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Abstract
We give a brief overview of the topics covered in the workirgugp
on diffraction.

1 Introduction

From 2006 to 2008, the working group on diffraction had 74viial presentations, document-
ing the considerable activity and progress in the field. Phigyram covered a variety of topics:
the presentation and assessment of new data from HERA afi@taéron [1-5], developments
in the theory of diffraction irep and inpp or pp collisions [6—15], and the ongoing preparatory
studies for measuring diffractive processes at the LHC206—Many presentations were related
in one way or another to the prospect of seeing central exelygpsoduction of the Higgs boson,
p+p — p+ H + p, or of other new particles. Important progress has been rimatihés field
since the first proceedings of the HERA/LHC workshop [21]egmed, both on the side of in-
strumentation at LHC and in the understanding of the reletbesory, with crucial input provided
by new measurements from the H1, ZEUS, and CDF Collabomatimthe following we give a
brief overview of the different topics presented in thesecpedings and of their interrelation.

2 Diffraction from electron-proton to hadron-hadron collisions

A key result of the numerous studies of diffraction at HERhiat in the presence of a hard scale
several diffractive channels can be understood in termgaft@nic description, which allows us
to calculate important features of the process in pertiobdheory. This concerns the inclusive
cross section for diffractive deep inelastic scatterinigaglwell as diffractive jet or heavy flavor
production from a highly virtual photon [2,9]. The incraagly precise HERA results for these
channels are well described in terms of perturbativelyudated hard-scattering coefficients and
of diffractive parton densities. The latter are a speciakaaf fracture functions [6] and, just as
the usual parton densities, have been fitted to data.

It has long been anticipated from theory and seen in datastitdt a simple factorized de-
scription is not valid in diffractive hadron-hadron caitiss, and recent results from HERA and
the Tevatron have corroborated this finding. Secondarydatiens between partons of the col-
liding hadrons significantly decrease the fraction of es&vith large rapidity gaps, and it remains
a challenge to quantitatively understand the dynamicseasfatinteractions [7, 8] at the LHC. Let
us recall that the associated physics is closely relateldatioaf multiple parton interactions and
hence of importance far beyond the context of diffractivalfstates [21]. Similar rescattering
effects are also expected ép collisions when the exchanged photon becomes quasi re@al, no
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only for diffraction but also for events with an observeddieg baryon [3]. The situation here
seems, however, to be more complicated than initially thodge to the double nature of a real
photon as a pointlike and a hadronic object. Based on the datae the two contributions [2]
and [9] to these proceedings draw conflicting conclusiormuathe magnitude of rescattering
effects in diffractive photoproduction. The study of aduigl experimental observables, such as
double differential distributions or certain ratios stebbikelp clarify the situation.

A wealth of information about high-energy dynamics can bieeggfrom the detailed ex-
perimental studies of exclusive diffraction at HERA, ndyatif exclusive production of a vector
meson or a real photon [4]. Precise data for such channekriicylar provide good constraints
on the generalized gluon distribution [10], which not onbrries valuable information about
proton structure at small momentum fractions but is alsoyaitkgredient for calculating cen-
tral exclusive production ip or pp collisions. Ultraperipheral collisions at LHC offer the
prospect to study exclusive diffraction initiated by a rphbton at energies well beyond the
HERA regime [11]. Suitable exclusive channels may also ide¢lear signals for odderon ex-
change, which, although naturally arising within the QCEtyie of high-energy collisions, have
been conspicuously absent from data so far [12].

Finally, the combined consideration @ data for both inclusive and exclusive diffraction
and for non-diffractive events remains maybe the bestegjyafor clarifying the importance of
parton saturation at HERA, i.e., of non-linear dynamict&t due to high parton densities [13].
To understand such dynamics at the quantitative level rsyaie of the great challenges in high-
energy QCD, and there is hope that the huge phase spacébvailpp collisions at LHC can be
harnessed to shed further light on this physics. This resn@mambitious enterprise, requiring
measurements at forward rapidities at the LHC [16] and &rrtievelopment of the theory [14].

3 Preparing for diffraction and forward physicsat LHC

The opportunities for diffractive and forward measurermexttLHC cover a wide area of physics,
ranging from the determination of the elastic and tgfalcross section at the highest energies
yet achieved in the laboratory [17, 18] to the study of bodtebweak and strong interactions in
~v and~p collisions [11, 16, 19, 20]. High hopes are put into the pulii to observe central
exclusive production of new particles such as a light Higgsolm, with the prospect of the precise
measurement of their mass, width, and quantum numbers iryalean environment [20]. The
theoretical description of the central exclusive produttmechanism involves many difficult
issues, and a milestone in testing our understanding ofrteishanism has been the observation
of exclusive dijet production by CDF [5]. Despite this suggeone must keep in mind the
uncertainties inherent in extrapolating dynamics fromafiesn to LHC energies, and a humber
of diffractive measurements have been proposed to valtatéheory at an early stage of LHC
running [15].

The forward instrumentation currently available at ATLASVIS and ALICE will allow a
rich program to be carried out in forward and diffractive pieg from the very beginning of the
data taking. Feasibility studies performed by CMS [16] aadé that measurements of forward
jets sensitive to the low-PDFs of the proton are possible with the first 10 plof integrated lu-
minosity. “Rediscovery” of hard diffraction at the LHC is gmible within the first 10-100 p8,
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via single-diffractive production of dijets ari@ bosons, as well a¥ photoproduction [16]. In
addition, exclusive dilepton production can be used fordakibration of the forward detectors
and for luminosity determination [16]. TOTEM [17] plans teeasure central and single diffrac-
tive cross sections, as well as higkiastic scattering and forward charged particle multifidis
with the first data. A more ambitious joint CMS-TOTEM physfm®gram is foreseen [17] as
soon as common CMS and TOTEM data taking is possible. TOTER §hd ATLAS [18]

will also measure the total and elasfip cross sections in dedicated runs with special beam
optics. A diffractive physics program is also taking shapAIldCE [19], thanks to the particle-
identification capability and good acceptance for lpwparticles of the ALICE detector, along
with the lack of pile-up at the ALICE interaction point.

ATLAS and CMS will also be able to carry out a forward and difftive physics program at
the highest LHC instantaneous luminosities if the AFP andZ8Rprograms are approved [20].
AFP aims at instrumenting with near-beam proton detectwesegions at-220 and +420 m
from the ATLAS interaction point, while FP420 at CMS aims astrumenting thet420 m
region to complement existing proton detectors at TOTEM:sEhadditions to ATLAS and CMS
will permit the measurement of forward protons down to valokthe fractional momentum loss
of the proton oft ~ 0.002.

In summary, the diffractive community is looking forwardth® next years, when the final
analysis of HERA data and a variety of measurements at LHChapefully teach us valuable
lessons on the physics of the strong interaction and beyond.
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Towards a Combined HERA Diffractive Deep Inelastic Scattemg
Measurement

Paul Newman ¢, Marta Ruspa®
@ School of Physics & Astronomy, University of Birmingham, B2TT, UK.
b Universita del Piemonte Orientale, 28100 Novara, Italy.

Abstract

The diffractive dissociation of virtual photons;p — Xp, has been
studied with the H1 and ZEUS detectors at HERA using variaums-c
plementary techniques. Events have been selected by thigging
of the outgoing proton or by requiring a large rapidity gajmen
the proton and the systedi. The diffractive contribution has also
been unfolded by decomposition of the inclusive hadronial fatate
invariant mass distribution. Here, detailed comparisaresnaade be-
tween diffractive cross section measurements obtained the differ-
ent methods and the two experiments, showing them to bestensi
within the large uncertainties associated with the treatnoé proton
dissociation processes. First steps are taken towardothbigation
of the H1 and ZEUS results.

1 Introduction
In the single diffractive dissociation process in protaotpn scatter-

ing, pp — Xp, at least one of the beam hadrons emerges intact from =

the collision, having lost only a small fraction of its engend gained ¢ Q

only a small transverse momentum. In the analogous pronesk/4 B

ing virtual photonsy*p — Xp (figure 1) [1, 2], an exchanged photon }'Mx

of virtuality % dissociates through its interaction with the proton at  x,

a squared four momentum transteio produce a hadronic system P

with massM . The fractional longitudinal momentum loss of the \«t./

proton during the interaction is denoteg, while the fraction of this

momentum carried by the struck quark is denoedrhese variablesFig. 1: Illustration of the
are related to Bjorkem by v = S xp. kinematic variables describ-

Diffractive interactions are often discussed in the frarmeuof ing the virtual photon disso-
Regge phenomenology [3] in terms of the exchange of a ‘pomiergation processyp — Xp,
with vacuum quantum numbers. This interpretation in terfres ani- in ep collisions.
versal exchange is experimentally supported by the ‘proestex fac-
torisation’, which holds to good approximation over muchtloé accessible kinematic range
at low zp, whereby the dependences on variables describing thensefaction with the proton
(zp, t) factorise from those related to the hard interaction withwirtual photon 6, @2). Similar
reactions, in which sub-leading Reggeon and pion trajext@re exchanged, have a negligible
cross section at the smallesp values.
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Significant progress has been made in understanding difrein terms of QCD by study-
ing virtual photon dissociation in deep inelastig scattering (DIS) at HERA (for a review
see [4]). As well as being sensitive to novel features ofgradynamics in the high density, low
x regime, diffractive DIS cross sections are used to extrdfradtive parton density functions
(DPDFs) [5-9], an essential ingredient in predicting maiffyatttive processes at the LHC and
in estimating backgrounds to more exotic processes suchragtexclusive Higgs production
(pp — pHp) [10].

Similarly to inclusive DIS, cross section measurementsttierreactiorep — eXp are
conventionally expressed in terms of the reduced diffvaatross sectiony’’ (3), which is related
to the measured cross section by

do.ep—>eXp 47‘(’0&2 y2 b
— _ A (3) 2
iy = sor |1+ PO, @

At moderate inelasticitiey, O'TD 3) corresponds to the diffractive structure functib‘tf 3) to
good approximation. In this contribution, we tackle thentg@cal issue of compatibility between
different a? ® data sets through detailed comparisons between differeasumements by the

H1 and ZEUS collaborations and take the first steps towardsbined HERA data set.

2 Methods of selecting diffraction at HERA

Experimentally, diffractiveep scattering is characterised by the presence of a leadirtgrpho
the final state retaining most of the initial state protonrgpeand by a lack of hadronic activity in
the forward (outgoing proton) direction, such that theeysk is cleanly separated ardd xy may
be measured in the central detector components. Thesdugigmdave been widely exploited
at HERA to select diffractive events by tagging the outggamgton in the H1 Forward Proton
Spectrometer or the ZEUS Leading Proton Spectrometeraipitaigging method [6, 11-14]) or
by requiring the presence of a large gap in the rapidityiBistion of hadronic final state particles
in the forward region (LRG method [5, 8, 15, 16]). In a thirdbegach (//x method [16-19]), the
inclusive DIS sample is decomposed into diffractive and-difinactive contributions based on
their characteristic dependences/ialry .

The kinematic coverages of the LRG andly methods are limited tap < 0.05 by the
need to contain the systei in the central detector components. These two methods aie-eq
alent for Mx — 0, but differences are to be expected at largéy, where the LRG method
measures the full cross section from all sources at a givgn £, Q?) point, whereas thé/y
method involves the subtraction of a ‘non-diffractive’ gaoment. LPS and FPS data extend to
zp ~ 0.1 and are therefore the most sensitive to non-leading caniwifis, including Reggeon
and pion trajectory exchanges. Apart from the proton dission treatment in the H1 case (see
section 4.2), the cross sections measured by the protgmtagnd LRG methods are equivalent.

The methods differ substantially in their dominant souroesystematic uncertainty. In
the LRG andM x methods, the largest uncertainties arise from the adneixitllow mass leading
baryon systems other than protons. These include protataggns to low mass states as well as
leading neutrons produced via charge exchange reactidhsuch contributions are collectively
referred to here as ‘proton dissociatioap, — e X N, with the baryon staté&/ having mass\/y.
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Proton dissociation processes cannot always be distimggiisy the LRG and/x methods from
events in which the proton is scattered elastically. Ca®lgr low«p samples selected by the
proton-tagging method have little or no proton dissociatiackground, but are subject to large
uncertainties in the proton tagging efficiency, which i®sgly dependent on the proton-beam
optics. Proton spectrometers also allow a measuremenbof the statistical precision is limited
by their small acceptances.

Comparing the results from the three different methods isveepful test of the control
over the systematics of the measurements. Atidgw the ratio of results obtained by the LRG
and M x methods to those from the proton-tagging method can alsedxbto quantify the proton
dissociation contributions in the former samples.

3 Datasets

A comprehensive comparison has been carried out betweentridd and ZEUS measurements
obtained with the three different methods. The data sets aigeas follows.

e Three data sets collected with the ZEUS detector in the yE298 and 2000. Overlap-
ping samples have been analysed with the ZEUS Leading P&pentrometer (termed
“ZEUS LPS”, based on a luminosity of 32.6 pb) [15], with the LRG method“ZEUS
LRG”, 62.2 pb!) [15] and with theM/ x method, relying on the Forward Plug Calorimeter
(“ZEUS FPCI” , 4.2 pb! [18] and“ZEUS FPC II” , 52.4 pby! [19]).

e A set of data collected with the H1 Forward Proton Spectrem@1 FPS”, 28.4 pb 1)
[14] in the years 1999 and 2000.

e A set of data collected with the H1 detector in the years 19989 and 2000 and anal-
ysed with the LRG method'fi1 LRG” , 2.0 pb’!, 10.6 pb! and 61.6 pb! for small,
intermediate and larg@?, respectively) [8].

The H1 LRG and FPS samples are statistically independerararmhly weakly correlated
through systematics. The three ZEUS samples also haveetitfdominating systematics, but
are not statistically independent. About 75% of events arermon to both the ZEUS LRG and
ZEUS FPC Il data sets and 35% of the ZEUS LPS events are alsaied in the ZEUS LRG
sample.

4 Proton dissociation background and corrections

In proton dissociation processes at the lowdst, the dissociative systedy often escapes en-
tirely undetected into the forward beam-pipe. A&y increases, it becomes more likely that
dissociation products are detected in the instrumentatiost sensitive to forward energy flow.
The LRG andM/ x methods therefore do not distinguish Iaux; proton dissociation events from
the case in which the proton is scattered elastically. Bifiecross-section definitions have been
adopted, in which the proton dissociation contributionitises subtracted statistically, or else the
quoted results are integrated over a specific rangd of Since understanding the proton disso-
ciation contributions and the corresponding correctieanfsimndamental to comparisons between
the different measurements, a detailed discussion is mexs@ the following.

The comparisons here are restricted to published data andtget include the precise H1 LRG andyx method
results obtained from 1999-2004 running [16].
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In both the ZEUS LPS and the H1 FPS analyses, the contribfriomproton dissociation
events is negligible at smaltp S0.02. At the largestzp values, it becomes kinematically
possible for the detected leading proton to be the result dcay of anN* or other proton
excitation, the remaining decay products being unobservais background was estimated by
ZEUS to contribute around 9% af> = 0.1, using the RTHIA Monte Carlo (MC) model [20]. In
the H1 FPS analysis, using theaRGAP [21] implementation of the DFFvM proton dissociation
model [22], it was estimated to readbt atzp = 0.08.

Proton dissociation contributions in the LRG amfly methods can be controlled using
dedicated proton dissociation simulations tuned4g regions where dissociating protons leave
signals in the detectors, and extrapolated intalthe regions where the dissociation products are
typically not detected. In addition to this procedure, bdthand ZEUS use standard simulations
of non-diffractive processes to control the small mignasi@f very highM  or zp events into
the measurement region, which occur due to inefficienciekeoforward detectors.

4.1 ZEUSLRG
In the recent ZEUS analysis, the PHIA sim-

ulation was tuned to proton dissociation sig- - ZEUS ‘ ‘ ‘
nals. Two samples were selected by requiring ™| 17 @ R §
activity either in the forward plug calorimeter " 1°°°|_L\M~“ " ol :
(FPC) or atrelatively low proton energy inthe ol d  olaceen o
LPS. The samples thus include the lduiy E... (GeV) %
region in which proton dissociation products g ‘- 120l @

are invisible to the central detector. The gen® os} + 1% osf

erated distributions were reweighted My, ﬁ;‘2-—m—a-———.o———;—¢———~$i | IS
My andQ? to best describe the energy dis- ° " 2 %oz 07 o o 1
tribution in the FPC Erpc), and the scattered | <’ (G?VZ) B
proton energy fraction distribution:{) in the 5 osf @ © 2EUS FPC PDISS
LPS. Figures 2a and 2b show the compari- o} o _° ZEUSLPS POISS
son of the reweighted¥AHIA model with the °§"é’""”"f""’"'°""'f'$’ - Average

two proton dissociation samples as a function
of these variables. Also shown in figures 2%9
e is the resulting estimate of the fraction o#
proton dissociation events in the LRG samp
as a function ofQ?, 5 andzp. This frac-

. 2: (a) FPC energy and (b) LRS, distributions for
eEUS proton dissociation samples (see text), with data
compared to the tunedY®HIA model. (c-e) Extracted

. . f{_?ctions of proton dissociation events in the ZEUS LRG
tion, obtained separately from the FPC an . ) . .
sample as a function a“, 8 and xp after integration

LPS samples, is constant at the leveR%o. _
over the other variables [15].

