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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
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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,

PHOTON09 7

PHOTOPRODUCTION ANDPHOTON STRUCTURE AT HERA

PHOTON09 187



)   (GeV)
c

θ sin(µ
1 10 210

  
pe

ak
ξ

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 = 0.23
c

θp, γZEUS 

/2π = cθZEUS ep, 
 = 0.28cθ, pCDF p

/2π = cθTASSO ee, 
/2π = cθOPAL ee, 

/2π = 
c

θN, µNOMAD 

effΛ
c

θ sin µ
 - c, Y = ln cYY + 

2
1 = 

peak
ξ

 3 MeV± = 246 effΛc = 0.29, 

 / dof = 2.202χ
 

)) + B
c

θ sin(µ = A ln(
peak

ξ

 0.007±A = 0.682 

 0.019±B = 1.009 

 / dof = 0.772χ

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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