particular
at Tevatron, RHIC, LHC and ILC. Several proposals in order to test perturbative QCD in
the large s limit (t-structure of the hard Pomeron, saturation, Odderon...) have been made,
including γ(∗)(q) + γ(∗)(q′)→ J/Ψ J/Ψ [32], or γ∗L,T (q) + γ∗L,T (q′)→ ρL(p1) + ρL(p2) process

in e+ e− → e+ e−ρL(p1) + ρL(p2) with double tagged lepton at ILC [33, 34]. This could be
feasible at ILC (high energy and high luminosity), with an expected BFKL NLL enhancement
with respect to Born and DGLAP. The elusive Odderon (C-parity of Odderon = -1) is hard to
reveal directly when entering in the amplitude of a process. When considering processes where
it enters linearly, through interference with the Pomeron, the signal becomes more favorable
[35], as in γ + γ → π+π−π+π−: a π+π− pair has no fixed C-parity, allowing for both Odderon
and Pomeron exchange, which can interfere in the charge asymmetry [36]. More generally
exclusive ultraperipheral processes are very promising.

5 Light-Cone Collinear Factorization
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Figure 5: Factorization of 2-parton contributions in the example of the γ∗ → ρ impact factor.

There are basically two ways of dealing with collinear factorization when including higher
twist corrections. The Light-Cone Collinear Factorization developped first for polarized DIS
[37], is self-consistent for exclusive processes [38, 39], while non-covariant, and very efficient
for practical computations [31]. Using the Sudakov decomposition (p = p1, n = 2 p2/s thus
p · n = 1)

`µ = u pµ + `⊥µ + (` · p)nµ, u = ` · n

scaling: 1 1/Q 1/Q2
(6)
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one decomposes H(k) around the p direction:

H(`) = H(u p) +
∂H(`)

∂`α

∣∣∣∣
`=up

(`− u p)α + . . . with (`− u p)α ≈ `⊥α

from which the twist 3 term l⊥α turns after Fourier transform into the derivative of the soft

term
∫
d4z e−i`·z〈ρ(p)|ψ(0) i

←→
∂α⊥ψ̄(z)|0〉 . Using the Fierz transformation, this gives finally a

factorized expression up to twist 3, as illustrated in Fig.5 for 2-parton contributions in the
example of the γ∗ g → ρ g impact factor. This requires the parametrization of matrix elements
of non-local correlators defined along the light-like prefered direction z = λn conjugated to p.
In the case of the ρ-electroproduction, 7 DAs at twist 3 (2- and 3-parton DAs) are needed. Their
number is reduced to a minimal set of 3 DAs when combining the 2 equations of motions and
the n−independency condition [37, 38, 39, 14] of the full factorized amplitude (which provides
2 process-independent equations). A second approach, the Covariant Collinear Factorization
[13], fully covariant but less convenient when practically computing coefficient functions, can
equivalently be used. The dictionary and equivalence between the two approaches has recently
been obtained, and explicitly checked for the γ∗T → ρT impact factor at twist 3 [31].

6 Conclusion

Since a decade, there has been much progress in the understanding of hard exclusive processes:
at moderate energies, combined with GPDs, there is now a framework starting from first prin-
ciples to describe a huge number of processes; at high energy, the impact representation is a
powerful tool for describing exclusive processes in diffractive experiments, which are and will
be essential for studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...). Still,
some problems remain: proofs of factorization have been optained only for a very few processes
(ex.: γ∗ p→ γ p , γ∗L p→ ρL p , γ

∗p → J/Ψ p). For some other processes factorization is highly
plausible, but not fully demonstrated at any order (ex.: processes involving Transition Distri-
bution Amplitudes [40]) while some processes explicitly show signs of breaking of factorization
(ex.: γ∗T p→ ρT p which has end-point singularities at Leading Order). Models and results from
the lattice for the non-perturbative correlators entering GPDs, DAs, GDAs, TDAs are needed,
even at a qualitative level. The effect of QCD evolution and renormalization/factorization
scale, as well as studies at the full NLL order, might be relevant with the increasing precision
of data in the near future. Finally, let us insist on the fact that links between theoretical and
experimental communities are very fruitful, in particular at HERA, Jlab, Compass. It is now
time to use the potential of high luminosity e+e− machine like BaBar, BELLE, BEPC-II which
are golden places for hard exclusive processes studies in γ∗γ(∗) channels.
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The Generalized Parton Distribution framework was introduced in the late 90’s and de-
scribes the nucleon in a revolutionary way, correlating the information from both momen-
tum and transverse position space into experimentally accessible functions. After a brief
introduction, this article reviews the Jefferson Lab 6 GeV measurements of Deeply Virtual
Compton Scattering in Halls A and B, which give a unique access to Generalized Parton
Distributions (GPD). The second part of this article reviews the Jefferson Lab 12 GeV
upgrade in general terms, and then focuses on the GPD program in Halls A and B.

1 Introduction

The nucleon electromagnetic structure is still a challenge to modern day physicists after more
than 50 years of experimental scrutiny. The nucleon, which appeared to be an elementary
particle at first, turned out to have a complicated structure, described in turns by Form Factors
(FF) measured in elastic scattering, and Parton Distribution Functions (PDF) measured in Deep
Inelastic Scattering (DIS). With the advent of higher energy and higher luminosity accelerators,
coupled to high resolution and/or acceptance detectors, it is possible to extend the landscape
of hard scattering from inclusive processes such as DIS to exclusive processes, which contain a
wealth of new information about the nucleon structure. Similar to parton distributions for DIS,
the Generalized Parton Distributions (GPD) which can be obtained through the study of Deep
Exclusive Scattering (DES) processes contain information on the quark/antiquark and gluon
correlations, and more specifically on both the transverse spatial and longitudinal momentum
dependences.

Generalized Parton Distributions not only contain the usual Form Factors and Parton Dis-
tribution functions, but using the fully correlated transverse position - momentum information,
they can be used to provide 2D tomographic images of the nucleons [1, 2], or even genuine 3D
images using their full kinematical dependence [3]. Last but not least, GPD’s will allow us
to quantify the role of the quark angular orbital momentum in the nucleon spin sum rule [4],
which is an open issue since polarized DIS was first investigated.

Jefferson Lab has been a key contributor in the field of GPD’s since 2001, especially studying
the Deeply Virtual Compton Scattering (DVCS) process. The rest of this article will review
the DVCS Jefferson Lab measurements and the future prospects after the 12 GeV upgrade.
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2 Deeply Virtual Compton Scattering to access GPD’s

About 10 years ago, Mueller, Ji, Radyushkin and others [5, 6, 7, 8, 9] showed that the Deeply
Virtual Compton Scattering reaction γ∗p → γp can, in the Bjorken limit, be factorized into a
hard scattering kernel and a non-perturbative part, containing information about the electro-
magnetic structure of the nucleon parametrized into Generalized Parton Distributions. This
factorization of the DVCS reaction is represented in Fig.1, where the virtual photon scatters on
a single quark, which almost instantly re-emits a real photon. The quark is then inserted back
into the nucleon, which is kept intact. In kinematical terms, this factorization is valid when the
virtuality of the incoming photon is large (Q2 = −q2, with q the virtual photon 4-vector) but
the transfer to the nucleon small compared to this scale (−t << Q2). The soft structure of the

nucleon is parametrized at twist-2 level by four GPD’s: E, H , Ẽ and H̃ .

x+ξ

p p'=p+∆

x-ξ

γ *(q) γ (q')

GPD

Figure 1: Handbag diagram to the DVCS process. See text for definition of variables.

DVCS is accessible through the electroproduction of real photons ep → epγ. This reaction
has a very interesting feature: the real photon can either be emitted by the proton (DVCS) or
from one of the electron lines (Bethe-Heitler or BH). Both processes are not distinguishable,
therefore they interfere at the amplitude level. By measuring the difference of cross sections
for opposite lepton helicities or opposite target polarization, one is sensitive to the interference
term alone, which is basically the product of the DVCS amplitude imaginary part by the BH
amplitude. This is especially useful at moderate energy at Jefferson Lab since Bethe-Heitler is
strong in these kinematics and the cross section difference is therefore sizeable. The difficulties
of such measurements lie in the need for exclusivity, which usually means the detection of the
three-particle final state, as well as the low cross section which can be compensated by high
luminosity and/or acceptance.

3 Jefferson Lab DVCS 6 GeV measurements

3.1 Hall A

The E00-110 experiment in Hall A took data in the fall 2004 with 5.75 GeV electron beam energy
impinging on a 15 cm liquid hydrogen target. The experiment was the first ever dedicated DVCS
experiment worldwide, its main goal was to check the factorization in the DVCS reaction, by
means of a Q2 scaling scan at fixed xB . This experiment used the Hall A High Resolution
Spectrometer (HRS) to detect the scattered electron, a 132-block lead-fluoride calorimeter to
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detect the emitted photon and an array of out-of-plane scintillator blocks to detect the recoil
proton. An important feature of this experiment was the high 1037 cm−2s−1 luminosity which
allowed very accurate measurements of the helicity dependent cross sections. The cross section
difference and the total cross section are shown on Fig.2 (left) as a function of φ, the angle
between the leptonic and hadronic planes [10]. The Q2 dependence of the sinφ coefficient
is shown on Fig. 2 (right) and shows no visible dependence, which is a good indication the
handbag diagram is indeed the dominant process in DVCS even at rather low Q2. The analysis
of the total cross section in terms of GPD’s is made more complicated by the fact that one
cannot disentangle the DVCS2 terms from the interference contributions with a simple fit to
the data. Only a Rosenbluth-type extraction, using the different energy dependences of these
contributions would allow for a complete extraction.

Figure 2: Left: Cross section difference (top) and total cross section (bottom) for xB = 0.36,
Q2=2.3 GeV2 and −t=-0.28 GeV2. Right: Scaling of the sinφ and sin 2φ coefficients indicating
a handbag dominance. Data and more information can be found in [10].

The E03-106 experiment in Hall A immediately followed E00-110 and took data on a liquid
deuterium target in order to extract information on neutron GPD’s. Indeed, by subtracting
the proton contribution to the deuterium, up to nuclear effects included in systematics, one can
extract the cross section difference on the neutron, from which the sinφ coefficient is shown on
Figure 3 (left, bottom). The collaboration compared their results with the VGG calculations
[11] in order to constrain the total angular momentum carried by the u and d quarks through the
parametrization of the GPD E [12], as shown on Figure 3 (right). Even though this extraction
is highly model dependent, it is a step in the right direction and shows clear potential with more
data and other more realistic models. The deuteron sinφ coefficient is also shown on Figure 3
(left, top).

3.2 Hall B

The Hall B CLAS collaboration ran the E1-DVCS experiment in 2005 using a 5.77 GeV electron
beam impinging on a 2.5 cm-long liquid hydrogen target. In contrast with the Hall A exper-
iments, the operating luminosity was much lower at 2×1034 cm−2s−1, but was still a record
in the open geometry large acceptance CLAS spectrometer. The standard equipment of this
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Figure 3: Left top: Coherent deuterium DVCS sinφ coefficient as a function of t along with
Cano-Pire model [13]. Left bottom: Neutron DVCS sinφ coefficient as a function of t along
with VGG model. The VGG input parameters for the GPD E are Ju and Jd in this model.
Right : Resulting constraint on Ju and Jd. Data and more information can be found in [12].

spectrometer was complemented in this experiment by a new electromagnetic calorimeter (In-
ner Calorimeter, IC) located 55 cm downstream from the target, in order to detect 1 to 5 GeV
photons emitted between 4.5◦ and 15◦ with respect to the beam direction. This calorimeter
was built of 424 tapered lead tungstate crystals, 16 cm long and with an average cross sectional
area of 2.1 cm2, read out with avalanche photodiodes and associated low-noise preamplifiers.

The analysis of the data consisted in selecting a clean sample of triple coincidence events
(epγ) and using a set of exclusivity cuts, making sure no other particles were present in the
reaction. In spite of this selection, a contamination of events originating from the ep → epπ0

reaction, followed by the subsequent asymmetric decay of the neutral pion, is always possible. It
was estimated using π0 events where both photons are recorded and a Monte-Carlo simulation
to correct for the ratio of acceptance for 2-detected photons to 1-detected photons events. The
data are then divided into bins in Q2, xB , t and φ and the beam spin asymmetry is calculated
for each bin, plotted as a function of φ as shown on Fig. 4 [14], along with the kinematical
coverage in Q2 and xB . These data represent the largest data set on DVCS to date and they
are compared to a number of models and GPD parametrizations such as VGG and others
[11, 15, 16, 17, 18].

The only available data on DVCS using a longitudinaly polarized proton target at Jefferson
Lab are from non-dedicated data in Hall B [19]. The asymmetry AUL shown in Figure 5 is
dominated by the sinφ term while the sin 2φ term is compatible with zero. As expected, the
measured asymmetry is consistent with predictions of a large contribution from the GPD H̃ .
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Figure 4: Left: kinematic coverage and binning in the (xB , Q
2) space. Right: A(φ) for 2 of the

62 (xB , Q
2, t) bins, corresponding to xB = 0.249, Q2 = 1.95 GeV2, and two values of t. Data

and more information can be found in [14].

4 The DVCS program at 11 GeV

4.1 The Jefferson Lab 12 GeV Upgrade

The accelerator portion of the Upgrade is straightforward and utilizes the existing tunnel with-
out changing the basic layout of the accelerator. There are four main changes: additional
acceleration in the linacs, stronger magnets for the recirculation, an upgraded cryoplant, and
the addition of a tenth recirculation arc. The extra arc permits an additional ”half pass”
through the accelerator to reach the required 12 GeV beam energy, followed by beam transport
to Hall D that will be added to support the meson spectroscopy initiative.

The equipment planned for the Upgrade project takes full advantage of apparatus developed
for the present program. In two of the existing halls new spectrometers are added and/or present
equipment upgraded to meet the demands of the 12 GeV program. Then a new hall, Hall D,
will be added to support the meson spectroscopy program. In Hall A, the Upgrade will only
add 11 GeV capability to the beamline and will allow for special setup experiments. In Hall
B, the CEBAF Large Acceptance Spectrometer (CLAS), which was designed to study multi-
particle, exclusive reactions with its combination of large acceptance and moderate momentum
resolution, will be upgraded to CLAS12 and optimized for studying exclusive reactions and
especially the investigation of GPD’s. In Hall C a new, high-momentum spectrometer (the
SHMS, Super-High- Momentum Spectrometer) will be constructed to support high-luminosity
experiments detecting reaction products with momenta up to the full 11 GeV beam energy.
Finally, in Hall D, a tagged coherent bremsstrahlung beam and solenoidal detector will be
constructed in support of a program of gluonic spectroscopy.

4.2 The 11 GeV DVCS program in Hall A

The proposal PR12-06-114, accepted by the PAC30 of Jefferson Lab, will measure the ep→ epγ
cross sections at fixed xB for Q2 up to 9 GeV2, using a similar (but upgraded) equipment to
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Figure 5: The azimuthal angle φ dependence of the target-spin asymmetry for exclusive elec-
troproduction of photons. The dashed curve is the full VGG model prediction. The dotted
curve shows the asymmetry when H̃ =0. The solid curve is a simple fit to the data. Data and
more information can be found in [19].

the 6 GeV experiment described earlier. This will determine with what precision the handbag
amplitude dominates over the higher twist amplitudes. Using several beam energies, it will
be able to fully separate the total cross section among its different contributions, especially
DVCS2, the size of which is mostly unknown. It will also extract superpositions of Compton
Form Factors (CFFs). The Q2 vs xB domain as well as simulated data for one of the highest
Q2 setting is shown on Fig. 6. In addition, this experiment will measure the ep → epπ0 cross
section in the same kinematics as DVCS and even perform a L-T separation of this cross section
for the first time.
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Figure 6: Left: Hall A 11GeV Q2 vs xB kinematical coverage: Right: simulated data for the
kinematics highlighted on the left.
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4.3 The 11 GeV DVCS program in Hall B

The proposal PR12-06-119, accepted by the PAC30 of Jefferson Lab, consists in two separate
experiments for a total of 200 days of beam time. The first is a measurement of the DVCS beam
spin asymmetries from an unpolarized liquid hydrogen target, and therefore mostly sensitive to
the GPD H . The second experiment is dedicated to measuring DVCS target spin asymmetries
using a longitudinally polarized target, which is mostly sensitive to the GPD H̃ . These proposals
will extend the previous CLAS measurements up to Q2 = 9 GeV2, using a high 1035 cm−2s−1

luminosity as well as the augmented CLAS12 detector, including the inner calorimeter already
used in the 6 GeV experiment. Simulated data for the beam spin asymmetries are presented
on Fig. 7.
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Figure 7: Left : Simulated data for CLAS12 DVCS Beam Spin Asymmetry as a function of φ.
Middle and right: A(90◦) as function of t and xB as well as curves from [11].

5 Summary

The first 6 GeV dedicated experiments at Jefferson Lab published their data two to three years
ago and already, we are challenged to understand their meaning and extract reliable Generalized
Parton Distribution information from them. As expected, Deeply Virtual Compton Scattering
seems to be scaling early as proved by the Hall A experiment, and constitutes as promised the
golden process to access GPD’s at moderate energies and Q2. An enormous amount of data in
the valence quark region is now available from Hall B in terms of the ALU asymmetry, soon to be
extended to absolute cross section. Along with the very accurate Hall A data, this will constitute
a benchmark for GPD parametrization and modelling and keep the community busy until the
Jefferson Lab 12 GeV upgrade. The expected data for this second generation of experiments in
Halls A and B will undoubtedly unravel for the first time the precise 3-dimensional structure
of the nucleon.
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Deeply Virtual Compton Scattering (DVCS) in ep collisions has emerged in recent years
as a an essential reaction to obtain information on the correlation of partons in the hadron
(proton) or on the transverse distribution of these partons. In these proceedings, we
examine the lattest data from HERA (at low xBj < 10−2) and their impact on models. We
analyse in detail what these data imply on the spatial structure of the proton. In particular,
the most recent measurements of the Beam Charge Asymmetry by the H1 experiment is
discussed in this context. Perspectives are presented for further measurements of DVCS
cross sections at CERN, within the COMPASS experiment.

1 Introduction

Measurements of the deep-inelastic scattering (DIS) of leptons and nucleons, e + p → e + X ,
allow the extraction of Parton Distribution Functions (PDFs) which describe the longitudinal
momentum carried by the quarks, anti-quarks and gluons that make up the fast-moving nu-
cleons. While PDFs provide crucial input to perturbative Quantum Chromodynamic (QCD)
calculations of processes involving hadrons, they do not provide a complete picture of the par-
tonic structure of nucleons. In particular, PDFs contain neither information on the correlations
between partons nor on their transverse motion.

Hard exclusive processes, in which the nucleon remains intact, have emerged in recent years
as prime candidates to complement this essentially one dimensional picture. The simplest
exclusive process is the deeply virtual Compton scattering (DVCS) or exclusive production of
real photon, e + p → e + γ + p. This process is of particular interest as it has both a clear
experimental signature and is calculable in perturbative QCD. The DVCS reaction can be
regarded as the elastic scattering of the virtual photon off the proton via a colourless exchange,
producing a real photon in the final state [1, 2]. In the Bjorken scaling regime, QCD calculations
assume that the exchange involves two partons, having different longitudinal and transverse
momenta, in a colourless configuration. These unequal momenta or skewing are a consequence
of the mass difference between the incoming virtual photon and the outgoing real photon. This
skewedness effect can be interpreted in the context of generalised parton distributions (GPDs)
[3] or dipole model [4]. In the following, we examine the most recent data recorded from the
DESY ep collider at HERA and their implication on the quarks/gluons imaging of the nucleon
[1, 2].
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Figure 1: DVCS cross section for the full HERA data as a function of W and Q2.

2 Latest experimental measurements from HERA

The first measurements of DVCS cross section have been realised at HERA within the H1 and
ZEUS experiments [1, 2]. These results are given in the specific kinematic domain of both
experiments, at low xBj (xBj < 0.01) but they take advantage of the large range in Q2, offered
by the HERA kinematics, which covers more than 2 orders of magnitude, from 1 to 100 GeV2.
It makes possible to study the transition from the low Q2 non-perturbative region (around
1 GeV2) towards higher values of Q2 where the higher twists effects are lowered (above 10
GeV2). The last DVCS cross sections as a function of Q2 and W '

√
Q2/x are presented on

Fig. 1. A good agreement with GPDs [3] and dipole [4] models is observed. A very fundamental
observation is the steep W dependence in W 0.7, visible on Fig. 1. This means that DVCS is
a hard process. Thus, it is justified to compare DVCS measurements with perturbative QCD
calculations, GPDs or dipole approaches, as displayed in Fig. 1.

3 The colour dipole model

Let’s discuss in more details the colour dipole model. Indeed, this approach provides a simple
unified picture of inclusive and diffractive processes and enables hard and soft physics to be
incorporated in a single dynamical framework. At high energies, in the proton’s rest frame, the
virtual photon fluctuates into a hadronic system (the simplest of which is a qq̄ dipole) a long
distance upstream of the target proton. The formation time of this hadronic system, and of
the subsequent formation of the hadronic final state, is much longer than the interaction time
with the target.

DVCS is a good probe of the transition between soft and hard regimes in the dipole model
for two reasons. Indeed, the transverse photon wave function can select large dipoles, even
for large Q2, and certainly for the Q2 range 2 < Q2 < 20 GeV2. Also, because the final
photon is real, DVCS is more sensitive to large dipoles than DIS at the same Q2. Then, in
the colour dipole approach, the DIS (or DVCS) process can be seen as a succession in time of
three factorisable subprocesses: i) the virtual photon fluctuates in a quark-antiquark pair, ii)
this colour dipole interacts with the proton target, iii) the quark pair annihilates into a virtual
(or real) photon. The imaginary part of the DIS (or DVCS) amplitude at t = 0 is expressed in
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the simple way [4, 5]

ImA (W,Q1, Q2) =
∑

T,L

1∫

0

dz

∫ ∞

0

d2rΨ∗T,L(z, r, Q2
1)σdip (z, r)ΨT,L(z, r, Q2

2) , (1)

where Ψ(z, r, Q1,2) are the light cone photon wave functions for transverse and longitudinal
photons. The quantity Q1 is the virtuality of the incoming photon, whereas Q2 is the virtuality
of the outgoing photon. In the DIS case, one has Q2

1 = Q2
2 = Q2 and for DVCS, Q2

1 = Q2 and
Q2

2 = 0. The relative transverse quark pair (dipole) separation is labeled by r whilst z (respec.
1− z) labels the quark (antiquark) longitudinal momentum fraction.

It should be noticed that the non-forward kinematics for DVCS is encoded in the colour
dipole approach through the different weight coming from the photon wavefunctions in Eq.
(1). The off-diagonal effects, which affect the gluon and quark distributions in GPDs models,
should be included in the parameterisation of the dipole cross section. At the present stage of
the development of the dipole formalism, we have no accurate theoretical arguments on how to
compute skewedness effects from first principles. A consistent approach would be to compute
the scattering amplitude in the non-forward case [4]. In this case, the dipole cross section,

σdip (x1, x2, r, ~∆), depends on the momenta x1 and x2 carried by the exchanged gluons, respec-

tively, and on the total transverse momentum transfer ~∆. In this case, additional information
about the dependence upon ~∆ is needed for the QCD Pomeron and proton impact factor. A
first attempt in this direction is done in [4].
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Figure 2: DVCS cross section measurements as a function of the scaling variable τ = Q2/Q2
s(x).

Results are shown for the full t range |t| < 1 GeV2 (left) and at four values of t (right). The
dashed curves represent the predictions of the dipole model [5].

At very small values of the Bjorken scaling variable x the saturation regime of QCD can
be reached. In this domain, the gluon density in the proton is so large that non-linear effects
like gluon recombination tame its growth. In the dipole model approach, the transition to
the saturation regime is characterised by the so-called saturation scale parametrised here as
Qs(x) = Q0(x0/x)−λ/2, where Q0, x0 and λ are parameters. The transition to saturation
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occurs when Q becomes comparable to Qs(x). An important feature of dipole models that
incorporate saturation is that the total cross section can be expressed as a function of the single
variable τ :

σγ
∗p
tot (x,Q2) = σγ

∗p
tot (τ), with τ =

Q2

Q2
s(x)

. (2)

This property, called geometric scaling, has already been observed to hold for the total ep DIS
cross section and in diffractive processes [5] (see Fig. 2). It has also recently been addressed
in the context of exclusive processes including DVCS and extended to cases with non-zero
momentum transfer to the proton [4]. It is therefore interesting to test if the present DVCS
measurements obey the geometric scaling laws predicted by such models, as illustraded in Fig.
2 (right plot for non-zero momentum transfer to the proton).

4 Nucleon Tomography and Perspectives at CERN

A major experimental achievement of H1 and ZEUS [1, 2] has been the measurement of DVCS
cross sections, differential in t = (p′ − p)2, the momentum transfer (squared) at the proton
vertex. A good description of dσDV CS/dt by a fit of the form e−b|t| is obtained [1, 2]. Hence,
an extraction of the t-slope parameter b is accessible and it can be achieved experimentally
for different values of Q2 and W (see Fig. 3). Again, we observe the good agreement of
measurements with GPDs and dipole models.
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Figure 3: The logarithmic slope of the t dependence for DVCS exclusive production, b as a
function of Q2 and W , extracted from a fit dσ/dt ∝ exp(−b|t|) where t = (p− p′)2.

Measurements of the t-slope parameters b are key measurements for almost all exclusive
processes, in particular DVCS. Indeed, a Fourier transform from momentum to impact param-
eter space readily shows that the t-slope b is related to the typical transverse distance between
the colliding objects [3]. At high scale, the qq̄ dipole is almost point-like, and the t dependence
of the cross section is given by the transverse extension of the gluons (or sea quarks) in the
proton for a given xBj range. More precisely, from GPDs, we can compute a parton density
which also depends on a spatial degree of freedom, the transverse size (or impact parameter),
labeled R⊥, in the proton. Both functions are related by a Fourier transform

PDF (x,R⊥;Q2) ≡
∫
d2∆⊥
(2π)2

ei(∆⊥R⊥) GPD(x, t = −∆2
⊥;Q2).
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Figure 4: The logarithmic slope of the t dependence for DVCS exclusive production, b as a
function of xBj , extracted from a fit dσ/dt ∝ exp(−b|t|) where t = (p − p′)2. H1 and ZEUS
points are measurements and simulations are displayed for COMPASS (CERN).

Thus, the transverse extension 〈r2
T 〉 of gluons (or sea quarks) in the proton can be written as

〈r2
T 〉 ≡

∫
d2R⊥ PDF (x,R⊥) R2

⊥∫
d2R⊥ PDF (x,R⊥)

= 4
∂

∂t

[
GPD(x, t)

GPD(x, 0)

]

t=0

= 2b

where b is the exponential t-slope. Measurements of b presented in Fig. 3 corresponds to√
r2
T = 0.65 ± 0.02 fm at large scale Q2 for xBj < 10−2. This value is smaller that the

size of a single proton, and, in contrast to hadron-hadron scattering, it does not expand as
energy W increases. This result is consistent with perturbative QCD calculations in terms of
a radiation cloud of gluons and quarks emitted around the incoming virtual photon. The fact
the perturbative QCD calculations provide correct descriptions of b measurements (see previous
section) is a proof that they deal correctly this this non-trivial aspect of the proton (spatial)
structure. As already discussed in the context of dipole models, the modeling of the correlation
between the spatial transverse structure and the longitudinal momenta distributions of partons
in the proton is one major challenge also for the GPDs approach. In Fig. 4, we present a
summary of the measurements of b(xBj) by H1 and ZEUS experiments and simulations for
COMPASS at CERN. The importance of such measurements of t-slopes as a function of xBj
at CERN is then obvious.

Another natural way to address the problem of the correlation between x and t kinematical
variables proceeds from a determination of a cross section asymmetry with respect to the
beam charge. It has been realised recently by the H1 experiment by measuring the ratio
(dσ+ − dσ−)/(dσ+ + dσ−) as a function of φ, where φ is the azimuthal angle between leptons
and proton plane. The result is presented on Fig. 5 with a fit in cosφ. After applying a
deconvolution method to account for the resolution on φ, the coefficient of the cosφ dependence
is found to be p1 = 0.16± 0.03(stat.)± 0.05(sys.) (at low xBj < 0.01). This result represents
a major experimental progress and is challenging for models (see Fig. 5). Let’s note that
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Figure 5: Beam charge asymmetry as a function of φ measured by H1. Statistical and sys-
tematical uncertainties are shown. Data are corrected from the migrations of events in φ. A
comparison with the GPDs model described in Ref. [3] is presented. It fits very nicely with the
best fit to the data, in p1 cosφ (p1 = 0.16).

models of GPDs can use present HERA data at low xBj , as well as JLab and HERMES data at
larger xBj (xBj > 0.1), in order to provide a first global understanding of exclusive real photon
production [3]. However, as already mentioned above, some efforts have still to be made in the
intermediate xBj domain.

Feasibility for future Beam Charge Asymmetry (BCA) measurements at COMPASS have
been studied extensively in the last decade [6]. COMPASS is a fixed target experiment which
can use 100 GeV muon beams and hydrogen targets, and then access experimentaly the DVCS
process µp→ µγp. The BCA can be determined when using positive and negative muon beams.
One major interest is the kinematic coverage from 2 GeV2 till 6 GeV2 in Q2 and xBj ranging
from 0.05 till 0.1. It means that it is possible to avoid the kinematic domain dominated by
higher-twists and non-perturbative effects (for Q2 < 1 GeV2) and keeping a xBj range which is
extending the HERA (H1/ZEUS) domain. As mentioned above, this is obviously an essential
measurement to cover the full kinematic range and give some results in the intermediate xBj
range between H1/ZEUS and JLab/HERMES experiments. Simulations done for COMPASS
[6, 7] are shown in Fig. 6 for BCA in a setup described in the legend of the figure. Two models
of GPDs, with a factorised and non-factorised t dependence, are shown in Fig. 6 and we can
observe easily the great discrimination power offered by COMPASS, with the proton recoil
detector fully operational. Of course, the discrimination is large in Fig. 6 due to the fact that
α′ is taken to be large (α′ ∼ 0.8 GeV−2) in simulations. If it happens to be much smaller, as
measured at low xBj by H1 [1], both predictions for BCA in Fig. 6 would be of similar shape,
as both curves would converge to the factorised case. This shows clearly the high level of
sensitivity of this experimental quantity on the modeling of GPDs. This makes this observable
very interesting and challenging for GPDs models in the future, once these measurements at
CERN would be realised in 2011/2012.