The ratios of cross sections extracted
from the ZEUS LPS and LRG data (the latter
uncorrected for proton dissociation background), are shiovfigure 3. There is no significant
dependence o®?, zp or g, illustrating the lowzp compatibility between the two methods.
The ratio averages 10.76 = 0.01(stat.) 70 03 (syst.) "oz (norm.), the last error reflecting the
normalisation uncertainty of the LPS data. The proton disdgimn background fraction in the
LRG data is thu24 + 1(stat.) "3 (syst.) T3 (norm.)%, in agreement with the result of the MC
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study,25 + 1(stat.) = 3(syst.)% (figure 2). Unless stated otherwise, the ZEUS LRG data are co
rected by this factor in the following and thus correspondigsively to the truly proton-elastic
process.

42 HI1LRG
The contribution from proton dissociation in ZEUS
the H1 LRG analysis is constrained throughg st opemen e )
the DIFFvM MC [22] model, normalised us- g T . N —_— §
ing the response to largé/y events leav- % e
ing signals in the forward and central detector? prom oo oz v
components [8, 23]. § T e e R R S
The data are corrected usingFBvm =~ [0 praoss rolss rosns 5
to My < 1.6 GeV. The H1 LRG data are then ~ *[----- S :--s--.------'---'--*-f----1--'--1---§
compared with the H1 FPS measurement, in o eyt s oy
order to extract the proton dissociation cross . g !__”____L_,__H____'__.__1___N§
section withMpy < 1.6 GeV directly from -
the data. The ratio of the two measurements, |~ e o -
after projection onto th€)?, zp and 3 axes, e E I ""'*""*"*"*"I’ji
is shown in figure 4. There is no evidence for °~ 7 107 17 17 10° 17 n° 1n°
any dependence on any of the kinematic vari- Xip

ables. as expected in the framework of protdiig- 3: The ratio of the ZEUS LPS measuremehi =
vertex factorisation. The average value of tHgr) to the ZEUS LRG measurement before subtraction of
ratio is1.234+ 0.03 (Stat.) +0.16 (Syst.), the Proton dissociation background [15]. The lines represent
largest uncertainty arising from the FPS efﬂbe average value of this ratio. An overall normalisation
ciency. The result is in good agreement withpcertainty oft4' % is not included in the errors shown.
the DIFFVM estimate ofl.157032. The data

and DFFvM ratios translate into proton dissociation backgroundtivas of 19 % and13 %,
respectively, consistent within the uncertainties. Teilarity between the proton dissociation
fractions in the raw H1 and ZEUS LRG selections is to be exguegiven the similar forward
detector acceptances of the two experiments.

4.3 ZEUSFPC

The proton dissociation treatment is also critical in Mg method, where the diffractive contri-
bution is separated from the non-diffractive componentfitta the inclusiveln M/% distribution.
Proton dissociation events with sufficiently larygy for dissociation products to reach the FPC
and central detectors lead to a reconstruaiéd value which is larger than the actual photon
dissociation mass. The resulting distortion of the//% distribution affects the diffractive con-
tribution extracted in the fit if corrections are not made céwling to the NG MC model, the
N system contaminates thidx reconstruction foll/y > 2.3 GeV on average [24], and events
in this My range are therefore subtracted usingNg before theln M% distribution is decom-
posed. The uppel/y cut in the NG sample is defined byMy /W)? < 0.1, which leads to

a variation of the subtracted fraction of events with the centre-of-mass energy of the photon-
proton system. This contrasts with the LRG method, where M@iss confirm that the rapidity
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Fig. 4: The ratio of the H1 LRG measurement (correctedfto < 1.6 GeV) to the H1 FPS measuremenit/ty =
my), after integration over the variables not shown in eaclke ¢84]. The lines represent a fit to the data assuming no
dependence on any of the variables. An overall normalisatiwertainty ofl 3% is not included in the errors shown.

gap requirement efficiently eliminates proton dissociatb largeM y, the remaining fractional
low My contribution being independent of kinematics to good agipnation (figures 3 and 4).

Despite these difficulties, there is acceptable agreenantden the ZEUS FPC data and
the ZEUS LRG measurement. A global fit comparing the norratdias of the two data sets
(after correcting the LRG data td/xy = m,) yields a normalisation factor of 0.83 0.04 to
be applied to the ZEUS FPC results. This factor is comaptibth with expectations for the
residual proton dissociation contribution based on the Mi@iss in sections 4.1 and 4.2.

_ * ZEUSLRG (My=M,)62pb™ & ZEUSFPCI(x0.83) o ZEUS FPC Il (x0.83 _ * ZEUSLRG (My=M,)62pb™ =& ZEUSFPCI(x0.83) o ZEUS FPC Il (x0.83
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Fig. 5: Comparison between the ZEW&x method (‘FPC I' and ‘FPC II') and ZEUS LRG method data [15]. As
explained in the text, thé/x method data are scaled by a constant factor of 0.83 to acémuptoton dissociation
contributions withM/y < 2.3 GeV.
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5 Cross section comparisons

Due to their differingM y coverages, thef) (3) measurements from the different data sets are not
directly comparable. However, assuming the factorisatibtihe My dependence which is sug-
gested in the data, varying tiié, range should introduce only global normalisation diffees
which can be estimated using the proton dissociation siinnk

5.1 Comparison between LRG andM x methods

ZEUS cross section measurements obtained ZEUS
with the LRG andM x methods are compared | - zusieszon: o ures
in figure 5. The LRG data are corrected tos | | &% | =% | ™% | ™
My = M, as described in section 4.1 and” | . | .
the relative normalisation factor of 0.83 (Sec-  ofm—so] 22208 | oo 2

tion 4.3) is applied to the ZEUS FPC data to

2.7 GeV?

5.3 GeV?

account for residual proton dissociation. The gp,g: L TR )
o 5 Pa fwad | °fg
overall agreement between the two measure- o
ments is good, apart from some differences at ;
largezp > 0.01. The@? dependence of the Wl o] Peg | 0H |
Mx method data is also slightly weaker than ° )
that of the LRG data. 005 yﬁ{ J b
i )
8% g;sﬁ §‘§’§"F ‘& |°

5.2 Comparison between ZEUS LPS and 10°10710" 1010 %10 101010 " 10 *10*10™ 10 *10 10
P

H1 FPS measurements §
Fig. 6: Comparison between ZEUS LPS and H1 FPS
The ZEUS LPS and H1 FPS data are com-

o . . measurements [15]. Normalisation uncertainties=00%
pared in figure 6. For this comparison, th&-ﬂ) and*11% (ZEUS) are not shown.
ZEUS results are extracted at the same ’
and Q? values as H1 and are therefore not
affected by extrapolation uncertainties. The
shape agreement is satisfactory and the overall normalisdiscrepancy of arountl0% lies
within the large combined normalisation uncertainty ofuard14%.

5.3 Comparison between ZEUS and H1 LRG measurements

The ZEUS LRG data are extracted at the Blandxp values, but at differerd)? values. In order
to match theliy < 1.6 GeV range of the H1 data, a global factorodd1 +0.07, estimated with
PYTHIA, is applied to the ZEUS LRG data in place of the correctionn@lastic proton cross
section. After this procedure, the ZEUS data remain higtem those of H1 by3% on average,
as estimated with a global fit comparing the normalisatiditbeotwo data sets fap? > 6 GeV2.
This normalisation discrepancy is similar to that betwden 1 FPS and the ZEUS LPS data
sets. Itis in line with the errors due to tB& uncertainty on the proton dissociation correction
in the ZEUS LRG data and th&% combined relative normalisation uncertainty betweenwe t
LRG data sets.

In figure 7, the ZEUS results are scaled by a fa6téi x 0.87 (the factor0.87 = 1 —
0.13 normalising the ZEUS to the H1 data) and compared with the RGImeasurement. An
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excellent agreement between thédependences is revealed throughout most of the phase space.
There are small deviations between thelependences of the two measurements at the highest
and lowests values. The results of the ‘H1 Fit B’ NLO QCD DPDF fit to the H1 GRlata [8]

is also shown. It gives a good description of the data at laJ§e However, the extrapolation
beyond the fitted region? > 8.5 GeV?) undershoots the precise new ZEUS IQ% LRG data,
confirming the observation in [8] that a standard DGLAP fitte lowestQ? data is problematic.

6 A First Combination of Data Sets

For easy future consumption at the LHC and elsewhere, itsgalde to combine the various
H1 and ZEUS diffractive DIS measurements into a single gakiestible HERA data set. Here
we take the first steps towards this goal, by making a simpla-@reighted average of the H1
and ZEUS LRG data sets, ignoring correlations between thee uizints due to the systematic
errors. LPS and\/x method data are not considered at this stage. For the pungiabés
exercise, the ZEUS normalisation is fixed to that of H1 asnlesd in section 5.3 and shown
in figure 7. The normalisation of the combined data thus hasreertainty beyond th&0%
level. Combinations can only meaningfully be made wherestiebasic agreement between the
different measurements. Since this is not always the cabe &westrp values, we restrict the
averaging to thep = 0.003 andxp = 0.01 data. The combinations are performed throughout
the measured)? range, including th&? < 8.5 GeV? region, beyond the range of the ‘H1 Fit
B’ parameterisation which is compared with the data.

To account for the differences between @ebinning choices, H1 data points are adjusted
to the ZEUSQ? bin centres by applying small correction factors calcwalatsing the ‘H1 Fit B’
parameterisation. Where both collaborations then havesunements at a giverQg, zp, 5)
point, a simple weighted average is taken, using the quadrain of statistical and systematic
uncertainties for each experiment, excluding normabsetincertainties.

The results of this averaging procedure are shown in figufeh®y are indicative of the
sort of precision which is achievable through combinatjavith many data points having errors
at the3 — 4% level, excluding the normalisation uncertainty. At = 0.01 the combined data
agree well with the ‘H1 Fit B’ DPDF results. Atp = 0.003 the Q2 dependences are also in
good agreement with the parameterisation indtad(Q? region of the fit, with the exception of
the highests value, where the average is pulled towards the more pre&&eSAdata.

More sophisticated averaging methods may be used in thesfuior example that [25]
developed to perform similar combinations of inclusive HEfata, with a full systematic error
treatment. No attempt has yet been made to extract DPDFstfienaombined data. Based
on the combinedrf)(g) and itsQ? dependence shown here, no significant conflict is expected
with the quark or gluon densities of ‘H1 Fit B’ in the bulk ofalphase space. However, small
modifications are likely to be necessary to the quark dexssét small and largé values.

7 Summary

H1 and ZEUS diffractive DIS data obtained by various methwik very different systematics
have been compared in detail. All measurements are broadligisient in the shapes of the
distributions. The comparisons between proton taggingl&®@ method data internally to the
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Fig. 7: Comparison between the H1 and ZEUS LRG measuremiatcarrecting both data setsddy < 1.6 GeV

and applying a further scale factor of 0.87 (correspondintlé average normalisation difference) to the ZEUS data.
The measurements are compared with the results of the 'H8' BPDF extraction, which was based on the H1 data
shown. Further H1 data atr = 0.03 are not shown.
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Fig. 8: Combination of the H1 and ZEUS LRG data following theqedure described in the text. The global
normalisation is fixed to that of the H1 measurement, in ordest easily to compare the data with the 'H1 Fit B’
DPDF results.

two collaborations give compatible results on the prot@saltiation contributions in the raw
LRG selections. There is a global normalisation differeatthe 13% level between the LRG
measurements of the two experiments, which is a little béyame standard deviation in the
combined normalisation uncertainty. A similar differensevisible between the normalisations
of the H1 and ZEUS proton tagged data.

A first step has been taken towards combining the two sets @ HRta, by arbitrarily
fixing the normalisation to that of the H1 data set and igropdarrelations within the systematic
uncertainties in obtaining weighted averages. The resitisat the precision which might be
obtained in the future with a more complete procedure.
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Abstract

The recent experimental data from the H1 and ZEUS collalomst
at HERA collider for diffractive dijet production and opeharm pro-
duction in deep inelastic scattering and photoproductienpeesented
and compared to next-to-leading order (NLO) QCD predicidihile
good agreement is found for dijets in DIS and open charm ptioiu
(D*) in both DIS and photoproduction, the dijet photoproduttitata
for jets with low transverse energit of the leading jet are clearly
overestimated by NLO predictions. The indication of theatetence
of the suppression factor oAt was found. Within large errors the
same amount of suppression was observed in both direct aolyed
enhanced regions.

1 Factorisation and diffractive parton distribution functions

Diffractive electron-proton interactions studied wittetHERA collider allow us to investigate
the proton diffractive structure. In this type of interacts the proton remains intact or dissociate:
into a low-mass state, while the photon dissociates intaledmic stateX, v*p — Xp'. The final
protonp’ and the hadronic stat¥ are separated by a large rapidity gap (LREThe diffractive
exchange (Pomeron), with the vacuum guantum numbersesawiay a fractiomp of the initial
proton longitudinal momentum and has virtuality= (p —p’)2. The Regge phenomenology tells
us that for small¢| the diffractive cross section drops exponentially wittvhich allows us to
integrate ovet to cope with experimental setup when the final proton is rygjea.

The actual beam particles are electrons or positrons wighpdnotons in a wide range of
virtualities Q. In general, the cross sections depend on both the protothammhoton structure.

For a highly virtual photoni.e. the one we can consider point-like, the factorisation the
orem holds [2], stating that the cross section is given imgeof the universal diffractive parton
distributions (DPDFs) and hard partonic cross sectionseregc formula reads

do7"P D(3) 2 Ak
_— 1
dxjpdﬁdQ2o<k:zg;quk (o Q%) 077 @)

where® denotes the convolution and DPDFE™ (zp, 2, Q?) are integrated over. In the
leading log (LO) approximation Eq. (1) simplifies to

do™'P
de‘ﬂJZﬁdQ2 X Ze fD le7ﬁvQ2) s (2)

!For the definition of kinematics and variables segG. Watt’s talk [1].
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yielding the parton-model interpretation @fbeing fractional momentum of the quark struck by

*

v

The factorisation (1) holds for the inclusive as well as mriusive processes provided
Q? is high enough for the photon to remain point-like and for tiigher twist corrections to
be neglected. Applied to the inclusive diffractive DIS iloals us to extract the proton DPDFs
from the data. Both H1 and ZEUS collaborations performeddits, assuming the Regge
factorisation for DPDFs [3],

O (wp,2,Q%) = fr(ap) fE (2,Q%) 3)

with the Pomeron fluxfp(zp) taken from the Regge phenomenology. In actual fits a sma
contribution from a secondary Reggeon was also taken irtownt — for details see [4-7].

A more elaborate approach not assuming Regge factorisatidntaking into account
higher twists and perturbative Pomeron contributionssswlsed in [1, 8].

With DPDFs at hand, we can study some semi-inclusive prese3se topics summarized
in the following include dijet and open charm{) production in both DIS and photoproduction
(PHP) regimes. As already stated, if factorisation is noiled by higher twist contributions, it
should work equally well for the above mentioned processdblé DIS regime. Thus one can
extract the DPDFs from inclusive data only and use them tdigir¢he dijet andD* production
cross sections. Comparison to the data provides us witmtbemation on the quality of the fit
and pQCD calculations. Another approach is to use inclussserell as dijet and/or charm pro-
duction data to extract DPDFs. The reason for using the ssshisive data is that the inclusive
DIS is known to be mainly sensitive to the quark content ofgtaon,cf. (2). Gluons enter the
cross section only via scaling violations and higher ord&Dorrections, resulting in a quite
high uncertainty in the extractef), [6]. Both dijet and charm production are directly sensitive
to f, and can be used to better establish the diffractive gludnilalision. A combined fit using
inclusive and dijet data is discussed in detail in [7, 9—Wdjile the one using inclusive and*
production data is presented in [5].

The photoproduction regime is qualitatively different. releéhe photon is (nearly) real
and reveals its hadronic structure. Theinteraction has components analogous to the hadror
hadron scattering, at LO ascribed to the 'resolved’ photionthis case there is no theoretical
reason for the factorisation and experimentally it is knaavhe badly broken in thgp diffractive
dijet production [12]. This factorisation breaking is pbemenologically understood in terms of
the rescattering (screening) effects [13, 14], which lea Suppression of the cross section
calculated assuming that both proton and photon PDFs faetor

In order to investigate the amount of this suppression th©NQCD calculations using
factorisation assumption are confronted with the expemialeresults. In general the observed
suppression is much smaller than in gifecase, which qualitatively agrees with theoretical ex-
pectations [13, 14]. For a small suppression (up to ca. 5@%bhaerved at HERA) the accuracy
of theoretical predictions becomes an important factoe d¢tual uncertainties can easily reach
the order of the measured effect.

The uncertainty inherent in the perturbative QCD calcala] is the amount of higher or-
der contributions. A common method to qualify it, is to lodklae renormalisation/factorisation
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scale dependence (there should be none in the completé).ressilshown in the figures below
this scale dependence is strong, telling us that the higtuler @orrections are import&ntThe
only way to resolve this issue is to go to higher pQCD ordeMi(N,...). There are, however,
other uncertainties which are not shown in the plots. Letisisugs them briefly.

The fits to the inclusive DIS data are performed using thed-Kavour Number Scheme
(FFNS) with three massless quarks and heavy charm and battatted as massive particles,
not partons. On the contrary, the NLO calculations of thetgifoduction cross section take all
flavours massless, as in the Variable Flavour Number Scheimeboth flavour schemes differ
in the heavy quarks treatment and in the amount of gluons.

Gluon content of the Pomeron is poorly established by a fivéariclusive DIS data only
and both dijet and open charm production are very sensidigiubns. In photoproduction about
80% of the cross section comes from subprocesses [15]. This ambiguity is, of course, smalle
in the case of combined fits [5, 9].

All the above mentioned uncertainties, present in the asdumodel of Regge factorisa-
tion and non-perturbative Pomeron, should be kept in mindnmlboking at experimental data
compared to the NLO QCD predictions.

For a discussion on theoretical aspects of diffractivet gifeotoproduction see the contri-
bution of M. Klasen and G. Kramer to these proceedings.

2 Diffractive Dijet Production

Diffractive dijet production in DIS was analysed by both HidaZEUS collaborations in [9, 16,
17] and presented in [10, 11, 15, 18-20]. The data was takengdihe HERA running periods
1996/97 and 1999/00. The kinematic range of the photonalitjuvasd < Q2% < 80 GeV? (H1)
and5 < Q? < 100 GeV? (ZEUS). The photon-proton CMS enerdly was abovel00 GeV.
Diffractive events were selected with the help of criteridgange rapidity gap (LRG) and the jets
were identified using the longitudinally invariant inchasitT cluster algorithm [21] in the Breit
frame. The transverse energies for leading and subleaelisigvere required to bE}, > 5 GeV
(BT > 5.5GeVin[9]) and Ef, > 4 GeV.

The experimental results are compared to the NLO preditidntained with the DISENT
[22] and NLOJET++ [23] codes using several DPDFs. The cres$a®s vs. zp and £,
depicted in Figure 1, show that the NLO predictions agrediwierrors with the data. We can
conclude that the QCD factorisation for diffractive dijétslds as expected. Note, however, tha
the ZEUS data tend to lie about (10—20)% below the NLO prexfist

The diffractive photoproduction (DPHP) of dijets was asaly by both H1 [16] and
ZEUS [24] collaborations. The H1 experiment analysed the dath tagged electron in the
running period 1996/97. The kinematic region was taken #rmesas for the DIS dijets (ex-
cept Q2 < 0.01 GeV?) with the purpose to study the double ratio of photoproaducdIS
cross sections. The ZEUS analysis of dijets in DPHP covemseadat different kinematic
region, main difference being higher transverse enerdidsanling and subleading jets satis-
fying Er1 > 7.5 GeV, E1y > 6.5 GeV. In both experiments the jets were identified using

2Note that very small or no scale dependence is not a prooftibaesult is correct.
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Fig. 1: Differential cross section for the diffractive pradion of dijets vsx» and £, as measured by H1 [9] (two
left plots) and ZEUS [17] (two right plots). NLO predictiofar several DPDFs parametrizations are also shown. The
shaded bands show the uncertainty resulting from the i@miaf renormalization scale by factors 1/2 and 2.

the inclusivekr cluster algorithm in the laboratory frame. For detaileccdssion of the results
see [10,11,15,18,19].
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Fig. 2: Differential cross section for the diffractive pbptoduction of dijets vszp andz., as measured by H1 [16]
(two left plots) and ZEUS [24] (two right plots). NLO predians for several DPDFs parametrizations are also shown
The shaded bands show the uncertainty resulting from thatiar of renormalization scale by factors 1/2 and 2.

The cross sections vs; andz., are shown in Figure 2. The NLO QCD predictions were
obtained using several DPDFs and photon PDFs paramairisatand with two independent
computer codes, one by Frixione and Ridolfi [25] and the olblyeKlasen and Kramer [26]. It
was checked that both codes give the same results.

The H1 experiment observes a global suppression of NLO Q@Digtions by factor 0.5.
The ZEUS data are compatible with no suppression — the Idvageement with the NLO
predictions is similar to the DIS case. However, 10-20% segxion is not excluded. Both
experiments observe that the approach when only resolvetbipipart of the cross section is
suppressedd, < 0.8) is clearly disfavoured by data in contradiction with thetaral expectation
of [14].

The difference between kinematic regions of both expertmlerad us to a hypothesis that
the suppression may depend on fie range of the jets [27]. Indeed, the cross section doubl
ratio of data and NLO prediction for the diffractive PHP antSlas a function of transverse
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momentumFE of the leading jet measured by H1, and the ratio of the ZEUS datss section
over the NLO predictions, indicate the rise with increasliyg as shown in Figure®3
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Fig. 3: Cross section double ratio of data to NLO predictionghotoproduction and DIS as a function of transverse
momentum of the leading jet measured by H1 (left plot) and<s®ction ratio of data and NLO for the diffractive
photoproduction of dijets vér of the leading jet as measured by ZEUS (right plot).
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Fig. 4. Differential cross section for the diffractive pbptoduction of dijets as a function af, and Er; for the
lower E cut scenario (two left plots) and for the highBt cut scenario (two right plots), compared to NLO scaled
calculations (upper plots). The lower plots show the cqesling ratios of the data to NLO calculated cross sections

A detailed study of this issue was performed in the new H1yemabf dijets in photopro-
duction [28]. The study was performed in two cut schemes. firbeone identical to [16] with
Er1 > 5 GeV, to crosscheck results of previous analysis. The secondvithall cuts as close
as possible to the cuts used by ZEUS [24};; > 7.5 GeV, to check for a possible dependence
of suppression ot of the jets. The results were compared to NLO calculatioimsgusiree H1

3left plot derived from [16], thanks to S.Schaetzel
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DPDFs — fits A,B and Jets. The best agreement of the shapesasfumael cross sections was
obtained with NLO predictions using fit B and scaled by fa€&t&3 for low E+ cut scenario, and
by factor 0.61 for highEr cut scenario [28].

This measurement of the suppression factor together wetRBUS results of 0.8—1 factor
seem to support the idea of ti&--dependent suppression.

As in the previous analyses no dependence of suppressioreasuned:., was observed,
indicating that there is no evidence for the suppressiohefe¢solved part only.

3 Open charm production in diffraction

Another semi-inclusive process analysed at HERA is theatifive production of open charm
observed in the reactions with* mesons production. Both DIS and PHP regimes have bee
studied and discussed during the workshop [18-20, 29, 30].

If QCD factorisation is fulfilled, NLO QCD calculations baken DPDFs measured in
inclusive processes should be able to predict the productites of such processes in shape ant
normalization.
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Fig. 5: Differential cross sections for diffractiv@” meson production as a function ®f> andzp in DIS (two left
plots) and photoproduction (two right plots).

The data from the HERA running period 1998-2000 were andligeboth H1 [31] and
ZEUS [32] collaborations. The charm quark was tagged by deenstruction ofD**+(2010)
meson in diffractive DIS and PHP regimes. H1 used also anatie¢hod — based on the mea-
surement of the displacement of tracks from primary vertexo-dentify the D* production in
the sample of DIS events only.

The measurements were compared to the NLO QCD predictiang 08°DFs from H1
and ZEUS fits. The calculations were performed using HVQE3§ for DIS and FMNR [34]
for PHP. In Figure 5 the H1 results for the cross sectionsrysandzp are shown. The recent
ZEUS results for the diffractivéd**(2010) photoproduction are presented in Figure 6.

Within large errors a good agreement is observed, which@tpphe validity of QCD
factorisation in both diffractive DIS and PHP. In partiaulao sizable suppression of the open
charm photoproduction is seen, in contrast to the diffvactiijet case. A plausible explanation
of this difference is that the resolved photon contributiorthe D* production is ca. 10% as
compared to about 50% for the dijet diffractive PHP.
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Fig. 6: Differential cross section for the diffractive pbptoduction ofD**(2010) as a function oft» and z(D*)
compared to NLO predictions.

4 Summary

The factorisation issues were analyzed by H1 and ZEUS exrpets studying the production
of dijets and open charm in diffractive DIS and photoproduct The factorisation was found
to hold in the case ob* production and dijet production in DIS. In dijet photopretlan fac-
torisation breaking was observed. The indication was follmad the suppression of the dijet
photoproduction depends on the transverse momeiitgraf the leading jet. On the other hand,
no dependence on measuregdwas observed indicating the same order of suppression in t
direct and resolved enhanced regions.
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L eading Baryon Production at HERA
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Abstract

Data from leading baryon production at HERA are presentédcam-
pared to models. Standard string fragmentation modelsafionnot
describe the data; models including also baryon producti@wirtual
meson exchange give a good description of the data. Exchande
els accounting for absorption describe h&evolution of the data. In
the exchange picture, leading neutron data are used taceiigpion
structure function.

1 Introduction

Events with a baryon carrying a large fraction of the protearh energy have been observed in
ep scattering at HERA [1]. The dynamical mechanisms for theddpction are not completely
understood. They may be the result of hadronization of théoprremnant, conserving baryon
number in the final state. Exchange of virtual particles $® axpected to contribute. In this
picture, the target proton fluctuates into a virtual mesarytn state. The virtual meson scatters
with the projectile lepton, leaving the fast forward baryothe final state. Leading neutron (LN)
production occurs through the exchange of isovector pestionotably ther™ meson. For leading
proton (LP) production isoscalar exchange also contriyutecluding diffraction mediated by
Pomeron exchange. In the exchange picture, the crossrséotisome process iep scattering
with e.g. LN production factorizes:

Oep—enX = fw/p(x[n t) *Oer—eX-

Here f,, is the flux of virtual pions in the proton;;, = E,/E, is the fraction of the proton
beam energy carried by the neutron, anslthe virtuality of the exchanged pion.

The H1 and ZEUS experiments at HERA measured leading bargateep inelastic scat-
tering and photoproduction events. Leading protons werasored with position sensitive de-
tectors placed along the proton beam downstream of thettten point. Leading neutrons were
measured with lead-scintillator calorimeters at the zdggree point after the proton beam was
bent vertically; magnet apertures limited neutron debectd scattering angles less than 0.75
mrad.

2 Leading neutron production and models

Figure 1 shows the LN, distribution (left) andp?. distributions in bins ofr;, (right). Thez/,
distribution rises from lowest;, because of the increasing. range due to the angle limit, and
then falls to zero at the kinematic limit;, = 1. Thep?. distributions are well described by ex-
ponentials; thus the parameterizati®iv /dx 1, dp3 o« a(z 1) exp(—b(xy)p%) fully characterizes
the two dimensional distribution.
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Fig. 1: Left: LNz, distribution. Right: LNp?2. distributions in bins ofz;,. The lines are the result of exponential fits.

The left side of Fig. 2 shows the LIN;, intercepta and slopeb distributions compared
to several models. The standard fragmentation models imgiéed in RrPGAP and LEPTOdO
not describe the data, predicting too few neutrons, coraeat at lowerr,, and slopes too small
and independent af;. The LEPTO model with soft color interactions gives a fair description
of the x, distribution and overall rate, but also fails to describe sfopes. The RPGAP model
mixing standard fragmentation and pion exchange givestarbggscription of the shape of the
xp, distribution, and also predicts the rise of the slopes with although both with too high
values. The right side of Fig. 2 shows thg distribution with an optimized mixture of standard
fragmentation and pion exchange; the agreement with tteeislaery good.

3 Leading proton production and models

Figure 3 shows the;, distribution for leading protons and neutrons in the sameaange. If
LP production proceeded only through isovector exchangieNaproduction must, there should
be half as many LP and LN. The data instead has approximatéte tas many LP as LN.
Thus, exchanges of particles with different isospins sucis@ascalars must be invoked for LP
production.

The left side of Fig. 4 shows a comparison of thePdistributions anch?. exponential
slopesb to the DiANGOH and RaAPGAP Monte Carlo models incorporating standard fragmenta-
tion or soft color interactions, none of which describe théad The right side of Fig. 4 shows
a comparison to a model including exchange of both isovexidrisoscalar particles, including
the Pomeron for diffraction [2]. These exchanges combingiie a good description of the the
xp, distribution and slopes.
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Fig. 2. Left: LN =, intercept and slope distributions compared to models.hiRigN z;, distribution with an
optimized mixture of exchange and fragmentation models.

4 Absorption of leading neutrons

The evidence for particle exchange in leading baryon pribialuenotivates further investigation
of the model. One refinement of the simple picture describgtié introduction is absorption,
or rescattering [3]. In this process, the virtual baryom a&lsatters with the projectile lepton. The
baryon may migrate to lowet;, or higherpy such that it is outside of the detector acceptance,
resulting in a relative depletion of observed forward bas/o The probability of this should
increase with the size of the exchanged photon. The sizeegflibton is inversely related to its
virtuality @2, so the amount of absorption should increase with decrgdgin

The left side of Fig. 5 shows the LN;, spectra for photoproductior¢ ~ 0) and three
bins of increasingl?. The yield of LN increases monotonically with?, in agreement with
the expectation of the decrease of loss through absorpsiéi? aises. The right side of Fig. 5
shows photoproduction data with two predictions from meddlexchange with absorption [4].
The dashed curve model incorporates pion exchange withratisg accounting also for the
migration inz;, andpr of the neutron. The solid curve model include the same effextding
also exchange gf andas mesons. Both models give a good description of the largeetieplof
LN in photoproduction relative to DIS seen in the left sidetaf figure.

5 Pion structure function

Analogous to the inclusive proton structure functiBn(Q?, =), one can define an LN tagged
semi-inclusive structure functiof¥" (Q?,z,z,), including also the dependence on the LN
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Fig. 3: LP and LNz, distributions forp2. < 0.04 GeV-.

energy. The left side of Fig. 6 shows the ratios" / F» as a function of)? in bins ofz andx7,.
Here -V are the measured values from LN production in DIS and theegadidi, are obtained
from the H1-2000 parameterization [5]. For fixed the ratios are almost flat for allr, Q?)
implying that £V and F», have a similar(z, Q%) behavior. This result suggests the validity of
factorization, i.e. independence of the photon and theopregrtices. The statistical precision of
the data precludes sensitivity to absorptive effects azidiged in the previous section.

Based on the assumption that at high LN production is dominated by the pion ex-
change mechanism, the measurementpt’ can provide important information about the pion
structure. The quark and gluon distributions of the pionehpreviously been constrained us-
ing Drell-Yan and direct photon production data obtainedrpycattering experiments and are
limited to highx valuesz > 0.1.

Using the measurement MZLN(?’) for 0.68 < z; < 0.77, and the integral over of the
pion flux factor at the center of this;, range,I'y = [ f/,dt = 0.131, one can estimate the
pion structure function at low Bjorken— Assuming that the Regge model of leading neutron

production is valid, the quantity«“QLN (3)/F,r can be associated to the structure function of the

pion. The right side of Fig. 6 showg"® /T as a function of3 = z/(1 — x) for fixed
values ofQ?. The results are consistent with a previous ZEUS measutef@grwhere two
extreme choices of the pion flux were used to extfgft The data are compared to predictions
of parameterizations of the pion structure function [7].eTheasurements are also compared
to the H1-2000 parameterization of the proton structuretion [5] which is multiplied by the
factor 2/3 according to naive expectation based on the nuofh@lence quarks in the pion and
proton respectively. The distributions show a steep rigk décreasings, in accordance with the
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Fig. 4: Left: LPz, distribution and exponential slopes compared to standaghfentation models. Right: LP,
distribution and exponential slopes compared to a modekpurating isoscalar and isovector exchanges.

pion and the proton structure function parameterizatiorntse scaled proton structure function
gives the best description of the data. In absolute vallesptesented data are slightly below
the expectations, suggesting that additional phenomixesalsorption, may play a role.

References

[1] ZEUS Call., S. Chekanov et al., Nucl. Phys776, 1 (2007);
H1 Coll., contribution to ICHEP-08, Hlprelim-08-111;
ZEUS Coll., Leading proton production in deep inelastic scattering at HERA, to be

published;
and refernces cited therein.

[2] A. Szczurek, N.N. Nikolaev and J. Speth, Phys. LBt#128, 383 (1998).

[3] N.N. Nikolaev, J. Speth and B.G. Zakharov, Preprint KRR (TH)-1997-17

(hep-ph/9708290) (1997);
U. D’Alesio and H.J. Pirner, Eur. Phys.A.7, 109 (2000).