5 Summary and outlook

DVCS measurements in the HERA kinematics at low xBj (xBj < 0.01) are well described by
recent GPDs models, which also describe correctly measurements at larger values of xBj in
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Figure 6: Azimuthal distribution of the beam charge asymmetry measured at COMPASS at
Eµ= 100 GeV and |t| ≤ 0.6 GeV2 for 2 domains of xBj (xBj = 0.05±0.02 and xBj = 0.10±0.03)
and 3 domains of Q2 (Q2 = 2±0.5 GeV2, Q2 = 4±0.5 GeV2 and Q2 = 6±0.5 GeV2) obtained
in 6 months of data taking with a global efficiency of 25% and with 2 · 108 µ per SPS spill
(Pµ+ = −0.8 and Pµ− = +0.8). More recent simulations are on going which does not change
the conclusions of this plot.

the JLab kinematics. DVCS measurements in the HERA kinematics are also nicely described
within a dipole approach, which encodes the non-forward kinematics for DVCS only through the
different weights coming from the photon wavefunctions. Recently, H1 and ZEUS experiments
have also shown that proton tomography at low xBj enters into the experimental domain of
high energy physics, with a first experimental evidence that gluons are located at the periphery
of the proton. A new frontier in understanding this structure would be possible at CERN within
the COMPASS experimental setup. Major advances have already been done on the design of
the project and simulation outputs.
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We discuss the relevance of a dedicated measurement of exclusive production of a pair
of neutral pions in a hard γ?γ scattering at small momentum transfer. In this case,
the virtuality of one photon provides us with a hard scale in the process, enabling us to
perform a QCD calculation of this reaction rate using the concept of Transition Distribution
Amplitudes (TDA). Those are related by sum rules to the pion axial form factor F πA and, as
a direct consequence, a cross-section measurement of this process at intense beam electron-
positron colliders such as CLEO, KEK-B and PEP-II, or Super-B would provide us with

a unique measurement of the neutral pion axial form factor F π
0

A at small scale.

1 Introduction

In a series of papers [1, 2, 3, 4, 5, 6, 7, 8], we have advocated that factorisation theorems [9]
for exclusive processes may be extended to the case of other reactions such as (Mi stands for a
meson and Bi for a baryon) B1B2 → γ? γ, B1B2 → γ?M1 γ

?
T B1 → B2γ, γ?T B1 → B2M1 or

γ?L γ → M1M2, in the kinematical regime where the off-shell photon is highly virtual (Q2 of the
order of the energy squared of the reaction) but the momentum transfer t is small. This enlarges
the successful description of deep-exclusive γγ reactions in terms of distribution amplitudes [10]
and/or generalised distribution amplitudes [11] on the one side and perturbatively calculable
coefficient functions describing hard scattering at the partonic level on the other side.

Intense beam electron colliders, such as B factories, are ideal places to study such reactions
as

γ?L γ → ρ±π∓, γ?L γ → π±π∓, γ?Lγ → π0π0,

in the near forward region and for large virtual photon invariant mass Q. Recently BaBar
reported a new measurement of the reaction γ?γ → π0 up to photon virtualities squared of
40 GeV2 [12]. In the latter study, the reaction γ?γ → π0π0 was investigated in the f2(1270)
and f0(980) resonance region as a potential background for the study of the π0 transition form
factor. This low-W 2

ππ kinematical region should be analysed in the framework of generalised two-
meson distribution amplitudes [11] and in particular should solve the much discussed problem
of its phase structure around the f0 mass [13] which is of crucial importance for the ability to
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detect Pomeron-Odderon interference effects in high energy electro-production of meson pairs
[14].

We want here to emphasise another kinematical region, namely the small-t large-W 2
ππ region

at moderate Q2 (2 GeV2 and more) which may provide us with unique information on the π0

axial form factor at small scale which so far has never been experimentally measured. It has
been argued that a new duality [15] relates these two factorisation regimes.

In principle, another possibility to study this quantity would be the crossed channel, that
is DVCS on a virtual neutral pion along the lines exposed in Ref. [16] for π+.

2 Pion-pair production in the TDA regime

Let us recall the main ingredients of the analyses developed in [1, 4] focusing on the neutral pion
case. With the kinematics described in Fig. 1, we define the axial γ → π transition distribution
amplitude (TDA) A(x, ξ, t) as the Fourier transform of matrix element 〈π0(pπ)| OA |γ(pγ)〉
whereOA = ψ̄(−z2 )[−z2 ,

z
2 ] γµγ5ψ( z2 ). The Wilson line [−z2 ,

z
2 ] ensures the QCD-gauge invariance

for non-local operators and equals unity in a light-like (axial) gauge. We do not write the
electromagnetic Wilson line, since we choose an electromagnetic axial gauge for the photon.
We then factorise the amplitude of the process γ?Lγ → π0π0 as

∑

q=u,d

∫
dxdz Φqπ(z)M q

h(z, x, ξ)
Aπ

0

q (x, ξ, t)

fπ
, (1)

with a hard amplitude M q
h(z, x, ξ), Φqπ(z) the distribution amplitude (DA) for q quark content

of the π meson with momentum p′π and Aπ
0

q (x, ξ, t) the axial γ → π TDA for the quark q.

TDA

Mh

DA

γ?(q)

γ(pγ)

`

−`′

π(pπ)

π(p′π)

k k′

Figure 1: The factorised amplitude for γ?γ → π0π0 at small transfer momentum.

The variable z is as usual the light-cone momentum fraction carried by the quark entering
the pion with momentum p′π, x+ ξ (resp. x− ξ) is the corresponding one for the quark leaving
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(resp. entering) the TDA. The skewness variable ξ describes the loss of light-cone momentum
of the incident photon and is connected to the Bjorken variable xB .

Contrarily to the case of generalised parton distributions (GPD) where the forward limit is
related to the conventional parton distributions measured in the deep inelastic scattering (DIS),
there is no such interesting constraints for the TDAs. The constraints we have here are sum
rules obtained by taking the local limit of the corresponding operators and soft limits when the
momentum of the meson in the TDA vanishes.

Let us consider in more detail the γ → π0 axial TDAs which is defined by (P =
pπ+pγ

2 ,
∆ = pπ − pγ):

∫
dz−

2π
eixP

+z−〈π0|q̄(−z
2

)
[−z

2
;
z

2

]
γµγ5q(

z

2
)|γ〉 =

1

P+

e

fπ
(ε ·∆)P µAπ

0

q (x, ξ, t) (2)

A sum rule may be derived for this photon to meson TDA by integrating on x both side of
Eq. (2) and we get

e

fπ
(ε ·∆)P µ

∫ 1

−1

dx Aπ
0

q (x, ξ, t) = 〈π0|q̄(0)γµγ5q(0)|γ〉, (3)

The latter matrix element of a local quark–anti-quark operator is directly related to the quark
q contribution F π

0

A,q to the axial form factor of the π0 meson. Similarly, we have in the vector
charged pion case [4]: ∫ 1

−1

dx V π
±

(x, ξ, t) =
fπ
mπ

F π
±

V (t), (4)

with F π
±

V = 0.017± 0.008 [17].
This sum rule constrains possible parametrisations of the TDAs. Note, in particular, the

ξ-independence of the right hand side of the relation.

3 Models and cross section evaluation

3.1 Amplitude

Let us thus consider the π0π0 production case when the π0 with momentum p′π flies in the
direction of the virtual photon and the other π0 emerges from the TDA. For definiteness, we

choose, in the CMS of the meson pair, p =
Q2+W 2

ππ

2(1+ξ)Wππ
(1, 0, 0,−1) and n = (1+ξ)Wππ

2(Q2+W 2
ππ) (1, 0, 0, 1)

and we express the momenta through a Sudakov decomposition (with ∆2
T = 1−ξ

1+ξ t and neglecting

the pion mass):

pγ = (1 + ξ)p, q =
Q2 +W 2

ππ

1 + ξ
n− Q2

Q2 +W 2
ππ

(1 + ξ)p, pπ = (1− ξ)p− ∆2
T

1− ξ n+ ∆T . (5)

We can see that ξ is determined by the external kinematics through ξ ' Q2

Q2+2W 2
ππ

– similarly

to xB = Q2

Q2+W 2
ππ

to which it is linked via the simple relation ξ ' xB
2−xB .

The hard amplitude amplitude in Eq. (1) thus reads :

M q
h(z, x, ξ) =

4π2 αem αs CF Qq
NC Q

1

z z̄

(
1

x− ξ + iε
+

1

x+ ξ − iε

)
ε ·∆ , (6)
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where Qu = 2/3, Qd = −1/3 and with z̄ = 1 − z. Note that the factor fπ in the π DA Φqπ(z)
cancels with the one from the TDA definition and does not appear in Eq. (7). Now, if we
choose the asymptotic form for the neutral pion DA, Φu

π0(z) = −Φdπ0(z) = 6fπ√
2
z(1 − z), the

z-integration is readily carried out and after separating the real and imaginary parts of the
amplitude, the x-integration gives:

IAx =
1√
2

∑

q=u,d

|Qq |
∫ 1

−1

dx

(
1

x− ξ + iε
+

1

x+ ξ − iε

)
Aπ

0

q (x, ξ, t) = (7)

1√
2

∑

q=u,d

|Qq |
[∫ 1

−1

dx
Aπ

0

q (x, ξ, t) −Aπ0

q (ξ, ξ, t)

x− ξ +Aπ
0

q (ξ, ξ, t)(log

(
1− ξ
1 + ξ

)
− iπ)+

∫ 1

−1

dx
Aπ

0

q (x, ξ, t)−Aπ0

q (−ξ, ξ, t)
x+ ξ

+Aπ
0

q (−ξ, ξ, t)(log

(
1 + ξ

1− ξ

)
+ iπ)

]
.

The scaling law for the amplitude is

MTDA
γ?γ (Q2, ξ, t) ∼ αs

√−t
Q

, (8)

up to logarithmic corrections due to the anomalous dimension of the TDA and the running of
αs.

3.2 Remarks on available models

Lacking any non-perturbative calculations of matrix element defining TDAs, we have initially
built a toy model [4] based on double distributions [18] to get estimates for the cross sections,
to be compared with experimental data. In [4], we compared the rate obtained with this model
with the one from the model built in [19]. Subsequently, a model based on quark spectral
representation was developed in [20], another based on NJL model was studied in [21, 22] and
lastly the π → γ TDAs were studied in a non-local chiral quark model [23]. All the models
(see e.g. [24]) used so far for the pion GPDs could be extended to the construction of π → γ
TDAs. We refer to the different references for details. For illustration, we show here on Fig. 2
the TDA A(x, ξ, t) obtained in Ref. [4] in arbitrary unit; its normalisation would be eventually
fixed by the experimental data.

For the purpose of this note, we only need a rough evaluation of the order of magnitude of the
cross section and will only use the Model 1 of Ref. [4]. When a dedicated experimental analysis
is being carried out, a careful survey of the cross sections obtained from the different theoretical
models will be in order. Hence, based on a first experimental study of the ξ dependence and
after having checked the scaling in Q2, we shall be in position to see which model describes
best the physics involved. For this best model, we could then obtain by sum rules relations a
first measurement of the axial π0 form factor.

For the following, we shall show results for 〈π0|d̄OAd|γ〉 = −1/2〈π0|ūOAu|γ〉 expected from
the different charges of the u and d quarks and using (from isospin arguments)

〈π+|d̄OAu|γ〉 = 〈π0|d̄OAd|γ〉 − 〈π0|ūOAu|γ〉. (9)

This would give Aπ
0

d = 1/3Aπ
+

and Aπ
0

u = −2/3Aπ
+

. Note that more realistic models may
give significantly larger rates.
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Figure 2: The γ → π0 axial transition distribution amplitude Aπ0
q (x, ξ, t) in Model 1 of Ref. [4]

(for t = −0.5 GeV2) in arbitrary unit.

3.3 Cross section

Taking into account the contribution from the fermionic line for the emission by the electron
of a longitudinal photon, averaging over the real photon polarisation and integrating over ϕ
thanks to the ϕ-independence of the TDA process, we eventually obtain the differential cross
section1:

dσTDAeγ→eπ0π0

dQ2dtdξ
=

64πα3
emα

2
s2π

9(ξ + 1)4Q8
(−2ξt)(1− ξ − (1 + ξ)

W 2
ππ

seγ
)(Re 2(IAx ) + Im 2(IAx )). (10)

For the hypothesis discussed above, the resulting cross section is roughly one sixth of the one
obtained in [4] for the charged case. The evolution as function of ξ is displayed on Fig. 3. Note
that for small ξ (particularly W 2

ππ → Q2), the cross section shows a peak.

The Q2-behaviour is model independent and thus constitutes a crucial test of the validity
of our approach.

1A factor 1/4 is missing in Eq.(23) of [4].
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Figure 3: Differential cross sections
dσeγ→eπ0π0

dQ2dtdξ for the TDA subprocess as a function of ξ for

Q2 = 2 GeV2, t = −0.5 GeV2 and 3 values of seγ : 20, 30 and 40 GeV2 (from bottom to top).

Conclusion

We believe that our models for the photon to meson transition distribution amplitudes are
sufficiently constrained to give reasonable orders of magnitude for the estimated cross sections.
Cross sections are large enough for quantitative studies to be performed at high luminosity
e+e− colliders. After verifying the scaling and the ϕ independence of the cross section, one
should be able to measure these new hadronic matrix elements, and thus open a new gate to
the understanding of the hadronic structure. In particular, we argued here that the study of
γ?γ → π0π0 in the TDA regime could provide with a unique experimental measurement of the
π0 axial form factor.
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Inclusive production of K0
SK

0
S in ep collisions was studied with the ZEUS detector. Signif-

icant production of JPC = 2++ tensor mesons and of the 0++ glueball candidate f0(1710)
was seen. Masses and widths were compared with previous experiments. The H1 Collabo-
ration saw a charm pentaquark candidate in the D∗p spectrum at 3.1 GeV, which was not
confirmed by a ZEUS higher statistics search. With the full HERA statistics, H1 did not
see a signal in this region. Masses, widths and helicity parameters of excited charm and
charm-strange mesons were measured by ZEUS. Rates of c quarks hadronising into these
mesons were determined and a search for a radially excited charm meson was performed.

1 Introduction

The HERA ep collider operated with electrons or positrons at 27.6 GeV and protons at 820
or 920 GeV. Each of the two general purpose experiments H1 and ZEUS collected during
1995 - 2000 (“HERA I”) ≈ 120 pb−1 and during 2003 - 2007 (“HERA II”) ≈ 370 pb−1. Two
kinematic regions have been explored: Deep inelastic scattering (DIS) with photon virtuality
Q2 > 1 GeV2, where the scattered electron is visible in the main detector and photoproduction
(PHP) with < Q2 >≈ 3 · 10−4 GeV2, where the virtual photon radiated from the incoming
electron is quasi-real. The sample is dominated by PHP events.

2 Glueball search in the K0
SK

0
S system

Glueballs are predicted by QCD. The lightest glueball is expected to have JPC = 0++ and a
mass in the range 1550-1750 MeV [1] and can mix with qq̄ scalar meson nonet I=0 states of
similar mass. There are four such established states: f0(980), f0(1370), f0(1500) and f0(1710),
but only two can fit into the nonet. The f0(1710) state is considered as a possible glueball
candidate. The K0

SK
0
S system can couple to JPC = 0++ and 2++. Therefore, it is a good place

to search for the lowest lying 0++ glueball.

2.1 Previous results

The e+e− experiments TASSO and L3 studied the exclusive reaction γγ → K0
SK

0
S. L3 [2]

saw 3 peaks and attributed them to f2(1270)/a2(1320), f
′
2(1525) and f0(1710). A maximum

likelihood fit with 3 Breit-Wigner (BW) functions plus background yielded f
′
2(1525) mass and

width values consistent with the Particle Data Group (PDG) [1] and a 4 standard deviation
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(s.d.) signal for f0(1710) with mass and width values above PDG. The TASSO [3] K0
SK

0
S

spectra had no f2(1270)/a2(1320) signal and a sizable f
′
2(1525) enhancement. The result was

interprated by interference effects between the 3 JP = 2+ resonances f2(1270), a2(1320) and
f
′
2(1525) and the spectra was fitted as a sum of 3 coherent BW functions. Based on SU(3)

symmetry arguments [4], the sign of the a2(1320) term for K0
SK

0
S is negative and the coefficients

of the f2(1270), a2(1320) and f
′
2(1525) BW amplitudes are +5, -3 and +2, respectively.

2.2 This analysis

ZEUS
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background

(a)

(b)

f2(1270)/a2
0(1320)

f2
′ (1525)

f0(1710)

ZEUS

1.1 1.5 1.9 2.3 2.7
M(K0

sK
0
s) (GeV)

0

400

800

Figure 1: (a)The K0
SK

0
S distribution (dots).

Solid line is the coherent fit (see text); back-
ground function is given by the dashed line.
(b)Background-subtracted K0

SK
0
S distribution

(dots); solid line is the fit result.

The reaction e±p → K0
SK

0
S + X was stud-

ied [5] with the full HERA luminosity of 0.5
fb−1. Both PHP and DIS events were in-
cluded. No explicit trigger requirement was
applied for selecting the above reaction.

K0
S mesons were identified via their de-

cay mode K0
S → π+π−. A clean K0

S signal
was seen for events with ≥ 2K0

S candidates.
The number of K0

SK
0
S pairs found in the K0

S

mass range 481 < M(π+π−) < 515 MeV is
≈ 672, 000.

Figure 1 shows the K0
SK

0
S mass distribu-

tion reconstructed by combining two K0
S can-

didates selected in the above mass window.
Three peaks are seen around 1.3, 1.5 and 1.7
GeV. No state heavier than 1.7 GeV was ob-
served. The invariant-mass spectrum, m, was
fitted as a sum of relativistic Breit-Wigner
(RBW) resonances and a smoothly varying
background U(m) = mAexp(−Bm), where A
and B are free parameters.

Two types of fit, as performed for the re-
action γγ → K0

SK
0
S by L3 [2] and TASSO [3], respectively, were tried. The first fit (not

shown) is an incoherent sum of three modified RBW resonances, R, of the form F (m) =
CR( MRΓR

(M2
R−m2)2+M2

RΓ2
R

), representing the peaks f2(1270)/a2(1320), f
′
2(1525) and f0(1710). Here

CR is the resonance amplitude and MR and ΓR are the resonance mass and width, respec-
tively. The goodness of this fit is reasonable (χ2/ndf = 96/95); however, the dip between the
f2(1270)/a2(1320) and f

′
2(1525) is not well reproduced.

Figure 1 shows a coherent fit motivated by SU(3) predictions[4]. Each resonance amplitude,

R, is described by the RBW form [3] BW (R) = MR

√
ΓR

M2
R−m2−iMRΓR

. The decays of the tensor

(JP = 2+) mesons f2(1270), a0
2(1320) and f

′
2(1525) into the two pseudoscalar (JP = 0+) mesons

K0K̄0 are related by SU(3) symmetry with a specific interference pattern. The intensity is the
modulus-squared of the sum of these 3 amplitudes plus the incoherent addition of f0(1710) and
a non-resonant background.

Assuming SU(3) symmetry and a direct coupling of the 2+ states to the exchanged photon,
the fitted function to the m(K0

SK
0
S) spectra is given by F (m) = a[5 · BW (f2(1270)) − 3 ·

BW (a2(1320)) + 2 ·BW (f
′
2(1525))]2 + b[BW (f0(1710))]2 + c ·U(m), where a,b,c as well as the

2 PHOTON09

RESONANCESEARCHES ATHERA

PHOTON09 363



resonance masses and widths were free parameters in the fit. The background-subtracted mass
spectrum is shown in Fig.1(b). The fit quality is good (χ2/ndf = 86/97). The peak around 1.3
GeV is suppressed due to the destructive interference between f2(1270) and a2(1320) and the
dip between f2(1270)/a2(1320) and f

′
2(1525) is well reproduced. The number of fitted f0(1710)

events is 4058± 820, which has ≈ 5 s.d. significance. Its mass is consistent with a JPC = 0++

glueball candidate, but it cannot be a pure glueball if it is the same state as in γγ → K0
SK

0
S.

Fit No interference Interference
χ2/ndf 96/95 86/97

PDG 2007 Values

in MeV Mass Width Mass Width Mass Width

f2(1270) 1268± 10 176± 17 1275.4± 1.1 185.2+3.1
−2.5

a0
2(1320)

1304± 6 61± 11
1257± 9 114± 14 1318.3± 0.6 107± 5

f ′2(1525) 1523± 3+2
−8 71± 5+17

−2 1512± 3+2
−0.6 83± 9+5

−4 1525± 5 73+6
−5

f0(1710) 1692± 6+9
−3 125± 12+19

−32 1701± 5+5
−3 100± 24+8

−19 1724± 7 137± 8

Table 1: Fitted masses and widths for f2(1270), a0
2(1320), f

′
2(1525) and f0(1710) from the inco-

herent and coherent fits compared to PDG. The first error is statistical. For f
′
2(1525), f0(1710)

the second errors are systematic uncertainties.
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Figure 2: M(D∗±p∓) from H1 DIS HERA I,
compared with fit results where both signal and
background components are included and where
only background is included.

The masses and widths obtained from
both fits are shown in Table 1 and com-
pared to PDG [1]. The no-interference
fit yields a narrow width for the combined
f2(1270)/a2(1320) peak, as was also seen by
L3 [2]. The fit with interference yields widths
close to the PDG values for all observed reso-
nances. The a0

2(1320) mass is below the PDG
value. The f

′
2(1525) and f0(1710) masses

are somewhat below PDG with uncertain-
ties comparable with the PDG ones. A fit
without f0(1710) is strongly disfavoured with
χ2/ndf = 162/97.

3 Charm pentaquark search
in the D∗p system

A narrow exotic baryon with strangeness +1
around 1530 MeV decaying into K+n or
K0p was seen by various experiments and
attributed to the Θ+ = uudds̄ pentaquark
state predicted by Diakonov et al.[6]. If
a strange pentaquark exists, charmed pen-
taquarks, Θ0

c = uuddc̄, could also exist. If M(Θ0
c) > M(D∗) + M(p) = 2948 MeV, it can

decay to D∗±p∓.
The H1 Collaboration saw [7] in a DIS HERA I sample of ≈ 3400D∗± → D0π±S → K∓π±π±S

a narrow signal of 50.6± 11.2 events in the D∗±p∓ invariant mass at 3.1 GeV (Fig.2) with a
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width consistent with the mass resolution and a rate of ≈ 1% of the visible D∗ production.
ZEUS searched for a Θ0

c signal in the D∗±p∓ mode with the full HERA I PHP + DIS
data sample [8]. Clean D∗± signals were seen in the ∆M = M(D∗±) − M(D0) plots. Two
D∗± → D0π±S decay channels were used with D0 → K∓π± and D0 → K∓π±π+π−. The Θ0

c

search was performed in the kinematic range |η(D∗)| < 1.6 and pT (D∗) > 1.35(2.8) GeV and
with ∆M values between 0.144 - 0.147 (0.1445 - 0.1465) GeV for the Kππ (Kππππ) channel.
In these bands ≈ 62000 D∗’s were obtained after subtracting wrong-charge combinations with
charge ±2 for the D0 candidate and ±1 for the D∗ candidate. Selecting DIS events with
Q2 > 1 GeV2 yielded smaller, but cleaner D∗ signals with ≈ 13500 D∗’s.
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Figure 3: M(D∗±p∓) from ZEUS HERA I.
Solid curves are fits to a background function.
Shaded historgams are MC Θ0

c signals, nor-
malised to Θ0

c/D
∗ = 1%, on top of the back-

ground fit.

Protons were selected with momentum
P (p) > 0.15 GeV. To reduce the pion and
kaon background, a parameterisation of the
expected dE/dx as a function of P/m was
obtained using tagged protons from Λ decays
and tagged pions from K0

S decays. The χ2

probability of the proton hypothesis was re-
quired to be above 0.15.

Figure 3 shows the M(D∗±p∓) distribu-
tions for the D0 → Kπ (left) and D0 →
Kπππ (right) channels for the full (up) and
the DIS (down) samples. No narrow signal is
seen in any of the distributions. 95% C.L. up-
per limits on the fraction of D∗ mesons origi-
nating from Θ0

c decays, R(Θ0
c → D∗p/D∗),

were calculated in a signal window 3.07 <
M(D∗p) < 3.13 GeV for the Kππ and
Kππππ channels. The M(D∗p) distributions

were fitted to the form xae−bx+cx2

, where x =
M(D∗p)−M(D∗)−mp(PDG). The number
of reconstructed Θ0

c baryons was estimated
by subtracting the background function from
the observed number of events in the signal
window, yielding R(Θ0

c → D∗p/D∗) < 0.23%
and < 0.35% for the full and DIS combined
two channels. A visible rate of 1% for this
fraction is excluded by 9 s.d. (5 s.d.) for the full (DIS) combined sample. The acceptance-
corrected rates are, respectively, 0.37% and 0.51%. The 95% C.L. upper limit on the fraction
of charm quarks fragmenting to Θ0

c times the branching ratio Θ0
c → D∗p for the combined two

channels is f(c→ Θ0
c) ·BΘ0

c→ D∗p < 0.16% (< 0.19%) for the full (DIS) sample.
In a HERA II DIS data sample that is ≈ 4 times larger than the HERA I sample, H1 does

not see any significant peak at 3.1 GeV (Fig.4). A preliminary 95% C.L. for the ratio of D∗p
to D∗ is 0.1%.

4 Excited charm and charm-strange mesons
The large charm production at HERA allows to search for excited charm states. ZEUS studied
the orbitally excited states D1(2420)0 → D∗±π∓ (JP = 1+), D∗2(2460)0 → D∗±π∓, D±π∓
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(JP = 2+) and Ds1(2536)± → D∗±K0
S , D

∗0K± (JP = 1+) and searched for the radially

excited state D∗
′
(2640)± → D∗±π+π− (JP = 1− ?) with a HERA I PHP + DIS sample[9].
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Figure 4: M(D∗±p∓) from H1 DIS HERA II. The
solid line is a background parametrisation.

A large sample of events has been
collected with the ground state charm
mesons D∗±, D0, D±. The number
of D∗± mesons was obtained by sub-
tracting the wrong charge background.
The number of D± → K∓π±π±

and D0(D̄0) → K∓π± was extracted
from fits to a modified Gauss func-
tion, Gaussmod ∼ exp(−0.5x1+ 1

(1+0.5x) ),
where x = (M − MD) /σ, plus a
background function. For the D∗, both
D0 decay modes to Kπ and Kπππ were
used.

4.1 Excited charm mesons
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Figure 5: M(D∗±πa) and M(D±πa) distributions.
Solid curves are simultaneous fit; dashed curves are
background; histograms are wrong-charge combina-
tions.

To reconstruct the excited charm mesons,
a D∗± or D± candidate was combined
with a pion of opposite charge, πa.
Figure 5 shows the “extended” mass
difference distributions M(D∗±πa) −
M(D∗±) + M(D∗)PDG (upper plot)
and M(D±πa) − M(D±) + M(D)PDG
(lower plot). A clear excess is seen in
M(D∗±π∓a ) around the D0

1/D
∗0
2 mass re-

gion. A small excess near the D∗02 mass
is seen in M(D±π∓a ). No excess is seen
for wrong charge combinations, where
D∗(D) and πa have the same charge.

To distinguish between the D0
1 and

D∗02 , the helicity angular distribution,
parametrised as dN/d cosα ≈ 1 +
h cos2 α, was used. Here α is the angle
between the πa and πS momenta in the
D∗ rest frame. The helicity parameter
h is predicted [10] to be 3(−1) for pure
D-wave D0

1 (D∗02 ).
Figure 6 shows the D∗±πa “ex-

tended” mass difference in 4 helicity
| cosα| intervals. The D0

1 contribution
increases with | cosα| and dominates for | cosα| > 0.75. A simultaneous fit was performed to
the 4 helicity regions of Fig.6 and to the M(Dπ) distribution of Fig.5. The data is described well
with 15 free parameters (signal yields, masses, D0

1 width and helicity). The fitted masses agree
with PDG. The fitted D0

1 width is 53.2±7.2(stat.)+3.3
−4.9(syst.) MeV compared to 20.4±1.7 MeV

of PDG. The fitted D0
1 helicity (5.9+3.0

−1.7(stat.)+2.4
−1.0(syst.)) is consistent with a pure D-wave.
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4.2 Excited charm strange mesons

To reconstruct the D±s1 → D∗±K0
S decays, a D±s1 candidate was formed by combining a D∗

candidate with a reconstructed K0
S of the same event. Figure 7 (upper plot) shows the “ex-

tended” mass difference distribution M(D∗±K0
S) −M(D∗±) + M(D∗)PDG + M(K0)PDG. A

clear Ds1(2536)± signal is seen. The decay mode D±s1 → D∗0K± is reconstructed from the ”ex-
tended” mass difference M(D0Ka) −M(D0) +M(D0)PDG. A nice D±s1 signal is seen (Figure
7 lower plot) at a mass shifted down by ≈ 142 MeV from the D±s1 mass. The signal is a feed-
down from D±s1 → D∗0K± with D∗0 → D0π0, D0γ. An unbinned likelihood fit was performed
using simultaneously values of M(D0Ka), M(D∗±K0

S) and cosα for the D∗±K0
S combinations.

Yields and widths of both signals and the D±s1 mass and helicity parameter were free parameters
of the fit. The fitted Ds1 helicity parameter is h(D±s1) = −0.74+0.23

−0.17(stat.)+0.06
−0.05(syst.). It is

inconsistent with a pure JP = 1+ D-wave and is barely consistent with a pure JP = 1+ S-wave,
indicating a significant S −D mixing.

The helicity angular distribution form of a 1+ state for any D- and S-wave mixing is:
dN/d cosα ≈ r+(1−r)(1+3 cos2 α)/2+

√
2r(1− r) cosφ(1−3 cos2 α), where r = ΓS/(ΓS + ΓD),

ΓS/D is the S/D wave partial width and φ is relative phase between the 2 amplitudes, cosφ =
(3−h)/(3+h)−r

2
√

2r(1−r)
. Figure 8 shows a range, restricted by the measured h(D±s1) value and its un-

certainties, in a plot of cosφ versus r. The measurement suggests a significant contribution of
both D- and S-wave amplitudes to the Ds1(2536)± → D∗±K0

S decay. The ZEUS range agrees
nicely with the BELLE result and roughly with the CLEO measurement.
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5 Branching ratios and fragmentation fractions
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Using the ZEUS measured fractions f(c→ D∗+)
and f(c → D+)[11], the following decay

rate ratios were derived:
B
D∗02 →D+π−

B
D∗0

2
→D∗+π−

=

2.8± 0.8+0.5
−0.6 (PDG: 2.3±0.6);

B
D

+
s1→D∗0K+

B
D

+
s1→D∗+K0

=

2.3± 0.6± 0.3 (PDG: 1.27± 0.21).
Assuming isospin conservation for D0

1 and
D∗02 and BD+

s1→D∗+K0 + BD+
s1→D∗0K+ = 1

yields a strangeness suppression of excited D
mesons f(c → D+

s1)/f(c → D0
1) = 0.31 ±

0.06(stat.)+0.05
−0.04(syst.).