[4] V.A. Khoze, A.D. Martin and M.G. Ryskin, Eur. Phys.@.48, 797 (2006).
[5] H1 Coll., C. Adloff et al., Eur. Phys. I 21, 33 (2001).
[6] ZEUS Coll., S. Chekanov et al., Nucl. Phy 637, 3 (2002).

[7] P. Aurenche et al., Phys. Le®.233, 517 (1989);
M. Gliick, E. Reya and I. Schienbein, Eur. PhysC 10, 313 (1999).

HERA and the LHC 425



W.B. SCHMIDKE, A. BUNYATYAN

ZEUS ZEUS

2 e e ey g 018 e e
S 02 o igioakiotce el 8 g1t Euse E
=i P zeus4opp?t 1 ¢ L p2<0476x2GeV? ]
:8\ 0.175 F . ggzg g; ggxz . . , , 1 B 0.14 ;I:I Systematic uncertainty 7:
2 0.15F = mr=40GeV? 2! L] = g g1p [ KKMRmexch. E
Q_ ) F L] " 60 N B Q_ 0. [ — KMRrmwpta,exch. o, 1
2 0.125 - Lo T 42 o vy ]
C L] 2 ] r 4 1
01F u . o° TR 0.08 |- ) 4 ]
F EE) 8 ] [ . ]
0075F § 1o° E 006 o ° 4
0.05 i ° P 0.04 * =
0.025 ; ] Systematic uncertainty é 0.02 } \ ]
:““““““““““““““Hﬁ‘: 0:H‘\Hwuwuwuwkuw”.‘:
02 0.3 04 05 06 07 0.8 09 1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

X
L XL

Fig. 5: Left: LNz, distributions for photoproduction and three bins@f in DIS. Right: LNz, distributions for
photoproduction compared to exchange models includingrpbge effects.

£ 2 L
X, X, )F X - LN(3) B
F, (Q%x, DIF,(Q%x)  H1 Preliminary (HERA-II) (x =073)r, I =0.131
x =037 x =046 x =055 x =064 x =073 x =082 x =091
3 3 3 3 3 BN
(23338 i 06 7\
H; i§§§7 LLTSI S PP sisgfb .
E E ¥33% r
E Lt 0al i P\
S 2 2 2 2 2 ot
3 [ 2% E E E £ 3
4.6x10 oosf- E} i;HEI E s888, 0 58aggg A 0.2 bl - ool ol 0.2 bl o Lol R
o o o o 3333, 10° 10 10 10° 10°
E 1 f f | f f1 | 8 s
o1lF E E E E E E
il f g g [ X
3 sgcdfl ¢ E E
22:0° | F2E Fesftdy Paosrted | ogdens Punnge, | | os -
F F F i r
! f f f | f | ekl t
01f . E E - - - - o4r
. [s52d £ L
1.0x10° [az Festl 5.83 . [
00sE S . R e, 02 bmd vl v 02 bml il )
! f f f | f |l 10° 107 10* 10° 107
E B B
01f = = = = - - L.
4 Fsd E
LA TN N TR T TR S 1 H1 Preliminary
E E 3
1 | i | i |} || |} 1 i * H1data (prelim.)
L 3 3 3 3 3 3 HERA-I
207 SEFE Fas Fas Fas Fos E, 2 —— 2/3F, 12000
£ o E E * " 0.2 bl il 41 - GRV-TILO (revisited)
b b vk b vk bk L RTE 10° 102 107
10° 10° 10° 10° 10° 10° 10° B ABFKW-ttSet 1 NLO
Q% (Gev?)

Fig. 6: Left: Ratio of semi-inclusive LN to inclusive struce functions as a function ad? in bins of z and .
Right: Extracted pion structure function as a functiornsof z/(1 — x1) in bins of Q2. The curves are the proton
structure function scaled by 2/3 and two parameterizatims&d on Drell-Yan and direct photon production data.

426 HERA and the LHC



Exclusive Vector Meson Production and Deeply Virtual Compton
Scattering at HERA

Alessia Bruni®, Xavier Janssen?, Pierre Marage?

1 |stituto Nazionale di Fisica Nucleare, Via Irnerio 46, 1346 Bologna, Italy

2 Faculty of Science, Université Libre de Bruxelles, Bd. diophe, B-1040 Brussels,
Belgium

Abstract

Exclusive vector meson production and deeply virtual Camscat-
tering are ideally suited reactions for studying the strirebf the pro-
ton and the transition from soft to hard processes. The mqgiare
mental data obtained at HERA are summarised and presentbe in
light of QCD approaches.

1 Introduction

The two processes which are the object of the present rapergxclusive production of a vector
meson (VM) of masdfy, e+p — e+ VM +Y, and deeply virtual Compton scattering (DVCS),
e+p — e+v+Y, whereY is a proton (elastic scattering) or a diffractively excigygtem (proton
dissociation), are characterised in Fig. 1. The kinemktmaables are)?, the negative square of
the photon four-momentuniy’” the photon-proton centre of mass energy(~ Q* (1/x—1),
being the Bjorken scaling variable) anahe square of the four-momentum transfer at the proton

vertex.

(13

G [111]
DDDDDD

t=—q?

Fig. 1: (from left to right) Representative diagrams of a)lo dipole approach and b) GPD approach, for VM
production; ¢) LO scattering and d) two gluon exchange,Her@VCS process.

The H1 and ZEUS collaborations at HERA have studied theielast proton dissociative
production ofp [1-4],w [5], ¢ [3,6], J/v [7,8],1(2s) [9] and Y [10,11] mesons, and the DVCS
process in the elastic channel [12, 13]. The measuremeatpaaformed in the lowt, large
W domain10=* <2 <1072, 30 < W < 300 GeV. They cover photoproductiod)f ~ 0),
with |¢| values up to 3@eV?, and electroproduction in the deep inelastic (DIS) domaing
Q? < 90 GeV?) with |t| < 2 GeV2. The cross sections, expressed in termg*gfscattering, are
measured differentially i§)?, W andt. The measurement of angular distributions gives access
to spin density matrix elements and polarised amplitudes.
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1.1 Production mechanisms

Within the QCD formalism, two main complementary approacaee used to describe VM pro-
duction and DVCS: dipole factorisation and collinear faistation.

Dipole approach of VM production At high energy, i.e. smalk, VM production can be
described in the proton rest frame with three factorisingtigoutions [14] (see Fig. 1a): the
fluctuation of the virtual photon into@j colour dipole, the elastic or proton dissociative dipole—
proton scattering, and thg7 recombination into the final state VM. The dipole—protonssro
section is expected to be flavour independent and governdaeltyansverse size of the dipole.
Light VM photoproduction is dominated by large dipoles,dieg to large interaction cross sec-
tions with the incoming proton, similar to soft hadron—hadinteractions. In contrast, heavy
VM production and large)? processes are dominated by small dipoles, with smallesses-
tions implied in QCD by colour transparency, the quark areahtiquark separated by a small
distance tending to screen each other’s colour.

The cross section for VM production can be computed at smalhd for allQ? values
through models [15-17] using universal dipole—proton £s®Exctions measured in inclusive pro-
cesses, possibly including saturation effects [18] (see HI9]). This formalism thus connects
the inclusive and diffractive cross sections, also in theeabe of a hard scale.

In the presence of a hard scale (large quark mag<3)pthe dipole—proton scattering is
modelled in perturbative QCD (pQCD) as the exchange of auwcdnglet system consisting
of a gluon pair (at lowest order) or a BFKL ladder (at leadingdrithm approximation, LL
1/z). At these approximations, the cross sections are prapattito the square of the gluon
density|xG (z)[? in the proton [20]. The pQCD calculations [21-24] useunintegrated gluon
distributions (see also [25]). The typical interactionleda u? ~ z(1 — 2)(Q? + M2), where
z is the fraction of the photon longitudinal momentum carrigdthe quark. For heavy VM
(in the non-relativistic wave function (WF) approximatjoand for light VM production from
longitudinally polarised photons, ~ 1/2 and the cross sections are expected to scale with the
variable 2 = (Q?+M32)/4. In contrast, for light VM production by transversely pasad
photons, contributions with — 0, 1 result in the presence of large dipoles and the damping of
the scaleu, thus introducing non-perturbative features even for sioall Q2.

Collinear factorisation and GPD In a complementary approach (see Fig. 1b), a collinear fac-
torisation theorem [26] has been proven in QCD for longiiatiamplitudes in the DIS domain,
which does not require low values. This allows separating contributions from differecales,

a large scale at the photon vertex, provided by the photanality () (or the quark mass), and a
small scale for the proton structure. The latter is desdrine Generalised Parton Distributions
(GPD —see e.g. the reviews [27]), which take into accoundibteibution of transverse momenta
of partons with respect to the proton direction and longitadmomentum correlations between
partons. They account for “off-diagonal” or “skewing” etfs arising from the kinematic match-
ing between the initial state (virtual) photon and the firtates VM or real photon for DVCS.
GPD calculations have been performed for light VM electogjpiction [28]. NLO corrections to
light VM electroproduction and to heavy VM photoproductioave been computed [29].
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DVCS Following collinear factorisation, the DVCS process isatdmed at LO by Fig. 1c,

where the virtual photon couples directly to a quark in thetgm. QCD calculations at the
scalep? = @2 involve GPD distributions [30, 31]. At higher order, two ghuexchange as in
Fig. 1d gives also an important contribution at HERA. Joitsttio DVCS and inclusive structure
functions data have been used to extract GPD distributi®2f [

Large|t| production Calculations for VM production at large| have been performed both in
a DGLAP and in a BFKL approach (see section 6).

1.2 Measurementsat HERA

Vector mesons are identified by H1 and ZEUS via their decaydaoppositely charged particles
p—rtr ¢ — KYK~, J/ip — ete,utp~ andY — ptp~. The kinematic variables are
reconstructed from the scattered electron and decay lgamiegasurements. Forward calorimeters
and taggers at small angles are generally used to sepaaatie @ind proton dissociative events.
The scattered proton is also measured in forward protontrgmeeters, with an acceptance of
a few %, allowing the selection of a purely elastic sample geddirect measurement of the
variable.

VM production has been investigated mainly using the HERAthd collected between
1992 and 2000 and corresponding to an integrated luminosity 150 pb~! for both collab-
orations. The integrated luminosity of 500 Pbcollected at HERA Il (2003-2007) has been
analysed so far for DVCS [13] anf [11]. For HERA Il, ZEUS has installed a microvertex
detector but has removed the small angle detectors: thatepdbton spectrometer and the for-
ward and rear calorimeters, compromising the precise aisatf diffractive data. The HERA Il
analyses of H1 will benefit of the fast track trigger instdlla 2002 and, for general diffraction
studies, of the very forward proton spectrometer VFPSliestan 2003, which however has very
limited acceptance for VM.

2 From soft to hard diffraction: ¢t dependences and the size of theinteraction

Thet dependences of DVCS and VM production provide informationthe size and the dynam-

ics of the processes and on the scales relevant for the doogiraf perturbative, hard effects.
Whereas total cross section&,(measurements) are related, through the optical theoretheto

scattering amplitudes in the forward direction, diffraetfinal states provide a unique opportu-
nity to study the region of non-zero momentum transférhis gives indirect information on the

variable conjugate to, the transverse size of the interaction.

For|t| <1—2 GeV?, thelt| distributions are exponentially falling with slop&sdo /dt o
e~ Pl In an optical model approach, the diffractiteslope is given by the convolution of the
transverse sizes of the interacting objeéts: b,5+ by + bp, with contributions of thegg dipole,
of the diffractively scattered system (the proton or theitedcsystemY’) and of the exchange
(“Pomeron”) system. Neglecting effects related to diffexes in the WF, universal slopes are
thus expected for all VM with the samg dipole sizes, i.e. with the same values of the scale
p? = (Q*+M¢Z)/4. Conversely, elastic and proton dissociative slopes gueatgd to differ for
all VM production at the same scale by the same amduynt, by. Measurements of elastic and
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proton dissociativé slopes for DVCS and VM production are presented in Fig. 2 asation
of the scaleu ®.
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Fig. 2: Measurement of (left) the elastic and (right) thetpnadissociative slopdsof the exponentiat distributions,
as a function of the scalg® = (Q*+ M3 )/4 for VM production andu? = Q? for DVCS.

For J /4 elastic production, thé slope is< 4.5 GeV 2, with no visible Q? dependence.
This value may be related to the proton form factor [16]. Faitgn dissociation, the slope is
below 1GeV 2, putting an upper limit to the transverse size of the exchgmgth the assump-
tion thatby ~ 0 for proton dissociation).

At variance with.J /¢ production, which is understood as a hard process alregolydto-
production, a strong decreasebaflopes for increasing values pf = (Q?+M2)/4 is observed
for light VM production, both in elastic and proton dissditia scattering. A similar scale de-
pendence is observed for DVCS. This is consistent with ankage of the size of the initial
state object with increasing@?, i.e. in the VM case a shrinkage of the colour dipole. It sHoul
however be noted that, both in elastic and proton disseeiaitatteringsh slopes for light VM
remain larger than fod /1) when compared at the same values of the segfer(M2)/4 up to
> 5 GeV2. The purely perturbative domain may thus require largeleselues.

3 From soft to hard diffraction: W dependencesvs. mass and Q2

Figure 3-left presents measurements as a functid#i of the total photoproduction cross section
and of the exclusive photoproduction cross sections ofrabVM; p electroproduction cross sec-
tions for several values @@? are shown in Fig. 3-right. As expected for decreasing dipies,
the cross sections at fixed valuesifdecrease significantly with increasing VM mas3t. In

!Differences between the H1 and ZEUS measurements foreastitering are due to differences in background
subtraction. The major effect is due to the subtraction groduction by H1, a contribution evaluated to be negligible
by ZEUS. Another difference concerns the values used fob #iepes of the proton dissociative contamination.
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addition, different reactions exhibit strongly differéiif dependences. The total photoproduc-
tion cross section and the photoproduction of light VM shoeakenergy dependences, typical
of soft, hadron—hadron processes. In contrast, increlgsitgep’V dependences are observed
with increasing mass a@p?. In detail, thel’ dependences are investigated using a parameterisa-
tion inspired by Regge theory, in the form of a power law witlinaar parameterisation of the
effective trajectory
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Fig. 3: W dependences of (left) total and VM photoproduction crostiaes; (right)p electroproduction for several
values ofQ2. The lines show fits to the fori’®.

The interceptop(0) of the effective trajectory quantifies the energy depeneasfcthe
reaction fort = 0. The evolution ofx»(0) with 12 is shown in Fig. 4-left. Light VM production
at small u? gives values ofxp(0) < 1.1, similar to those measured for soft hadron—hadron
interactions [33]. In contrast larger valuesp(0) 2 1.2, are observed for DVCS, for light VM
at largeQ? and for heavy VM at all)?. This increase is related to the large parton densitiesin th
proton at small:, which are resolved in the presence of a hard scalelithdependences of the
cross section is governed by the hard evolution of the gluon distribution, with ~ 0.2 for
Q? ~ M} " The W dependences of VM cross sections, measured for diffépéntalues, are
reasonably well described by pQCD models (not shown). laiddtese are however sensitive
to assumptions on the imput gluon densities in the domairt < = < 10~2 which is poorly
constrained by inclusive data [25, 34].

The sloped’ in eq. (1) describes the correlation betweenithaed W dependences of the
cross section. The measurement of the evolution withthe § exponent can be parameterised
as alW dependence of thieslopes, withh = by + 4a/ In W/Wj. In hadron—hadron scattering,
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Fig. 4: Values of (left) the intercepir (0) and (right) the slope’’ of the effective Pomeron trajectory, obtained from
fits of thel¥” cross section dependences to the falidt oc WP+’ +=1) The scales arg? = Q2 for DVCS
andp?® = (Q*+ M%) /4 for VM production. The dotted lines represent typical valfer hadron—hadron scattering.

positive values of’ are measured, with’ ~ 0.25 GeV 2 [35]. This shrinkage of the diffractive
peak indicates the expansion with energy of the size of tleednting system, i.e. the expansion
of the gluon cloud in the periphery of the interaction. HER&asurements are presented in
Fig. 4-right. The values af’ are positive and appear smaller than in hadron-hadroratttens,
also forp photoproduction. This suggests a limited expansion of yistems considered here on
the relevant interaction time scale. In a BFKL approachs related to the averagde of gluons
around the ladder in their random walk, and is expected tortz! $36].

4  Q? dependencesin DVCSand VM production

The description of th€)? dependences of the cross sections is a challenge, in viewe qfres-
ence of higher order corrections and of non-perturbatifectf, especially for transverse VM
production.

41 DVCS

The DVCS cross section depends on the proton GPD distrifmtifo investigate the dynamical
effects due to QCD evolution, th@? dependence has been measured and studied [13] as a
function of the dimensionless scaled variable

S = \/UDVCS Q*b(Q%) / (1+p%),

which removes the effects of the photon propagator and afthéependence of thieslope, and
of the ratioR of the imaginary parts of the DVCS and DIS amplitudes,
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with o7 (v*p — X) = dnlapy Fr(z,Q?)/Q?% Fr = F» — F, andp = ReA/ImA determined
from dispersion relations [31].

— H‘
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Fig. 5. (left) Q> dependences of the observablgsand R for DVCS (see text); (rightp, w, ¢ and J/1 elastic
production cross sections, as a function of the spale- (Q*+ M) /4; for readability of the figure, thd/+ cross
sections have been multiplied by a factor 2. The curves adigiions of the KMW [16] and MRT [23] models.

Figure 5-upper-left shows a weak rise fwith @2, which is reasonably well described
by the GPD model [30] using the CTEQ PDF parameterisatioh [B7e large effect of skewing
is visible in Fig. 5-lower-left, where the variablg takes values aroung, instead ofl in the
absence of skewing. GPD calculations [30] compare well wigasurements, whereas the same
figure shows that it is not sufficient to include only the kiraim contribution to skewing, and
that the)? evolution of the GPD must also be taken into account.

4.2 Vector mesons

The elastic production cross sectignsv, ¢ and.J/¢ are shown in Fig. 5-right, as a function of
the scaling variable(?+ M2 ) /4 (for readability, the/ /¢ cross sections have been multiplied by
2) 2. Itis striking that, whereas light VM and/+ production cross sections for the same value
of ? differ by orders of magnitude (see Fig. 3-left igf = 0), they are close when plotted as
a function of the scaling variabl&)¢+ M2 )/4, up to the factors accounting for the VM charge

2Whereas the H1 and ZEUS measurementsg fagree well» measurements of ZEUS are a factor 1.20 above H1.
When an improved estimation of the proton-dissociatiorkbemund, investigated for the latest ZE$roduction
study [2], is used to subtract this background in theianalysis, the cross section ratio of the two experiments is
reduced to 1.06, which is within experimental errors.
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content p: ¢ : J/¢p =9 :2:8) 3. This supports the dipole approach of VM production at high
energy.

The cross sections are roughly described by power 18\@%+M2 )", with n ~ 2.2—2.5.
The simplen = 3 dependence expected in a two-gluon approach for the dotrioragitudinal
cross sections is modified not only by an additional fatyap? in the transverse amplitudes, but
also by theQ? dependence of the gluon distribution at smalidescribed by the DGLAP evo-
lution equations. Calculations using theunintegrated gluon distribution model of MRT [23]
or the GPD model [28] (not shown) give reasonable descriptaf the (2 + M2) dependences.
However, in detail, a good description necessitates theiggremodelisation of th€)? depen-
dence of the longitudinal to transverse cross section fatiwith non-perturbative effects affect-
ing or. Dipole models using different saturation and WF paransgttons, e.g. the FSS [15],
KMW [16] and DF [17] models, attempt at describing VM prodant over the fullQ? range,
including photoproduction, with reasonable success.

5 Matrix elementsand oy, /o

Measurements of the VM production and decay angular digtobs give access to spin density
matrix elements, which are related to the helicity amptsid, , », [38]. Analyses ofp, ¢ and

J /v photo- and electroproduction indicate the dominance ofwles-channel helicity conserv-
ing (SCHC) amplitudes, the transverBg and the longitudinalpy amplitudes, In the accessible
Q? ranges,J/v production is mostly transverse, whereas for light VM etgatoduction the
longitudinal amplitudel, dominates (see Fig. 6a and Fig. 7a).pland¢ electroproduction, a
significant contribution of the transverse to longitudihalicity flip amplitudeT}; is observed.
The amplitude ratidly; /7o decreases witl)? (Fig. 6b) and increases with| (Fig. 6d), as
expected (see e.g. [24]); the SCHC amplitude r&iig/ Ty, decreases witht| (Fig. 6¢) .

Tll / TOO TOl / TOO Tll / TOO TOl / TOO
1.2 0.5 1.2
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0Q*=34@0Q%=9 ~ | oQ*=3400%=9
Y > > 00 > >
[ [ © ©
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Q*[GeVT] Q*[GeVT] It [GeV7] It [GeV’]

Fig. 6: Amplitude ratiod11 /Too andTo1 /Too as a function of)? and|t| (for two bins inQ?), for p electroproduction.
The dotted lines represent the SCHC approximation.

Figure 7 presents measurements of the longitudinal toveass cross rati® = o, /o ~
|Too|?/|T11/? (in the SCHC approximation). The behaviolir «x Q?/M{ predicted for two-
gluon exchange is qualitatively verified for all VM produarti in fixed target and HERA ex-

3For detailed comparisons, modifications due to WF effestspaerved in VM electronic decay widths, may need
to be taken into account.

434 HERA and the LHC



EXCLUSIVE VECTOR MESON PRODUCTION AND DEEPLY VIRTUAL COMPTON ...

periments. This is shown in Fig. 7-left, whefis plotted as a function of the scaled variable
Q* - M2 /M. However, the)? dependence is tamed at large values)sf a feature which is
expected and relatively well described by pQCD based cationis, e.g. the GPD model [28],

the k;-unintegrated models [23, 24] or the dipole
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Fig. 7: Cross section rati® = o /o7 as a function of (left) the scaling variablg® - M7 /M7, for different VM;
(right) the centre of mass energy/ in severalQ? bins for p electroproduction, compared to model predictions.

The cross section rati® for p electroproduction is also found to depend very signifi-
cantly on the dipion mas&/,.. (not shown), in line with the&)? /M2 dependence if the relevant
mass is the dipion mass rather than the nominasonance mass. Following the MRT model
approach [23], this suggests a limited influence of the WF dhpvoduction.

Figure 7-right shows that no strong dependencg wfith 17 is observed. Since transverse
amplitudes are expected to include significant contrilmstiof large dipoles, with a soft energy
dependence, this suggests that large dipoles are alsmpmedengitudinal amplitudes, due to
finite size effects, i.e. a smearing ofaway fromz = 1/2. On the other hand, in the domain
Q? = 10—20 GeV?, no strong dependence Bfwith TV is expected from models. It should also
be noted that a significant phase difference is observedeeetthe two dominant amplitudes,
Too andTy; [3]. This indicates a difference between the ratios of ths t@ imaginary parts of
the forward amplitudes. Since these ratios are givelopy /= derivatives of the amplitudes, the
phase difference is an indication of differémt dependences.

6 Large |t|; BFKL evolution

Large values of the momentum transfémprovide a hard scale for diffractive processes in QCD,
with the dominance of the proton dissociative channelfiog, 1 GeV2. It should be noted that
for large|t| production, a hard scale is present at both ends of the egelagluon ladder. No
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strongk; ordering is thus expected, which is typical for BFKL evoduis for sufficiently highj¢|
values. This is at variance with larg® VM production at low|¢|, where a large scale is present
at the upper (photon) end of the ladder and a small scale girtiten end, implying that these
processes are expected to be described by DGLAP evolutiatisstrongk; ordering along the
ladder.

— T T T T — 10
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Fig. 8: ¢ (left) andW (right) dependences of/) production with|t| > 2 GeV?, with comparisons to pQCD model
predictions.

For|t| larger than a fewiieV?, thet dependences of the cross sections follow power laws,
both for p [4] and .J/« [8] photoproduction. As shown by Fig. 8-left, they are wedisdribed
by pQCD calculations based on the BFKL equations with fixgd39]; predictions using the
DGLAP evolution [40] also describe thg/1) data for|t| < m%/) BFKL calculations describe the
W evolution (Fig. 8-right), at variance with DGLAP, but do riescribe well the spin density
matrix elements. Fop, ¢ and.J/¢ photoproduction witht| > 2 GeV?, the slopea’ of the
effective Regge trajectory tends to be slightly negative,dve compatible with 0.

7 Conclusions

In conclusion, studies of VM production and DVCS at HERA pdava rich and varied field for
the understanding of QCD and the testing of perturbativeutaions over a large kinematical
domain, covering the transition from the non-perturbativ¢he perturbative domain. Whereas
soft diffraction, similar to hadronic interactions, dorafas light VM photoproduction, typical
features of hard diffraction, in particular haid dependences, show up with the developments
of hard scales provided b§?, the quark mass dt|. The size of the interaction is accessed
through thet dependences. Calculations based on pQCD, notably ésingintegrated gluon
distributions and GPD approaches, and predictions basedodels invoking universal dipole—
proton cross sections describe the data relatively welé mMieasurement of spin density matrix
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elements gives a detailed access to the polarisation ame$it which is also understood in QCD.
Large|t| VM production supports BFKL calculations.
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Abstract

We report recently published results on central exclusieeyction of
di-jets and di-photons, and exclusive QED productior0f~ pairs.

In addition, we discuss preliminary results on exclusivetpproduc-
tion of charmonium and bottomonium, exclusive QED prodarctdf
wp~ pairs, and single diffractive W/Z production. All the prased
results were extracted from data collected by the CDF lladetdrom

pp collisions at,/s=1.96 TeV. The implications of these results for the
Large Hadron Collider (LHC) are briefly examined.

1 Introduction

We present results obtained by CDF Il at the Tevatramtwo broad areas: inclusive diffraction
and exclusive production. The main goal of the Run Il incledliffractive program of CDF has
been to understand the QCD nature of the PoméidR) by measuring the diffractive structure
function [3] FP4(Q?, x5, &,t), where¢ is the fractional momentum loss of the diffracted nu-
cleon, for different diffractive production processes.alidition, the possibility of a composite
Pomeron is being investigated by studies of very forwars yegth a rapidity gap between the
jets. Important results are the observation of a breakddwWpGD factorization in hard diffrac-
tive processes, expressed as a suppression by a faati(t16j of the production cross section
relative to theoretical expectations, and the breakdowRegfge factorization in soft diffraction
by a factor of the same magnitude [3]. Combined, these twatsesupport the hypothesis that

1The presented results are from the CDF diffractive and siaphysics program of Run II. This program relies
on a system of special forward detectors, which include: m&oPot Spectrometer (RPS) equipped with scintillation
counters and a fiber tracker to detect and measure the anglemamentum of leading anti-protons, a system of
Beam Shower Counters (BSCs) [1] covering the pseudorgpiditge 5.5< |n| < 7.5 used to select diffractive
events by identifying forward rapidity gaps and reducingnadiffractive background on the trigger level, and two
very forward (3.5< || < 5.1) MiniPlug (MP) calorimeters [2], designed to measurergy and lateral position of
both electromagnetic and hadronic showers. The abilitygasure the event energy flow in the very forward rapidity
region is vital for the identification of diffractive evenitsthe high luminosity environment of Run 1.

%Diffractive reactions are characterized by the exchanga epin 1 quark/gluon construct with the quantum
numbers of the vacuum. In Regge theory, this exchange isdabeuwn trajectory traditionally referred to as the
Pomeron [P). Because the exchange is colorless, a large region in pegpidity space is left empty of particles (this
region is called a “rapidity gap”). In perturbative QCD, tbevest order prototype of the Pomeron is the color neutral
system of two gluons.
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the breakdown of factorization is due to a saturation of dpdity gap formation probability
by an exchange of a color-neutral construct of the undeglpiarton distribution function (PDF)
of the proton [4]. Historically, such an exchange is reférte as the Pomeron. Renormaliz-
ing the “gap probability” to unity over all§ t) phase space corrects for the unphysical effect
of overlapping diffractive rapidity gaps and leads to agrest between theory and experiment
(see [4)]).

Central exclusive production ipp collisions is a process in which theandp remain in-
tact and an exclusive state.; is centrally producedp + p — p + Xezer + p- The primary
motivation for studying exclusive physics at the Tevatreitoitest the feasibility of using exclu-
sive production to search for and study the Higgs boson asseaich for other new physics at
the LHC [5]. In leading order QCD, exclusive production accthrough gluon-gluon fusion,
while an additional soft gluon screens the color chargendtig the protons to remain intact [6].
This mechanism, historically termed Double Pomeron ExghaDPE), enables exclusive pro-
duction of di-jets [3],yy [7], and thex? [8] at the Tevatron, whereas at the LHC, where central
masses up to several hundred GeV are attainable, new cextitakive channels open up, as for
example WW~ and 2Z°. While the main effort at the LHC is directed toward searcfoes
inclusively produced Higgs bosons, an intense interestvgldping in exclusive Higgs produc-
tion,p + p — p+ H + p. This production channel presents several advantagesr agdmple
the production of clean events in an environment of suppte€CD background for the main
Higgs decay mode ol — bjq; + Ejet due to theJ, = 0 selection rule [5]. Exclusive production
can also occur through photoproductidp ¢ ~ fusion), yielding charmonium and bottomonium.
The same tagging technique can also be utilized to selecbr vq and~g interactions at the
LHC, for which the energy reach and the effective luminoaity higher than fof+ interactions.

Additionally, exclusive production of central lepton mityy — 71~ (I = e, p,7), Via
two-photon exchange has been observed at CDF [9]. Taggiagpheton production offers a
significant extension of the LHC physics progranParticularly exciting is the possibility of
detecting two-photon exclusive YW—, Z°Z°, Higgs boson and new physics production at the
LHC [10]. The deployment of forward proton detectors at 20@md 420 m (FP420 project)
from the interaction point of ATLAS and CMS, in order to exipihe above mentioned forward
physics scenarios, is currently under consideration [Tjo-photon exclusive production of
lepton pairs will provide an excellent monitoring tool ogttagging efficiency and energy scale
of the detectors of the FP420 project. These events can alasdd for several systematic stud-
ies, including luminaosity normalization and contributsoftom inelastic production or accidental

tagging.

2 Central Exclusive Production

Exclusive production is hampered by expected low prodactaies [5]. As rate calculations

are model dependent and generally involve non-pertudatiyppression factors, it is sensible to
calibrate them against processes involving the same ssgiprefactors but have high enough
production rates to be measurable at the Tevatron. Thenlgadter diagrams relating to the

3The effective luminosity of high-energyy collisions reaches-1% of thepp luminosity, so that the standard
detector techniques used for measuring very forward prstaitering should allow for a reliable extractionof
results.
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exclusive central production processes discussed in #pisrpare summarized in Fig. 1.

jet-jet
Higgs

= 9
p—" 5—Pp

Fig. 1: Leading order diagrams for three types of exclusige@ss:v~ interactions (left);yIP fusion or photopro-
duction (middle), andyg ¢t-channel color-singlet two-gluon exchange (right). Higgson production proceeds via
the gg diagram.

2.1 Exclusive Di-jet Production

The process of exclusive di-jet production, which has bdmerved by CDF in Run |l data [12],
proceeds through the same mechanismas, and Higgs production, as shown in Fig. 1. The
analysis strategy developed to search for exclusive gieduction is based on measuring the
di-jet mass fraction, R , defined as the di-jet invariant mass; Mlivided by the total mass of
the central system: R= M;;/Mx.#* The POMWIG MC [13] generator along with a detector
simulation are used to simulate the DPE di-jets. The sigahfexclusive di-jets is expected to
appear at high values of;R smeared by resolution and gluon radiation effects. Evieots the
inclusive DPE production procegs+ p — p + gap +[ X + jj] + gap (the leading is not ob-
served in CDF 1) are expected to contribute to the entiferBgion. Any such events within the
exclusive R; range contribute to background and must be subtracted vuadmeging exclusive
production rates.

The process of exclusive di-jet production is importanttésting and/or calibrating mod-
els for exclusive Higgs production at the LHC. The CDF Il ablbration has made the first ob-
servation of this process and the main final result is preskint Fig. 2. Details can be found in
Ref. [12]. This result favours the model of Ref. [6], whichrigplemented in the MC simulation
ExHUME [14].

2.2 Exclusive ete~ Production

The CDF Il collaboration has reported the first observatibaxalusivee™ e~ production inpp
collisions [9] using 532 pb! pp data collected at/s = 1.96 TeV by CDF Il at the Fermilab
Tevatron. The definition of exclusivity used requires theeaite of any particle signatures in the
detector in the pseudorapidity regipy] < 7.4, except for an electron and a positron candidate
each with transverse energy Bf> > 5 GeV and within the pseudorapidity| < 2. With these
criteria, 16 events were observed. The dominant backgraidde to events with unobserved
proton dissociation1(6 + 0.3 events). The total background expectation & + 0.3 events.

“The mass M is obtained from all calorimeter towers with energy abowe tiresholds used to calcula;té ,

while M;; is calculated from calorimeter tower energies inside jetesoof R=0.7, where R7 A¢? + An?. The
exclusive signal is extracted by comparing thg Ristribution shapes of DPE di-jet data and simulated deyents
obtained from a Monte Carlo (MC) simulation that does nottaomexclusive di-jet production.
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Fig. 2: (Left) The di-jet mass fraction in DPE data (pointaglaest fit (solid histogram) to a simulated di-jet mass
fraction obtained from POMWIG MC events (dashed histograng ExHUME di-jet MC events (shaded histogram).
(Right) The ExXHUME [14] exclusive di-jet differential cr®section at the hadron level vs. di-jet masg Mormalized

to measured 7' values. The curve is the cross section predicted by EXHUME.