In Table 2 the ZEUS fragmentation frac-
tions of the excited charm mesons are com-
pared with e+e− values. The results are con-
sistent within errors.

DELPHI saw a narrow peak in D∗±π+π−

at 2637 MeV [12] and attributed it to a ra-
dially excited D∗

′±. No signal was seen in
ZEUS and a 95% C.L. upper limit of f(c →
D∗
′±) · BD∗′±→D∗+π+π− < 0.4% was set, compared to the weaker limit of OPAL (0.9%) [13].

f(c→ D0
1)[%] f(c→ D∗02 )[%] f(c→ D+

s1)[%]

ZEUS 3.5± 0.4+0.4
−0.6 3.8± 0.7+0.5

−0.6 1.11± 0.16+0.08
−0.10

OPAL 2.1± 0.8 5.2± 2.6 1.6± 0.4± 0.3
ALEPH 0.94± 0.22± 0.07

Table 2: The fractions of c quarks hadronising into D0
1, D∗02 and D+

s1 mesons.
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Twist-2 components of the real and virtual photon distribution amplitudes are evaluated
in several chiral quark models. The results, obtained at the quark model scale, are then
evolved to higher scales, probed in experiments or in lattice QCD. We also analyze the re-
lated form factors and coupling constants. Our results are a genuine dynamical prediction,
following from the chiral dynamics.

1 Basics

This talk is based on Ref. [1], where more details and results can be found. Our approach is
based on the fact that the spontaneously broken chiral symmetry provides the basic dynamics
for the evaluation of soft matrix element involving the Goldstone bosons (pion, kaons) and
gauge currents (photons, W±, Z). That way one may evaluate in a genuinely dynamical way
the soft quantities appearing in high-energy processes. A detailed presentation of the method
and the compilation of predictions for the pion matrix elements can be found in Ref. [2].

A crucial ingredient of the method is the QCD evolution from the a priori unknown quark
model scale to the scales relevant for the experiments or lattice calculations. Thus the scheme
consists of two steps: 1) the evaluation of soft matrix elements in the chiral quark model and
2) the QCD evolution to a higher scale. The quark model scale may be estimated with the help
of the momentum sum rule [2], and is found to be low, Q0 ' 320 MeV (for the local chiral quark
models). After the QCD evolution, a successful description of the available data for the pion
is achieved for the parton distribution function (PDF) and the distribution amplitude (DA).
There are numerous quark-model studies of these quantities as well as the more general pion
generalized parton distributions (GPD’s) in the literature [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20, 21]. A related quantity, the pion-photon transition distribution amplitude
(TDA) [22, 23] has also been evaluated in this framework [24, 25, 26].

The hadronic part of the photon wave-function consists, in the large-Nc limit, of a quark-
antiquark pair. Since the chiral dynamics provides the quarks a large (constituent) mass, it
influences the photon dynamics. Here we apply the methods developed and tested earlier for
the pion to the photon case. We focus on the photon DA’s, while the photon structure function
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Table 1: The constants obtained in the quark model and evaluated to the reference scale of
1 GeV.

quantity at 1 GeV non-local SQM QCD s.r. VMD

(−〈0 |qq| 0〉)1/3 [GeV] 0.24 0.24 0.24 ± 0.02 -
χm [GeV2] 2.73 1.37 3.15 ± 0.3 3.37
f3γ [GeV−2] -0.0035 -0.0018 -0.0039 ± 0.0020 -0.0046

is left for a separate study. The leading-twist photon distribution amplitudes (DA’s) are defined
via the matrix elements of quark bilinears delocalized along the light cone [27, 28, 29, 30],

〈0|q(z)σµν [z,−z]q(−z)|γλ(q)〉 =

ieq〈q̄q〉χmf
t
⊥γ
(
q2
) (
ε
(λ)
⊥µpν − ε

(λ)
⊥νpµ

)∫ 1

0

dxei(2x−1)q·zφ⊥γ(x, q2) + h.t.,

〈0|q(z)γµ[z,−z]q(−z)|γλ(q)〉 =

eqf3γf
v
‖γ
(
q2
)
pµ

(
ε(λ) · n

)∫ 1

0

dxei(2x−1)q·zφ‖γ(x, q2) + h.t.,

where ε(λ) · q = 0 and ε(λ) · n = 0 (for real photons) and

pµ = qµ −
q2

2
nµ, nµ =

zµ
p · z , e

(λ)
µ =

(
e(λ) · n

)
pµ +

(
e(λ) · p

)
nµ + e

(λ)
⊥µ.

The quark magnetic susceptibility, χm, and f3γ are constants, f t⊥γ(q2) and fv‖γ(q2) are form

factors, φ⊥γ(x, q2) and φ‖γ(x, q2) denote the DA’s, while h.t. stands for the disregarded higher-
twist contributions.

Figure 1: Feynman diagram for the eval-
uation of the photon DA’s in chiral quark
models.

The leading-Nc quark model evaluation pro-
ceeds according to the one-loop diagram, where
one of the vertices corresponds to the photon and
the other to the probing operator, in our case σµν

and γµ. The quark propagators involve a con-
stituent quark mass, due to spontaneous break-
ing of the chiral symmetry. We use a few vari-
ants of chiral quark models: the Nambu–Jona-
Lasinio (NJL) (for reviews see, e.g., [31, 15] and
references therein) and the Spectral Quark model
(SQM) [11, 32], which incorporates the vector-meson dominance, as well as the instanton-
motivated non-local chiral quark model of Ref. [33, 34, 35, 36, 37]. In nonlocal models the
quark mass depends on the virtuality, As a consequence, the vertices acquire corrections due
to nonlocalities to consistently account for gauge and chiral Ward identities.

2 Results

The result for the constants are presented in Table 1, where we also give the estimates of
the QCD sum rules and the Vector Meson Dominance model [30]. QCD predicts the scale
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q  [ G e V ]

Figure 2: Left: the twist-2 tensor (dashed line) and vector (solid line) form factors in the non-
local model. Right: the transverse DA of the photon, φ⊥γ(x, q2 = 0). Solid – non-local model,
dot-dashed – local model, dotted – approximation of Ref. [38], dashed – the asymptotic form
6x(1− x).

dependence for the quark condensate 〈0 |qq| 0〉, its magnetic susceptibility χm, and f3γ . At the
leading order

〈0 |qq| 0〉|µ = L−γqq/b 〈0 |qq| 0〉|µ0
, χm|µ = L−(γ0−γqq)/b χm|µ0

, f3γ |µ = L−γf/b f3γ |µ0

where r = αs
(
µ2
)
/αs

(
µ2

0

)
, b = (11Nc − 2nf ) /3, is the evolution ratio, with γqq = −3CF ,

γ0 = CF , γf = 3CA − CF /3, CF = 4/3, and CA = 3 for Nc = 3. We evolve from the quark
model scale, Q0 = 320 MeV, to the reference scale of 1 GeV. We note a similar magnitude
and signs compared to the QCD sum rules or VMD estimates, with the local model producing
smaller values than the nonlocal model.

The form factors from the non-local quark model are shown in the left panel of Fig. 2. For
the local models (not displayed) the results are very similar. They exhibit the typical fall-off
scale of ∼ mρ In particular, in SQM we recover the exact VMD formula

f t,SQM
⊥γ (q2) =

m2
ρ

m2
ρ + q2

.

We note that the vector DA φ⊥γ(x, q2 = 0) = 1 in local models and is very close to 1 in
non-local models. For the virtual photon SQM gives the simple formulas:

φ‖γ∗(x, q
2) =

1 + q2

m2
ρ(

1+ 4q2

m2
ρ
x(1− x)

)3/2
.

In the limit of q2 → −m2
ρ it becomes δ

(
x− 1

2

)
, a quite reasonable result.

One may also study the photon light-cone wave function (a k⊥-unintegrated object). It has
a simple form in SQM (at the quark-model scale):

Φ⊥γ(x,k⊥) =
6

m2
ρ(1 + 4k2

⊥/m
2
ρ)

5/2
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Figure 3: The leading order ERBL evolution of the leading-twist tensor DA, φ⊥γ(x, q2) eval-
uated in the local model at various virtualities: real photon (top left), ρ-meson (top right),
virtual photon at q2 = −Q2 = m2

ρ/2 (bottom left), and virtual photon at q2 = −Q2 = −2m2
ρ

(bottom right). Initial conditions, indicated by dotted lines, are evaluated in SQM at the initial
quark-model scale. The solid lines correspond to LO QCD evolution to the scales Q = 1, 2.4,
10, and 1000 GeV. With the larger the scale the evolved DA becomes closer to the asymptotic
form 6x(1− x), plotted with the dashed line. The corresponding values of the evolution ratio
r are given in the figures.

Note the power-law fall-off at large transverse momenta, Φ⊥γ(x,k⊥) ∼ 1/k5
⊥. In cross section

this leads to tails ∼ 1/k10
⊥ . For the virtual photon

Φ⊥γ∗(x,k⊥) =
6
(

1 + q2

m2
ρ

)

m2
ρ

(
1 + 4

k2
⊥+q2x(1−x)

m2
ρ

)5/2

3 QCD evolution of DA’s

Now we come to the QCD evolution, which, as already stressed, is crucial in bringing the results
to the scales probed in experiments or lattices. We carry out the standard LO ERBL evolution
with anomalous dimensions taken for the appropriate channels [39]. The method leads to simple
expressions, diagonal in the Gegenbauer moments. In Fig. 3 we show the results for the tensor
DA for the real photon, the ρ-meson, and the virtual photon. We note the large change caused
by the evolution, which fairly fast brings the model predictions to the vicinity of the asymptotic
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Figure 4: The LO ERBL evolution of the nonlocal model predictions for the leading-twist
vector DAs of the photon, φ‖γ(x, q2). Left: real photon, right: the virtual photon at q2 = 0.25
GeV2. The dashed lines show the asymptotic DA, 6x(1 − x). The initial conditions (dotted
line) are evaluated in the nonlocal quark model at the initial scale Qinst

0 = 530 MeV. The
solid lines correspond to evolved DA’a at subsequent scales Q = 1, 2.4, 10, and 1000 GeV.
The corresponding values of the evolution ratio r are given in the figures. Tiny wiggles in the
evolved curves is a numerical effect.

limit. Similar results can be done in the nonlocal model, as well as for the vector DA [1]. We
show the results in Fig. 4.

4 Conclusion

Chiral quark models provide a link between high- and low-energy analyses, allowing to compute
various soft matrix elements for hadronic processes. They yield in a fully dynamical way the
initial conditions for the QCD evolution, which is essential to bring the predictions up to the
experimental or lattice scales. Numerous predictions for processes involving the Goldstone
bosons and photons can be made. The scale in chiral quark models is low, about 320 MeV,
hence the QCD evolution is “fast”. Simple analytic formulas – useful to understand the general
properties, can be obtained in local quark models. For the pion, with the LO QCD evolution
the overall agreement with the available data and lattice simulations is very reasonable (PDF,
DA, GPD, TDA, generalized form factors [40]). While the presented results for the can be used
in phenomenological analyses in high-energy reactions (see, e.g., the recent work of Ref. [41]),
the model predictions can be further tested also with future lattice simulations for the photon
and ρ-meson.
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We discuss duality in “two-photon”-like processes in the scalar ϕ3
E model and also in the

process γ∗γ → ππ in QCD. Duality implies the equivalence between two distinct non-
perturbative mechanisms. These two mechanisms, one involving a twist-3 Generalized
Distribution Amplitude, the other employing a leading-twist Transition Distribution Am-
plitude, are associated with different regimes of factorization. In the kinematical region,
where the two mechanisms overlap, duality is observed for the scalar ϕ3

E model, while in
the QCD case the appearance of duality turns out to be sensitive to the particular non-
perturbative model applied and can, therefore, be used as a tool for selecting the most
appropriate one.

1 Introduction

The only known method today to apply QCD in a rigorous way is based on the factorization
of the dynamics and the isolation of a short-distance part that becomes this way accessible to
perturbative techniques of quantum field theory (see, [1, 2, 3] and for a review, for instance, [4]
and references cited therein). Then, the conventional systematic way of dealing with the long-
distance part is to parameterize it in terms of matrix elements of quark and gluon operators
between hadronic states (or the vacuum). These matrix elements stem from nonperturbative
phenomena and have to be either extracted from experiment or be determined on the lattice.
In many phenomenological applications they are usually modeled in terms of various nonper-
turbative methods or models.

Generically, the application of QCD to hadronic processes involves the consideration of
hard parton subprocesses and (unknown) nonperturbative functions to describe binding effects.
Prominent examples are hard exclusive hadronic processes which involve hadron distribution
amplitudes (DAs), generalized distribution amplitudes (GDAs), and generalized parton distri-
butions (GPDs) [5, 6, 7, 8]. Applying such a framework, collisions of a real and a highly-virtual
photon provide a useful tool for studying a variety of fundamental aspects of QCD.

Recently, nonperturbative quantities of a new kind were introduced—transition distribution
amplitudes (TDAs) [9, 10, 11]—which are closely related to the GPDs. In contrast to the GDAs,
the TDAs appear in the factorization procedure when the Mandelstam variable s is of the same
order of magnitude as the large photon virtuality Q2, while t is rather small. Remarkably, there
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exists a reaction where both amplitude types, GDAs and TDAs, can overlap. This can happen
in the fusion of a real and transversely polarized photon with a highly-virtual longitudinally
polarized photon, giving rise to a final state which comprises a pair of pions. The key feature
of this reaction is that it can potentially follow either path: proceed via twist-3 GDAs, or go
through the leading-twist TDAs, as illustrated in Fig. 1. Such an antagonism of alternative
factorization mechanisms in this reaction seems extremely interesting both theoretically and
phenomenologically and deserves to be studied in detail.

The intimate relation between these two mechanisms in the production of a vector-meson
pair was analyzed in [12] and it was found that these mechanisms can be selected by means of the
different polarizations of the initial-state photon. In contrast, for (pseudo)scalar particles, such
as the pions, this effect is absent enabling us to access the overlap region of both mechanisms
and their duality as opposed to their additivity.

In this talk, we will report on the possibility for duality between these antagonistic mech-
anisms of factorization, associated either with GDAs or with TDAs, in the regime where both
Mandelstam variables s and t are rather small compared to the large photon virtuality Q2.

γ

γ

2

2

π

π

π

LO GDA fact.

γ∗

π

LO TDA fact.

π
γ∗

π

γ∗

1

γ 1

1

2

Figure 1: Two ways of factorization: via the GDA mechanism and via the TDA mechanism.

2 Regimes of Factorization within the ϕ3
E-model

Consider first the factorization of the scalar ϕ3
E model in Euclidean space. To study the four-

particle amplitude in detail, it is particularly useful to employ the α-representation—see [7].
Then, the contribution of the leading “box” diagram can be written as (while details can be
found in [13])

A(s, t,m2) = − g4

16π2

∞∫

0

4∏
i=1

dαi

D2
exp

[
− 1

D

(
Q2α1α2 + sα2α4 + tα1α3 +m2D2

)]
, (1)

where m2 serves as a infrared (IR) regulator, s > 0, t > 0 are the Mandelstam variables in the

Euclidean region, and D =
4∑
i=1

αi. Assuming that q2 = Q2 is large compared to the mass scale

m2 (which simulates here the typical scale of soft interactions), the amplitude (1) can indeed be
factorized. As regards the other two kinematic variables s and t, one can identify three distinct
regimes of factorization: (a) s� Q2 while t is of order Q2; (b) t � Q2 while s is of order Q2;
(c) s, t� Q2.
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Figure 2: The ratios R1 and R2 as functions of s/Q2.

Regime (a): The process is going through the s-channel. In this regime, the main contri-
bution in the integral in Eq. (1) arises from the integration over α1 when α1 ∼ 0:

Aas
GDA(s, t,m2) = − g4

16π2

∞∫

0

dα2 dα3 dα4

D2
0

exp

(
−sα2α4

D0
−m2D0

)[
Q2 α2

D0
+ t

α3

D0
+m2

]−1

. (2)

Schematically this means that the propagator, parameterized by α1, can be associated with the
partonic (hard) subprocesses, while the remaining propagator constitutes the soft part of the
considered amplitude, i.e., the scalar version of the GDA.

Regime (b): Here we have to eliminate from the exponential in Eq. (1) the variables Q2

and s, which are large. This can be achieved by integrating over the region α2 ∼ 0. Performing
similar manipulations as in regime (a), we find that the scalar TDA amplitude can be related
to the scalar GDA via Aas

TDA(s, t,m2) = Aas
GDA(t, s,m2).

Regime (c): The relevant regime to investigate duality is when it happens that both
variables s and t are simultaneously small compared to Q2, i.e., when s, t � Q2. In this
case, there are two possibilities to extract the leading Q2-asymptotics, notably, we can either
integrate over the region α1 ∼ 0, or integrate instead over the region α2 ∼ 0. Clearly, these
two options can be associated with (i) the GDA mechanism of factorization with the meson
pair scattered at a small angle in its center-of-mass system or, alternatively, (ii) with the TDA
mechanism of factorization. We stress that we may face double counting when naively adding
these two contributions. We interpret such a behavior as a signal of an ingrained tendency for
duality between the GDA(s-channel) and the TDA (t-channel) factorization mechanisms.

In order to verify the appearance of duality we carry out a numerical investigation of the
exact and the asymptotic amplitudes. In doing so, we introduce the following ratios R1 =
Aas

TDA/A and R2 = Aas
GDA/A. Appealing to the symmetry of these ratios under the exchange

of the variables s ↔ t, we take t/Q2 to be 0.01 and look for the variation of the ratios with
s/Q2. This variation is illustrated in Fig. 2 from which one sees that in the region where s/Q2

is rather small, i.e., in the range (0.01, 0.05), both asymptotic formulae are describing the exact
amplitude with an accuracy of more than 90%. This behavior supports the conclusion that,
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when both Mandelstam variables s/Q2 and t/Q2 assume values in the wide interval (0.001, 0.7),
duality between the TDA and the GDA factorization mechanisms emerges.

3 TDA- and GDA-Factorizations for γγ∗→ ππ

Having discussed the appearance of duality between the GDA and the TDA factorization
schemes within a toy model, we now turn attention to real QCD. To analyze duality, we con-
sider the exclusive π+π− production in a γTγ

∗
L collision, where the virtual photon with a large

virtuality Q2 is longitudinally polarized, whereas the other one is quasi real and transversely
polarized. Notice that the GDA and the TDA regimes correspond to the same helicity ampli-
tudes. Given that the considered process involves a longitudinally and a transversally polarized
photon, we are actually dealing with twist-3 GDAs [14]. On the other hand, for the twist-2 con-
tribution, related to the meson DA, we use the standard parametrization of the π+-to-vacuum
matrix element which involves a bilocal axial-vector quark operator [1]. Finally, the γ → π−

axial-vector matrix elements can be parameterized in the form, cf. [10],

〈π−(p2)|ψ̄(−z/2)γαγ5[−z/2; z/2]ψ(z/2)|γ(q′, ε′)〉 F= e

fπ
ε′T ·∆TPαA1(x, ξ, t) , (3)

where P = (p2 + q′)/2, and ∆ = p2 − q′, and noticing that the symbol
F
= means Fourier

transformation and that the vector matrix element does not contribute here. To normalize the
axial-vector TDA, A1, we express it in terms of the axial-vector form factor measured in the
weak decay π → lνlγ [15, 16, 13]. The helicity amplitude associated with the TDA mechanism
reads

ATDA
(0,j) = FTDA ε

′ (j) ·∆T

Q
(4)

with

FTDA = [4π αs(Q
2)]

CF
2Nc

(
tw−2 DA

)(
tw−2 TDA

)
, (5)

where

(
tw−2 DA

)
=

1∫

0

dy φπ(y)

(
1

y
+

1

ȳ

)
,

(
tw−2 TDA

)
=

1∫

−1

dxA1(x, ξ, t)

(
eu

ξ − x −
ed

ξ + x

)
, (6)

employing the 1-loop αs(Q
2) in the MS-scheme with ΛQCD = 0.312 GeV for Nf = 3 [17]. [Note

that there is only a mild dependence on ΛQCD.]
Turning now to the helicity amplitude, which includes the twist-3 GDA, we anticipate that

it can be written as (see, for example, [14])

AGDA
(0,j) = FGDA ε

′ (j) ·∆T

Q
(7)
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with

FGDA = 2
W 2 +Q2

Q2
(e2
u + e2

d)

(
tw− 3 GDA WW

)
, (8)

where

(
tw− 3 GDA WW

)
=

1∫

0

dy ∂ζΦ1(y, ζ,W 2)

(
ln ȳ

y
− ln y

ȳ

)
, (9)

with the partial derivative being defined by ∂ζ = ∂/∂(2ζ− 1). In deriving (8), we have used for
the twist-3 contribution the Wandzura-Wilczek approximation. Duality between expressions
(5) and (8) may occur in that regime, where both variables s and t are simultaneously much
smaller in comparison to the large photon virtuality Q2. More insight into the relative weight of
the amplitudes with TDA or GDA contributions can be gained once we have modeled these non-
perturbative quantities. We commence our analysis with the TDAs and, assuming a factorizing
ansatz for the t-dependence of the TDAs, we write A1(x, ξ, t) = 2 fπ

mπ
FA(t)A1(x, ξ), where

the t-independent function A1(x, ξ) is normalized to unity. To satisfy the unity-normalization
condition, we introduce a TDA defined by

A1(x, 1) =
Anon−norm

1 (x, 1)
1∫
−1

dxAnon−norm
1 (x, 1)

(10)

and continue with the discussion of the t-independent TDAs. Recalling that we are mainly
interested in TDAs in the region ξ = 1 [1, 2], it is useful to adopt the following parametrization

Anon−norm
1 (x, 1) = (1− x2)

(
1 + a1C

(3/2)
1 (x) + a2C

(3/2)
2 (x) + a4C

(3/2)
4 (x)

)
, (11)

where a1, a2, a4 are free adjustable parameters, encoding nonperturbative input, and the stan-
dard notations for Gegenbauer polynomials are used. It is not difficult to show that the TDA
expressed by Eq. (11) results from summing a D-term, i.e., the term with the coefficient a1, and
meson-DA-like contributions. For our analysis, we suppose that a1 ≡ d0 [8], which is equal to
−0.5 in lattice simulations. With respect to the parameters a2 and a4, we allow them to vary in
quite broad intervals, notably, a2 ∈ [0.3, 0.6] and a4 ∈ [0.4, 0.8], that would cover vector-meson
DAs with very different profiles at a normalization scale µ2 ∼ 1GeV 2 (see, for example, [18]).
The function Φ1(z, ζ) is rather standard and well-known (details in [5, 13]).

We close this section by summarizing our numerical analysis presented in [13]. We calculated
both functions FTDA and FGDA, and show the results in Fig. 3. The dashed line corresponds
to the function FTDA, where we have adjusted the free parameters to a2 = 0.6, a4 = 0.8. The
results, obtained for rather small values of these parameters, are displayed by the broken lines
in the same figure. The dotted line denotes the function FTDA with a2 = 0.5 and a4 = 0.6,
whereas the dashed-dotted line employs a2 = 0.3 and a4 = 0.4. For comparison, we also
include the results for FGDA. In that latter case, the dense-dotted line corresponds to the GDA
amplitude, where the expression for B̃12 has been estimated via Eq. (20) of [13], while the solid
line represents the simplest ansatz for B̃12 with Rπ = 0.5. From this figure one may infer that
when the parameter B̃12, which parameterizes the GDA contribution, is estimated with the aid
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Figure 3: Helicity amplitudes FTDA and FGDA as functions of Q2, using a1 = −0.5 found in
lattice simulations. The value of s/Q2 varies in the interval [0.06, 0.3].

of the Breit-Wigner formula (provided s, t � Q2), there is duality between the GDA and the
TDA factorization mechanisms. Hence, the model for Φ1(z, ζ), which takes into account the
corresponding resonances, can be selected by duality.

4 Conclusions

We have provided evidence that when both Mandelstam variables s and t turn out to be much
less than the large momentum scaleQ2, with the variables s/Q2 and t/Q2 varying in the interval
[0.001, 0.7], the TDA and the GDA factorization mechanisms are equivalent to each other and
operate in parallel. We have also demonstrated that duality may serve as a tool for selecting
suitable models for the nonperturbative ingredients of various exclusive amplitudes entering
QCD factorization. In this context, we observed that twist-3 GDAs appear to be dual to the
convolutions of leading-twist TDAs and DAs, multiplied by a QCD effective coupling.
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The ISR processes at open charm region studied at the two B factories, BaBar and Belle,
are reviewed. The report focuses on charmonium-like states, including the Y (4008) and
Y (4260) observed in e+e− → π+π−J/ψ, and the Y (4360) and Y (4660) observed in e+e− →
π+π−ψ(2S). Measurements of the e+e− → open charm cross sections, including e+e− →
DD, D0D−π+ +c.c., D∗D+c.c., and D∗D∗, confirm the excited ψ states ψ(4040), ψ(4160)
and ψ(4415), but show no evidence for any of the Y states. The 4 Y states and 3 ψ states
between 4.0 and 4.7 GeV/c2 are too many to be all charmonium states from a point of
view of Potential Models, indicates that our understanding of the vector charmonium states
above 4 GeV/c2 is still poor, and one or more of these states may be exotic. Measurement

of e+e− → Λ+
c Λ
−
c shows the existence of an X(4630), which may be the Y (4660) observed

in e+e− → π+π−ψ(2S). A Y (2175) is observed in e+e− → φf0(980), this may indicate
the existence of the ss version of the Y state.

1 Introduction

The Initial State Radiation (ISR) process, shown in Figure 1, is that when e+e− collides at√
s0, one or several photons (γISR) emit from e+ or e−, and the left part is still a e+e− collision.

Because γISR takes away some energy, the effective collision energy is lowered down, like a new
collider running at new

√
s, which could be much lower than

√
s0.

Figure 1: The ISR process at e+e− collider. At collision, the emitted photons make the effective√
s lower than the original

√
s0.

The ISR cross section for a particular hadronic final state f (excluding the radiated γISR)
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is related to the corresponding e+e− cross section σf (s) by:

dσf (s0, x)

dx
= W (s0, x) · σf (s0(1− x)) , (1)

where x = 2Eγ/
√
s0; Eγ is the energy of the γISR in the nominal e+e− center-of-mass (CM)

frame;
√
s0 is the nominal e+e− CM energy; and

√
s0(1− x) is the effective CM energy (

√
s) at

which the final state f is produced. The invariant mass of the hadronic final state defines the
effective e+e− CM energy. The function W (s0, x) is calculated with better than 1% accuracy [1]
and describes the probability density function for ISR photon emission, which occurs at all
angles. When

√
s is far from

√
s0, the effective cross section σf (s0, x) is much small. And

because the high energy γISR is usually along with colliding beams, the detection efficiency is
usually very low. So study via ISR needs very large data sample.

The two B factories, BaBar at SLAC and Belle at KEK have collected more than 1 ab−1

e+e− collision data around Υ(4S). And the designed asymmetric collision increases the de-
tection efficiency. So the B factories become very suitable for the studies via ISR processes,
especially at open charm threshold region. At this region, there are just several ψ states
established tens of years ago via inclusive production. Here we report the charmonium-like
states observed from ISR studies at the B factories, including the Y (4008) and Y (4260) from
e+e− → π+π−J/ψ, the Y (4360) and Y (4660) from e+e− → π+π−ψ(2S). e+e− → K+K−J/ψ
is also studied at Belle, no obvious signal of the Y states is observed. Cross sections of
e+e− → DD, D0D−π+ + c.c., D∗D + c.c., and D∗D∗ have been measured, ψ(4040), ψ(4160)
and ψ(4415) have been confirmed but no obvious Y states signal can be seen. Measurements

on e+e− → Λ+
c Λ
−
c shows a structure at around 4.63 GeV, and in e+e− → φf0(980) the Y (2175)

is observed.

2 The Y states via e+e− → h+h−+charmonium

Three final states are analyzed, including π+π−J/ψ, π+π−ψ(2S), and K+K−J/ψ.

2.1 Measurement on e+e− → π+π−J/ψ

BaBar studied e+e− → π+π−J/ψ [2], the data sample used is 232 fb−1. With a J/ψ mass
constraint, the ψ(2S) signal is well described by a Cauchy shape function. Figure 2 shows a
new structure well above ψ(2S). The new structure is called Y (4260). An unbinned likelihood
fit to the π+π−J/ψ mass spectrum is performed using a single relativistic Breit-Wigner signal
function and a second-order polynomial background. The fit gives 125±23 events with a mass
of 4259± 8+2

−6 MeV/c2, a width of 88± 23+6
−4 MeV/c2, and Γ(Y (4260)→ e+e−) · B(Y (4260)→

π+π−J/ψ) = 5.5± 1.0+0.8
−0.7 eV/c2. The significance is more than 8σ.

Belle studied this channel with about 550 fb−1 data [3]. ψ(2S) is used as reference signal.
The calculation gives the partial width of ψ(2S) Γe+e− = 2.54 ± 0.02 ± 0.15 keV/c2, agrees
with other experiments very well. The generator used is PHOKHARA. To increase detecting
efficiency, the γISR is not reconstructed, instead, the recoil mass of the charged track system is
required to be agree with a missing massless particle. Figure 3 shows the π+π−J/ψ invariant
mass spectrum. Besides the Y (4260) signal, Belle finds a broad enhancement Y (4008) around
4 GeV/s2. Figure 4 shows the π+π− invariant mass distributions of events for three mπ+π−J/ψ
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Figure 2: The π+π−J/ψ invariant mass spectrum from BaBar in the range 3.8−5.0 GeV/c2

and (inset) over a wider range that includes the ψ(2S). The solid curve shows the result of the
single-resonance fit.

regions, [3.8, 4.2], [4.2, 4.4], and [4.4, 4.6] (unit in GeV/c2). The π+π− invariant mass distri-
bution for events around 4.25 GeV/c2 differs significantly from phase space; for other energy
ranges the agreement with phase space is better. And considering the asymmetry shape of
the Y (4260), it is reasonable to assume that two coherent structures exist in this channel. An
unbinned fit with two coherent resonances is applied to the π+π−J/ψ invariant mass spectrum.
There are two solutions with equally good fit quality (see Table 1).
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Figure 3: The plot shows the π+π−J/ψ mass spectrum and the fit with two coherent resonances.

2.2 Measurement on e+e− → π+π−ψ(2S)

After the discovery of the Y (4260), BaBar searches for it in e+e− → π+π−ψ(2S) with about
300 fb−1 data [5]. Figure 5 shows the π+π−ψ(2S) invariant mass spectrum and the π+π−

invariant mass distribution. The state Y (4360) was observed around 4.3 GeV/c2. Fit with one
resonance give the mass (4324±24) MeV/c2 and the width (172±33) MeV/c2, where systematic
errors not included. BaBar tried to fit with a Y (4260), but the conclusion is negative. The
statistics didn’t allow BaBar fit the spectrum with two resonances.

Belle study this spectrum with a data sample of about 673 fb−1 [6]. Figure 6 shows the
π+π−ψ(2S) invariant mass spectrum. Belle confirms the Y (4360) and observes the Y (4660)
for the first time. Fitting with two coherent resonances gives the results in Table 2, there are
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Figure 4: The π+π− invariant mass distribution of events for different π+π−J/ψ mass regions.
(a): mπ+π−J/ψ ∈ [3.8, 4.2] GeV/c2, (b): mπ+π−J/ψ ∈ [4.2, 4.4] GeV/c2, and (c): mπ+π−J/ψ ∈
[4.4, 4.6] GeV/c2. The points with errors bars are pure signal events, the histograms are MC
simulations made using phase space distributions.

Parameters Solution I Solution II

M(Y (4008)) 4008± 40+114
−28

Γtot(Y (4008)) 226± 44± 87

B · Γe+e−(Y (4008)) 5.0± 1.4+6.1
−0.9 12.4± 2.4+14.8

−1.1

M(Y (4260)) 4247± 12+17
−32

Γtot(Y (4260)) 108± 19± 10

B · Γe+e−(Y (4260)) 6.0± 1.2+4.7
−0.5 20.6± 2.3+9.1

−1.7

φ 12± 29+7
−98 −111± 7+28

−31

Table 1: Fit results of the π+π−J/ψ invariant mass spectrum from Belle.
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Figure 5: The left plot shows the π+π−ψ(2S) invariant mass spectrum up to 5.7 GeV/c2 from
BaBar. The right plot shows the corresponding π+π− invariant mass distribution.
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also two solutions with equal quality and different Γe+e− . Figure 7 shows the scattering plot
of M(π+π−) versus M(π+π−ψ(2S)). From the scattering plot, there is a concentration around
1 GeV/c2 at M(π+π−). If it is the scalar particle f0(980), the decay of Y (4660) should be
dominated by ψ(2S) + f0(980). So there is an assumption that Y (4660) is a ψ(2S)f0(980)
bound state [7]. For both Y (4360) and Y (4660), M(π+π−) distributions tend to be large.
And the one of Y (4360) happens to be around 600 MeV/c2, which looks similar to that from
ψ(2S)→ π+π−J/ψ. At ψ(2S) decay, an assumption is that π+π− is from scalar particle σ(600).
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Figure 6: The plot shows the π+π−ψ(2S) invariant mass distribution.
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Figure 7: The plot is the scattering plot of M(π+π−) vs. M(π+π−ψ(2S)), which indicates a
clear signal at M(π+π−) near 1 GeV/c2. This structure may be f0(980).

A combined fit has been performed on BaBar and Belle’s measurements, which are also
shown in Table 2. From the fits, and the comparison with other vector charomnium(-like)
states, the Y (4660) has the highest mass and the narrowest width. This may be because of the
narrow width of f0(980) decays from the Y (4660), or indicates the Y (4660) is a different state.

2.3 e+e− → K+K−J/ψ

CLEO-c observed 3 K+K−J/ψ events at
√
s = 4.26 GeV/c2, and assumed them from the

Y (4260). Limited by statistics, only Belle scans e+e− → K+K−J/ψ via ISR [8]. Figure 8
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Belle fit Combined fit

Parameters Solution I Solution II Com. Sol.I Com. Sol.II

M(Y (4350)) 4361± 9± 9 4355+9
−10

Γtot(Y (4350)) 74± 15± 10 103+17
−15

B · Γe+e−(Y (4350)) 10.4± 1.7± 1.5 11.8± 1.8± 1.4 11.1+1.3
−1.2 12.3± 1.2

M(Y (4660)) 4664± 11± 5 4661+9
−8

Γtot(Y (4660)) 48± 15± 3 42+17
−12

B · Γe+e−(Y (4660)) 3.0± 0.9± 0.3 7.6± 1.8± 0.8 2.2+0.7
−0.6 5.9± 1.6

φ 39± 30± 22 −79± 17± 20 18+23
−24 −74+16

−12

Table 2: Results of the fits to the π+π−ψ(2S) invariant mass spectrum from Belle’s unbinned
fit and a combined fit on BaBar and Belle’s results.

shows the K+K−J/ψ invariant mass distribution, together with the background estimated
from the J/ψ mass sidebands. There is a broad enhancement around 4.4-5.5 GeV/c2. In
addition, there are two events near

√
s = 4.26 GeV, where CLEO observes three K+K−J/ψ

events [4].
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Figure 8: The K+K−J/ψ invariant mass distribution from Belle.

Fit the spectrum with a single resonance, The resonance parameters areM = 4430+38
−43 MeV/c2,

Γtot = 254+55
−46 MeV/c2, B(R → K+K−J/ψ) · Γe+e− = 1.9 ± 0.3 eV/c2, where the errors are

statistical only. Since there is a small concentration around 4.4 GeV/c2, another fit with two
resonance has been applied. One resonance is ψ(4415) fixed according to PDG. The fit shows
that the other resonance has mass 4875 ± 132 MeV/c2 and width 630 ± 126 MeV/c2. The
spectrum and fit results are still not very clear. Like previous processes, the K+K− invariant
mass also tends to be large. No clear Y (4260) signal is observed, and Belle gives an upper limit
on B(Y (4260)→ K+K−J/ψ)Γ(Y (4260)→ e+e−) < 1.2 eV/c2 at the 90% C.L.

3 ψ States at e+e− → Open Charm

Since masses of the Y states are well above the charm threshold, the Y states are expected
to decay to open charms easily. Four final states are measured using ISR data, they are
DD [9, 13], DDπ + c.c. [10], DD∗ + c.c. [11, 13], and D∗D∗ [11, 13]. For comparison, cross
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sections from Belle of e+e− → open charm are shown in Figure 9, as well as the cross sections
of e+e− →h+h− + charmonium. From Belle’s results, there are ψ(4040), ψ(4160) and ψ(4415)
at open charm final states, and one state could just appear at one or two channel obviously.
DDπ is dominated by DD

∗
(2460) + c.c., and ψ(4415) could only decay to DD(2460).
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Figure 9: The left plot shows the measured e+e− → π+π−J/ψ (a), π+π−ψ(2S) (b), and
K+K−J/ψ (c) cross sections. The right plot shows the measured DD (a), D0D−π+ + c.c. (b),
D∗+D∗− (c), and D+D∗− + c.c. (d) cross sections.

BaBar got similar results on e+e− → open charm measurement. Figure 10 shows the sum
of the e+e− → DD, DD∗, and D∗D∗ cross sections, the arrow indicates the position of the
Y (4260), which falls in a local minimum, in agreement with the cross section measured for

hadron production in e+e− annihilation [14]. BaBar also obtains B(Y (4260)→DD)
B(Y (4260)→J/ψπ+π−) < 34 and

B(Y (4260)→D∗D∗)
B(Y (4260)→J/ψπ+π−) < 40 at the 90% confidence level.

4 e+e− → Λ+
c Λ
−
c and φπ+π−

It is important to search these exotic Y states in charm baryon-antibaryon pair production. The

first study is e+e− → Λ+
c Λ
−
c from Belle [15]. Figure 11 shows the cross section with statistical

uncertainties only. There is a peak slightly above mass threshold. One possible interpretation
of it is a new structure, X(4630). Belle gives the mass M = (4634+8+5

−7−8) MeV/c2 and the total

width Γtot = (92+40+10
−24−21) MeV/c2. The significance for this structure is 8.8σ. The X(4630) is

close to the Y (4660), and they have the same quantum number, JPC = 1−−, so it is possible
that they are the same structure.

It seems that there exists an ss version of the Y states from the study on e+e− → φπ+π−

via ISR. Like π+π−ψ(2S), there are signals φf0(980) in φπ+π− final state. Figure 12 shows
the cross sections on e+e− → φf0(980) from BaBar [16] and Belle [17]. There is a structure
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position of the Y (4260).
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Figure 11: The cross section for the exclusive process e+e− → Λ+
c Λ
−
c .

at 2.17 GeV/c2. BaBar measures M = (2175± 10) MeV/c2 and Γ = (58 ± 16) MeV/c2 with
only statistic errors, and Belle obtains M = (2133+69

−115) MeV/c2 and Γ = (169+105
−92 ) MeV/c2

where the uncertainties include both statistical and systematic errors. BES also confirmed
this state in J/ψ → ηφf0(980) decay [18], and reports M = (2186 ± 10 ± 6) MeV/c2 and
Γ = (65± 23± 17) MeV/c2.

5 Summary

Here we report ISR precesses studied at BaBar and Belle, focusing on charmonium-like states
found above 4 GeV/c2 region. There are four exotic states, Y (4008) and Y (4260) are only
observed at e+e− → π+π−J/ψ, and Y (4360) and Y (4660) are only observed at e+e− →
π+π−ψ(2S). There is no evidence of these state in e+e− → DD, DDπ, DD∗, and D∗D∗,
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Figure 12: The cross sections of e+e− → φf0(980) from BaBar(left) and Belle(right). Each plot
also shows best fit on the spectrum, and give the evidence for Y(2175).

instead, ψ(4040), ψ(4160) and ψ(4415) are confirmed at these channels. The 4 Y states and 3
ψ states too many for the charmonium states predicted in potential models, which may indicate
one or several of them are exotic states. Belle observes a structure X(4630) in charm baryon-

antibaryon pair Λ+
c Λ
−
c production. The X(4630) and Y (4660) are consist with each other in

mass and width. There looks an ss version of the Y state, Y (2175) in e+e− → φf0(980).
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We discuss single- and two-photon-induced processes in e+e− annihilations with center-
of-mass energy near 10.58 GeV from the BaBar and Belle experiments. In particular, we
present experimental results from two-photon physics of γγ → π0π0 and γγ∗ → π0. We
also review the observation of the Two-Virtual-Photon-Annihilation process (e+e− → ρ0ρ0

and e+e− → φρ0) and the observation of e+e− → ρ+ρ−, which should be primarily a one
virtual photon process, but whose angular distributions may imply potential interference
effects.

1 Introduction

Single- and two-photon-induced processes can now be probed at high precision or low cross
sections in e+e− collisions due to large integrated luminosity at the B factories. The majority
of studies has been focused on single-photon-induced processes that produce final states with
negative C-parity. The BaBar and Belle experiments are designed to study B physics from
Υ(4S) production and its cross section is of the order of nanobarns. In contrast, the exclusive
hadron pair production is low multiplicity and produced of the order of femtobarns. The hadron
pair production over a wide range of effective center-of-mass (CM) energies via initial state
radiation also emerged as an interesting avenue. They provide an excellent testing ground for
QCD. On the other hand, two-photon-induced processes have final states with positive C-parity.
Two-photon physics and Two-Virtual-Photon-Annihilation (TVPA) fall into this category. In
fact the latter has only been first observed [1] in 2006.

In this proceeding, I will present experimental measurements for processes selected from
those mentioned above. Results are based on data samples collected by the BaBar and Belle
detectors, whose detailed descriptions can be found in Ref. [2] and [3], respectively. In particular,
this proceeding will cover results obtained from two-photon physics and other one- or two-
photon-induced e+e− processes, including γγ → π0π0, γγ∗ → π0, e+e− → ρ0ρ0, e+e− → φρ0,
and e+e− → ρ+ρ−.
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2 Two-photon physics processes

Two-photon physics can be used to study resonance structures, i.e., look for new resonances
produced by γγ interaction where only C = + can be produced. This is a unique feature because
γγ gives us extra access to states not produced directly in the beam particle annihilation. Also
the J = 0, 2 angular momentum of γγ nicely complements the J = 1 annihilation. An example
is the ηc. We can also use two-photon reactions to test the validity of various QCD models that
predict the quark and gluon interaction and dynamics.

Two-photon physics can be studied using double-tag, single-tag, and no-tag. In a double-tag
mode, the scattered e+ and e− are both detected and thus the full kinematic information is
available. In a single-tag mode, only one scattered e+ or e− is detected while in the no-tag
mode neither the e+ or e− is detected. There is increasing acceptance going from double-
tag to no-tag, but decreasing kinematic information. The next two subsections will describe
measurements using no-tag and single-tag analyses.

2.1 An analysis of γγ → π0π0

The virtual photon flux falls off rapidly at increasing two-photon CM energy W , so it had been
difficult to use the two-photon reaction to study high-mass final states. The high luminosity
of the B factories has now made this possible. In a no-tag analysis [4] with quasi-real photons,
Belle analyzed a 223 fb−1 data sample to study the process γγ → π0π0. The production cross
section as a function of W is measured from 0.6−4.1 GeV. A partial wave analysis is performed
to look at the angular dependence of the differential cross section for different energy bins. The
data show a large-scattering-angle enhancement at low energy (W < 1.9 GeV) and begin to
show a forward angle peak at high energy (W > 2.0 GeV). The fits to data in Figure 1 suggest
that a G-wave becomes necessary and important at energy greater than 2 GeV.

In the higher energy region, a χc0 charmonium state is observed with a significance of more
than seven standard deviations, while χc2 has a significance of about two standard deviations.
The products of the two-photon decay width and the branching fraction for the two charmonium
states with and without interference between χc0 and continuum are shown in Table 1.

Interference Γγγ(χc0)B(χc0 → π0π0) (eV) Γγγ(χc2)B(χc2 → π0π0) (eV)

Without 9.7± 1.5± 1.2 0.18+0.15
−0.14 ± 0.08

With 9.9+5.8
−4.0 ± 1.6 0.48± 0.18± 0.07± 0.14

Table 1: Products of the two-photon decay width and the branching fraction for the two
charmonium states.

The right hand side of Figure 1 shows the W dependence of the cross section at high energy
and in the angular region of | cos θ∗| < 0.6, where θ∗ is the CM π0 scattering angle. The cross
section is fit to the power law σ ∼ W−n for the region 3.1 < W < 4.1 GeV exclusive of the
charmonium region (3.3 < W < 3.6 GeV). The power n = 6.9± 0.6± 0.7 obtained from the fit
for the π0π0 mode is compatible with n = 7.9± 0.4± 1.5 for the π+π− mode [5]. The leading
order pQCD prediction is σ ∼W−6. The ratio of cross sections for neutral to charged pion-pair
production is rapidly falling at low energies, but it is almost constant for W > 3.1 GeV. Table 2
compares this ratio with the leading term QCD [6], pQCD [7], and handbag model [8].
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Figure 1: (Left) The angular dependence of the differential cross sections for γγ → π0π0 in six
different W regions. (right) (a) The cross sections for γγ → π0π0 (circles) and γγ → π+π−

(triangles) as a function of W . (b) Ratio of the cross section for γγ → π0π0 to γγ → π+π−.

Leading term QCD pQCD Handbag model Belle
σ(π0π0)
σ(π+π−) 0.03− 0.07 0.1 0.5 0.32± 0.03± 0.05

Table 2: Comparison of the ratio of neutral to charged pion-pair production cross sections.
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2.2 A measurement of γγ∗ → π0 transition form factor

BaBar has made the measurement of e+e− → e+e−γγ∗, where γγ∗ → π0 in a single-tag
analysis [9] based on 442 fb−1 of data. The π0 in the final state is observed through its decay
into two photons. The tagged electron must emit a highly virtual photon with a momentum
transfer of Q2 > 3 GeV2 to be accepted by the detector. The momentum transfer to the
untagged electron is close to zero. For the γγ∗ → π0 process, the differential cross section
depends on only one form factor F (Q2). At high Q2, the form factor can be represented as
F (Q2) =

∫
T (x,Q2)φπ(x,Q2) dx, where x is the fraction of the π0 momentum carried by one

of the quarks, T (x,Q2) is the calculable hard scattering amplitude for γγ → qq̄, and φπ(x,Q2)
is the pion distribution amplitude for qq̄ → π. Experimental measurement of the π0 transition
form factor F (Q2) helps determine the unknown dependence of φπ(x,Q2) on x.

To determine the number of events containing a π0 in data, a binned likelihood fit to the γγ
mass spectrum is performed in the π0 region with a sum of signal and background distributions.
This fitting procedure is applied in each of the 17 Q2 intervals to study the Q2 dependence of the
cross section. The detector acceptance limits the detection efficiency at small Q2. Therefore,
to avoid possible systematics due to data-MC simulation differences near detector edges, we
measure the cross section and form factor in the region Q2 > 4 GeV2.

In Figure 2 the measured differential cross section as a function of Q2 at the Born level is
compared to that from the CLEO experiment [10]. In the range 4 < Q2 < 9 GeV2, BaBar
results are in a reasonable agreement with CLEO data, but have significantly better precision.
A dσ/dQ2 ∼ Q−6 dependence in the range 12 < Q2 < 30 GeV2 is observed in BaBar data.
Also shown in Figure 2 is the π0 transition form factor extracted from the cross section. At
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Figure 2: The e+e− → e+e−π0 differential cross section (left) and the γγ∗ → π0 transition
form factor (right) as a function of Q2. The dashed line shows the asymptotic limit for the
form factor, and the dotted curve is a fit to BaBar data.

Q2 > 10 GeV2, the product Q2F (Q2) exceeds the asymptotic limit of
√

2fπ = 0.185 GeV [11]
and contradicts most existing theoretical models for the π0 distribution amplitude [12]-[16]. A
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fit to BaBar data in Figure 2 shows that Q2F (Q2) is ∼ Q1/2 while the leading order pQCD
predicts it to be constant in the asymptotic limit, thus suggesting that higher-order pQCD and
power corrections are needed in the Q2 region under study.

3 Selected processes from single-photon or two-photon

For a long time, we have understood that the process e+e− → hadrons at CM energy far below
the Z mass is dominated by annihilation via a single virtual photon, thus yielding final states
with C = −1. Very few studies are done for exclusive states with low multiplicity at 10 GeV
due to the expectation of low rates, but there can be surprises. With the high luminosity
collected at BaBar, TVPA in e+e− → ρ0ρ0 and e+e− → φρ0 [1] (C = +1) has been observed
with production cross sections of a few femtobarns. This opens a new avenue for the study
of hadron production mechanisms. In the next two subsections, selected results of exclusive
hadron production from e+e− at 10.58 GeV at BaBar are presented.

3.1 e+e− → ρ0ρ0 and e+e− → φρ0

The first observation of e+e− → ρ0ρ0 and e+e− → φρ0 is based on 225 fb−1 of BaBar data
from which events with exactly four well reconstructed, charged tracks with total charge zero
are selected. Two oppositely charged tracks must be identified as pions and the other two as
either pions or kaons. The invariant mass of the four charged tracks is required to be near
the beam CM energy in order to be selected as e+e− → π+π−π+π− or e+e− → K+K−π+π−

candidates. The scatter plots for π+π− vs π+π− or K+K− show strong signal peaks at the
ρ0 and φ mass. A binned log-likelihood fit over nine tiles is performed to extract signal in
the ρ0ρ0 or φρ0 region. The extracted signal yields are 1243 ± 43 and 147 ± 13 for the ρ0ρ0

and φρ0 modes, respectively. The measured cross sections within the range cos θ∗ < 0.8 are
20.7±0.7(stat)±2.7(syst) fb and 5.7±0.5(stat)±0.8(syst) fb for the ρ0ρ0 and φρ0 respectively,
where θ∗ is the production angle of ρ or φ in the CM frame. These results are consistent with
calculations [17][18] from a vector-dominance two-photon exchange model provided after this
measurement was released. As a comparison, e+e− → hadrons at 10 GeV is about 3 nb.

The ρ0ρ0 and φρ0 are final states with positive C-parity, so they cannot be produced via
single-photon annihilation from e+e− collisions. However, they are allowed in TVPA as illus-
trated by the Feynman diagram in Figure 3. There are enough signal events to perform an angu-
lar analysis to investigate the production mechanism. The production angle θ∗ shown in Figure 3

is forward peaking for these two processes, consistent with expectation of dσ
d cos θ∗ ∝ 1+cos2 θ∗

1−cos2 θ∗

for TVPA. As a comparison, the 1 + cos2 θ∗ distribution of single-photon annihilation is also
shown. The helicity angles θH are also consistent with the sin2 θH TVPA expectation for
quasi-real photons.

3.2 Observation of e+e− → ρ+ρ−

Given the observation of e+e− → ρ0ρ0, it is natural to also look for the ρ+ρ− final state with
negative C-parity, which is expected to be produced dominantly via single-photon annihilation.
BaBar has made the first observation of e+e− → ρ+ρ− [19] based on 379 fb−1 of data from which
events with exactly two well reconstructed, oppositely charged tracks and two π0 candidates are
selected. The invariant mass of the four pions is required to be near the beam CM energy. The
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Figure 3: (Left) A Feynman diagram for the two-virtual-photon annihilation. (Right) The
production angle distribution after correction for efficiency for (a) e+e− → ρ0ρ0 and (b) e+e− →
φρ0. The solid and dashed curves are the normalized 1+cos2 θ∗

1−cos2 θ∗ and 1 + cos2 θ∗, respectively.

ππ mass scatter plot shows strong peaks at the ρ mass. A 2D fit yields 357±29 events with the
cross section extrapolated to the full angular range measured to be 19.5± 1.6(stat)± 3.2(syst)
fb. The large, clean sample of signal events allows us to perform an angular analysis to test
QCD at the amplitude level.

Assuming a one-photon production mechanism, this vector-vector final state can be de-
scribed by three independent helicity amplitudes, F00, F10, and F11. The angular distributions
for the helicity (azimuthal) angle θ± (ϕ±) of the pion from ρ± decay, and the ρ production
angle θ∗ are shown in Figure 4. Fits to the angular distributions with the normalization con-
straint |F00|2 + 4|F10|2 + 2|F11|2 = 1 reveal that |F00|2 = 0.51± 0.14(stat)± 0.07(syst) which
deviates from the perturbative QCD prediction of one (i.e., the F00 amplitude should dominate
at high energy) by more than three standard deviations. This significant disagreement suggests
that either the decay is not dominated by single-virtual-photon annihilation as expected, or the
QCD prediction does not apply to data in this energy region. Because charged ρ’s are involved,
ρ+ρ− cannot be produced via TVPA unless there is significant final state interaction. Given
the possible relevance to potential similar effects in B0 → ρ+ρ− process, which is crucial for
the determination of angle α through CP -violation, understanding the observed e+e− → ρ+ρ−

decay amplitudes may have broader implications.

4 Conclusion

Over the past nine years of operation, the B factories have integrated very high luminosity
and have reopened several interesting areas for hadron physics. Belle provided a high statistics
measurement of π0π0 production in two-photon physics and measured the cross section and its
angular dependence in the kinematic range 0.6 < W < 4.1 GeV and | cos θ∗| < 0.8 in a no-tag
analysis. BaBar measured the γγ∗ → π0 transition form factor in a single-tag analysis and
provided a gateway to study the pion distribution amplitude. Other single- and two-photon-
induced e+e− processes are also reviewed. In particular, BaBar explored the cross sections
and angular amplitudes of exclusive meson pair productions in e+e− annihilations. Studies
of low multiplicity final states can provide an excellent testing ground for QCD. The case
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Figure 4: The angle distribution of (a) cos θ+, (b) cos θ−, (c) ϕ+, (d) ϕ−, (e) cos θ∗ after
correction for efficiency for e+e− → ρ+ρ−. See text for definition of the angles. The dashed
curves show the contributions from F00, the dotted curves are F10, the dashed-dotted curves
are F11, and the solid curve is the total fit result.
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of e+e− → ρ+ρ− is puzzling since it should be a one virtual photon process, but amplitude
results suggest potential interference effects. Other possible final states should be explored
to make use of the large datasets available at the B factories. In summary, nearly all of
the measurements presented here show some deviations from models and thus are impetus to
advance the theoretical front of our understanding.
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The KLOE experiment operating at the φfactory DAφNE has collected an integrated
luminosity of about 2.5 fb−1 on the φ meson peak. We present recent results achieved
from studying properties of light mesons using the full statistic.

1 KLOE at DAφNE

The KLOE experiment [1] is placed at the Frascati φ-factory DAΦNE, an e+e− collider running
at
√
s '1020 MeV, corresponding to the φ meson mass. A φ-factory allow to access many of the

light mesons via φ radiative decay and to study the inner structures of the mesons, in particu-
lar the s-quark content via the couplings with the ss̄ state. KLOE has collected an integrated
luminosity of 2.5 fb−1 at the φ peak, corresponding to 8 × 109φ decays, 10 pb−1 around the
centre of mass energy and 250 pb−1 at

√
s = 1 GeV.

The KLOE detector consists of a large cylindrical drift chamber (3.75 m length and 4 m diam-
eter), surrounded by a sampling calorimeter made of lead and scintillating fibers. The detector
is inserted in a superconducting coil producing a uniform magnetic field of ' 0.52T. Large
angle tracks from the origin (θ > 45◦) are reconstructed with relative momentum resolution
σp/p = 0.4%. Photon energies and times are measured by the calorimeter with resolutions of

σE/E = 5.7%/
√
E(GeV ) and σt = 57ps/

√
E(GeV )⊕ 100 ps.

2 Scalar Mesons

The structure of the scalar mesons (S) with mass below 1 GeV is still an open question. The
radiative decays φ → PP ′γ are dominated by the exchange of a S in the intermediate state.
Branching ratio and mass spectra of decays are sensitive to the structure of intermediate S and
they can clarify whether S are qq̄ mesons, tetra-quark state, bound states of KK̄ pair or a
mix of these configurations. Many approaches have been used to parametrise the production
of S in the φ radiative decays. We consider the Kaon Loop (KL) model [2] which assumes that
the φ radiative decay proceeds through a virtual K+K− loop, while emitting a photon. Then
the K+K− annihilate forming a S. The production amplitude of the S depends on the mass
and couplings to ππ and KK. The fit parameters are the MS and the two couplings gSPP ′ ,
gSKK . An alternative parametrisation of the amplitude is the No Structure (NS) one [3]: a
point-like coupling of the scalar to the φ meson is assumed; S is parametrised as a Breit-Wigner
interfering with a polynomial background. Free parameters are the MS and the couplings gφSγ ,
gSPP ′ and gSKK . In the following we describe how we fit the data using the two approaches
described above.
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Parameter Kaon Loop No Structure

Ma0 (MeV) 982.5± 1.6± 1.1 982.5 (fixed)
ga0KK (GeV) 2.15± 0.06± 0.06 2.01± 0.07± 0.28
ga0ηπ (GeV) 2.82± 0.03± 0.04 2.46± 0.08± 0.11
gφa0γ (GeV−1) 1.58± 0.10± 0.16 1.83± 0.03± 0.08
BR(φ→ ρ→ ηπγ)×10−6 0.92± 0.40± 0.15 −0
BR(η → γγ)/BR(η → πππ) 1.70± 0.04± 0.03 1.70± 0.03± 0.01
P(χ2) 10.4% 30.9%

Table 1: Results from combined fit to Mηπ spectra

2.1 Searching for a0(980) in e+e− → ηπ0γ

Two independent analyses [4] using η → γγ or η → π+π−π0 decays are performed from a sample
of 450 pb−1. In both analyses there is the requirement of five photons from the interaction point.
The selection of also two tracks with balanced charge is required to select the charged final
state. The fully neutral chain is characterised by high statistic and large background, while the
charged one has small background but lower statistic. Since the interfering φ → ρπ0 → ηπ0γ
background is small, it is possible to extract the branching ratio (BR) directly from event
counting after the residual background subtraction and normalising to φ→ ηγ decays with the
same final state. The two samples lead to consistent branching ratio values, thus a combined
fit of the two spectra, is performed to extract relevant parameters of the a0 scalar meson. The
couplings, fitted according to the KL [2] and the NS [3] models, point to a total width in the
range [80÷ 105] MeV and to a size-able ss̄ content of the a0(980), see Tab.1.

Recently a new model to describe S has been proposed by t’Hooft et al. [5]. They start
from the point that tetra-quarks bound states naturally reproduce the SU(3) nonet structure,
with the correct mass ordering and then they add an instaton contribution to induce a mix-
ing between tetra-quarks and diquarks states. The instaton contribution lead to a simple and
satisfactory description of light states below 1 GeV and heavier scalar states around 1.5 GeV.
The KLOE measurement concerning the f0 scalar meson has been used as input parameter to
evaluate the coefficient in the model and then to compare the effect on the a0 meson. The
results are intriguing [5].

2.2 φ→ K0K̄0γ

Using 2.18 fb−1 of the KLOE data, a search [6] for the decay φ→ K0K̄0γ has been performed.
This decay is expected to proceed mainly through φ → [a0(980) + f0(980)]γ → K0K̄0γ. In
this decay the K0K̄0 pair is produced with positive charge conjugation and a limited phase
space due to the small mass difference between the φ and the production threshold of two
neutral kaons (995 MeV). The signature of this decay is provided by the presence of either
2 KS or 2 KL and a low energy photon. We select only the KSKS component, looking for
double KS → π+π− decay vertex, because of the clean topology. The main background are the
resonant e+e− → φγ → KSKLγ and the continuum e+e− → π+π−π+π−γ processes.
After the selection cut we found 5 candidate events in data, whereas 3 events are expected from
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Monte Carlo background samples. This leads to: BR(φ → K0K̄0γ) < 1.9 × 10−8 at the 90%
C.L. Theory predictions for the BR spread over several orders of magnitude; several of them are
ruled out by our result. Moreover the present upper limit is consistent with the BR(φ→ KK̄)
prediction computed with a0(980) [4], f0(980) [7] couplings measured by KLOE.

3 σ(e+e− → ωπ0)

We have studied the e+e− → ωπ0 cross section in the range
√
s ∼ 1000−1030 MeV, on a sample

of 600 pb−1, searching for π+π−π0π0 and π0π0γ final states. At low energy, below 1.4 GeV it
is largely dominated by non resonant process. However around the φ mass a contribution from
the OZI-G parity violating decay φ → ωπ0 is expected. The strongly suppressed decay can be
observed via interference with the non resonant processes, showing as a dip in the total cross
section dependence from

√
s, see Fig.1.

Figure 1: Measured cross section
and fitted one. Up: π+π−π0π0

final state; down: π0π0γ final
state.