The observed events are consistent in cross section andrpespwith the QED procegs —
p+ (ete™) + p through two-photon exchange. The measured cross sectioi'i3 (stat) +
0.3(syst) pb. This agrees with the theoretical predictionldfl 4+ 0.01 pb obtained using the
LPAIR MC generator [15] and a GEANT based detector simufat©DFSim [16]. Details on
the observation of the exclusive e~ signal are reported in reference [9].

2.3 Exclusive v~ Production

An exclusivey~ event can be produced vigg — ~~ (g = gluon) through a quark loop, with
an additional “screening” gluon exchanged to cancel therawi the interacting gluons and so
allow the leading hadrons to stay intact. This process satjorelated [7,17] to exclusive Higgs
production at the LHCpp — p + H + p, where the production mechanism of the Higgs boson
is gg-fusion through a top quark loop. These processes sarbal described as resulting from
DPE.

A search has been performed for exclusive production inp-p collisions at\/s =
1.96TeV, using 532 pb' of integrated luminosity data taken by CDF Il at FermilabeTvent
signature requires two electromagnetic showers, eachtraitisverse energi > 5 GeV and
pseudorapidityn| < 1.0, with no other particles detected. Three candidate evesits sbserved.
Each candidate can be interpreted as either ar a7/ final state with overlapping photons
that satisfy they~ selection criteria and thus form a background. The prolhgliiat processes
other than these fluctuate ¥03 events isl.7 x 10~%. Two events clearly favor they hypothesis
and the third event favors the? 70 hypothesis. On the assumption that two of the three candi-
dates areyy events we obtain a cross sectiofpp — p+vy-+p) = 90112 (stat) +16(syst) fb,
for Er > 5 GeV and|n| < 1.0, compatible within the theoretical uncertainties with gredic-
tion of 40 fb of Ref. [5]. A comparison between the predictiaf the ExHuMe MC and the data
shows good agreement both in normalization and in the shahe kinematic distributions.
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Although two of the candidates are most likely to arise fromproduction, ther®7°
hypotheses cannot be excluded. A 95% C.L. upper limit isinbthon the exclusive pro-
duction cross sectionFyy > 5 GeV, || < 1.0) of 410 fb, which is about ten times higher than
the prediction of Ref. [7]. This result may be used to comstcalculations of exclusive Higgs
boson production at the LHC. Additional CDF data, collecteith a lower E threshold, are
being analysed. Exclusivey production has not previously been observed in hadronemadr
collisions. This work is described in more detail in Ref.]J[18

2.4 Exclusive u™p~ Production

Low Mass Exclusive 1" ;u~ Production. The CDF 1l collaboration has performed a search for
exclusive low masg ™+~ final states resulting from three processgs:— non-resonant:™ .~
“continuum” events, and//¢) — utp~ & ¢ — ptu~ events arising fromP - + fusion
(photoproduction). In addition, evidence for exclusiyg production was sought arising from
the decay channel? — J/v(— u*u~) + v. The invariant mass distribution of the exclusive
di-muon events obtained from 1.487th of data is shown in Fig. 3. Thd/¢ andv’ peaks
can be clearly seen above th& .~ continuum?® Continuumy ™t~ production arises from-y

_CDF Run |l Preliminary CDF Run Il Preliminary
H L yoero=139 pb”'

3

TT

[-3
=]
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>
T

(5]
=]

T
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.

Fig. 3: (Left) The invariant mass distribution obtainednfréhe exclusiveu® = data; theJ/+ peak (left) and the
smallery’ peak (right) can be clearly seen above the continuum of npaanproduction. (Right) The invariant mass
distribution obtained from the exclusive higher mass:~ data: theY (1S) peak (middle-left) and the small&r
(2S) (middle) peaks can be clearly seen above the continudnite he Y (3S) peak (middle-right) is only barely
discernible with these statistics.

interactions. These interactions are simulated by the RHAB] and STARIight MCs [19]. Both
give a very good description of the data in shape and in nazatain. The events in the /¢
andq)’ peak of Figure 3, from the procegg — p+ J/v(J/v') + p, are mainly produced vi&#

- v fusion. The STARLight MC is used to simulate the photoprditducof the.J/ and they'.

5The offline cuts applied to the muon-pair data are the sarteoae Bpplied in thet e~ case: there should be no
activity in the event in the regiopy| < 7.4, and the final state must have two identified muon®sf> 1.4 GeV/c
within |n| < 0.6.
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A J /¢ in the final state can arise from exclusiyé production,pp — p + (x2) + p with
Xo — J/Y(J/Y — ptpT) + . The photon in they decay is soft and consequently may
not be reconstructed and form a “background” to exclusiye production vialP - ~ fusion.
The x¢ contributes to the exclusivé/:) peak when the soft photon from its decay survives the
exclusivity cut. By fitting the shapes of the-Eand A¢ distributions of the di-muon pair of the
events in the/ /v peak of the data with MC generated distributions/gf) from photoproduction
andy? production, CDF Il estimates the contribution to the exclusivd /¢ photoproduction
peak to bex 10%.

Higher Mass Exclusive 1~ Production. The basis of the study of high exclusive muon
pairs is somewhat different in that it does not rely on tharigiard” exclusivity cuts applied to the
low mass data. In this case, one looks for muon pairs that fovertex with no additional tracks.
It is also required that the muons be consistent with ~ 0 and with Pr-sum approximately
zero. For 890 pb! of data (2.3M events), with¢ > 120° and aPr-sum of the two muon tracks
less than 7 GeV/c, the mass plot shown in Fig. 3 was obtainad.can clearly discern tHg(1S)
andY(2) peaks in this plot. The high mass exclusive muon pair, deith enhanced statistics, is
currently under study.

3 Diffractive W/Z Production

Studies of diffractively produced W/ Z boson are importamt éinderstanding the structure of
the Pomeron. The production of intermediate vector bosedsié to the annihllation of quark-
antiquark pairs and thus is a probe of the quark content d?timeeron. In leading order, the W/Z
is produced by a quark in the Pomeron, while production byuarglis suppressed by a factor
of ag and can be distinguished from quark production by an assaCigt [20]. Diffractive
dijet production at the Tevatron was found to be suppressed factor of O(10) compared
to expectations from the Diffractive Structure FunctionSfE) extracted from diffractive deep
inelastic scattering (DDIS) at the DESY Collider HERA. A more direct comparison could be
made by measuring the DSF in diffractiV® production at the Tevatron, which is dominated by
a gq exchange, as in DDIS. In Run I, only the overall diffractidé fraction was measured by
CDF [20]. In Run I, both thé? and Z diffractive fractions and the DSF are measured.

The CDF Run Il analysis is based on events with RPS trackiog fa data sample of
~ 0.6 fo~!. In addition to thelV/Z selection requiremerftsa hit in the RPS trigger coun-
ters and a RPS reconstructed track with3 < ¢ < 0.1 and[t| < 1 are required. A novel
feature of the analysis is the determination of the full kiagics of theWW — ev/uv de-
cay using the neutrind’?, obtained from the missing'r, as usual, and, from the formula
¢RPS _ ¢l — (Bp/\/s)expl-m,] , whereé®! = Y. (Er/\/3) exp|—1]. The extracted
value of My;” = 80.9 £ 0.7 GeV is in good agreement with the world averadge mass of
MEPS = 80.403 + 0.029 GeV [21]. After applying corrections accounting for the RRSep-
tance,Arps ~ 80 %, the trigger counter efficiencyrpsiric ~ 75 %, the track reconstruction

®The CDFW/Z selection requirements ar&;:* > 25 GeV,40 < M7 < 120 GeV,66 < MZ < 116 GeV, and
vertexz-coordinate|z,:.| < 60 cm. In theW case, the requirement 6FF5 > ¢CAL s very effective in removing
the overlap evemnts in the region &f*" < 0.1, while a mass cut 050 < My < 120 GeV has the same effect.
In the Z case, we use the“A" distribution of all Z events normalized to the RP-track distribution in the regib
—1 < log €AY < —0.4 (0.1 < £°A" < 0.4) to obtain the ND background in the diffractive regionséf" < 0.1.
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efficiency, erpsirk ~ 87 %, multiplying by 2 to include production byp — W/Z + p, and
correcting the ND event number for the effect of overlaps wumultiple interactions by mul-
tiplying by the factorf;_i,s =~ 0.25, the diffractive fraction ofi¥’/Z events was obtained as

Ryyz = 2 Nsp/Arps/erpstrig/ €RPStrk/ (NND - f1-int):

Ry (0.03 < € < 0.10, |t] < 0.1) = [0.97 + 0.05 (stat)+ 0.11 (syst)P% 1)
Rz(0.03 < £ < 0.10, |t| < 0.1) = [0.85 & 0.20 (stat)+ 0.11 (syst)P% 2)

The Ry value is consistent with the Run | result &f;(0.03 < ¢ < 0.10, |t| < 0.1) =
[0.97 + 0.47] obtained from the published value & (¢ < 0.1) = [0.15 £ 0.51 (stat)+
0.20 (syst)% [20] multiplied by a factor of 0.85 that accounts for the reeld ¢-¢) range in
Run Il

4 Conclusion

We present recent results on exclusive central prodctiati-gdts, di-leptons, and di-photons
reported by the CDF Il collaboration, obtained from Run Hedeollected at the Tevatrqip
collider at\/s = 1.96 TeV. The results are compared with theoretical expectstiand
implications for the possible observation of exclusive giidposon production and other
interesting new physics processes at the Large Hadrond€pbire discussed.
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Abstract

We confront the latest H1 and ZEUS data on diffractive difettpopro-

duction with next-to-leading order QCD predictions in artedeter-

mine whether a rapidity gap survival probability of lesstlwae is sup-
ported by the data. We find evidence for this hypothesis wissora-

ing global factorization breaking for both the direct andaleed pho-

ton contributions, in which case the survival probabilitguid have to
be ' -dependent, and for the resolved or in addition the relaitetd
initial-tstate singular contribution only, where it woulé lndependent
of B,

1 Introduction

The central problem for hard diffractive scattering preess characterized by a large rapidity
gap in high-energy collisions, is whether they can be féamtorinto non-perturbative diffractive
parton density functions (PDFs) of a colorless object (a.pomeron) and perturbatively cal-
culable partonic cross sections. This concept is beliepdtbld for the scattering of point-like
electromagnetic probes off a hadronic target, such as ihedgstic scattering (DIS) or direct
photoproduction [1], but has been shown to fail for pureldroaic collisions [1, 2]. Factoriza-
tion is thus expected to fail also in resolved photoprodustivhere the photon first dissolves
into partonic constituents, before these scatter off thdrdrdc target. The separation of the
two types of photoproduction processes is, however, angadider (LO) concept. At next-
to-leading order (NLO) of perturbative QCD, they are clgsgdnnected by an initial-state (IS)
singularity originating from the splitting — ¢g (for a review see [3]), which may play a role
in the way factorization breaks down in diffractive photogction [4]. The breaking of the
resolved photoproduction component only leads to a depeedef the predicted cross section
on the factorization scal&/,, [4]. Since thisM.-dependence is unphysical, it must be remedied
also for the factorization breaking of the resolved parheftross section, e.g. by modifying the
IS singular direct part. A proposal how to achieve this hamnbgorked out in [4] and has been
reviewed already in the proceedings of the workshofH&RA and the LHC of 2004-2005 [5]
(see also [6]). Since from a theoretical point of view onlg Buppression of the resolved or in
addition the IS singular direct component [4] is viable siah interesting question whether the
diffractive dijet photoproduction data show breaking af factorization, how large the suppres-
sion in comparison to no breaking will be, and whether thekireg occurs in all components
or just in the resolved plus direct IS component. The valuthefsuppression factor or survival
probability can then be compared to theoretical predistipfj and to the survival probability
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observed in jet production ipp collisions at the Tevatron [2] and will be of interest for dean
diffractive processes at the LHC.

Since 2005 no further developments occurred on the theatatide. On the experimental
side, however, the final diffractive PDFs (DPDFs), whichdnbeen determined from the inclu-
sive measurements of the diffractive structure functitft by the H1 collaboration, have been
published [8]. Also both collaborations at HERA, H1 and ZEW&ve now published their final
experimental data of the cross sections for diffractivetdijhotoproduction [9, 10]. Whereas
H1 confirm in [9] their earlier findings based on the analydipmliminary data and prelim-
inary DPDFs, the authors of the ZEUS analysis [10] reachedesdat different conclusions
from their analysis. Specifically, the H1 collaboration {@jtained a global suppression of their
measured cross sections as compared to the NLO calculafiotisis comparison [9], the sur-
vival probability is R = 0.5, independent of the DPDFs fit ysed. fit A or B in Ref. [8]. In
addition they concluded that the assumption that the daexds section obeys factorization is
strongly disfavored by their analysis. The ZEUS collaborgton the other hand, concluded
from their analysis [10], that, within the large uncertastof the NLO calculations, their data
are compatible with the QCD calculations, i.e. that no seggion would be present.

Due to these somewhat inconsistent results we made a natj&ffpto analyze the H1 [9]
and the ZEUS [10] data, following more or less the same gjyads in our earlier work [12, 13]
on the basis of the NLO program of [12, 13] and the new DPDFs &feRef. [8]. The H1 and
the ZEUS dijet data cannot be compared directly, since tlaeg lifferent kinematic cuts. In

particular, in the H1 measurements B}etl@) > 5 (4) GeV andrp < 0.03, and in the ZEUS
measurements [10”;]}“1(2) > 7.5 (6.5) GeV andzp < 0.025 (these and all other variables
used in this review are defined in [11-13] and in the corredpgnexperimental contribution
in these proceedings). It is clear that in order to estaldigiiobal suppression, i.e. an equal
suppression of the direct and the resolved cross sectiergaliBolute normalization and not so
much the shape of the measured cross section is very impoftais normalization depends on
the applied kinematic cuts. Of course, the same cuts mugppesd to the NLO cross section
calculation. In case of a resolved suppression only, thpresgion depends on the normalization

of the cross sections, but also on the shape of some (in |p1lalt'l1hegcgbs, E%e“, M5, andiiets)

distributions, and will automatically be smaller at Iar@é‘zt1 [3]. Distributions inxp andy (or
W) are not sensitive to the suppression mechanism. TheldiStn in z, on the other hand,
is sensitive to the functional behavior of the DPDFs, inipakar of the gluon at large fractional
momenta.

In the meantime, the H1 collaboration made an effort to putentight into the somewhat
contradictory conclusions of the H1 [9] and ZEUS [10] cotieditions by performing a new
analysis of their data, now with increased luminosity, vifie same kinematic cuts as in [9],
i.e. the low#"" cut, and the high?™"' cut as in the ZEUS analysis [10]. The results have
been presented at DIS 2008 [14] and will be published soonh&Ve performed a new study of
these H1 [14] and ZEUS data [10] to show more clearly the difiees between the three data
sets [15]. In this contribution we shall show a selectionha&fse comparisons. The emphasis in
these comparisons will be, how large the survival probghiif the diffractive dijet cross section
will be globally and whether the model with resolved supgi@s only will also describe the data
in a satisfactory way. In section 2 we show the comparisoh thi¢ H1 data [14] and in section
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Fig. 1: Differential cross sections for diffractive dijehgoproduction as measured by H1 with I@g;ft cuts and
compared to NLO QCD without® = 1) and with (R = 0.46) global suppression (color online).

3 with the ZEUS data [10]. Section 4 contains our conclusions

2 Comparison with recent H1 data

The recent H1 data for diffractive photoproduction of dijgt4] have several advantages as com-
pared to the earlier H1 [9] and ZEUS [10] analyses. Firstjrtegrated luminosity is three times
higher than in the previous H1 analysis [9] comparable toldinginosity in the ZEUS analy-
sis [10]. Second, H1 took data with lo## and high£3 cuts, which allows for a comparison
of [9] with [10]. The exact two kinematic ranges are given1d]. The ranges for the IoW?—%et
cuts are as in the previous H1 analysis [9] and for the tﬂ)éﬁ—cuts are chosen as in the ZEUS
analysis with two exceptions. In the ZEUS analysis the makiout onQ? is larger and the
data are taken in an extendgdange. The definition of the various variables can be found i
the H1 and ZEUS publications [9, 10]. Very important is thé @z p. It is kept small in both
analyses in order for the pomeron exchange to be dominatitelexperimental analysis as well
as in the NLO calculations, jets are defined with the incligiy-cluster algorithm [16, 17] in
the laboratory frame. At least two jets are required withrésgpective cuts o' and E<"2,

whereECer”@) refers to the jet with the largest (second Iarge&ﬁt.

Before we confront the calculated cross sections with the=eémental data, we correct
them for hadronization effects. The hadronization coroestare calculated by means of the LO
RAPGAP Monte Carlo generator. The factors for the transétion of jets made up of stable
hadrons to parton jets were supplied by the H1 collabordfidh Our calculations are done with
the ‘H1 2006 fit B’ [8] DPDFs, since they give smaller diffravet dijet cross sections than with
the ‘H1 2006 fit A'. We then taker; = 4 with A% = 0.347 GeV, which corresponds to the
value used in the DPDFs ‘H1 2006 fit A, B’ [8]. For the photon RDW¥e have chosen the NLO
GRV parameterization transformed to thkS scheme [18].