The parametrisation for the cross section, that has been
convoluted with the radiator function is the following:

σ(
√
s) = σ0(

√
s)|1− ZMφΓφ

Dφ
|2

σ0(
√
s) = σ0 + σ′(

√
s−Mφ)

where the σ0(
√
s) is the bare cross section for the non res-

onant process, Z is the interference parameter and Mφ, Γφ
and Dφ are mass, width and inverse propagator of φ me-
son. By fitting the observed interference pattern around φ
mass for both final states under study we extract the ra-
tio Γ(ω → π0γ)/Γ(ω → π+π−π0) and combining the result
with rare branching fraction and imposing unitarity, we de-
rive the branching fraction:

BR(ω → π0γ) = (8.09± 0.14)% (1)

BR(ω → π+π−π0) = (90.24± 0.19)%

The interference parameter determined in the π+π−π0π0

analysis allow us to determine the branching ratio for the process φ→ ωπ0:

BR(φ→ ωπ0) =
σωπ0 |Z4π|2

σφ
(2)

= (5.63± 0.70)× 10−5

and the error has been reduced by a factor two with respect to the best previous measurement
by SND; the two values are in agreement.

4 γγ Fusion at KLOE: σ(600)→ ππ

The question concerning the σ/f0(600) meson has been debated for a long time.
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Figure 2: Mγγγγ: data compared
with Monte Carlo shows an ex-
cess of events compatible σ.

Evidences come from Dalitz Plot analysis of charged fi-
nal states from E731, CLEO, Bes, but the values of mass
and width are affected by large uncertainties. Indirect
evidence comes also from the Dalitz Plot analysis of the
e+e− → π0π0γ process by KLOE [8].

The preliminary analysis of 11 pb−1 at
√
s = 1 GeV,

5 % of the off-peak data sample, has been finalise to search
for σ production in γγ interaction. An excess of events in
the π0π0 final state has been observed, when the expected
background from Monte Carlo are compared with data, see
Fig.2.

5 Pseudoscalar Mesons

The φ-factory DAφNE can be considered also an η factory. The acquired luminosity of 2.5 fb−1

on peak correspond also to ∼ 108 η meson, if we consider the radiative decay of the φ meson.
The same can be for the η′, on peak data furnish a sample of 5× 105 η′, again from radiative
decay of the φ meson. In the following we describe part of the analysis performed at KLOE.

5.1 η − η′ mixing angle

We have measured the ratio Rφ = BR(φ → η′γ)/BR(φ → ηγ) by looking for the radiative
decays φ → η′γ and φ → ηγ into the final states π+π−7γ and 7γ, respectively, in a sample of
' 1.4× 109φ mesons. We obtained [9] Rφ = (4.77± 0.09± 0.19) · 10−3, from which we derive
BR(φ→ η′γ) = (6.20± 0.11± 0.25) · 10−5 .
The value of Rφ can be related to the η − η′ mixing angle in the flavor basis. Using the
approach [10] and [11], where the SU(3) breaking is taken into account via constituent quark
mass ratio ms/m̄, and the two parameters ZNS and ZS take into account the effect of the
OZI-rule, which reduce the VP wave-function overlaps [12] we have:

R =
BR(φ→ η′γ)

BR(φ→ ηγ)
= cot2ϕP (1− ms

m̄

ZNS
ZS

tanϕV
sin2ϕP

)2(
pη′

pη
)3 (3)

Equation 3 combined with our measurement produced the following result: ϕP = (41.4 ±
0.3stat ± 0.7sys ± 0.6th)◦.
The η′ meson is a good candidate to have a size-able gluonium content, so we can have |η′ >=
Xη′ |qq̄ > +Yη′ |ss̄ > +Zη′ |gluon >, where the Zη′ parameter takes in to account a possible mix-
ing with gluonium. The normalisation implies X2

η′ + Y 2
η′ + Z2

η′ = 1 with Xη′ = cosφG sinφP ,
Yη′ = cosφG cosφP and Zη′ = sinφG, where φG is the mixing angle for the gluonium contri-
bution. Possible gluonium content of the η′ meson corresponds to non-zero value for Z2

η′ .

Introducing other constraints on Xη′ and Yη′ [11, 12, 13], as: Γ(η′ → γγ)/Γ(π0 → γγ);
Γ(η′ → ργ)/Γ(ω → π0γ); Γ(η′ → ωγ)/Γ(ω → π0γ), and allowing for gluonium, we built a
χ2, function of (φP , φG), to determine Z2

η′ and φP . The solution in the hypothesis of no glu-

onium content, i.e. Z2
η′ = 0 yields φP = (41.5+0.6

−0.7)◦; the χ2 quality is bad, while allowing for

gluonium the χ2 quality is good, P (χ2/N.d.f.) = 0.49 and the results are φP = (39.7± 0.7)◦

with Z2
η′ = 0.14± 0.04 showing a 3σ evidence for the η′ gluonium content.

Moreover, combining Rφ with other constraints [14] and answering in this way to the objections
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from [15], [16] to our paper [9], we find Z2
η′ = 0.120±0.035 and φP = (40.2±0.6)◦ in agreement

with the previous one.

5.2 η → π+π−e+e−

The study of η → π+π−e+e− decay allows to probe the internal structure of the η meson [17]
and could be used to compare the predictions based on Vector Meson Dominance (VMD) and
Chiral Perturbation Theory (ChPT) [18]. Moreover, it would be possible to study CP violation
not predicted by the Standard Model by measuring the angular asymmetry between the decay
planes of the electrons and of the pions in the η rest frame.

0
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150

200

250

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
sinφcosφ

Data
Cont. bckg
φ bckg
Signal MC

Figure 3: sinφcosφ in the signal
region.

The experimental scenario is rather poor to investi-
gate the theoretical issue related to this process. Our
η → π+π−e+e− analysis [18] is based on a sample of 1.7
fb−1. The event selection is based on the requirement of
one photon of E > 250 MeV energy, the recoil photon pro-
duced in the φ→ ηγ decay, and four charged tracks coming
from the interaction region. Mass assignment for each track
is done using time of flight of the charged particles measured
in the calorimeter. Background due to γ conversions on the
beam pipe has been studied using off-peak data, where φ
decays are negligible.
The contamination is evaluated by fitting the sidebands of
the Mππee data spectrum with background components af-
ter loose cuts on the kinematic fit χ2 and on the sum of
momenta of the charged particles. Signal events are com-
puted after rejecting γ conversions, and from the fit the
branching ratio is evaluated:

BR(η → π+π−e+e−γ) = (26.8± 0.9Stat. ± 0.7Syst.)× 10−5. (4)

The decay plane asymmetry is calculated starting from the momenta of the four particles and
it is expressed as function of the angle φ between the pion and the electron planes in the η rest
frame; it has been evaluated for the events in the signal region after background subtraction,
see Fig. 3. The result is:

Aφ = (−0.6± 2.5 Stat. ± 1.8 Syst.)× 10−2 (5)

which is the first measurement of this parameter.

5.3 Search for Box Anomaly: η/η′ → π+π−γ

Significant contribution from chiral anomaly responsible for η/η′ → γγ, which proceed through
the triangle anomaly, is expected in η/η′ → π+π−γ, called box anomaly. The box anomaly is
a higher term of WZW, describing the direct coupling of three pseudoscalar mesons with the
photon (Fig. 4). The shapes of the Feynman diagrams representing the WZW gives the names
for the anomaly.
The η, η′ → π+π−γ decays provide a good tool to investigate the box anomaly, which describes
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a non-resonant coupling. The invariant mass of the pions is a good observable to disentangle
this contribution from other possible resonant ones, e.g. from the ρ-meson.

γ

γ

P

γ

+π

-π

P

Figure 4: Diagrams for
the triangle and box
anomalies.

The kinematic range of the decays of η and η′ are above the
chiral limit where the WZW validity holds, for the η′ even the ρ-
mass is covered. The η → π+π−γ decay has been measured in 1970
by Gormely et al. (7250 events) [20] and in the 1973 by Layter et
al. (18150 events) [21]. Theoretical papers trying to combine the two
measurements found discrepancies in data treatment and problems
in obtaining consistent results [22, 23]. Therefore new experimental
results with larger statistics are needed to clarify the scenario. The
KLOE data 2.5 fb−1, corresponding to 5 × 106 η → π+π−γ decays.
This statistics allows a detailed investigation of the di-pion invariant
mass distribution. A selection procedure and background rejection
criteria are in development.
The same framework can be applyed to the η′ meson, taking into ac-
count that in this case also the ρ-mass is covered. Data related to the
η′ → π+π−γ decays are much more recent: in 1997 the analysis of
7392 events provided by Crystal Barrel gave a box anomaly evidence
in the invariant mass of pions [24], while in 1998 the L3 Collabora-
tion found that their data (2123 events) were well described by the
resonant contribution [25].
The data already collected at KLOE, 2.5 fb−1, provides 15×104 η′ → π+π−γ decays. Accurate
Monte Carlo simulation is under development.

5.4 Conclusions and Outlooks

KLOE has been obtained several important results in hadronic physics, in this paper we descrive
some of them. But this is not the end of the story, a new scheme to increase luminosity by a
factor 5 is being implemented at DAφNE, thanks to the crab weist and large crossing angle,
to open new prospects for KLOE2. In the new data taking scheduled for KLOE, e+e− taggers
for γγ physics will be inserted, to collect 5 fb−1. Another upgrade will be performed in a
second phase to insert the inner tracker and new small angle calorimeters. KLOE2 items will
be focused on kaon physics and light hadrons, where in particular thanks to the e+e− taggers a
dedicated data collection will allow us to investigate in a deepper way the γγ fusion processes.
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We consider effects of strong electromagnetic fields in collisions of ultra-relativistic nuclei
at the RHIC and LHC colliders. Since the parameter Zα is not small (Zα ≈ 0.6 for Au-Au
and Pb-Pb collisions), the whole series in Zα has to be summed in order to obtain the
cross section with sufficient accuracy. For the production of lepton pairs we present new
results related to the Coulomb corrections (corresponding to multi-photon exchange of the
produced leptons with the nuclei) and to the unitarity corrections (corresponding to the
exchange of light-by-light blocks between nuclei). For nuclear bremsstrahlung we calculated
the unitarity corrections and a special case related to virtual Delbrück scattering.

1 Introduction

Recently, electromagnetic processes in ultra-relativistic nuclear collisions were discussed in nu-
merous papers (see [1, 2, 3] for a review and references therein) which are connected mainly
with operation of the RHIC collider and the future LHC lead-lead option. For these colliders,
the charge numbers of nuclei Z1 = Z2 ≡ Z and their Lorentz factors γ1 = γ2 ≡ γ are given in
Table 1, together with indicative values for relevant lepton pair production cross sections.

Collider Z γ σe
+e−

Born [kb] σµ
+µ−

Born [b]

RHIC, Au-Au 79 108 36.0 0.213

LHC, Pb-Pb 82 3000 227 2.49

Table 1: Colliders and cross sections for lepton pair production.

Strictly speaking, only a few electromagnetic processes with the production of leptons or
photons are related to fundamental physics. Nevertheless, many of electromagnetic processes
are of great importance for two reasons: either they are dangerous or they are useful for
experiments at the RHIC and LHC colliders. Since the Born cross section σe

+e−
Born is huge (see
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P ′
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Figure 1: Feynman diagram for lepton pair production in the Born approximation.

Table 1), e+e− pair production can be a serious background for many experiments. It is also
an important issue for the beam lifetime and luminosity of these colliders [4]. This means that
various corrections to the Born cross section are of great importance. The subject is notoriously
problematic, and a few controversies have been discussed and clarified in Refs. [1, 5, 6, 7, 8, 9].

A primary reason for the enhanced interest in the nuclear collisions is due to the fact that
the typical Lorentz-boosted electric fields of nuclei are immensely strong; they are of the order
of

E ∼ Ze

ρ2 γ = γ Zα ESchwinger with ρ =
~
mec

, ESchwinger =
m2
ec

3

e~
= 1.3 · 1016 V

cm
; (1)

therefore,
E/ESchwinger ∼ 60 for RHIC and ∼ 1800 for the LHC , (2)

but the interaction times are very short, so that only a very small four-dimensional space-time
volume is available for pair production. As a result, one can still use perturbation theory in
terms of the nuclear interaction, but the perturbation parameter Zα ≈ 0.6 approaches unity
for Au-Au and Pb-Pb collisions.

Throughout the paper we use a system of units in which c = 1, ~ = 1, α = e2/(~c) ≈ 1/137,
and denote the electron, muon and nuclear mass as m, µ and M and L = ln(γ2).

2 Strong-field effects in the e+e− pair production

The cross section of one pair production in the Born approximation (described by the Feynman
diagram of Fig. 1) was obtained many years ago [10]. Since the parameter Zα is not small
the whole series in Zα has to be summed to obtain the cross section with sufficient accuracy.
Fortunately, there is an important small parameter

1

L
< 0.11 , L = ln (γ2) , (3)

and therefore, in some cases it is sufficient to calculate the corrections in the leading logarithmic
approximation (LLA) only.

2.1 Summary of available theoretical results

The exact cross section for one pair production σ1 can be written in the form

σ1 = σBorn + σCoul + σunit , (4)

where two different types of strong-field corrections have been distinguished. We start our dis-
cussion with the production of the lightest lepton pairs, electrons and positrons. The Coulomb
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Figure 2: Feynman diagram for the Coulomb correction to the lepton pair production.
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Figure 3: Feynman diagram for the unitarity correction to the lepton pair production

corrections σCoul to electron-positron pair production correspond to multi-photon exchanges of
the produced e± with the nuclei (Fig. 2),

σCoul = −A(Zα) [L2 −B(Zα)L]
28

27π

(Zα)4

m2
, (5)

where the leading coefficient

A(Zα) = 6f(Zα) = 6 (Zα)2
∞∑

n=1

1

n(n2 + (Zα)2)
≈ 1.9 (6)

was calculated ten years ago in Ref. [5] and next-to-leading coefficient

B(Zα) ≈ 5.5 (7)

was calculated only recently [9]. It was also shown in Ref. [5] that the Coulomb corrections
disappear for large transverse momenta of the produced leptons, at p±⊥ � m.

Collider σCoul
σBorn

σunit
σBorn

σCoul
σBorn

(Ref. [11])

RHIC, Au-Au −10% −5.0% −17%

LHC, Pb-Pb −9.4% −4.0% −11%

Table 2: Coulomb and unitarity corrections to the e+e− pair production.
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The unitarity corrections σunit which are due to the unitarity requirement of the scatter-
ing matrix, correspond to the exchange of the virtual light-by-light blocks between the nuclei
(Fig. 3). They were calculated in Ref. [7] and updated in Ref. [8].

It was found that the Coulomb corrections are about 10 % while the unitarity corrections
are about two times smaller (see Table 2). In the last column of Table 2 we display the result
of Baltz [11] obtained by numerical calculations using a formula for the cross section resulting
from “exact solution of the semiclassical Dirac equations”. In fact, this formula allows one
to calculate the Coulomb correction in the leading logarithmic approximation only which is
insufficient in this very case.

2.2 Probabilities for e+e− pair production at a given impact param-
eter between nuclei

Due to the fact that Z1Z2α� 1 for modern heavy-ion colliders, it is possible for γ � 1 to treat
the nuclei as sources of the external field and calculate the probability of n-pair production
Pn(ρ) in the collision of two nuclei at a given impact parameter ρ. The cross section is then
found to be

σn =

∫
Pn(ρ) d2ρ . (8)

What do we know about the function Pn(ρ)?
It was realized many years ago that in the Born approximation

P1(ρ) ∼ (Zα)4L at ρ ∼ 1/m (9)

and, therefore, this probability can be greater than 1 (see Ref. [12]). It means (i) that one
should take into account the unitarity corrections, which come from the unitarity requirement
for the S-matrix and (ii) that the cross section for multiple pair production should be quite
large.

It was argued in [13] that the factorization of the multiple pair production probability is
described with good accuracy by the Poisson distribution:

Pn(ρ) =
[n̄e(ρ)]n

n!
e−n̄e(ρ) , (10)

where n̄e(ρ) is the average number of produced e+e− pairs. It is evident that the unitarity
requirement is fulfilled by the Poisson distribution, whose sum over n gives one.

The probability for producing one pair, given in perturbation theory by n̄e(ρ), should be
modified to read n̄e(ρ) exp[−n̄e(ρ)]. For the one-pair production it corresponds to replacement:

σe+e− =

∫
n̄e(ρ) d2ρ → σe+e− + σunit

e+e− =

∫
n̄e(ρ) e−n̄e(ρ) d2ρ , (11)

where

σunit
e+e− = −

∫
n̄e(ρ)

[
1− e−n̄e(ρ)

]
d2ρ (12)

is the unitarity correction. It should be noted that the main contribution to σe+e− comes from
ρ� 1/m, while the main contribution to σunit

e+e− comes from ρ ∼ 1/m.
The function n̄e(ρ) is a very important quantity for the evaluation of unitarity corrections.

It was found for γ � 1 in closed form (taken into account (Zα)n terms exactly) in Ref. [14]
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and the problem of its proper regularization was solved in [6]. But the obtained close form for
n̄e(ρ) is, in fact, a nine-fold integral and its calculation is very laborious.

A simpler approximate expression for n̄e(ρ) is very desirable. The functional form of this
function in the region of interest reads

n̄e(ρ, γ, Z) = (Zα)4 F (x, Z) [L−G(x, Z)] , L = ln (γ2) , x = mρ . (13)

The simple analytical expressions for functions F (x, Z) and G(x, Z) is obtained in [7] only at
large values of the impact parameters, ρ� 1/m. On the other hand, for the calculation of the
unitarity corrections we need F (x, Z) and G(x, Z) in the range ρ ∼ 1/m.

In the paper [15] the authors gave a detailed consideration of the function F (x, Z) including
tables and compact integral presentation in the form of an “only” five-dimensional integral.
Using some numerical calculations for the function n̄e(ρ, γ, Z), a simple approximation for
G(x, Z) has been found in [8]:

G(x, Z) ≈ 1.5 ln(x+ 1.4) + 1.9 . (14)

As a result, the approximate expression

n̄e(ρ, γ, Z) = (Zα)4 F (x, Z) [L− 1.5 ln(x+ 1.4)− 1.9] , L = ln (γ2) , x = mρ (15)

with the function F (x, Z) from [15] can be used for calculation of unitarity corrections with an
accuracy on the order of 5 %.

3 Strong-field effects in µ+µ− pair production

The motivation for the consideration of processes involving heavier lepton pairs is given by
the fact that they may be easier to observe experimentally than e+e− pair production. This
process was recently considered in detail in Refs. [16, 8]. It was found that: (i) the Coulomb
corrections are small, while unitarity corrections are large; (ii) the exclusive cross section differs
considerable from its Born value, but its experimental observation is difficult; (iii) the inclusive
cross section coincides with the Born cross section; (iv) the Born contribution can be easily
calculated using the equivalent photon approximation (EPA) which has a very good accuracy
in this particular case.

3.1 Born cross section for µ+µ− pair production

Let us consider the production of a µ+µ− pair,

Z1 + Z2 → Z1 + Z2 + µ+µ− , (16)

using the EPA, but taking into account nuclear electromagnetic form factors. The Born dif-
ferential cross section dσB for the considered process is related to the cross section σγγ for the
real γγ → µ+µ− process by the equation

dσB = dn1dn2 dσγγ , (17)

where dni is the number of equivalent photons. A further simple integration leads to the result
shown in Table 1. The accuracy of this calculation is of the order of a few percent.
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In the impact parameter representation, the probability of muon pair production PB(ρ) in
the Born approximation is given as follows (in the LLA),

PB(ρ) =

∫
dn1dn2 δ(ρ1 − ρ2 − ρ)σγγ =

28

9π2

(Z1αZ2α)
2

(µρ)2
Φ(ρ) , (18)

where µ is the muon mass. There are two scales in dependence of function Φ(ρ) on ρ:

Φ(ρ) =

(
4 ln

γ

µρ
+ ln

ρ

R

)
ln
ρ

R
at R� ρ ≤ γ/µ ,

Φ(ρ) =

(
ln

γ2

µ2ρR

)2

at γ/µ ≤ ρ� γ2/(µ2R)

(here R is the nuclear radius). Reassuringly, when we compare the expression for Φ(ρ) with
numerical calculations based on the exact matrix element, we find good agreement for Pb-Pb
collisions: the discrepancy is less then 10 % for µρ > 10, so that Φ(ρ) can be used with good
effect for the calculation of unitarity corrections below.

3.2 Coulomb and unitarity corrections

For the Coulomb correction, the following simple estimate can be obtained. Due to the nu-
clear form factor, there is restriction of transverse momenta of additional exchange photons
on the level of 1/R and the effective parameter of the perturbation series is not (Zα)2, but
(Zα)2/(Rµ)2. Besides, there is an additional logarithmic suppression because the Coulomb
corrections lack the large Weizsäcker–Williams logarithm L. As a consequence, the real sup-
pression parameter is of the order of

η2 =
(Zα)2

(Rµ)2L
, L = ln

(
γ2
)
, (19)

which corresponds to the Coulomb correction∼ 1 %. We have recently carried out a calculation,
based on the asymptotic limit of the Coulomb corrections for the muon pair photo-prodution
by Ivanov and Melnikov [5]. The results of this investigation, whose details will be published

Collider σCoul
σBorn

σCoul
σBorn

(Ref. [17])

RHIC, Au-Au −3.7% −22%

LHC, Pb-Pb −1.3% −14%

Table 3: Coulomb corrections to the µ+µ− pair production.

elsewhere, are in agreement with (19) and they are given in Table 3. In the last column we
display the recent results of Baltz [17], which are in strong disagreement with the results in the
second column obtained by us. Because the simple estimate (19) corresponds to a decrease of
the Coulomb corrections with the growth of the lepton mass, it seems questionable that the
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Figure 4: Ordinary nuclear bremsstrahlung via a virtual Compton scattering.

Coulomb corrections for the muon pair production, according to Ref. [17], might be larger that
those for the e+e− pair production.

The unitarity correction σunit to muon pair production is described by the exchange of
blocks, corresponding to light-by-light scattering via a virtual electron loop, between the nuclei
(see Fig. 3). As usual,

σB =

∫ ∞

2R

PB(ρ) d2ρ→ σB + σunit =

∫ ∞

2R

PB(ρ) e−n̄e(ρ) d2ρ (20)

and

σunit = −
∫ ∞

2R

[
1− e−n̄e(ρ)

]
PB(ρ) d2ρ (21)

is the unitarity correction for the exclusive production of one muon pair. In LLA we find

δunit =
σunit

σB
= −49 % for the Pb-Pb collisions at LHC. (22)

It is seen that unitarity corrections are large, in other words, the exclusive production of one
muon pair differs considerable from its Born value.

However, the experimental study of the exclusive muon pair production seems to be a very
difficult task. Indeed, this process requires that the muon pair should be registered without
any electron–positron pair production, including e± emitted at very small angles. Otherwise,
the corresponding inclusive cross section will be inclusive and close to the Born cross section
(for details see Ref. [8]).

4 Strong-field effects for the nuclear bremsstrahlung

Ordinary nuclear bremsstrahlung without excitation of the final nuclei is given by the Feynman
diagrams of Fig. 4 and was known in detail many years ago. It can be described as the Compton
scattering of the equivalent photon off the incoming nucleus:

dσbr = dσabr + dσbbr , (23)

and
dσabr = dn1(ω) dσC(ω,Eγ , E2, Z2) . (24)

Here, dn1 is the number of equivalent photons emitted by the nucleus Z1 and dσC(ω,Eγ , E2, Z2)
is the differential cross section for the Compton scattering off nucleus Z2. We can rewrite these
equations as

dσabr = dPa(ρ) d2ρ , (25)
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Figure 5: Nuclear bremsstrahlung via the virtual Delbrück scattering.

where the differential probability dPa(ρ) assumes the form

dPa(ρ) =
Z2

1α

π2

σT(Z2)

ρ2

(
1− xγ +

3

4
x2
γ

)
dEγ
Eγ

, xγ =
Eγ
E2

(26)

with the Thomson cross section (M is the mass of nucleus)

σT(Z2) =
8π

3

Z4
2α

2

M2
. (27)

Now we calculate the unitarity correction [8].

δunit =
dσaunit

dσabr

. (28)

In our case it reads

δunit = − 1

Lγ

∫ ∞

2R

dρ

ρ

[
1− e−n̄e(ρ)

]
, Lγ = ln

(
2γ1 γ

2
2 (1− xγ)

REγ

)
. (29)

An evaluation of this integral gives the following result for a photon energy Eγ = 1 GeV:

δunit = −19 % for the RHIC , δunit = −15 % for the LHC . (30)

5 Large contribution of the virtual Delbrück scattering
into nuclear bremsstrahlung

Recently, in Ref. [18], we have considered the emission of photons not via the virtual Compton
subprocess, but via another one – the virtual Delbrück scattering subprocess of Fig. 5 (the first
results were presented at the PHOTON-2007 conference in Paris). Nuclear bremsstrahlung via
virtual Delbrück scattering in the lowest order of quantum electrodynamics is described by
Feynman diagram of Fig. 5. A first note about this process was given in Ref. [19].

At first sight, this is a process of a very small cross section since σ ∝ α7. But at second
sight, we should add a very large factor Z6 ∼ 1011 and take into account that the cross section
scale 1/m2 is determined not by the nucleon mass, but the electron mass. And last, but not
least, we found that this cross section has an additional logarithmic enhancement of the order
of

L2 & 100 , L = ln
(
γ2
)
. (31)
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Thus, the estimate is

σ ∼ (Zα)
6
α

m2 L2 . (32)

Our analytical result (see for detail Refs. [18]) is

σ = C
(Zα)

6
α

m2 L2 (33)

with C ≈ 0.4. This cross sections is considerably larger than that for ordinary nuclear
bremsstrahlung in the photon energy range:

m� Eγ � mγ . (34)

Thus, the discussed cross section is

σ = 14 barn for RHIC, σ = 50 barn for LHC . (35)

That is quite a serious number! Note for comparison, that the last cross section is 6 times larger
than the total hadronic/nuclear cross section in Pb–Pb collisions, which is roughly 8 barn. The
energy and angular distribution of photons is also calculated in [18].

We conclude this brief report by emphasizing that Coulomb and unitarity corrections, and
loop effects (virtual Delbrück scattering) are essential for an accurate quantitative understand-
ing of photon and lepton production cross sections in ultrarelativistic heavy-ion collisions. The
extremely strong fields encountered in these processes lead to a physical situation not encoun-
tered anywhere else in nature, and thus, surprising effects like loop-dominance over the tree-level
graphs for photon production or a 50 % decrease of an exclusive over an inclusive muon pair
production cross section due to unitarity represent testimonies of the extreme state of matter
and radiation at the RHIC and LHC colliders.
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A series of experiments measuring high energy cosmic rays have recently reported strong
indications for the existence of an exotic source of high energy electrons and positrons.
We review the implications of this result for astrophysics and particle physics with special
emphasis on decaying dark matter as the origin of the PAMELA and Fermi anomalies.

1 Introduction

Different experiments measuring high energy cosmic rays have reported over the last months a
wealth of new results pointing to the existence of an exotic source of electrons and positrons. The
PAMELA collaboration reported evidence for a sharp rise of the positron fraction at energies
7 − 100 GeV [1], possibly extending towards higher energies, compared to the expectations
from spallation of primary cosmic-rays on the interstellar medium [2]. This result confirmed
previous hints on the existence of a positron excess from HEAT [3], CAPRICE [4] and AMS-
01 [5]. Almost at the same time, the balloon-borne experiments ATIC [6] and PPB-BETS [7]
reported the discovery of a peak in the total electron plus positron flux at energies 600-700 GeV,
while the H.E.S.S. collaboration [8] reported a substantial steepening in the high energy electron
plus positron spectrum above 600 GeV compared to low energies. More recently, the Fermi LAT
collaboration has published measurements of the electron plus positron flux from 20 GeV to 1
TeV with unprecedented accuracy [9], revealing an energy spectrum that roughly follows a power
law E−3.0 without prominent spectral features. Simultaneously, the H.E.S.S. collaboration
reported a measurement of the cosmic ray electron plus positron spectrum at energies larger
than 340 GeV, confirming the Fermi result of a power-law spectrum with spectral index of 3.0±
0.1(stat.)± 0.3(syst.), which furthermore steepens at about 1 TeV [10]. The measured energy
spectrum is much harder than the expectations of conventional diffusive models, suggesting the
existence of additional sources of high energy electrons and positrons in the Galaxy.

One of the most popular astrophysical interpretations of the electron/positron excesses are
the electron-positron pairs produced by the interactions of high energy photons in the strong
magnetic field of nearby pulsars, such as Geminga or Monogem [11, 12, 13]. This interpretation
requires, though, a rather large percentage of the total spin-down power injected in the form of
electron-positron pairs, about 40%, and a large cut-off of the electron/positron energy spectrum,
about 1 TeV. Alternatively, the electron/positron excesses could be explained by the combined
emission of both nearby and distant pulsars, this solution requiring a percentage of spin-down
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power ranging between 10-30% and again a large cut-off in the energy spectrum, 800-1400
GeV [14].

A more exciting explanation of the cosmic ray electron/positron excesses is the possibility
that the electrons and positrons are produced in the annihilation or the decay of dark matter
particles. Would this interpretation be confirmed by future experiments, the electron/positron
excesses would constitute the first non-gravitational evidence for the existence of dark matter
in our Galaxy. The interpretation of the PAMELA and Fermi results in terms of dark matter
is subject to constraints from the flux measurements of other cosmic ray species. A very
important constraint arises from the measurements of the antiproton flux by PAMELA [15],
BESS95 [16], BESS95/97 [17], CAPRICE94 [18], CAPRICE98 [19] and IMAX [20], which are
hitherto consistent with the expectations from conventional propagation models, thus excluding
the possibility of a large antiproton flux from dark matter annihilation or decay [21].

The steep rise in the positron fraction observed by PAMELA and the Fermi results on the
total electron plus positron flux can be explained by dark matter annihilations in the center of
the Milky Way, provided the dark matter particle has a mass in the TeV range and annihilates
preferentially into τ+τ− or 4µ [22]. This interpretation of the positron excess, however, typically
requires the ad hoc introduction of large boost factors. Furthermore, it has been argued that
if dark matter annihilations are the origin of the PAMELA anomaly, the predicted gamma-ray
emission from the center of the Galaxy is in conflict with the H.E.S.S. observations for typical
cuspy halo profiles [23].

In the remainder, we will discuss the possibility that dark matter decay could be the origin
of the PAMELA and Fermi excesses. We will show that there exist a number of decay channels
which can accommodate simultaneously the PAMELA data on the positron fraction and the
Fermi data on the total electron plus positron flux, while being at the same time consistent
with present measurements of the antiproton flux and the diffuse extragalactic gamma-ray
flux [24, 25]. This explanation to the cosmic ray anomalies requires that the dark matter
particle should have a mass of a few TeV and a lifetime around 1026 s. In this framework,
no boost factors are required and the gamma-ray emission from the center of the Galaxy is
consistent with present measurements [26].

In Section 2 we will present some motivations to consider the scenario of decaying dark
matter, in Section 3 we will show our results for the high-energy cosmic rays from dark matter
decay and lastly, in Section 4, we will present our conclusions.

2 Decaying Dark Matter

One of the necessary requirements for the viability of a dark matter candidate is to have a
lifetime longer than the age of the Universe. However, present observations do not require
absolute stability of the dark matter particles, as is implicitly assumed in most studies of the
indirect detection of dark matter. Most of these analyses focus on the possibility that the
dark matter is constituted by weakly interacting massive particles (WIMPs) which annihilate
in the center of the Milky Way, producing an exotic contribution to the positron flux observed
at Earth. It is interesting to note that, being weakly interacting, these particles are typically
very short-lived. To be more precise, a WIMP with a mass of O(100 GeV) will generically
decay into Standard Model particles with a lifetime of O(10−25 s), which is obviously too short
to constitute a viable dark matter candidate. In particular, this is the case for the lightest
neutralino in the Minimal Supersymmetric Standard Model (MSSM), which in general decays
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too fast into Standard Model particles, for instance via χ0
1 → γν. Then, in order to obtain a

lifetime longer than the age of the Universe, the dangerous WIMP couplings to Standard Model
particles have to be suppressed by at least 22 orders of magnitude, which may be justified in
some particular frameworks but which is nonetheless dubious. Therefore, in the absence of a
compelling explanation for this extreme suppression of the coupling, the simplest possibility to
guarantee the longevity of a WIMP is to impose a symmetry which prevents the fast decays
into Standard Model particles. In the case of the MSSM this symmetry is R-parity, which
guarantees that the neutralino is absolutely stable.

However, WIMPs only correspond to a subclass of all dark matter candidates; the dark
matter particle could also have interactions with ordinary matter much weaker than the weak
interactions. If the dark matter particle is superweakly interacting, the decay rate into Standard
Model particles is naturally suppressed, thus yielding lifetimes which can be larger than the age
of the Universe or perhaps a few orders of magnitude smaller. In the latter case, to obtain a
sufficiently long lifetime, a suppression of the coupling by just a few orders of magnitude suffices,
which can be justified in simple models. These dark matter candidates eventually decay into
Standard Model particles, producing an exotic contribution to the cosmic-ray fluxes which may
be detected at Earth. In the next section, the possible signatures of decaying dark matter in
the cosmic-ray fluxes will be discussed in detail.

In fact, many superweakly interacting dark matter candidates have been recently proposed
which decay into Standard Model particles with lifetimes longer than the age of the Universe.
A very interesting candidate is the gravitino in R-parity breaking vacua [27, 28, 29], which is
motivated by the requirement of a consistent thermal history of the Universe with supersymmet-
ric dark matter, baryogenesis through leptogenesis and successful primordial nucleosynthesis.
Other candidates for decaying dark matter recently proposed are hidden sector gauge bosons or
gauginos [30, 31], where the decay rate is suppressed by a small kinetic mixing between a hidden
U(1) gauge group and the U(1) of hypercharge, right-handed sneutrinos in scenarios with Dirac
neutrino masses [32], where the decay rate is suppressed by the tiny neutrino Yukawa couplings,
or hidden sector fermions [33] and bound states of strongly interacting particles [34, 26], where
the decay rate is suppressed by the scale of grand unification.

Instead of analyzing the cosmic-ray signatures for each of these scenarios, we will present
here the results of a model-independent approach which encompasses the main features of all
the scenarios listed above [24, 25].

3 High-energy cosmic rays from dark matter decay

We will assume that the Milky way halo is populated with dark matter particles with mass MDM

and lifetime τDM which are distributed following a Navarro-Frenk-White density profile [35]. In
order to keep the analysis as model-independent as possible, we have considered the predictions
for the positron fraction and the total electron plus positron flux for various decay channels
and different dark matter masses and lifetimes [24, 25]. Namely, in the case of a fermionic dark
matter particle ψDM, we have considered that the dark matter particle decays exclusively via
the two-body decay channels ψDM → Z0ν, ψDM → W±`∓, as well as the three-body decay
channel mediated by a heavy scalar ψDM → `+`−ν, with ` = e, µ, τ being the charged leptons.
On the other hand, for a scalar dark matter particle φDM, we have considered the two-body
decay channels φDM → Z0Z0, φDM → W+W−, φDM → `+`−. The fragmentation of the weak
gauge bosons produces a continuous spectrum of positrons (mainly from π+ decay) that we
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have obtained using the event generator PYTHIA 6.4 [36]. Then, with the energy spectrum of
positrons being calculable, the only free parameters from the particle physics point of view are
the dark matter mass and lifetime.

Antimatter particles propagate through the halo in a complicated way that we describe by
means of a stationary two zone diffusion model with cylindrical boundary conditions [37]. For
the positron propagation we will adopt the MED propagation model defined in [38], although our
conclusions for the electron/positron fluxes are rather insensitive to the choice of propagation
parameters or to the choice of dark matter halo profile.

We show in Fig. 1, top-left plot, the predicted positron fraction for a dark matter particle
which decays as ψDM → Z0ν, compared to the PAMELA, HEAT, CAPRICE and AMS-01
data for dark matter masses MDM = 5 and 100 TeV. We also show, in the top-right plot,
the corresponding total electron plus positron flux compared to the Fermi, HESS, PPB-BETS,
ATIC, AMS-01, BETS and HEAT data. For each mass, the dark matter lifetime and the
normalization of the background flux of electrons have been left as free parameters which have
been determined to provide a qualitatively good fit to the PAMELA and Fermi measurements.
In this decay channel, the only source of electrons and positrons is the fragmentation of the Z0

boson, which produces relatively soft particles. As a result, even though this decay mode can
produce a visible excess in the positron fraction, the energy spectrum is in general too flat to
explain the high rise observed by PAMELA. An exception occurs if the dark matter mass is
very large, MDM & 50TeV. In this case, the electrons and positrons from dark matter decay are
boosted to high enough energies to produce the steep rise in the positron fraction. However,
these high dark matter masses seem to be in conflict with the H.E.S.S. observations, which
require a fall-off in the total electron plus positron spectrum at ∼ 1TeV.

More promising is the case when the dark matter particle decays as ψDM → W±`∓. In
this case, the positrons created in the fragmentation of the W± gauge bosons again produces
a rather flat contribution to the positron fraction. However, the hard electrons and positrons
resulting from the decay of the µ± and τ± leptons or directly from the dark matter decay into
e± produce a rise in the total energy spectrum and in the positron fraction. The decay mode
ψDM → W±e∓ which can produce a steep rise in the positron fraction and is thus consistent
with the PAMELA observations, produces also a steep rise and a sharp fall-off in the total
electron plus positron flux, which is not observed by Fermi. Thus, the possibility that the dark
matter particle decays preferentially in this decay mode, which was favored by the PAMELA
observations, is now excluded in the light of the Fermi results on the total electron plus positron
flux. On the other hand, the positrons produced in the decay mode ψDM → W±τ∓ induce a
contribution to the positron fraction and the electron plus positron flux which is too flat to
explain the anomalies observed by PAMELA and Fermi. Lastly, as shown in Fig. 1, second panel
from the top, the decay mode ψDM →W±µ∓ can nicely accommodate the PAMELA and Fermi
observations when the dark matter mass is MDM ' 3 TeV and the lifetime is τDM ' 2.1×1026 s.

Similar conclusions hold when the dark matter particle decays into a lepton-antilepton pair
and a neutrino. In this case many possibilities can arise depending on the specific particle
physics scenario. We will just concentrate on the case where the lepton and the antilepton
carry the same flavor and the decay is mediated by a heavy scalar. In this case, the spectrum
produced is flatter than in the two body decay ψDM → W±`∓ discussed above, but the same
conclusions hold: the decay mode ψDM → e−e+ν predicts a peak in the total electron plus
positron spectrum which is not observed by Fermi, and the decay mode ψDM → τ−τ+ν produces
an electron plus positron spectrum with an energy dependence much steeper than E−3.0 at high
energies, in conflict with the Fermi measurements. However, the decay channel ψDM → µ−µ+ν
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Figure 1: Positron fraction (left panel) and total electron plus positron flux (right panel) for
various dark matter decay channels and masses. The dashed line shows the background fluxes as
discussed in Ref. [25]. Solar modulation is taken into account using the force field approximation
with φ = 550 MV. From top to bottom, we show ψDM → Z0ν with MDM = 100 TeV (solid)
and 5 TeV (dotted); ψDM → W±µ∓ with MDM = 3000 GeV (solid) and 600 GeV (dotted);
ψDM → µ−µ+ν with MDM = 3500 GeV (solid) and 1000 GeV (dotted); ψDM → `±`∓ν with
equal branching ratio into the three charged lepton flavors, with MDM = 600 GeV (dotted) and
2500 GeV (solid). The last three cases can accommodate reasonably well the energy spectra of
the positron fraction and the total flux.
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can reproduce quite nicely the Fermi electron plus positron spectrum and the steep rise in the
positron fraction observed by PAMELA when the dark matter mass is MDM ' 3500GeV and
the lifetime is τDM ' 1.1× 1026 s, as shown in Fig. 1, third panel from the top.

In some decaying dark matter scenarios, the dark matter particle decays into charged leptons
of different flavors and not exclusively in just one channel. As an illustration of the predictions
of this class of scenarios, we show in Fig. 1, bottom panel, the positron fraction and the total
electron plus positron flux for a dark matter particle which decays ψDM → `+`−ν with identical
branching ratio into the three flavors, for dark matter masses MDM = 600 GeV (dotted) and
2500 GeV (solid), inspired in the particularly interesting case where dark matter neutralinos
decay into light hidden gauginos via kinetic mixing, or vice-versa [31]. It is interesting that
this possibility is also in agreement with the PAMELA and Fermi data, as is apparent from the
plot.

The most promising decay channels for a fermionic or a scalar dark matter particle are listed
in Tab. 1, where we also show the approximate mass and lifetime which provide the best fit to
the data. It should be borne in mind that the astrophysical uncertainties in the propagation of
cosmic rays and in the determination of the background fluxes of electrons and positrons are
still large. Besides, the existence of a possibly large primary component of electrons/positrons
from astrophysical sources, such as pulsars, cannot be precluded. Therefore, the precise values
of the dark matter parameters can vary. These results can nevertheless be used as a guidance
for building models with decaying dark matter as an explanation of the PAMELA and Fermi
anomalies.

Decay Channel MDM [GeV] τDM [1026s]
ψDM → µ+µ−ν 3500 1.1
ψDM → `+`−ν 2500 1.5
ψDM →W±µ∓ 3000 2.1
φDM → µ+µ− 2500 1.8
φDM → τ+τ− 5000 0.9

Table 1: Decay channels for fermionic and scalar dark matter, ψDM and φDM respectively, that
best fit the Fermi and PAMELA data.

Decay modes into weak gauge bosons produce an associated antiproton flux, which is severely
constrained by present experiments [15, 16, 17, 18, 19, 20]. Indeed, the measurements of the
antiproton flux do not show any deviation with respect to the theoretical expectations from
spallation of cosmic rays on the interstellar medium, thus constraining the size of any exotic
contribution. Therefore, purely leptonic dark matter decays are favored over the decays into
weak gauge bosons. Nevertheless, as discussed in [39, 25], the antiproton flux produced by the
dark matter decay into weak gauge bosons can be consistent with present measurements for
certain choices of propagation parameters, especially when the dark matter mass is large. It is
interesting to note that an antiproton flux from dark matter decay is necessarily accompanied
by an antideuteron flux which could be observed in future experiments [39].

A very important constraint on the decaying dark matter scenario stems from observations of
the diffuse extragalactic gamma-ray flux. The scenario of decaying dark matter predicts a well-
defined angular map of gamma rays in the diffuse extragalactic background [40]. Furthermore,
decay modes which can successfully reproduce the PAMELA and Fermi results lead to different
signatures in the diffuse extragalactic gamma-ray flux. Therefore, future observations by the
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Figure 2: Extragalactic diffuse gamma-ray flux for ψDM → W±µ∓ (left panel) and ψDM →
µ−µ+ν (right panel) for the dark matter mass and lifetime that can reproduce the observed
positron fraction and total electron plus positron flux. We included gamma-rays produced
directly in the final state radiation of the muons and the fragmentation of W± (green line),
gamma-rays from inverse Compton scattering of dark matter electrons and positrons on the
interstellar radiation field (solid blue line; the dotted blue lines show the fluxes that come from
scattering on the cosmic microwave background, on the thermal radiation of dust and on star
light from left to right) and gamma-rays from inverse Compton scattering outside of our galaxy
(red). The black solid line shows the overall flux. The dark red and dark blue lines show the
total flux (dash-dotted) adding an isotropic extragalactic background (dashed) with a power-
law spectrum. Normalization and power index are chosen to fit one of the two shown data sets
[42, 43].

Fermi Large Area Telescope (LAT) may exclude or give support to the paradigm of decaying
dark matter and could exclude some decay channels, thus giving invaluable constraints on the
properties of the dark matter particles.

The total extragalactic diffuse gamma-ray flux receives several contributions. The first one
stems from the photons produced directly in the dark matter decay (mainly via π0 decay) or final
state radiation of the final particles. The second one is produced during the propagation of the
electrons and positrons in the Galaxy, through the inverse Compton scattering on the interstellar
radiation field, which includes the cosmic microwave background, thermal dust radiation and
starlight [41]. Lastly, there exists a background contribution, presumably originating in Active
Galactic Nuclei (AGNs), which is perfectly isotropic and which has an energy spectrum which
is assumed to follow a simple power law; the normalization and index will be treated as free
parameters to be determined by requiring a good fit of the total flux to the data.

We show in Fig.2 the predictions for the total diffuse extragalactic diffuse gamma ray back-
ground for the two promising decay modes ψDM → W±µ∓ (left panel) and ψDM → µ−µ+ν
(right panel). We show the gamma-ray fluxes from final state radiation and W± fragmentation
(green) and from galactic (blue) and extragalactic (red) inverse Compton scattering of dark
matter electrons and positrons. We also show the total flux compared to the extraction of the
extragalactic diffuse gamma-ray flux by Sreekumar et al. [42] and by Strong, Moskalenko and
Reimer [43], averaging over the whole sky excluding the region of the galactic plane with lati-
tudes |b| < 10◦ and assuming a power law for the genuinely extragalactic component. In both
cases, they are consistent with the present data and show a deviation from the putative power
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law of the astrophysical background, which could be observed by the Fermi LAT, depending
on the precise spectrum of the genuinely extragalactic contribution to the flux. Furthermore,
this deviation is more prominent in the decay mode ψDM → W±µ∓, due to the gamma rays
produced in the fragmentation of the W boson, thus offering a way of discriminating between
these two decay channels.

4 Conclusions

Astrophysical and cosmological observations do not require the dark matter particles to be ab-
solutely stable. If they are indeed unstable, their decay into electrons and positrons might occur
at a sufficiently large rate to allow the indirect detection of dark matter through an anomalous
contribution to the cosmic electron/positron fluxes. In this work we have investigated whether
the anomalies in the positron fraction and the total electron plus positron flux reported by the
PAMELA and the Fermi LAT collaborations, respectively, could be interpreted as a signature
of the decay of dark matter particles. We have shown that indeed some decaying dark matter
scenarios can reproduce reasonably well the energy spectra of the positron fraction and the
total flux, while being at the same time consistent with present measurements of the antiproton
flux and the radio and gamma-ray fluxes. We have also discussed the expectations from the
scenario of dark matter decay for the diffuse extragalactic gamma-ray flux, which will be tested
in the near future by the Fermi LAT.
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A brief summary is given on what we have learnt from inclusive DIS measurements with
HERA on the structure of the proton, recalling some experimental results available twenty
years ago, and presenting some HERA milestones up to most recent results.

1 Introduction

This paper summarises a seminar given at the PHOTON09 conference. It therefore is not a
typical conference contribution. The seminar title was “What have we learned on proton struc-
ture from HERA?” devoted to the collider experiments H1 and ZEUS. This subject is difficult
to discuss on a few proceedings pages. Before HERA, and following the seminal discovery of
pointlike constitutents of the proton at SLAC, now 40 years ago, a series of neutrino and muon
deep inelastic scattering (DIS) experiments was performed in order to study the partonic struc-
ture of nucleons further and to also develop and test Quantum Chromodynamics (QCD), which
had been put forward as the gauge field theory of the strong interaction of confined quarks
and gluons. Some of the findings of these fixed target experiments are recalled here in order to
understand better the new developments which HERA brought. The kinematic range of these
experiments was determined by the cms energy squared, s = 2MpEl, i.e. by the lepton beam
energy El, typically 200 GeV, and the mass of the proton Mp as the fixed target energy.

HERA collided electrons (and positrons) of 27.5 GeV energy with protons of 820/920GeV
energy. There were three main reasons for HERA to provide a much deeper understanding of
proton’s structure than the fixed target experiments of the eighties: i) The energy s was much
increased with the now moving proton “target”, to values of s = 4EeEp ' 105 GeV2, more than
two orders of magnitude higher than before; ii) At the collider, the scattering kinematics is
determined from the scattered electron angle and energy, from the hadronic final state or/and
from a combination of the electron and hadron momenta. The redundancy of the kinematics
was at the origin of the reliability and large kinematic range of the HERA measurements; iii)
The two collider experiments H1 and ZEUS had a nearly 4π acceptance which enabled the
radiative corrections to be much suppressed by establishing the energy-momentum balance of
each event.

In this very brief summary a few developments may be recalled only, and the discussion is
restricted to inclusive scattering. A detailed overview on experimentation at HERA and the
results achieved with the data taken until 2000, in period I, can be found in these proceedings
and in [1]. The slides of this talk are available from the PHOTON09 web site.

Section 2 presents a reminder on experimental results on DIS available before HERA. Section
3 recalls the first two major observations, made by H1 and ZEUS, the rise of the proton structure
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function F2(x,Q2) towards low x and the existence of a significant fraction of events, in which
the proton remained intact, a process then termed deep inelastic diffractive scattering. It also
reminds of ideas, discussed in 1994, on the increase of the luminosity and future measurements,
in particular of the longitudinal structure function FL, which eventually was pursued prior to
the termination of HERA’s operation in 2007. Section 4 presents most recent results which
have allowed completing the analysis of the HERA I data, a combination of H1 and ZEUS
measurements and a joint QCD analysis. Section 5 presents some recent preliminary results,
based on the full HERA statistics, completion of which will end the analysis of the inclusive
cross section data in the not far future. A short summary is presented in Section 6.

2 Experiments before HERA

Twenty years ago, seven major experiments on deep inelastic scattering (DIS) were analysing
data, the BCDMS, BFP and EMC muon experiments and the BEBC, CCFRR, CDHSW and
CHARM neutrino experiments. These experiments measured neutral (NC) and charged current
(CC) scattering, respectively, at values of momentum transfer squared Q2 up to some 100 GeV2

and Bjorken x values above 0.01, as is summarised in [2].
The inclusive DIS cross section, at lower Q2, is determined by the two proton structure

functions F2 and FL as

d2σ

dxdQ2
=

2πα2

Q4x
[(Y+ +

M2
px

2

Q2
y2)F2 − y2 · FL] ' 2πα2

Q4x
Y+[F2 −

y2

Y+
FL], (1)

where y = Q2/sx is the inelasticity of the process, or the relative energy transfer in the fixed
target configuration, and Y+ = 1+(1−y)2. The structure function expression F2−y2/Y+ ·FL is
referred to as the reduced DIS cross section σr. In the Quark Parton Model (QPM) for photon
exchange, F2 is determined by the sum of quark and anti-quark distributions weighted by the
electric quark charges squared F2 = x

∑
e2
q(q + q), and FL = 0.

Figure 1 shows one of the salient measurements of that time, the structure function F2(x,Q2),
for different x between 0.07 and 0.75 as a function of Q2, from 9 to 220 GeV2, as obtained by
the BCDMS Collaboration in µp scattering [3]. This data set, a combination of data from four
different muon beam settings, has been crucial input for most of the subsequent extractions of
parton density functions (pdf) until today. With an accuracy of up to about 2%, the data are
rather precise, with good coverage of the large x region. The plot illustrates that the BCDMS
data continue the behaviour of the historic SLAC ep data, obtained at lower Q2, albeit some
trend is visible of F2 being a bit flatter at larger x in the BCDMS measurement. The tendency
of the BCDMS data to be ‘flat’ leads to a rather small value of the strong coupling constant αs,
of about 0.11 at Q2 = M2

Z when using the BCDMS data alone. There is also a clear deviation
visible of the EMC data from the BCDMS result, in particular at lower x (left part of the plot).
It was realised subsequently that the EMC analysis was incomplete at low x, and the BCDMS
result was supported by the CDHSW data. The BCDMS Collaboration had also deuteron data
taken, as did many other DIS fixed target experiments, unlike HERA, which was not given the
time to study the structure of the neutron in the much extended range.

Using the variation of the muon beam energy, the BCDMS collaboration determined the
ratio of the cross sections of longitudinally and transversely polarised virtual photon-proton
interactions, R = σL/σT = FL/[(1 +M2

px
2/Q2)F2 −FL] ' FL/[F2−FL]. The result, as shown

in Figure 2, covers an x range from about 0.1 to 0.65 with a tendency to larger R values of
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Figure 1: Solid points: Combined measurement of F2 by BCDMS at low x (left) and large x
(right). Open points: Corresponding data from EMC. Squares at lower Q2: F2 measured in ep
scattering at SLAC.

about 0.15 towards smaller x values. Since FL is sensitive to the gluon distribution xg [4], an
increase of R may be caused by an enlarged xg. The information on xg available from the
fixed target DIS experiments had yet been sparse. The gluon distribution cannot be measured
directly but is deduced from QCD analyses. Since it does not enter the non-singlet evolution
equations, obeyed by the valence quarks which dominate at high x, it is difficult to extract xg
accurately from large x DIS data alone. An attempt to determine xg was performed by the
BCDMS Collaboration [5]. Using the momentum sum rule and fixing αs, the result of Figure 2
was obtained for a few x bins around x ∼ 0.1. The solid overall curve describes the NLO QCD
fit result [5] giving xg = 4.93(1− x)8.3 at Q2 = 5 GeV2.

A series of DIS neutrino and anti-neutrino scattering experiments provided complementary
information to the muon experiments. These experiments, by the nature of the W exchange,
are sensitive to the flavour decomposition of proton structure. An example is given in Figure 3,
which shows the simultaneous measurement by CDHSW [6] of the sum of the anti-quark dis-
tributions and of FL, expressed as R, in the range of x between 0.015 and 0.65 and of Q2 from
about 0.5 to 200 GeV2. This decomposition relies on the different y dependence, at large y, of
the anti-neutrino and neutrino-nucleon scattering cross section difference on q and FL

1

σ0

[
d2σνN

dxdy
− (1− y)2 d

2σνN

dxdy

]
= [1− (1− y)4]qν + [(1− y)− (1− y)3]FL. (2)

The result on R is very similar to the one from BCDMS. One also notices the result from the
electron scattering experiment at SLAC and the strong Q2 dependence of R at fixed, large x
as shown in Figure 3. The result on the anti-quark distribution exhibits strong positive scaling

PHOTON09 3

THE STRUCTURE OF THEPROTON AND HERA

PHOTON09 433



Figure 2: Measurements of R ' FL/(F2−FL) by the muon DIS experiments BCDMS and EMC
(left). Determination of the gluon distribution in NLO QCD by BCDMS (points and solid line)
compared with LO determinations by BCDMS and EMC, at Q2

0 = 5 GeV2 (right).

violations at small x, down to 0.01. From the νN and νN cross sections it was also possible to
disentangle the x behaviour of the sum of quark and anti-quark distributions, q + q, and their
difference, which in the QPM was assumed to be equal to the valence quarks q − q = uv + dv .
As Figure 3 illustrates, it was found that above x ' 0.3 the proton structure was dominated by
valence quarks. QCD analyses showed that at low x the gluon distribution was exceeding the
quark distributions.

The determination of parton distributions twenty years ago had already reached a certain
state of art [7, 8]. Based on the Buras-Gaemers type of parameterisation [9], xP ∝ xλ(1−x)c, fits
were performed up to next to leading order (NLO), using global data sets, including systematic
errors and renormalisation scheme effects. The predictions for HERA were of wide range, as
is illustrated in Figure 4. The low x behaviour was determined by the parameter λ which
was predicted to change rapidly with Q2. The value of λ was not fixed. In an alternative
approach [10], parton distributions were radiatively generated, assuming that at a very small
initial scale Q2

0 ∼ 0.3 GeV2 both xg and q are zero and the renormalisation group equation
would still hold. This allowed predictions to be made for the behaviour of F2 in the so far
unexplored range of very small Bjorken x, down to 10−4. Results from HERA were eagerly
awaited.

3 First Results

The first years at HERA were particularly exciting and lead to a very large number of first
observations and non-observations, as of lepto-quarks, which are reviewed in [1]. For the subject
of proton structure two observations were probably of key importance, the rise of F2 at low x
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Figure 3: Right: Measurement of the total anti-quark distribution as a function of Q2 for dif-
ferent x by CDHS. Left bottom: Measurement of R derived from the y distribution, compared
with SLAC data at different Q2 (open points). Left top: Determination of the sum and differ-
ences of the the total quark and total anti-quark distributions and also of the gluon distribution
as a function of x, at Q2 = 20 GeV2.

and diffractive DIS.

The first measurements of the proton structure function F2, shown in Figure 5, were based
on only 0.03 pb−1 of data, taken in 1992. With these first measurements the rise of F2 towards
low x was discovered. This rise is in agreement with general expectations on the low x (large
ω = 1/x) asymptotic limit of QCD [11]; however, the actual scale (Q2), at which the limit would
be applicable, was not predicted. The dynamical parton model approach, termed GRV91 in
Figure 5, was rather successful.

A second surprise came when an excess was observed of events with a much reduced activity
in forward direction, usually populated by the remnants of the proton being in colour connection
with the struck quark fragments. In 1993 an about 10% fraction of events was observed, see
Figure 6, in which apparently the proton yet stayed intact. The interpretation is that of a
diffractive exchange, often termed the Pomeron, which carries a fraction xIP of the proton
momentum. A parton of momentum fraction β = xIP /x interacts with the exchanged photon
of virtual mass squared Q2. The salient feature of these events is the absence of forward particle
production, near the proton beam pipe, which is measured as an activity gap in polar angle,
or equivalently rapidity, from the proton beam axis to the more centrally produced particles
which stem from the struck parton in the diffractive exchange. Factorising out the Pomeron
flux, the hard γIP scattering part can be treated as in conventional DIS. This allowed QCD
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Figure 4: Extrapolation of the behaviour of F2 and the gluon distribution xg towards low x
at Q2 = 10 (top) and Q2 = 104 GeV2 (bottom) within the framework of the 1991 global pdf
analysis [7]. The low x behaviour was phenomenologically determined by the term xB , which
could be large or small. Both fits described the data which extended down to x about 0.01 at
a few GeV2. From the measurements of HERA one now knows that F2 at Q2 = 10 GeV2 and
x = 10−4 is about 1.7 and xg ' 13, thus somewhat closer to the B1 curves.

analyses to be performed in order to derive the quark and gluon distributions of the diffractive
exchange. Such analyses are based on the diffractive cross section σD(3)

d3σep→eXY

dxIP dxdQ2
=

2πα2

xQ4
· Y+ · [FD(3)

2 − y2

Y+
F
D(3)
L ], (3)

which is integrated over the ranges of four-momentum transfer from the incoming to the outgo-
ing proton and the dissociation mass. Similarly to inclusive DIS, the reduced ep cross section

depends on the diffractive structure functions F
D(3)
2 and F

D(3)
L . For y not too close to unity,

σ
D(3)
r = F

D(3)
2 holds to very good approximation. The field of diffractive DIS has developed

very much as the comparison of the first observations with a recent measurement of σD(3) il-
lustrates, Figure 6. The major result of detailed QCD analyses has been that the diffractive
interaction dynamics, or the partonic contents of the diffractive exchange, for all β below about
0.3, is dominantly due to gluons, in line with the view of the Pomeron representing a colourless
exchange of two gluons.

In September 1994 a first meeting was held between the collider experiments and the HERA
machine experts in order to discuss the future. The luminosity development until then was
steady, as is illustrated in Figure 7, but the expectations had been on about 100 pb−1 annually
while by then only about 5 pb−1 had been collected. It was obvious that for the physics at high
Q2 a much higher integrated luminosity was required. The machine was achieving an annual
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Figure 5: The first measurements of H1 (solid points) and ZEUS (open points) of the proton
structure function F2(x,Q2) based on the data taken in 1992 shown as a function of Bjorken x.
The HERA experiments were able to extend the kinematic range of the F2 data provided by
the fixed target electron (SLAC) and muon (BCDMS, NMC) proton experiments by two orders
of magnitude into the then-unknown domain of low x. For GRV91 see text.

luminosity close to the expectations by summer 2000 when phase I was terminated and a major
upgrade began, in particular of the interaction regions. The result of placing focussing magnets
close to the vertex was an increase of the specific luminosity by a factor of 4 which lead to a
large increase of the luminosity when HERA had overcome initial problems due to synchrotron
radiation initiated background.

At the 1994 meeting a further ‘first result’ was discussed. Besides a measurement of the
structure functions F2 and FD2 there was an obvious interest in the measurement of the longi-
tudinal structure functions, FL and FDL , because these would allow a non-trivial test of QCD
at higher orders and provide independent information on the gluon density at low x. Figure 8
presents the expectation on the measurement of R and the recently released, still preliminary,
measurement of FL. The result is interesting: at Q2 lower than about 10 GeV2, a region ac-
cessed with the upgraded backward apparatus of H1, the data tend to exceed the NLO QCD
fit prediction which essentially is derived from the lnQ2 derivative of F2. The definition of
FL to NLO and the exact treatment of the charm contribution near threshold are theoretical
issues under discussion. The data analysis is being finalised to accomplish publication of this
first observation [12], relying on the last data taken at HERA. Further interesting results on FL
have also been obtained by ZEUS [13] while H1 has also measured FDL for the first time [14].