As it is clear from the discussion of the various preliminanalyses of the H1 and ZEUS
collaborations, there are two questions which we wouldtiikenswer from the comparison with
the recent H1 and the ZEUS data. The first question is whethigogression factor, which differs
substantially from one, is needed to describe the data. @tengl question is whether the data
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Fig. 2: Differential cross sections for diffractive dijehgoproduction as measured by H1 with I@g;ft cuts and
compared to NLO QCD with global, resolved, and resolveatditS suppression.

are also consistent with a suppression factor applied toebaved cross section only. For both
suppression models it is also of interest whether the iagutuppression factors are universal,
i.e. whether they are independent of the kinematic varsabiéhe process. To give an answer to
these two questions we calculated first the cross sectiafsneisuppression factoR(= 1 in
the following figures) with a theoretical error obtainednfrearying the common scale of renor-
malization and factorization by factors of 0.5 and 2 arouradefault value (highesl‘f%et). Ina
second step we show the results for the same differentiak&ections with a global suppression
factor, adjusted tdo/dE;"" at the smallesE)<"'-bin. As in the experimental analysis [14], we
consider the differential cross sections in the variabls, z32*, logo(zpp), B, Mx, My,
et | Andets| andW [15]. Here we show only a selection, i.e. the cross sectisrasfanction of
B, 2% andzgte. For the low#* cuts, the resulting suppression factordis= 0.46 + 0.14,

which gives in the IowesE?f“-bin a cross section equal to the experimental data poine Th
error comes from the combined experimental statistical sysiematic error. The theoretical
error due to the scale variation is taken into account whempewsing to the three distributions.
The results of this comparison are shown in Figs. 1a-c. Wighetxception of Fig. 1a, where the
comparison ofia/dECJf“ is shown, the other two plots are such that the data pointauliside
the error band based on the scale variation for the unsuggatesase. However, the predictions
with suppressiorR = 0.46 agree nicely with the data inside the error bands from thie seai-
ation. Most of the data points even agree with the- 0.46 predictions inside the much smaller
experimental errors. Ida/dE?ﬁ“ (see Fig. 1a) the predictions for the second and third bins li
outside the data points with their errors. Hor= 1 and R = 0.46 this cross sections falls off
stronger with increasing??ﬁt1 than the data, the normalization being of course about twedi
larger forR = 1. In particular, the third data point agrees with the= 1 prediction. This means
that the suppression decreases with increaEi{f@1 (see also Fig. 5 below). This behavior was
already apparent when we analyzed the first preliminary H4 [d2, 13]. Such a behavior points
in the direction that a suppression of the resolved crogfoseanly would give better agreement
with the data, as we shall see below. The survival probghitit= 0.46 + 0.14 agrees with the
result in [14], which quoteg? = 0.51 & 0.01 (stat.) £ 0.10 (syst.), determined by fitting the
integrated cross section. From our comparison we conchatetie low#?<" data show a global
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Fig. 3: Differential cross sections for diffractive dijelhgtoproduction as measured by H1 with hi@@ﬁt cuts and
compared to NLO QCD without® = 1) and with (R = 0.62) global suppression (color online).
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Fig. 4: Differential cross sections for diffractive dijelhq@toproduction as measured by H1 with hi@l%ﬁt cuts and
compared to NLO QCD with global, resolved, and resolved&titS suppression.

suppression of the order of two in complete agreement wétrakults [12, 13] and [9] based on
earlier preliminary and final H1 data [9].

Next we want to answer the second question, whether the datd be consistent with a
suppression of the resolved component only. For this perpashave calculated the cross sec-
tions in two additional versions: (i) suppression of thevhesd cross section and (i) suppression
of the resolved cross section plus the NLO direct part whigheasds on the factorization scale
at the photon vertex [4]. The suppression factors needethéotwo versions will, of course,
be different. We determine them again by fitting the measdtje/allE?ft1 for the IowestE?ﬁ”—
bin (see Fig. 2a). Then, the suppression factor for versjois (2 = 0.35 (denoted res in the
figures), and for version (ii) it iR = 0.32 (denoted res+dir-IS). The results fdv/dE]Te“,
do /dz2"* anddo /dz* are shown in Figs. 2a-c, while the six other distributions be found
in [15]. We also show the global (direct and resolved) suggiom prediction with? = 0.46
already shown in Figs. la-c. For the cross section as a ﬁmoﬁzglgs, the agreement with the
global suppression{ = 0.46) and the resolved suppressioR & 0.35 or R = 0.32) is com-
parable. Forio /dE?f“, the agreement improves considerably for the resolvedrsapion only
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(note the logarithmic scale in Fig. 2a). The global suppoesfactor could, of course, bEp-
dependent, although we see no theoretical reason for sugpesdence. FQfa/dac?be, which is
usually considered as the characteristic distributiordfstinguishing global versus resolved sup-
pression, the agreement with resolved suppression doeémpatve. Unfortunately, this cross
section has the largest hadronic corrections of the ord&%of 30)% [14]. Second, also for the
usual photoproduction of dijets the comparison betweea datl theoretical results has similar
problems in the Iargeg"s—bin [19], although theE%et—cut is much larger there. In total, we are
tempted to conclude from the comparisons in Figs. 2a-c tiefptedictions with a resolved-
only (or resolved+direct-IS) suppression are consistéttit thie new IowE’Tet H1 data [14] and
the survival probability isR = 0.35 (only resolved suppression) attl= 0.32 (resolved plus
direct-IS suppression), respectively.

The same comparison of the hig}?i;-et data of H1 [14] with the various theoretical predic-
tions is shown in the following figures. The global suppresgsactor is obtained again from a fit
to the smallesE"'-bin. It is equal toR = 0.62 + 0.16, again in agreement with the H1 result
R = 0.62 £+ 0.03 (stat.) += 0.14 (syst.) [14]. The same cross sections as for theﬂléﬁf/-com-
parison are shown in Figs. 3a-c for the two caBes 1 (no suppression) anf = 0.62 (global
suppression), while the six others can again be found in [AS]before with the exception of
do /dE%f“ anddo /dM,4 (not shown), most of the data points lie outside ihe- 1 results with
their error bands and agree with the suppressed predictitnRv= 0.62 inside the respective
errors. However, compared to the results in Figs. la-c tséndtion between thé& = 1 band
and theR = 0.62 band and the data is somewhat less pronounced, which is dbe targer
suppression factor. We also tested the prediction for thelved (resolved+direct-IS) suppres-
sion, which is shown in Figs. 4a-c. The suppression factedfito the smallest bin came out as
R = 0.38 (res) andR = 0.30 (res+dir-1S), which are almost equal to the corresponding s
pression factors derived from the IQE;%“ data. In most of the comparisons it is hard to observe
any preference for the global against the pure resolvedlfes plus direct-1S) suppression. We
remark that the suppression factor for the global suppraessiincreased b$5%, if we go from
the low-E3 to the high£J" data, whereas for the resolved suppression this increaseyis

9%. Under the assumption that the suppression factor shouldepend onE?ﬁ“, we would
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Fig. 6: Differential cross sections for diffractive dijeiqoproduction as measured by ZEUS and compared to NLO
QCD without (R = 1) and with (R = 0.71) global suppression (color online).
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Fig. 7: Differential cross sections for diffractive dijeiqoproduction as measured by ZEUS and compared to NLO
QCD with global, resolved, and resolved/direct-IS supgimes

conclude that the resolved suppression would be prefeagdan also be seen from Fig. 5. A
global suppression is definitely observed also in the mgﬁ data and the version with resolved
suppression explains the data almost as well as with thegtaippression.

In Fig. 5 we show the ratio of of the’ "' -distribution as measured by H1 to the NLO QCD
prediction without (full), with resolved-only (dashedpdawith additional direct IS suppression
(dotted). Within the experimental errors, obviously ortg former, but not the latter arlé%et-
dependent.

3 Comparison with ZEUS data

In this section we shall compare our predictions with thel famalysis of the ZEUS data, which
was published this year [10], in order to see whether thegansistent with the largé): “ data
of H1. The kinematic cuts [10] are almost the same as in thlanﬂiﬁ H1 measurements. The
only major difference to the H1 cuts is the larger range invigabley. Therefore the ZEUS
cross sections will be larger than the corresponding Hiscsestions. The constraint ddy is
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not explicitly given in the ZEUS publication [10]. They gitlee cross section for the case that
the diffractive final state consists only of the proton. Hus they correct their measured cross
section by subtracting in all bins the estimated contrdoutf a proton-dissociative background
of 16%. When comparing to the theoretical predictions they miyitipe cross section with the
factor0.87 in order to correct for the proton-dissociative contribn, which are contained in
the DPDFs ‘H1 2006 fit A and ‘H1 2006 fit B’ by requiring/y- < 1.6 GeV. We do not follow
this procedure. Instead we leave the theoretical crosfoasctinchanged, i.e. they contain a
proton-dissociative contribution with/y < 1.6 GeV and multiply the ZEUS cross sections by
1.15 to include the proton-dissociative contribution. This me#hat the so multiplied ZEUS
cross sections have the same proton dissociative cortnibas is in the DPDF fits of H1 [8].
Since the ZEUS collaboration did measurements only for tgb-B/' cuts, B2 > 7.5
(6.5) GeV, we can only compare to those. In this comparisosivedl follow the same strategy
as before. We first compared to the predictions with no siggme = 1) and then determine a
suppression factor by fittingo /dE%ftl to the smaIIesE%e“—bin. Then we compared to the cross
sections as a function of the seven observab&ﬁ 2%, xp, ng“, y, Mx andn’®!! instead

of the nine variables in the H1 analysis. The distributiory is equivalent to thé -distribution

in [14]. The theoretical predictions for these differehtiabss sections with no suppression factor
(R = 1) are shown in Figs. 6a-g of [11], together with their scal®®sr and compared to the
ZEUS data points, and a selection is shown in Fig. 6. Excephéar?"- and 5" -distributions,
most of the data points lie outside the theoretical errodbdor R = 1. In particular, in Figs.
6b, c, e, f and g, most of the points lie outside. This meartsittust of the data points disagree
with the unsuppressed prediction. Next, we determine thpression factor from the measured
do /dE) at the lowestE)""-bin, 7.5 GeV< E3*"" < 9.5 GeV, and obtaink = 0.71. This
factor is larger by a factor of.15 than the suppression factor from the analysis of the mgﬁ
data from H1. Curiously, this factor is exactly equal to tloerection factor we had to apply to
restore the dissociative proton contribution. Taking titaltexperimental error a£7% from the
experimental cross sectiafor /dE%f“ in the first bin into account, the ZEUS suppression factor
is0.71 £ 0.05 to be compared t6.62 4 0.14 in the H1 analysis [14], so that both suppression
factors agree inside the experimental errors.

If we now check how the predictions fdt = 0.71 compare to the data points inside the
theoretical errors, we observe from Figs. 6a-g of Ref. [hi},twith the exception oia/dz;’l_f,’s
anddo /dE?f“, most of the data points agree with the predictions. Thisliegconsistent with
the H1 analysis (see above) and leads to the conclusion lB@ttee ZEUS data agree much
better with the suppressed predictions than with the unssppd prediction. In particular, the
global suppression factor agrees with the global suppmedactor obtained from the analysis of
the H1 data inside the experimental error.

Similarly as in the previous section we compared the ZEUS disio with the assumption
that the suppression results only from the resolved crat®se Here, we consider again (i) only
resolved suppression (res) and (ii) resolved plus dirgmbssion of the initial-state singular part
(res+dir-1S). For these two models we obtain the suppredsiciorsR = 0.53 and R = 0.45,
respectively, where these suppression factors are agéamet by fitting the data point at the
first bin ofda/dEgpe“. The comparison to the global suppression with= 0.71 and to the data
is shown in Figs. 7a-g of [11] and a selection in Fig. 7. In gahave observe that the difference
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between global suppression and resolved suppression i seadhe data points agree with the
resolved suppression as well as with the global suppression

4 Conclusion

In conclusion, we found that most of the data points of diffiee dijet photoproduction in the
latest H1 analyses with low- and higﬁ%et cuts and in the final ZEUS analysis with the same
high- Ejet cuts disagree with NLO QCD predictions within experimertatl theoretical errors.
When global factorization breaking is assumed in both thectiand resolved contributions, the
resulting suppression factor would have toﬁg -dependent, although we see no theoretical
motivation for this assumption. Suppressing only the ragsblor in addition the direct initial-
state singular contribution by about a factor of three, atvated by the proof of factorization
in point-like photon-hadron scattering and predicted bgoaptive models [7], the agreement
between theory and data is at least as good as for globalesgipn, and nE’et -dependence of
the survival probability is needed.
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Abstract

Developments of the fracture functions formalism in theteghof
DIS jet cross-sections and Semi-Inclusive Drell-Yan psscat hadron
colliders are briefly presented.

Fracture functions were introduced in Ref. [1] in order teegh QCD-based description of
semi-inclusive Deep Inelastic Scattering in the targegrfrantation region. The first analyses of
HERA data [2] revealed a non-negligible contributions te BIS cross-sections of events char-
acterized by absence of hadronic activity in the remnarttiion. Recent analyses of diffractive
data collected by H1 and ZEUS collaborations have now cosfirsubstantial contributions
of perturbative QCD effects in diffractive DIS cross-sen8 [3]. This experimental evidence
strengthens the idea itself of fracture functions. Theseperturbative distributions, hereafter
indicated byM;'L/P(ac, 2,Q?), give the conditional probability of finding at a given sc&)é a
partoni with momentum fractionc of the incoming hadron momentui® while a hadronh,
with momentum fractiony, is detected in the target fragmentation region of P. In Rigfit was
shown within a fixed orde®(«a) calculation that the additional collinear singularitiesorring
in the remnant direction can be properly renormalized omioducing fracture functions. An
all-order proof of collinear and soft singularities factation intoM;'l p(z,2, Q?) was finally
given in Refs. [5] and [6], respectively. This theoreticalckground offers the basis for an
accurate analysis of diffractive data and the possibittyully exploit factorization in order to
extract diffractive parton distributionge. fracture functions. In this brief contribution we will
report on recent developments in this topic. In particularwill focus on the extension of frac-
ture functions in the context of DIS jet cross-section ararthossible applications to hadronic
collisions.

As is well known, hadrons resulting from a hard interactiom @ften collimated in a def-
inite portion of momentum space. Hadron jets are the higlilig signature of the dominant
collinear branching of pQCD dynamics. For this reason jessisections are the natural and,
possibly, the most effective representation of hadronial itate. While jet cross-sections with a
given, in general low, number of partons in the final statecateulable within pQCD, a descrip-
tion of the beam-jet in terms of pQCD is however precludedtbynirinsic soft and kinematical
nature. It results from the fragmentation of the spectasotoms of the hadron remnants plus,
eventually, semi-hard radiation coming from the evolutifithe active parton at low momentum
transfer. Since at the forthcoming hadron collider topiesrdnimum bias and underlying event
will play a central role and will probably plague the extiaotof hard scattering events signals,
we have proposed and introduced in Ref. [7] a new semi-iin@yset-like distribution, here after
indicated with M (z, Q?, 2, t), referring to it as to a jet-like fracture functioM® (z, Q?, z,t)
expresses the probability of finding a partbmvith fractional momentume of the incoming
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hadron and virtualityQ?, while a cluster of hadrons; is detected in a portion of phase spate
specified by two variableg, andt¢. The regionR is limited by the constraint

R: ti=—(P—h)?<t, ty<t<@?, (1)

where the value of is arbitrary chosen and can be conceived as the analogohe ofustering
variable used in ordinary jet-algorithms. Once the clustgprocedure is performed, the variable
z is obtained by summing the fractional longitudinal momeottall hadronsh; satisfying the
constraint in eq. (1):

z=> z, heR. 2)

In analogy with the standard inclusive DIS, which makes uUsgaoton distributions functions,
we may write the beam-jet DIS cross-section as

1 dO.’R,jet

o dedO2dzdt T M 2 1), 3
Otot d$dQ2dZdt o Z 67' MQ(;E’Q 3 2y ) ( )

ZZq?q

In this framework, the parton initiating the space-like aczafe is specified by the initial state
radiation itself,i.e. the closest in rapidity to the hadron remnant. It has a foaeli momentum
1 — z, wherez is overall fractional momentum taken away by the hadron$ wit< ¢ and
has the highest allowed virtuality, according to strong ordering. Whenis chosen in the
perturbative region, as shown in Ref. [7], jet-like fragtfunctions obey a standard DGLAP
evolution equations:

4 2 1 ] )
QQa%yMi((fc,Qz,z,t) = L;f ) / . dzu Pj(u) M (x/u, Q% 2,1) . )

11—z

This equation describes how the virtual photon resolvesliteibutionsAM%, when the virtuality

of the latter is varied. In particular it resums potentidflyge collinear logarithms of the type
a”log™(Q?/t). In real processes, strorgprdering is only partially realized and one could in
principle improve the theoretical description includingter order and coherence effects. As
discussed in Ref. [7], the introduction of(*, allows one to include the beam remnants jet in the
perturbative treatment of DIS jet cross-sections. Moregefelike fracture functions could find
applications also in hard diffractive processes. In eveh&gsacterized by the absence of hadron
activity in the remnant direction, this absence can be doedeas theshadowin the detector of
the propagation of the exchanged object intttehannel. The rapidity gap can then be considered
as amissing jet It can be defined in terms of a jet-like fracture functionedfied by the value

t of the measured particle at the edge of the dap,the one with the highest rapidity (a part
from the proton itself). The study a@fap topologymight be important to investigate diffractive
phenomena and jet-like fracture functions could be a ugeéllin this context.