4 Precision Results

Since the first results on F2 in the DIS region ofQ2 of O(10) GeV2, obtained with the initial data,
the accuracy of this measurement was constantly improved. The most accurate measurement
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Figure 6: Left: The first observations of hard diffraction - top left: Distribution in DIS events
of ηmax, the maximum pseudorapidity of a cluster of energy larger than 400 MeV, in the ZEUS
calorimeters; bottom left: Similar observation in the H1 DIS ηmax distribution compared with
a simulation which included diffractive and genuine DIS events. Right: An example for a
recent measurement of the diffractive DIS cross section as a function of Q2 for different β at
xIP = 0.01. The data are well described by a theoretical model based on QCD evolution of
diffractive parton densities using a Regge factorisation ansatz.

of F2 at HERA is shown in Figure 9 and may be compared for curiosity with Figure 5. Based
on H1 detector upgrades in the mid nineties, a huge step of improvement could be realised [15]
and F2 is now known to nearly 1 % accuracy. The structure function rises approximately as xλ

towards low x. There is no sign of saturation of this behaviour at lowest x in the DIS region
observed. Using the 1997 H1 data the power was determined [16] as λ = −0.05 ln(Q2/0.32) with
Q2 in GeV2. Together with a variety of measurements on neutral (NC) and charged current
(CC) scattering by H1 and ZEUS, a first inclusive cross section combination was recently
published [17] of all HERA I data, which covers the wide kinematic range of 6 ·10−7 ≤ x ≤ 0.65
and 0.045 ≤ Q2 ≤ 30000GeV2. Due to the independence of the H1 and ZEUS results and the
use of complementary methods of kinematic reconstruction, the accuracy of the combined data
set is better than that of a simple mean.

The combined data set was used for an updated QCD analysis at NLO [17] following the
approach introduced in [15] by H1, regarding in particular the parameterisation of the parton
distributions and the treatment of uncertainties. As compared to the QCD fits prior to HERA,
mentioned above, quite some substantial improvements to the art of extracting parton informa-
tion from DIS cross sections have been introduced over the years. These rely on experimental
progress as summarised in [1] and theoretical developments, especially the challenging calcula-
tions of QCD to higher orders which reached the NNLO level [18]. These improvements are: i)
a refined treatment of experimental uncertainties in terms of their uncorrelated and correlated
error contributions; ii) a choice of parameters based on χ2 saturation criteria supplemented
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Figure 7: Development of the integrated luminosity at HERA over time. Left: Status in
September 1994 as presented by Ferdinand Willeke at an upgrade meeting; right: The lumi-
nosity delivered by HERA in the first phase (1992-2000) and the upgrade phase (2003-2007).
The last four months were devoted to the lower proton beam energy runs. The trend resembled
HERA I as the luminosity is proportional to E−2

p , i.e. the factor 3-4 loss due to the reduction
of Ep at the end of HERA’s operation brought the luminosity back to HERA I values of about
10−31 cm−2 s−1.

by in depth investigations of possible and inacceptable fit solutions; iii) attempts to consider
such parameterisation uncertainties in the final error bands; iv) following the measurements of
charm and beauty densities by H1 and ZEUS and theoretical prescriptions, still developing, a
simulation of the threshold effects of c and b density contributions; v) a consideration of the
effect of parameters such as cut or mass values. The results therefore are more reliable, not
only due to the improved experimental input. There remains an element of subjectivity in per-
forming such analyses, which underlines the importance of having several approaches, some of
which are cited below [19]. There are yet some common observations associated to HERA data
which may be illustrated well with the recent HERAPDF1.0 fit result [17] in Figure 10. The

apparent structure of the proton depends on the resolution ∝ 1/
√
Q2, with which it is probed.

At Q2 of about 1 GeV2, corresponding to 0.2 fm, the proton structure may be decomposed as
is shown in Figure 10 top. The gluon distribution has a valence like shape, i.e. at very low x
the momentum is carried by sea quarks. At medium x ∼ 0.05 the gluon dominates over all
quarks. At largest x, above 0.3, the proton structure is dominated by the up and down valence
quarks. This picture evolves such that below 10−16 m for x ≤ 0.1 the gluon density dominates
also over the sea quark density, see Figure 10 c,d). One may compare this HERA result with
the early determination of xg by BCDMS, as shown in Figure 2, or the pdf determination by
CDHS, Figure 3, to judge upon the immense progress achieved. The valence quarks are rather
insensitive to the resolution, i.e. for any Q2 a rather constant behaviour of the valence quarks
is observed which is a feature of their non-singlet transformation behaviour in QCD.
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Figure 8: Left: Projected measurement of R = FL/(F2 − FL) as presented to the upgrade
meeting in September 1994. The plot indicates the need for an upgrade of the backward region
for accessing the region below Q2 of about 10 GeV2. Right: Measurement of FL with data
taken 15 years later. In the low Q2 region the predictions from various fits differ most, and the
H1PDF2009 calculation tends to be below the still preliminary data.

5 Outlook

In the second phase of beam operation, HERA II, a much increased integrated luminosity was
taken. For e−p, a tenfold increase was achieved because in HERA I, due to lifetime limitations
from trapped dust particles, only 15 pb−1 could be registered. Figure 12 shows the so far most
accurate data on the inclusive CC scattering1, e−p → νX , provided by ZEUS. One sees that
the striking characteristics of CC, the missing transverse momentum, is well understood. The
Figure also illustrates the confirmation of the linear dependence of the CC cross section on the
lepton beam helicity. Unlike NC, the CC cross section is sensitive to the flavour contents of the
proton. This is shown in Figure 12 with the decomposition of the cross section into the up quark
part, u+c, and the down quark part d+s, weighted by (1−y)2. At highest Q2 the data extend
to x = 0.65, albeit with limited accuracy. Currently the H1 experiment is completing a similar
analysis. It then is intended to combine the H1 and ZEUS HERA II measurements, which will
improve the accuracy obtained from the combination, illustrated in Figure 11, especially in the
high Q2 domain.

Deep inelastic scattering is the cleanest method to search for sub-substructure effects in
the proton. The results from HERA, based on the total data statistics, limit a possible quark
substructure, within the most simple form factor approach, to a dimension below 6 · 10−19 m,
which is about a factor of 100 below where quarks appeared and a factor of 1000 below the
radius of the proton. This is deduced by both H1 and ZEUS from the Q2 behaviour of the
inclusive NC cross section. This and a number of further results are being finalised by the
collaborations.

1A salient feature of HERA was that it measured simultaneously the NC and the CC scattering processes.
Thus H1 and ZEUS were the equivalent, at much increased kinematic range, of both the charged lepton (e, µ)
and the neutrino fixed target scattering experiments of the past. Loosely speaking, H1 for example was BCDMS
and CDHS in one apparatus, and it also combined many physicists from these and similar experiments.
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Figure 9: Recent precision measurement [15] of F2 based on the H1 data taken in 2000.

6 Summary

So, what has been learned with HERA on the proton structure? This is not easily summarised in
a few statements because H1 and ZEUS found a new world of parton dynamics inside the proton.
Major observations which were not known before are: i) there is no substructure of quarks
down to 6 · 10−19 m; ii) the gluon momentum distribution, for x . 0.1, dominates the proton
structure having evolved from very small values at low x and Q2 ' 1 GeV2; iii) QCD at higher
orders is able to describe the dynamic change of partonic momentum distributions with linear
evolution over more than four orders of magnitude in Q2, with suitable parameterisations of
the x dependence and question marks regarding the low Q2, x domain as accessed with joint F2

and FL measurements; iv) HERA discovered diffractive DIS at the level of 10 % of the inclusive
cross section. There has also been made major progress in the understanding of the hadronic
final state, in the formulation of parton amplitudes from deeply virtual Compton scattering, in
the measurement of the heavy quark contents of the proton including its theoretical description,
and further areas of lepton-nucleon scattering not covered here.

HERA has been a major and extremely successful milestone in the development of particle
physics. Ahead are still a large number of problems, some raised by HERA, to be solved for an
understanding of nucleon’s structure. These, for example, are: i) why are leptons and quarks
different in the strong interactions; ii) is the gluon density saturating at low x, as unitarity
requires, and is it equally distributed over the proton or concentrated in so-called hot spots;
iii) what is the exact momentum distribution of all quarks and anti-quarks in the proton,
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Figure 10: Parton distributions as determined by the QCD fit to the combined HERA I data
at Q2 = 1.9 GeV2 (top) and at Q2 = 10 GeV2 (bottom). The inner error bands show the
experimental uncertainty, the middle error bands include the theoretical model uncertainties
of the fit assumptions, and the outer error band represents the total uncertainty including the
parameterisation uncertainty. Here xS = 2x(U +D) denotes the total sea quark density.
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Figure 11: Combined H1-ZEUS HERA I measurement of the reduced neutral current cross
section σr, which at lower Q2 and y is a direct measure of the proton structure function F2.
On the right side the e−p and e+p cross sections are shown as open and closed symbols. The
lines are from an NLO QCD fit to these data, from which at high Q2 charge asymmetry effects
are clearly visible which result from the charge dependent γZ interference cross section term.

regarding for example the strange quark density and the u/d ratio at low and at large x; iv) is
there a sub-substructure at smaller dimensions than accessed by HERA; v) what is the parton
dynamics and structure inside the neutron and nuclei. Searches for instantons and odderons,
two peculiarities of QCD, have been unsuccessful so far. These and many further fundamental
questions require a higher energy ep and eA collider to be built, which is currently under study
at CERN [20] with the aim to further extend the Q2 and x range and to increase the luminosity,
both by a factor of about hundred as compared to HERA.
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I summarise the content of the experimental talks of the conference.

1 Introduction

In this account, I am attempting to summarise a substantial collection of very diverse exper-
imental talks, all of which carry some kind of association with the physics of photons. This
was of course a particle physics conference, and so we are dealing with photons that in some
sense behave as elementary particles. However this does not necessarily mean that the photons
treated in a given context were always of high energy. It is part of the richness of the subject
that the photons in the experiments presented here could vary in energy by orders of magni-
tude, and yet still maintain the connection with elementary particle physics. I intend to depart
from the presentational order of the talks and start with those that involved photons of lowest
energy, finishing with those of the highest. Much material has had to be omitted, but it can
be found in the respective single-topic talks. These should in any case be consulted for more
details and for references to the published work. The following sections, therefore, are very
much an “invitation to further reading”.

2 Axions and their relatives

Axions and their relatives constitute a wide class of hypothetical neutral particles that couple
to photons. They have been proposed in different contexts, and in his talk Joerg Jaeckel
presented the motivations for looking for these various objects. There is a theoretical problem
with explaining why CP is conserved in QCD, the so-called “strong CP problem”, since the
theory’s vacuum structure permits a CP violation. The axion is a proposed particle whose
presence prevents this from happening. It must be very light and very weakly interacting,
but it should couple to two photons. It is an example of a more generic class of “WISPs” –

Figure 1: Schematic production and detection of WISPs (Lindner).
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Figure 2: Present limits from ALP experiments (Cantatore).

Weakly Interacting Sub-eV Particles. In the case of axion searches, one approach is to use a
strong magnetic field to supply a virtual photon, with which photons from a strong laser beam
interact, hopefully generating some axions. A barrier then absorbs the remaining laser beam
and everything else except the axions, which proceed through the barrier into a further region
of magnetic field, where they regenerate a photon that may be observed. Thus “light shines
through a wall” (Fig. 1).

Giovanni Cantatore provided a comprehensive review of a diversity of attempts to discover
WISPs: in general the search is for ALPs, “Axion-Like Particles”. The lowest energy photons
featuring in this conference were those of the ADMX collaboration, in which cosmological relic
axions are invited to interact with microwaves in a cavity. Within a relatively narrow band of
axion masses in the micro-eV region, this experiment is currently unique in actually reaching
the sensitivity of the theories; however no signal was found. The CERN axion search CAST
points a powerful magnet at the sun to detect ALPS in the meV energy range, as does the
Tokyo Helioscope (Fig. 2). PVLAS approaches the problem by using an intense laser beam to
look for an effective vacuum dichroism in a magnetic field. Its former claimed result has now
been disconfirmed. So no signal has been found yet, but the searches go on since the sensitivity
in most cases still needs to be improved substantially. Axel Lindner described a far-ranging
collection of further proposed theoretical end experimental ideas for improved ALP and WISP
searches of various kinds. There are hypothetical “Mini-Charged Particles” and even a class of
“Hidden Photons” that do not need a magnetic field but will just appear in a vacuum tube!
Clearly this area is proving an immensely fertile ground for theoretical imagination as well as
experimental ingenuity.
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Figure 3: (a) 4-photon mass spectrum showing a low-mass excess at KLOE (Di Donato); (b)
R ratio of hadrons to muon pairs in e+e− collider data showing the charm threshold and
resonances (Wang).

3 Photons at electron-positron colliders

The electron-positron colliders from which results were presented at this conference were DAΦNE,
BaBar and Belle. Data taking at DAΦNE ended in 2006, with 2.5 fb−1 of data at the φ mass,
and BaBar have finished with 553 fb−1 of data. Many results on radiative φ decays and photon-
photon processes are now becoming available, a selection of which was presented by Camilla Di
Donato. The radiative φ decays that were studied include those in which a single light meson is
accompanied by a photon, and those where two mesons are produced. There are open questions
here regarding the existence and properties of scalar mesons below 1 GeV in mass, which these
data are uniquely posed to answer. In particular, there is the long-standing question of whether
a σ(600) meson exists. Production of a 2π0 final state shows an anomaly that could indicate
the presence of a new effect in this channel, but apparently at a lower energy than 600 GeV
(Fig. 3(a)). A gluonium content within the η′ is indicated, and analyses have been started on
the decay of the η and η′ into π+π−γ.

Initial-state photon radiation is able to make a number of resonant states available for
study at the B factories. A wide range of masses is scanned in this way, and the high statistics
available are generating some interesting results. Xiao Long Wang showed how exotic charm
structures referred to as Y (4008), Y (4260), Y (4360), Y (4660) are now under study. They are
formed from charmonium plus hadron pairs and are not yet all fully understood – a topic of
considerable interest in the context of the quark model of mesons (Fig. 3(b)). It is interesting
that when two charm mesons are observed in the final state, no evidence of the Y states is seen.
There is also the Y (2175), which may be an excited strange quark state, and its presence has
been confirmed at BES. Here are some ongoing investigations where Belle is best placed to give
further answers.
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Figure 4: (a) Transition form factor of π0 with latest BaBar measurements (Li); (b) Exclusive
dimuon spectrum in CDF, with diffractive peaks on γγ → µ+µ− background (Nystrand).

4 Two-photon processes

Selina Li presented some major new photon-photon studies at BaBar and Belle, reminding us
again of the original subject-matter of the Photon series of conferences! The process γγ → π0π0

has been accurately measured by Belle for dipion masses above 0.6 GeV, and BaBar have
measured the π0 transition form factor in a single-tagged analysis, matching up with data from
CLEO and also CELLO at DESY’s PETRA collider (Fig. 4(a)). These are just a few topics,
and there remains a rich field of work here to be continued by Belle.

Klaus Dehmelt reminded us of the photon leptonic structure function, as measured by L3.
More results are coming out in this area, in particular determinations of the structure functions
as a function of both photon virtualities; unsurprisingly, the results are in good agreement
with the QED calculation. Richard Nisius surveyed the current state of play with the hadronic
photon structure function. There are many contributions to an overall fit, but most of the
precision points are provided by LEP, especially by OPAL. Although the low-x reach of the
measurements is limited, so that the predicted low-x rise is not yet experimentally established,
a charm contribution is evident. We keenly await further results from BaBar and Belle, which
should soon appear.

Two-photon collisions have now been observed at hadron colliders! Joakim Nystrand showed
how CDF have events of the type γγ → µ+µ− (Fig. 4(b)) and PHENIX have γγ → e+e−, seen
in their studies of diffractive photoproduction of the J/ψ and ψ′. So here, the background is
almost as interesting as the signal.

5 Diffraction

A number of new results were presented on diffraction in photoproduction. At STAR at RHIC,
again a hadron collider experiment, photoproduced ρ mesons have been observed and their an-
gular distribution measured. Andrzej Sandacz showed results from the COMPASS experiment
at CERN, using a 160 GeV muon beam on a polarised ammonia target. In addition to a strong
muoproduction programme, the experiment has measured a variety of asymmetry parameters
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Figure 5: (a) Cross sections for exclusive φ production at HERA (Kananov); (b) Gluon density
function in pomeron (Newman).

in ρ photoproduction from both protons and deuterons, and have proceeded to extract spin
density matrix elements. Results for φ production are expected and there are plans for further
measurements concentrating on Deeply Virtual Compton Scattering (DVCS).

Most of the work in diffractive physics in recent years has come from HERA. Sergey Kananov
presented a general survey of what we have learnt on vector meson photoproduction. There
is now an impressive collection of results from H1 and ZEUS on this subject, and he made a
comparison of vector meson production without and with a hard scale in the process. Elastic
photoproduction of light mesons, namely the ρ, ω and φ shows the normal properties of soft
diffraction, with parameters gently varying with the centre of mass energy W . The same also
holds in electroproduction measured as a function of W . However when a hard scale is present,
typified by a heavy quark or large value of Q2, the cross sections rise with W while falling with
Q2 +M2 (Fig. 5(a)). These features are compatible with hard diffraction as evaluated within
the framework of perturbative QCD.

One of HERA’s major achievements, of course, has been the study of diffractive physics
from the point of view of the pomeron as a hadronic object with a partonic substructure.
Paul Newman presented a broad overview of the extensive H1 and ZEUS analyses in this area.
Diffractive structure functions have been measured with precision, as illustrated by recent
ZEUS results (Fig. 5(b)), and a variety of detailed ideas can be tested, such as the factorisation
properties of the proton vertex as the diffractive process at higher Q2 looks more and more like
a kind of hard gluon exchange. Different analysis approaches give consistent results, and a pure
DIS or rapidity-gap approach can be successfully compared with the ZEUS data with forward
proton or neutron detection. H1 have presented the first diffractive FL determination. For the
future, the full HERA II data need to be analysed, and the H1 and ZEUS data combined for
overall measurements.
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Figure 6: (a) DVCS cross sections at H1 (Schoeffel); (b) Nucleon quark helicity distributions
at HERMES (Hillenbrand).

6 DVCS and proton structure

Several results on Deeply Inelastic Compton Scattering were presented, a topic that requires
fairly high integrated luminosities in order to obtain useful statistics. Photons are scattering
off protons – this is high energy photon microscopy! Laurent Schoeffel described results from
H1 and ZEUS. At these low x values, for x < 0.01 in the proton, the relevant gluon density is
high and one might need to think about saturation effects. Direct DVCS can be measured and
the Q2 and W dependence analysed. However there is an irreducible Bethe-Heitler background
of a similar magnitude. Both HERA experiments have presented new cross sections and H1
show that both a dipole model and a Generalised PDF model can fit the data. Are GPDFs as
opposed to simple PDFs needed? H1 present clear evidence that argues for a skewing effect, in
support of the idea of GPDFs. In their upgrade, COMPASS are making DVCS a major focus
and will continue these investigations. Measurements of the Beam Charge Asymmetry will
provide an important tool for more detailed studies, and first measurements of this quantity
have already been made by H1.

Frank Sabatié gave a dedicated talk on DVCS measurements at JLAB. High statistics are
available making use of intense electron beams, enabling several angular correlations to be
measured and asymmetries to be determined, together with detailed determinations of the
amplitude properties evaluated from suitable cross section differences. It is found that the data
are badly described by several of the simpler models, suggesting the presence of more complex
or higher order effects.

A further perspective on DVCS was given by Achim Hillenbrand in a presentation of a variety
of highlights from the HERMES experiment. HERMES have measured many aspects of nucleon
structure using hydrogen targets as well as different atomic nuclei. A particular emphasis has
been on spin structures (Fig. 6(b)), a topic also taken up by Joerg Pretz in a discussion of the
helicity contribution of gluons to the proton spin structure, measured by means of charmed
meson distributions in the COMPASS experiment. Max Klein discussed one of HERA’s major
showpieces, the DIS study of the PDFs of the proton, using combined H1 and ZEUS data. A
new fit has been made to these results, confirming the global utility of perturbative QCD, and
comparisons are being made to data from the Tevatron. Specific proton structure functions are
being evaluated for charm and beauty production. More will come at higher values of Q2 and y
as well as for the heavy flavours, together with more on FL, which has now been measured by

6 PHOTON09

PETER BUSSEY

450 PHOTON09



0

4000

8000

C
om

bi
na

tio
ns

/1
5 

M
eV

ZEUS 0.5 fb-1

4 B-W + Background
signal
background

(a)

(b)

f2(1270)/a2
0(1320)

f2
′ (1525)

f0(1710)

1.1 1.5 1.9 2.3 2.7
M(K0

sK
0
s) (GeV)

0

400

800

0

10

20

30

40

50

60

70

80

2.5 2.52 2.54 2.56 2.58 2.6 2.62 2.64

M(D∗±KS
0) = ∆Mext + M(D∗+)PDG + M(K0)PDG (GeV)

C
om

bi
na

tio
ns

 p
er

 4
 M

eV

ZEUS (126 pb-1)

simultaneous fit
background fit

N(Ds1) = 100 ± 13N(D±

0

20

40

60

80

100

120

140

160

180

2.36 2.38 2.4 2.42 2.44 2.46 2.48 2.5

M(D0Ka) = ∆Mext + M(D0)PDG (GeV)

N(Ds1) = 136 ± 27N(D±

Figure 7: (a) Structure in K0K0 spectrum at ZEUS; (b) D(2536) signal in mass difference
spectrum (Karshon).

H1 and ZEUS. It can be said that quarks are pointlike down to 0.7× 10−18 m, making HERA
also the world’s best electron microscope.

7 Resonance production

As a high energy collider, HERA produced final states containing the usual variety of hadronic
resonances. This has provided the opportunity to search for new or exotic resonances that had
in some cases been reported at other colliders. Uri Karshon presented results on several such
searches, one being for glueballs in the K0

sK
0
s system. The scalar meson sector contains too

many 0++ states to fit into the normal quark model, and it is natural to investigate these
as possible glueballs, the lightest of which is predicted by lattice gauge calculations to have a
mass in the range 1550-1750 MeV. The state f0(1710) is an interesting glueball candidate, for
several reasons including an apparently high decay BR into strange quarks. The K0

sK
0
s system

is therefore an attractive area to look for confirmation of these ideas. ZEUS have observed
evidence for several K0

sK
0
s resonances in this mass region and the f0(1710) is present with good

statistical significance. It is argued, however, that the state is not a pure glueball.

H1 had earlier proposed a charm pentaquark signal at 3.1 GeV. However ZEUS did not
see this, and with more HERA II statistics this peak has gone away and presumably must be
treated as a statistical fluctuation, albeit a rather enigmatic one.

ZEUS are studying excited charm states, which are well observed even in the HERA I data
set. A variety of states are observed, and the availability of the HERA II data with a better
vertex detector makes this a very promising prospect for the future.
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Figure 8: (a) Combined HERA beauty DIS data (Grindhammer); (b) D0 dijet mass spectrum
(Yu).

8 Jet physics

The theme of heavy flavours formed a major aspect of Günter Grindhammer’s discussion of the
physics at different hard scales. Both in photoproduction and in DIS, the presence of a heavy
quark facilitates the use of perturbative QCD and encourages the calculation of theoretical
models. It is found that the HVQDIS model describes charm production in DIS well, but
predicts too low cross sections for beauty. Overall, however, NLO and NNLO calculations do
a good job at describing the features of the data (Fig. 8(a)). Results from the final HERA
data sets are very eagerly anticipated. In another part of this talk, the evaluation of αS from
jet measurements at HERA was surveyed. H1 and ZEUS are able to do this in various ways
and many of the measurements are very competitive on a world basis. It remains the case that
with the increasing experimental precision, theoretical uncertainties dominate most of these
determinations.

The story is continued with the study of jets at the Tevatron, presented by Shin-Shan
Yu. Both CDF and D0 have accumulated in their data very large samples of jets, produced
up to transverse momentum values above 600 GeV/c. At one time, high-pT anomalies were
suggested but at present everything is well described by the latest fits to the proton structure
which are based on lower-pT data. Everything about inclusive jets and dijets currently looks
very satisfactory (Fig. 8(b)). Studies of W and Z accompanied by jets and, specifically, by
heavy flavours have been carried out. These will be of particular relevance in connection with
Higgs searches. Anne-Marie Magnan took the view to a higher energy level, presenting projected
jet features at LHC. Not only are the extensive studies being performed here important with
regard to understanding QCD and the proton structure in more depth, they will be esssential
in understanding the backgrounds to searches for exotics and Higgs at LHC.
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Figure 9: (a) Universal properties of scaled momentum in fragmentation; (b) high-t photon
distribution (Müller).

9 Photoproduction

Most of the events recorded in the two larger HERA experiments lie in the category of photo-
production, in which the virtuality of the exchanged proton is very much lower than 1 GeV2.
A thorough survey of many aspects of these processes was given by Katherina Müller. Hard
photoproduction may be specified as comprising processes in which either the photon itself or
a parton within it undergoes hard scattering, commonly giving rise to jets in the final state.
The photon in this way often behaves as if it has a hadronic parton structure. Inclusive jets,
dijets and the properties of dijets have been measured and show no unusual properties; neither
does the topology of the jets nor the fraction of the photon momentum that is taken up in the
jet formation.

In a recent analysis, ZEUS have given measurements of scaled momentum distributions in
photoproduced jets, testing our understanding of fragmentation and its universality when this
is compared with appropriately scaled measurements from other regimes; again, all is in order
(Fig. 11(a)). However the diffractive scattering of high-t photons was found by H1 to be higher
than expected and the topic well merits further study (Fig. 9(b)).

10 Prompt photons

In the study of high energy collisions involving hadrons, events in which an isolated high-energy
photon is observed provide a direct probe of the underlying parton process, since the emission
of these photons is largely unaffected by parton hadronisation. The study of such “prompt”
photons gives new perspectives on QCD processes, allowing the theory to be tested from new
viewpoints. Prompt photons may be emitted in hard partonic interactions, and were the subject
of part of the talk on photoproduction. H1 have measured prompt photons in photoproduction
accompanied by a jet, giving cross sections and distributions in the azimuthal separation of the
photon and the jet (Fig. 10(a). These distributions are compared with models of the photon,
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Figure 10: (a) H1 prompt photon + jet in photoproduction (Müller)); (b) PHENIX enhanced
prompt photon ratio, compared to other emitted particles (Reygers).

with fair but not perfect agreement.
Recent results on prompt photons in DIS in ZEUS were presented by myself. In this process,

attention must be paid to the radiation of the photon by either the incoming or outgoing
lepton. Agreement with theoretical models is fair but shows some serious disagreements in
some kinematic regions.

At the Tevatron, the story was continued by Ashish Kumar. Both CDF and D0 are active
in the prompt photon area. This process is sensitive to the structure of the proton, as well as to
the possibility of new physics. CDF and D0 find good agreement with theory, to within some
fairly substantial theoretical uncertainties, for prompt photons at transverse momenta above
50 GeV. Below this CDF see a discrepancy while with D0 the situation is suggestive but a little
ambiguous – this region clearly merits further study. Measuring a jet as well as the photon does
not bring the situation fully under control, as measured by D0. Demanding a b-jet does achieve
agreement with theory, but there are serious disagreements if the photon is accompanied by a
c-jet. Again, more study is indicated.

Prompt photons also form an important topic of investigation at the RHIC collider, as
reported by Klaus Reygers. The PHENIX results in proton-proton collisions are consistent
with a large collection of results from other colliders. However, in nucleus-nucleus collisions, it
is understood that the colliding nuclei are likely to form a quark-gluon plasma or fireball, out of
which prompt photons can emerge. At photon energies of a few GeV this effect has apparently
been observed by PHENIX using gold-gold collisions. There is indeed an enhancement of
these photons compared to the distributions observed in proton-proton collisions (Fig. 10(b)),
confirming the idea that a quark-gluon plasma is being formed.

11 The present high energy frontier

As energies rise, we enter the realm of electroweak physics, and of many possibilities of new
physics. Luca Stanco presented some updated HERA cross sections comparing neutral current
and charged current exchange. The already classic HERA I results are now augmented by
preliminary HERA II measurements, giving further accuracy, and we see how pure photon
exchange merges into Z exchange at the same level as W exchange, with differences between
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Figure 11: (a) H1 + ZEUS electroweak DIS cross sections (Stanco); (b) D0 data showing no
evidence for anomalous triple gauge couplings (Krop).

electron and positron cross sections (Fig. 11(a)). The beam polarisation asymmetries illustrate
the physics equally powerfully.

At the Tevatron, Dan Krop pointed out the plethora of theoretically proposed new processes
that involve photons. These range from the familiar area of Higgs physics, through SUSY models
and extra dimensions, to Compositeness, new generation(s) and Technicolor. All these areas
are the subject of searches at the Tevatron and all the searches have so far proved unsuccessful.
The anomalous coupling of the photon to the Z is one such example (Fig. 11(b)), although
the search has given the first observation (by D0) of the production of Zγ → ννγ at the
Tevatron. There has also been an unsuccessful search for “dark photons” that might explain
certain excesses seen in astroparticle physics experiments. No Higgs signal, which would be
non-SM under present conditions in the photon-photon channel, has been observed. There are
many other possibilities, limited only by the imagination of theorists, for anomalous physics
to be observed in conjunction with photons. These searches will continue until the Tevatron
terminates and LHC takes over the baton.

At LHC, as explained by Suen Hou, there will be a lot of work to do in connection with
photons. There are many Standard Model processes that involve high energy photons, all of
which should be studied. Some of these are standard processes, such as W and Z production,
in which a photon is radiated by an incoming quark line: a correct understanding of this kind of
process will help ensure that we understand the basic W and Z production correctly. Of course,
the search for anomalous couplings will be extended. The decay of the Higgs into two photons
will be a major focus of LHC work, as elaborated by David Joffe in a talk that presented much
information on the techniques of photon detection at ATLAS and CMS. While we are waiting
for the Higgs to be discovered, it will be interesting to measure the proton-proton total cross
section (Hasko Stenzel).
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Finally, there are interesting prospects for photoproduction physics at the LHC, since the
high energy protons are quite efficient at radiating photons. Vincent Lemâıtre outlined this
photoproduction programme, concentrating on the possibility of single top production via an
incoming photon. The process will be tagged, it is hoped, by installing forward silicon detectors
close to the beamline downstream of the detectors. Nicolas Schul extended this discussion to a
programme of photon-photon physics at the LHC, epitomised by SUSY searches which can be
performed in a very effective way using this approach.

12 A high energy photon collider?

For the far future, plans have been under development for many years to construct a high
energy photon photon collider as a part of the International Linear Collider project. Talks by
Valery Telnov and Tohru Takahashi presented some technical ideas that might be able to turn
this project from aspiration into reality, while Jeff Gronberg discussed the possible benefits of
constructing an “early photon collider” that could, for example, become a kind of Higgs factory
by manufacturing the Higgs out of pairs of photons, the converse of the decay process that will
be eagerly sought at the LHC. Unfortunately, these are financially very difficult times, and the
present climate of opinion is unfavourable to the pursuance of this option.

13 Final remarks

In this overview I have attempted to give an impression of the remarkable range of talks given
at the Photon 2009 conference. There is an enormous diversity of particle physics processes in
which photons, whether incoming or outgoing, real or virtual, play an important role. The fact
that a particle is ubiquitous does not make it less interesting than those that are rarer; quite on
the contrary, the humble photon provides a key to the deeper understanding of many things.
From low energies to high, from the firmly established to the speculatively hypothetical, we
have seen how important photon physics is to all aspects of our subject. It seems that there is
no other particle in the universe that serves us in so many ways.

I must express regrets with respect to those topics which this review has had to omit. These
include the DESY laboratory’s extensive programme of “low-energy” photon research, and the
entire area of new developments in photon detectors. I have also not been able to cover the
subject of photons in astroparticle physics. These topics are treated in their own papers in this
volume.

Above all, I would like to thank the organisers of the conference for their dedication in
making possible such an excellent week of presentations and discussions, in which an outstanding
breadth of fascinating physics was presented. We all look forward keenly to the next conference
in the Photon series.
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The conference Photon 2009 on the structure and the interactions of the photon included
sessions on photon-photon collisions and a future high-energy photon linear collider. This
summary of theoretical contributions to the conference therefore has two parts. I will dis-
cuss the physics potential of photon colliders with an emphasis on the study of electroweak
physics and the search for physics beyond the standard model. Secondly, I will describe a
few highlights in recent progress in the understanding of the properties and the interaction
of the photon, comprising the production of prompt photons, the photon structure and
exclusive hadron production, small-x and total cross sections of deep inelastic scattering.
Finally, I will review the status of the comparison of measurement and theory for the muon
anomalous magnetic moment g − 2.

1 Introduction

The photon, the leitmotif of the conference Photon 2009, has appeared in the various talks in
two different roles. First, the photon is an ideal tool to probe new physics in high-energy photon-
photon or photon-electron collisions. During recent years a lot of work has been devoted to the
study of the prospects of photon colliders in the search for physics beyond the standard model
or to perform precision measurements of standard model phenomena. It was also suggested
that a photon collider would be the suitable place to study the properties of a Higgs boson, if
it had a mass of about 120 GeV. In particular, the possibility to build a photon-collider as a
precursor of an electron-positron linear collider has been discussed, but was not supported by
the International Linear Collider Steering Committee [1] and the construction of such a facility
will have to wait for its turn, maybe as an extension of an e+e− linear collider. Corresponding
plans will have a chance to be revived only, if results of forthcoming experiments at the LHC
would require new theoretical ideas whose further scrutiny at a photon collider can be expected
to considerably improve our knowledge. Till then, it may be worthwhile to study the feasibility
of experimentation with γγ and γp collisions at the LHC.

Secondly, as the main and traditional subject of this series of conferences, the photon has
appeared as a research object on its own right. The study of the photon and its properties,
described in terms of structure functions that are measured first of all in virtual-photon scat-
tering (i.e., in deep-inelastic lepton-nucleon scattering), and its generalizations needed for a
description of exclusive processes, opens a wide field of research topics in QCD, located at the
border-line of perturbative and non-perturbative phenomena. There is a wealth of experimental
data not yet understood at a quantitative level and more theoretical work is needed. The pho-
ton as a theory laboratory, as an object to gain a deeper understanding of theoretical concepts,
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as for example factorization in exclusive processes, is often helpful. Recent progress in this field
of research is highlighted in a second part of this summary.

A topic of special importance where aspects of both electroweak and strong interactions
play a crucial role, is the measurement of the anomalous magnetic moment of the muon and
the comparison with theoretical predictions. A short status review is presented at the end of
this article.

This printed version of the summary talk includes only a tiny portion of the figures that
have been shown at the conference. The text should therefore be read together with the slides
[2].

2 Physics potential of a photon collider

2.1 Motivation

Figure 1: Typical cross sections at eγ and γγ colliders [3].

A first motivation for the study
of scattering processes with one
or two photons in the initial state
comes from a naive evaluation
of typical cross sections for stan-
dard model processes. These
cross sections are often compa-
rable, in some cases even larger,
than for corresponding processes
in e+e− annihilation. From a
quick look at Fig. 1 it should
be obvious that detailed stud-
ies including experimental condi-
tions are worthwhile being per-
formed. In particular one may
expect that through studies of
the W+W− final state one can
obtain information on 3- and 4-
boson interactions. A crucial question is, however, whether photon collisions can be realized
with high enough luminosity and present technical design studies indicate that this would in-
deed be the main limitation. It is therefore important to identify possible measurements at
a photon collider that provide information complementary to what can be found at an e+e−

linear collider. It was argued that in particular with respect to the determination of properties
of standard model or supersymmetric Higgs bosons a photon collider may be advantageous in
comparison with e+e− collisions1.

For a meaningful assessment of the possible reach of high energy experiments in the seach for
new phenomena, it is an important prerequisite to know the constraints on model parameters
imposed by present day’s experiments, including those at low energies. A new tool has been
presented [5] that allows to obtain allowed parameter ranges for supersymmetric models and

1For more details and for phenomenological aspects of QCD and hadron physics at photon colliders, see Refs.
[3, 4].
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general 2-Higgs-doublet models. Flavor physics observables like rare B decays are viewed as
most promising for this purpose.

2.2 Higgs bosons at a photon collider

It is a common belief that a Higgs boson, if it exists, cannot be missed at the forthcoming
experiments at the LHC. The question whether an observed Higgs boson fits into a supersym-
metric model will then be of utmost importance. In the minimal supersymmetric standard
model (MSSM), there is a large region in parameter space where the LHC will not be able to
distinguish a SM from a MSSM Higgs boson. This ’blind wedge’ covers values above mA ' 200
GeV, the mass of the CP -odd Higgs particle, and a region around tanβ ' 5 increasing in size
with increasing mA. Precise measurements of the decay branching ratios will then be needed.
In particular if CP -violating interactions are present in the Higgs sector, a potential photon
collider will provide additional help to identify the correct underlying theory.

Figure 2: Higgs boson self coupling: sensitivity at
a γγ collider [8].

In γγ collisions, s-channel production
of the electrically neutral SM Higgs boson
proceeds via a triangle loop of the heav-
iest SM particles, mainly top and W . A
measurement of the production cross sec-
tion will provide a determination of the 2-
photon decay width Γ(H → γγ) [6]. Real-
istic studies have shown that a statistical
precision of roughly 2 % can be reached for
a light Higgs boson in the interesting mass
range of MH = 120 GeV with a total lu-
minosity of 410 fb−1 in the decay channel
H → bb̄. For a heavy CP -even or CP -
odd MSSM Higgs boson, the precision is
worse, ranging between 10 and 20 % [7]. If
the energy of γγ collisions is high enough,
the production of two Higgs bosons will be
observable and cross section measurements
will allow one to determine also the values
of the Higgs boson self couplings. Corre-
sponding information will be crucial to an
analysis of the Higgs sector. At an e+e−

linear collider, a precision between 10 and
20 % for a measurement of the three-Higgs
coupling λHHH can be reached, provided the center-of-mass energy is

√
s = 1 TeV and MH

in the range between 100 and 200 GeV. At lower
√
s = 500 GeV, ∆λHHH/λHHH will degrade

quickly, in particular for larger MH . For larger values of the Higgs mass up to MH ' 200
GeV, measurements of the process γγ → HH are expected to provide a determination of
∆λHHH/λHHH with a statistical precision of about 20 %, even in the energy range between√
s ' 520− 650 GeV, assuming 100 % tagging efficiency (see Fig. 2).

In models which implement CP violation in the Higgs sector, a photon collider will play
a crucial role [9]. In the presence of CP violation, the three neutral states in the SUSY
Higgs sector may mix with no fixed CP property. The coupling to the Z boson, relevant for
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the dominating discovery channel e+e− → Zφ1 may be reduced for the lightest scalar mass
eigenstate φ1. In fact, the search at LEP may have missed such Higgs bosons and existing
limits, for example from OPAL, cannot exclude the full range of tanβ even for masses in the
range below 50 GeV. It may also be missed at the Tevatron and at the LHC if the coupling
to top quarks is also reduced. A photon collider would be the place for a discovery since there
these states can always be produced. The possibility to control the polarization of the back-
scattered photons will be an important prerequisite for a study of the CP properties of Higgs
bosons; an analysis of WW and ZZ final states in combination with information obtained from
top (and τ) polarization observables may then provide access to regions in the parameter space
of CP -violating scenarios which are unreachable by the LHC. Also mixed polarization-charge
asymmetries in eγ collisions with a polarized electron beam have been studied as a means to
enhance the signal of heavy CP -even or CP -odd Higgs production [9].

In the MSSM or in general 2-Higgs-doublet models, violation of CP can occur via different
mechanisms. As is well-known in the case of CP violation in the quark sector of the standard
model, a careful definition of parameters is needed, even more so in the Higgs sector in order to
identify the specific mechanism. Reparametrization invariants, similar to the Jarlskog determi-
nant, can be defined and allow to distinguish CP violation through mixing of states or through
direct CP -violating interactions at tree level [10].

A characteristic feature of the MSSM is that there is decoupling of the heavy states in the
Higgs sector, i.e. the MSSM becomes indistinguishable from the SM if the masses of the heavier
Higgs bosons (and of the superpartner particles, of course) become large. In a general 2-Higgs
doublet model this is not necessarily the case. Even if the model parameters are chosen such
that all tree-level couplings to fermions and gauge bosons are the same as in the standard
model, differences may enter through one-loop contributions. The production of a pair of the
lightest CP -even Higgs boson h0 in γγ collisions proceeds both in the standard model and in
its extensions with two Higgs doublets via one-loop diagrams and is therefore an ideal place to
look for differences. An important contribution to this process comes from one-loop corrections
to the h0h0h0 vertex which is affected by non-decoupling effects: after renormalization, quartic
mass terms of the heavier Higgs bosons remain and lead to enhancements with respect to
the tree-level coupling. These non-decoupling effects may be visible in the production cross
section σ(γγ → h0h0). Also diagrams with the charged Higgs boson contribute here and
depending on its mass mH± , cross sections can be orders of magnitudes above the (MS)SM
prediction [11, 12]. More exotic extensions of the Higgs sector may predict the existence of
doubly charged Higgs bosons. The production process γγ → H++H−− is enhanced by the
square of the charge as compared to production in e+e− annihilation and provides another
example of the complementarity in searches for physics beyond the standard model that a
photon collider may provide.

2.3 Non-standard gauge boson couplings at photon colliders

One of the less well-studied properties of the SM are the gauge boson self-interactions. Precise
measurements would require high enough energies to produce at least a pair of W or Z bosons
with large cross sections. At a photon-photon collider such processes, and even three- and
four-boson production, could be studied. It is conceivable that the processes γγ → W+W−

or eγ → νW could be measured with a precision high enough to be sensitive to two-loop
contributions. From the theoretical point of view, a full understanding of these processes
is difficult since it involves the yet unsolved problem of a consistent definition of scattering
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amplitudes for unstable particles [13].

The main motivation for a study of multiple boson production consists in the possibility
to observe deviations from standard model predictions. Many speculative models of physics
beyond the standard model (from more conventional extensions of the underlying gauge group
to models with extra dimensions) lead to effective three- and four-gauge boson vertices with
couplings that deviate from the standard model prediction. There are various parametrizations
of these couplings that are conventionally used to perform model-independent studies. As a
minimal requirement, anomalous couplings have to be defined in such a way that the electro-
magnetic U(1) gauge invariance is respected. However, for realistic underlying theories that are
compatible with existing data, one should base studies on an effective Lagrangean that takes
also SU(2) invariance into account. Limits on anomalous gauge-boson couplings have been de-
termined by the LEP experiments and could be considerably improved at a linear collider based
on measurements of the process e+e− → W+W−. Also the LHC is expected to contribute to
this kind of analyses since there protons can be used as a source of photons and anomalous
gauge boson couplings could be studied in processes like pp→ pp+W+W− and pp→ pp+ZZ
(the latter is forbidden at tree-level in the standard model). For the LHC, studies taking into ac-
count a realistic detector environment have obtained limits that improve those obtained by the
LEP experiments by a factor of up to 103, but these studies assume independent variations of
coupling parameters not respecting SU(2) symmetry [14]. A study based on a SU(2)-invariant
effective Lagrangean [15] has revealed strong correlations and smaller sensitivities. Limits that
could be obtained at a photon collider are comparable with those from an e+e− linear collider,
but better than those from photon-photon collisions at the LHC by a factor of roughly 102.

3 Direct photons

The study of direct photon production as a testing ground for QCD has a long tradition, also
as a topic at this series of conferences. A considerable amount of experimental and theoretical
work was reported already at Photon 2007 [16]. A very good description by QCD predictions at
NLO has been obtained for inclusive prompt photon production in hadronic collisions from the
majority of experiments (i.e., with the exception of E706) for energies ranging from about 20
GeV up to 1.96 TeV and up to transverse momenta slightly above 200 GeV. Recent improved
measurements of prompt photon + jet production by D0 show a slight disagreement of the
predicted pT -slope. Data for photoproduction from H1 and ZEUS are underestimated by present
NLO calculations if one considers inclusive prompt photon production, even at the largest
measured values of the photon transverse momentum of pT = 10 GeV [17]. In the presence of
an accompanying jet, however, there appears to be good agreement if the photon pT is large,
i.e. for pT > 7 GeV. The presence of a second hard scale, provided by the jet-pT , seems to make
predictions of a perturbative calculation more reliable. The rapidity distribution is usually not
described as good, but this is simply so because corresponding data are dominated by small
values of pT . There are now also data for prompt photon production in the deep-inelastic
kinematic regime from both experiments at HERA. These data, however, can at present be
compared with leading-order predictions only and it is not surprising that no agreement of data
with theory can be obtained.

It is interesting to note that an alternative approach based on the so-called quasi-multi-
Regge-kinematics [18] describes both inclusive photon production and the associated production
of a photon and a jet in deep inelastic scattering at HERA. Moreover, it was successfully applied
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to heavy quark production. In this approach, a class of corrections beyond the collinear parton
model is resummed in the framework of an effective theory and only tree-level calculations are
needed to obtain predictions. It remains to be studied how this approach could be extended
to the next-to-leading order level, so that a reliable estimation of scale uncertainties can be
obtained.

It would be very interesting if additional direct photon data for more exclusive measurements
could be made available, as for example γ+c/b-tagged jets, or γ plus a rapidity gap. Also in this
case, more theoretical work is needed. The recent work on photon + jet associated production
in pp collisions [19] has shown that forthcoming measurements at the LHC are promising and
may provide sensitivity on parton distribution and fragmentation functions.

Prompt photon production in nuclear collisions at RHIC is believed to be a crucial mea-
surement since it might provide a reference process to be compared with jet quenching. Since
photons, once produced, do not interact strongly with the nuclear medium in heavy-ion colli-
sions, a comparison of both processes should help in understanding the dynamics of the quark-
gluon plasma. The essential object needed for reliable predictions of photon production is the
gluon density in nuclei, but it is poorly constrained by present fixed-target data. This lack of
precise knowledge leads to huge uncertainties at low x and low scales. In addition, effects like

Figure 3: Prompt photon production in Au+Au collisions at
PHENIX [20].

jet-photon conversion, medium-
induced photon emission, or
photon quenching may be im-
portant. Data from PHENIX
at RHIC on the nuclear pro-
duction ratio RAA for pho-
tons produced in Au + Au
collisions are consistent with
various models predicting al-
most no suppression (see Fig.
3). Certainly, more precise
data are needed; but it seems
that also the observed prob-
lems in the description of other
prompt photon data, in par-
ticular from photoproduction,
have to be resolved before firm
conclusions can be drawn with
confidence.

4 Photon structure and exclusive hadron production

Since its first measurement by PLUTO in 1981, the analysis of the photon structure function
F γ2 has been a fruitful laboratory of perturbative QCD. The corresponding final LEP2 results
published in 2005 have provided us with very precise data spanning two orders of magnitude in
Q2, and more improved data may be expected from Belle and BaBar, or possibly from the ILC.
Most of the data come from deep inelastic scattering off a photon target with negligibly small
virtuality P 2. At large P 2, the photon structure function F γ2 (x,Q2, P 2) is suppressed; however,
in the kinematic range Q2 � P 2 � Λ2

QCD perturbative QCD provides a definite prediction,
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both for the shape and the magnitude of F γ2 (x,Q2, P 2) since no separate non-perturbative
hadronic input is needed as for the case of P 2 ' 0. In [21], heavy quark effects at NLO and
target mass corrections have been studied for the structure function of a highly virtual photon,
with the conclusion that PLUTO data at Q2 = 5 GeV2, P 2 = 0.35 GeV2 are better described
with 3 massless quarks + massive charm than with 4 massless quarks. For L3 data at higher
Q2 and P 2 where b quarks contribute, the comparison is not conclusive, both due to the smaller
b-quark charge and the less precise measurements.

The hadronic properties of the electromagnetic current measured in deep-inelastic scattering
and described with the help of structure functions can be studied in the framework of pertur-
bative QCD since the factorization theorem allows one to separate structure functions into
hard parton scattering cross sections and non-perturbative hadronic matrix elements of cer-
tain operators constructed from quark and gluon fields. In the case of inclusive deep-inelastic
scattering, these matrix elements correspond to the kinematics of γ∗-hadron forward scattering
and are called parton distribution functions (PDF). In the case of non-forward scattering, as
for virtual Compton scattering γ∗ + p → γ + p, the necessary matrix elements correspond to
so-called generalized parton distribution (GPD) functions. If the photon in the final state of
virtual Compton scattering is replaced by a hadron, so that exclusive forward-production of
hadrons is described, one has to introduce in addition distribution amplitudes (DA) or, for
backward-production after t → u-channel crossing, transition distribution amplitudes (TDA).
Finally, s→ t crossing leads from GPDs to generalized distribution amplitudes (GDA) needed
to describe hadron production in two-photon processes. The diagrams shown in Figure 4 illus-
trate how the various hard exclusive processes and the objects required for their description are
related to each other.

Figure 4: Basics of hard exclusive processes [22].

Measurements of exclusive processes like deeply virtual Compton scattering and meson
production, also for experiments with polarized beams, are being performed at moderate and
high energies and the amount and precision of corresponding data require corresponding efforts
towards an improved theoretical understanding. Considerable work in this direction has been
done in the recent years and a framework has been developed to describe a large number
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of processes. However, factorization has been shown to work only for very few cases (e.g.
γ∗p → γp), for others a prove at any order is not yet available, but factorization is plausible
(e.g. for processes involving TDAs). Some studies have revealed explicit factorization breaking
(e.g. γ∗T p→ ρT p with a transversely polarized photon and ρ) [22].

Corresponding calculations are complicated and the study of simplified situations may often
be helpful. For example, the process γγ → γγ is considered as a theory playground to study
factorization in GPDs close to threshold kinematics [23]. No phenomenological application for
this process is visible, but apart from insight into the way how factorization works, one may
also obtain hints for a reasonable choice of parametrizations of GPDs in more realistic cases.
Similarly, calculations for γγ∗ → ππ in the framework of a euclidean φ3

E model have been used
to study the duality between factorization into GDAs and TDAs [24]. In the overlap region,
when both s and t are small compared to Q2, there is an ambiguity since both factorization into
GDAs and TDAs can operate and it is not clear whether the two descriptions are equivalent to
each other on a quantitative level, or whether the predictions based on both mechanisms should
be added. In the scalar φ3

E model, duality between the two mechanisms has been demonstrated.
If this property also holds for the case of QCD, then it would pose strong restrictions on the
allowed non-perturbative ingredients needed for the description of various exclusive processes.

The framework for backward production of mesons was described in [25]. The kinematics
with small u forces one to consider matrix elements that describe the exchange of three quarks
and factorization leads to TDAs, i.e. probability amplitudes to find a meson inside a nucleon.
The non-perturbative TDAs have to be modeled by a comparison with measurements, e.g. with
existing data for γ∗p → πp or γ∗p → ηp, or based on measurements of related processes like
pp̄ → γ∗π0 → `+`−π0 or γ∗p → J/Ψp, which may be accessible by future experiments, for
example at GSI/FAIR, at JLAB or at B-factories.

GDAs are needed to describe hadron-pair production in 2-photon processes and can be used
also to describe the production of two pairs of mesons, e.g. in γγ → π+π−π+π−. This process
was identified as a candidate for the observation of the perturbative odderon. In the language
of perturbative QCD, the odderon is described by the exchange of three gluons in the color
singlet state. A suitably defined angular asymmetry for 2π-pair production is sensitive to the
interference of the odderon and the Pomeron. The 2π GDAs are unknown and have to be
modeled; reasonable choices for them predict asymmetries that rise above the level of 10 % only
at very low or very large 2π invariant masses. The event rates in 2-photon scattering at the
LHC may be large enough, but background from hadronic interactions will most likely prevent
a corresponding analysis [26].

Similarly to conventional parton distribution functions, also DAs and their generalizations,
the transverse-momentum unintegrated light-cone wave functions obey simple evolution equa-
tions derived in perturbative QCD, at leading order so-called Efremov-Radyushkin-Brodsky-
Lepage evolution equations. The DAs reach an ultraviolet fixed-point at large scales and are,
consequently, uniquely defined by perturbative QCD; however, scales that are accessible by
present experiments are low and corresponding predictions are sensitive to the non-perturbative
initial conditions. Therefore, a comparison with data is mainly a test of various model assump-
tions used to obtain these initial conditions, as for example models based on QCD sum rules,
relativistic quark models, instanton liquid models, or effective chiral quark models. The case of
pion or photon DAs is particularly interesting. From lattice QCD there are results for the pion
DAs available. Experimental information is obtained indirectly from hard di-jet production by
incident pions or real photons as well as from the electromagnetic pion form factor and from the
γπ transition form factor. In the case of pions, the DAs (and corresponding generalized form
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factors) obtained from a chiral quark model and evolved at leading order [27] are in reasonable
overall agreement with the available data and results from lattice simulations.

The classical area for the study of GPDs is deeply virtual Compton scattering (DVCS), i.e.
the process e±N → e±Nγ. Other related processes are the production of lepton pairs, e.g.
e±N → e±Nµ+µ− or γN → N ′e+e− and hard exclusive meson production, e.g. ep → epπ0,
ep → epρ, ep → enπ+, ep → enρ+. There is a considerable amount of data available now,
for example from H1, ZEUS and HERMES at HERA, or from the CEBAF Large Acceptance
Spectrometer (CLAS) and Hall A (CEBAF Experiment 91-010) collaborations at JLAB. More-
over, measurements are expected to provide more data from COMPASS, or from experiments
at JLAB with a future 12 GeV beam upgrade.

Before fitting GPDs to data, their functional form has to be carefully modeled. GPDs are
intricate functions with a non-trivial interplay of the dependence of various kinematic variables
and subject to constraints in a number of limiting cases. For example, they have to reduce to
the conventional PDFs in the limit of forward scattering, there are various sum rules, and at LO
they have to obey a positivity constraint. Moreover, their evolution at next-to-leading order has
to be described properly. Because of their relation with conventional PDFs, it seems reasonable
to perform a simultaneous fit of inclusive DIS and DVCS data. If based on a flexible ansatz for
the GPDs, good fits to DVCS data can be obtained [28]. The complicated structure of GPDs
make them a promising tool to reveal the transverse distribution of partons in a nucleon, or
to address the spin content of the nucleon. It will be interesting to perform at more detail
comparisons with non-perturbative methods, as for example lattice simulations.

5 Small-x and total cross sections

At small Bjorken-x, the behavior of structure functions in deep inelastic scattering is most
conveniently studied in terms of color dipoles, the pair of color charges carried by quark-anti-
quark pairs into which the virtual photon splits during its interaction with a nucleon. At high
energies, these color charges propagate along straight lines separated by a transverse distance
that remains unchanged, and the associated color dipole is described by a two-Wilson-line
operator. The low-x evolution of the structure functions is then governed by the rapidity
evolution of the color dipoles. At leading order in the leading logarithmic approximation, the
rapidity evolution can be determined by the non-linear Balitsky-Kovchegov (BK) equation.
The BK equation extends the BFKL equation by a non-linear term which describes parton
annihilation and predicts saturation at low x. The leading-order BK equation is conformally
invariant, however, at next-to-leading order, conformal invariance is broken in QCD by the
running of the strong coupling constant.

It should be instructive to consider the evolution of color dipoles in a N = 4 supersymmetric
Yang-Mills theory. The N = 4 SYM theory has received a lot of interest recently as it is
conjectured to be dual, at strong coupling, to a type IIB string theory in 5-dimensional Anti-
de-Sitter space-time. Its β-function vanishes and one can hope that its conformal invariance
provides strong restrictions on the correct effective action of QCD at high energies. At LO, the
color dipole evolution equation has the same form as in QCD and it has been demonstrated [29]
that with suitably defined ”composite conformal dipole operators”, the conformally invariant
analytic part of the QCD evolution equation at NLO can be obtained in that theory. It has
also been shown that the resulting evolution equation agrees with the forward BFKL equation
at next-to-leading order.
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The complicated physics of the deep inelastic structure functions results from the cooper-
ation of weak coupling due to the asymptotic freedom of QCD at high energies and the high
density of gluons inside the nucleus. The gluon density increases towards lower Bjorken-x
since at weak coupling, soft and collinear gluon emission is favored. Ultimately, this would
break unitarity. However, gluon bremsstrahlung is limited by recombination effects, an effect
which restores unitarity and leads to saturation at a limit depending on x and Q2 given by
Q2
s(x) ∝ 1/xλ with λ ' 0.2− 0.3.

The situation may change dramatically in heavy-ion collisions where data indicate the pres-
ence of strong coupling effects. According to the famous conjecture by Maldacena, there is a
correspondence between a strongly coupled gauge theory and a string theory at weak coupling.
If this conjecture is right, it would be possible to infer from the study of the classical dynamics
of a black hole in AdS5-supergravity properties of photon interactions with a strongly coupled
quark-gluon plasma. Corresponding investigations [30] lead to the conclusion that saturation
should set in faster and the behavior of Q2

s(x) would be changed to Q2
s(x) ∝ 1/x. As an im-

portant consequence, since strong coupling would lead to unlimited, quasi-democratic parton
branchings, one would expect to observe no collimated jets in e+e− annihilation, and no large-
x partons in the hadron wave functions, i.e. no jets in the forward or backward direction of
hadron-hadron collisions. It has to be seen whether future data from RHIC can contribute to
a clarification of these concepts.

6 Vacuum polarization and g − 2

The comparison of experimental data with theoretical predictions for the anomalous magnetic
moment of the muon has received considerable interest in the past years, after the experiment
E821 at Brookhaven has published the most precise measurement of aexp

µ = (gµ − 2)/2 =
(11659208.0 ± 6.3) × 10−10. Since then a discrepancy of about 3σ has been observed. It is
an open question whether this is a sign of new physics, or of an incomplete understanding of
photon-hadron interactions contributing to aµ.

Figure 5: Status of g − 2 [31].

At present, the precision of theoretical
calculations nicely match the size of the
experimental uncertainty, but for a con-
clusive comparison of theory with results
of future experiments aiming at an ac-
curacy of ±1.5 × 10−10, considerable im-
provements in the theoretical understand-
ing will be necessary. The present theoret-
ical uncertainty is dominated by the preci-
sion with which hadronic contributions to
aµ can be calculated.

Hadronic contributions enter at the
two-loop level via the hadronic vacuum po-
larization (the two-point correlator of the
electromagnetic current) and at the three-
loop level via light-by-light scattering (a
certain component of the four-point corre-
lator of the electromagnetic current). The
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former contribution, denoted ahad,LO
µ , was

traditionally calculated, by using a dispersion relation, from data of the total hadronic cross
section for e+e− annihilation and its accuracy is limited by those data. Improvements in the
measurement of e+e− cross section data by the CMD-2, SND and KLOE collaborations have
reduced the accuracy of ahad,LO

µ to ±5.0× 10−10 [31]. On the other hand, with the increasing
precision of LEP data for the decay spectrum of the τ , it became possible to use, instead of e+e−

data, the τ spectral functions in the calculation of ahad,LO
µ . The most recent analyses [31] based

on τ data reports a precision of ±4.9× 10−10, very similar to the e+e−-based calculations. The
new analysis takes into account recent high-precision data from the Belle collaboration on the
decay τ− → π−π0ντ and is based on a new analysis of isospin-violating corrections. Interest-
ingly, this analysis results in a better agreement with e+e−-based calculations than previously,
but is shifted away from aexp

µ by −15.4×10−10. The long-standing discrepancy between spectral
functions for e+e− → π+π− and τ− → π−π0ντ is reduced, but still present, in particular for
data from KLOE. It will be interesting to see whether the inconclusive situation persists when
preliminary data from BaBar on e+e− → π+π−(γ) using the ISR-method are finalized so that
they can be used for an updated calculation of ahad,LO

µ .

Figure 6: Hadronic light-by-light scatter-
ing and the dominating π0, η, η′ exchange
diagram [32].

The hadronic contribution to aµ from light-by-
light scattering, ahLbL

µ , cannot be directly related to
experimental data and there is at present no com-
plete calculation from first principles. A counting
of various contributions can be based on the 1/Nc

expansion and power-counting of chiral perturba-
tion theory. At order O(Nc), one-particle-reducible
exchange diagrams involving Goldstone bosons (at
O(p6)) and non-Goldstone bosons (at O(p8)) domi-
nate, whereas loop-diagrams start at order O(1/Nc).
Various model calculations are in fair agreement
with each other, resulting in the dominating con-
tribution ahLbL

µ (π0, η, η′) = (11.4 ± 1.3) × 10−10 [32] from Goldstone-boson exchange. Contri-
butions due to the exchange of pseudo-vector and scalar resonances, heavy quark loops and
π loops are less well-known and cancel each other to some extent. A conservative estimate of
their precision, but adding theoretical errors from different contributions in quadrature, results
in ahLbL

µ = (10.5 ± 2.6) × 10−10 [32]. Improvements will be difficult to achieve, but may be
expected by a more refined consideration of short-distance QCD constraints and by utilizing
experimental information on the properties of the off-shell πγγ and ππγγ form factors. Data
from BaBar, KLOE-2 and DAΦNE on radiative decays of pions and pseudo-vector resonances
and other 2-photon processes will play an important role in this respect.
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[31] G. López Castro, this conference; M. Davier et al., arXiv:0906.5443 [hep-ph].

[32] J. Prades, arXiv:0907.2938; J. Prades, E. de Rafael, A. Vainshtein, in Lepton Dipole Moments, eds. B. L.
Roberts and W. J. Marciano, World Scientific (Singapore) 2009 [arXiv:0901.0306].

12 PHOTON09

HUBERT SPIESBERGER

468 PHOTON09