The knowledge acquired at HERA on Deep Inelastic procesitarget fragmentation re-
gion is expected to be essential in the LHC diffractive ptygirogram. Dedicated experiments
as TOTEM will measure leading baryon production, while corad CMS-TOTEM measure-
ments will trigger on a wide class of diffractive processharacterized by a large momentum
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transfer [8]. The fundamental step in transporting infaiorafrom diffractive Deep Inelastic
Scattering at HERA to LHC is to assume factorization to haltiard diffractive hadron-hadron
reactions. The Tevatron analysis has put, however, sediouists on such an hypothesis. A non
universality of diffractive parton distributions, as eadted from diffractive DIS, emerged when
these distributions were used to predict hard scatteriegtewcross-sections [9]. In such a re-
actions, at variance with diffractive DIS where factoriaathas been shown to hold in Ref. [6],
theoretical arguments has been given such that the detedtparticle in the target fragmentation
region leads to a factorization breaking effect [6, 10]. #d$ reasons our understanding of the
dynamics of diffractive processes is strongly correlatéth the understanding of factorization.

Hard diffractive processes can be approached with pQCDnigabs and the Drell-Yan
process plays indeed a central role in this context. In @adi it is the only hadrons-induced
process for which factorization has been shown to hold dtawd collinear level [11]. Fur-
thermore QCD corrections to this process have been catclfatr inclusive and differential
distributions in such a way that it constitutes a fundanldatding process of QCD at the hadron
collider. For this reasons we have performed in Ref. [12] £pnalysis of the Semi-Inclusive
Drell-Yan process

Po+P -~y +h+X. (5)

In eq. (5)P; and P, stands for the incoming hadrong; the virtual photon of invariant magg?
andh the additional hadron measured in the final stat€)?fs large enough so that perturbation
theory applies, the factorization property of the con®detross-section should depend on the
region of phase space in which the final hadfors detected. In particular, it is produced

at sufficiently high transverse momentupﬁi, then the relative cross-sections can be predicted
by pQCD. On the contrary, ik is produced at Iovxp%l | and thus detected in the target frag-
mentation region, arguments against factorization haeas ladready given in Refs. [6,10]. The
formalism of fracture functions allows one to performed gtrie-leading order QCD analysis of
the Semi-Inclusive Drell-Yan process without introducimgphysical scale in order to separate
the dominant production mechanisms in each region of phasees The first step in order to
perform consistently such a calculation is to provide agrarhodel formula for the considered
process. Since in zero-th order QCD initial state radiai®absent, we assume the hadron

IS "non-perturbatively” produced in the target fragmeistatregion of P, (Rr,) or P> (Rr,) by
means of a "bare” (in the renormalization sense) fracturetion Mﬁ/P(ﬂ% z). In the follow-

ing we will consider the differential cross-sections foogucing a lepton pair of invariant mass
Q> > AQCD, accompanied by an additional hadrewith fractional energy: = 2E;,/v/S (de-
fined in the hadronic center of mass frame) and integrateditsv&ansverse momenturpi -

By defining the combination// (z, z) = Mf/Pl (x,2) +M§L/P2 (x, z), the parton model formula
for the semi-inclusive Drell-Yan cross-sections reads:

d DY 4 2 1- z d
;QQCE:) _ 9;;2/ dzy / xx; Z M2y, 2) fo(ma) + (21 xg)} 5(1 _ x;z) .
T q
(6)

A pictorial representation of this formula is drawn in Fig).(In the following we will restrict
ourselves to the discussion of NLO corrections togiiehannel. The corrections to eq. (6) have
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Fig. 1: A pictorial representation of the parton model formula fen&-Inclusive Drell-Yan process, eq. (6).

Fig. 2: A pictorial representation of the second term on r.h.s. in(@] The observed hadrdnresults
from the hadronization of initial state radiation (gluon).

the following formal structure

dog ™V = M@ 70 [1+52Coq| + 524, ® f9 Dy © Ky @
where the symbok stands for the convolution on the momentum fraction of theigpating
partons. The more involved part of the calculation does isbis evaluating next-to-leading
order diagrams in which the final state parton hadronize timoobserved hadroh. These di-
agrams are at the origin of the second term on the right hatelcfieq. (7). An example of
such a diagram is shown in Fig. (2). The coefficient functiéijs and Kgq at this level still
present poles due to collinear singularities. It is howgassible to show, see Ref. [12] for de-
tails, that all collinear singularities can be subtractexhf the coefficient functions by the same
factorization procedure firstly used in Ref. [4] in the cotitef Deep Inelastic Scattering. We
consider this result as a direct evidence of collinear faation for the Semi-Inclusive Drell-
Yan cross-sections. The present QCD-based calculatids Heaever only with standard soft
gluon exchange between active partons but it is blind toglotin exchange between spectators.
Since our findings support factorization at the collineaelewe implicitly confirm the general
widespread idea indicating soft exchanges between speciadrtons as responsible for factor-
ization breaking in semi-inclusive hadronic collisions.hiv diffractive parton distribution, as
obtained from HERA data, are used in the present calculatienresulting predictions would
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be valid only in the case that factorization hypothesis fio0lds a consequence, any deviation
observed in the data not accounted for by the present NLQ@ledilen, could be interpreted as a
manifestation of factorization breaking. A comparisonhadaita would also establish whether a
factorization breaking shows up only in a diffractive kiregim regime or if it manifests itself also
in processes with a gapless final state containing, as weihghe hadron in the target fragmen-
tation region. At the same time it would be interesting tadgfwvithin the proposed approach,
light mesons production which is sensitive to the soft, mghitiplicity, fragmentation process.
For this reason, in Ref. [12], we address the Semi-IncluBixal-Yan process as a prototype
of factorization analyzerSince we expect that the factorizing properties of the zsextions
to be extremely sensible to thé , of the measured hadran, we guess that a more efficient
observable in this context would be the triple-differehtiapss-sections:

dO.DY

—— 8
dQ?dp?  dz’ ®
for which an analog of the present calculation is still nadikable. The possible identification
of an intermediate scale or range of scales at which therfaatmn breaking effects start to
manifest themselves would constitute an important insigiotthe dynamics of the factorization
mechanism.

Let us conclude by listing some further possible develogmen the formalism. The
present work can be generalized to double hadron productibime evaluation of a double
hadron production cross-section needs a €h?) QCD calculation. However, as discussed
in Ref. [12], an approximate result could be obtained if onasiders the production of two
hadrons at lowp? | observed in opposite fragmentation regions with respethéoincoming
hadrons. In this case higher order corrections for thisggeshould be the same as for inclusive
Drell-Yan process, when the proper kinematics is taken amwount. Finally we are thinking
to a generalization of the present approach to include ghitinted hard processes [13] whose
relevance in diffractive Higgs production was first suggdsh Ref. [14].
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Generalised parton distributions and exclusive vector meson
production
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Abstract

We briefly review recent developments in the descriptionxafiesive
vector meson production in terms of generalised partomilligions.
The determination of the gluon distribution at smaffom HERA data
on diffractive.J /v production is discussed.

1 Introduction

Contrary to normal DIS, processes like deeply virtual Camgcattering (DVCS) or the diffrac-
tive production of (di-) jets, heavy quarks or vector mes@¥isls), cannot be described accu-
rately with the diagonal (normal) parton distribution ftinoos (PDFs). This can be seen from
Fig. 1, where the leading order diagram for DVCS (left) aia> vector meson production (right
figure) are shown. While DVCS is mainly testing the quarkribstion, the amplitude for exclu-
sive vector meson production is, to leading order, dirgatbbing the gluon PDF. The momentum
fractionsz and 2’ of the two partons are in general different, resulting in diat@n from the
diagonal limit for the distribution function of the respietparton. In this instance, a generalised
parton distribution (GPD) must be used to describe the gmce

Unlike the diagonal parton distributions, which represeptobability distribution, gener-
alised distributions are defined by matrix elements of gaakgluon light-cone operato¢3 for
different initial and final states of the protofp/|O|p). They encode richer information about the
distribution of partons inside the hadron and have no dpeababilistic interpretation. One may
express the parton momentum fractions in a GPD in a symmatiimner, with the introduction
of a skewing parametérand a symmetri¢: x = 7—¢, 2’ = Z+£. In the forward limit, ¢t — 0,
the generalised partons reduce to the conventional didgani@ns, where is the square of the
momentum transfer between initial and final protons. In tifing we will briefly discuss

v* 0l v* I/

Fig. 1: Left: DVCS~*p — ~p’ and right: elastic//+ productiony*p — Jip'. The two partons entering the
scattering have different momentum fractions’.
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selected recent work on the prediction of diffractive prctthn of vector mesons based on gen-
eralised parton distributions, both in the framework oflinelar andk; factorisation, and the
determination of the smaill gluon from diffractive./ /v data in the latter framework.

2 Predictionsfor diffractive vector meson production

In the last years a lot of work has been done on dipole andatanrmodels. For a review of
these topics in these proceedings we refer to [1]. Calaniatin the framework of dipole cross
sections often do not attempt at including the effect of fmmardness. However, in [2] the
skewedness is treated as in [3] discussed below.

2.1 Predictions based on collinear factorisation

Kroll and Goloskokov have described electroproductionigttl vector mesons using collinear
factorisation on the proton side [4—6]. In the limit of largkoton virtualityQ? the production
amplitude factorises into a perturbatively calculabledrerattering amplitude (coefficient func-
tion), a generalised PDF and the wave function of the VM. Thismilar to DVCS, where the
term ‘handbag factorisation’ is used which is particulaslyitable in the case of initial quarks
relevant at lower c.m. energies. The transverse momeptuof the quarks forming the vector
meson is retained, and a corresponding meson light-cone fuactiony (7, pr) (with pp
the intrinsic transverse momentum anthe fraction of the light-cone plus component of the me-
son’s momentum carried by the quark) is used. In additiondaiav factorexp|[—S(7, pr, Q?)]

is applied at next-to-leading-logarithmic accuracy. Thippresses gluon radiation in the regime
between a soft cut-off and a factorisation scale relatetéajuark-antiquark separation. Softer
gluons are included in the VM wave function while harder oaespart of the hard, perturbative
scattering amplitude. This so-called ‘modified pertunmat@pproach’ cures the end-point sin-
gularities stemming from configurations with large tramseequark-antiquark separation which
otherwise would prevent a prediction of the cross sectiorémsversely polarised mesons. The
generalised parton distributions are derived using thetars double distributions following the
work of Radyushkin [7] and using global PDFs as input for ttagdnal limit! The evolution is
approximated by the evolution of the diagonal input. Witkitlapproach Kroll and Goloskokov
find fair agreement with electroproduction data from COMBABERMES, E665, ZEUS and
H1, see [4—6] and Fig. 2 for an example of their longitudirralss section predictions fgrand

p electroproduction. The extension to contributions froamsiverse photons is discussed in [6].

While the approach of Kroll and Goloskokov is not restricbgdthe high energy approx-
imation adopted in other calculations, the hard, pertirbatcattering kernel used in [4-6] is
leading order (LO) only. Next-to-leading order (NLO) cattiens in the framework of collinear
factorisation have been calculated by Ivanov et al. [8] ardewiound to be large generally. In
their recent work Diehl and Kugler [9] have made use of theselts to further study the impact

'Double distributions offer a way to parameterise the hadromatrix elements defining generalised distribu-
tions [7]. They are defined through Fourier transforms oé¢heatrix elements. Such double distributions guarantee
the required symmetry properties and the polynomiali¥it{ moments of GPDs ar&'th degree polynomials in the
skewing parametef) of the derived generalised distributions. However thaiygical interpretation is different (and
maybe less apparent) as they are not directly dependept on
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Fig. 2: Predictions from [5] for the longitudinal cross seatof ¢ elecroproduction for? = 3.8 GeV? (left) and

p electroproduction folQ? = 4 GeV? (right). ¢ production data are from HERMES (solid circle), ZEUS (open
triangles) and H1 (solid square), apdproduction data are from HERMES (solid circles), E665 (oféangles),
ZEUS (open square) and H1 (solid square), see [5] for refeenThe dashed (dash-dotted) line represents the gluon
(gluon+sea) contribution. The dash-dot-dotted line repnés the sum of the interference between the valance and
(gluon+sea) contributions and the valance contributidre 3olid line is the sum of all contributions.

of the NLO corrections to exclusive meson production. Thas eollinear factorisation, neglect-
ing the transverse momenta of the partons entering the battbsng both on the proton and on
the meson side. For the evolution of the generalised pattamysuse the leading order evolution
code of Vinnikov [10] which uses an optimised fourth ordenBe-Kutta method to solve the LO
kernels as given in [11]. The input GPDs are again estimatethe double distribution method,
and with diagonal input from the global PDF fit CTEQ6M [12].ebl and Kugler observe large
NLO corrections leading to a strong suppression of the LQlrés the smallz regime, but no
gain from LO to NLO in the stability w.r.t. the scale variatioln Fig. 3 this is shown for the
case ofp electroproduction in different kinematic regimes. Unémrately such large corrections,
which can partly be traced back to BFKL type logarithms (463 for first predictions including
resummation effects), limit the applicability of the fixedder collinear approach to describe data
for elastic VM production.

2.2 Vector meson production in kp factorization

Traditionally, k7 (or ‘high energy’) factorisation has been introduced fa description of heavy
quark production in the high energy regime. Recently it Has been applied to various other
processes including Higgs production at hadron colliddvartin et al. have used it for the
calculation of diffractive production of light and heavycter mesons at HERA [14, 15]. The
relevant amplitude is shown in Fig. 1 (right diagram). Thaiedictions involve the integration
over the transverse momentuti of the exchanged gluons, so the input parton distributions
need to be unintegrated w.rk;. This involves the application of a Sudakov factor, see [15]
for details. Additional contributions from the real parttbé amplitude are calculated based on
dispersive methods. This approach goes beyond the leadin@* approximation while also
capturing certain contributions beyond the leading higargy (BFKL) limit. Of course NLO
corrections also arise from additional loops, for examplegic one-loop corrections to the
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Fig. 3: Longitudinal cross section predictions feelectroproduction from [9] forQ?, ¢ andz as indicated on the
plots. The bands are generated from the ran@gs < u < 2Q (left) and2 < p < 4GeV? (right), wherey is the
renormalisation and factorisation scale. The solid lir@saspond tq: = . The dashed line in the left panel shows
the power-law behaviour oc TW°-%¥ (with arbitrary normalisation) obtained from a fit by the Z&Collaboration to
data in the ranges = 0.001 ...0.005.
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Fig. 4: ‘NLO’ fit of elastic J /¢ data from HERA [19] as done in [3]. Left: cross section conepiaio some of the H1
and ZEUS data for three different values of the effectivdes@® = (Q* + M7,,)/(W? + M3 ,,). Right: Fitted
diagonal gluon compared to global gluons for scales asatelit The width of the bands displays the uncertainty of
the cross section predictions and the fitted gluon, wherad®dshaded areas indicate the region of available data.

two-gluon quark-antiquark vertex, or when the two gluorteyscouples via a quark loop to the
proton. While such quark contributions are suppressedéarhth energy regime, the former
class of corrections leads to a genuiliefactor which was calculated by Ivanov et al. [8] in
collinear factorisation but which is not known in the casé&pfactorisation. Work is in progress
to calculate these corrections.

Skewing corrections are taken into account via the Shuvassform [16] which, in the
case of smalk and¢, allows to calculate the GPDs from the forward PBHs.this regime, with
the assumption of a pure power behaviour of the diagonal RDF *, the skewing correction
is well approximated by a simple factaR = %% (p = 1 for gluons,0 for quarks),
which only depends on the anomalous dimension

3 Determination of the gluon from diffractive .J/« data

While a good description of many data from HERA and other grpents has been achieved, the
predictions show a large dependence on the gluon paraatirs used as input, in the regime
of smallz and semi-hard scales where they are only poorly known. Hew®dartin et al. have
turned the game around and used their theoretical appraadeszribed above together with
exclusiveJ /v data from HERA [19] to determine the gluon distribution il tmallz and low-
scale regime [3]. Note that whereas in [14, 15] VM productizas described via parton-hadron

2The use of the Shuvaev transform has become subject of sdtioisar [17], but see [18] for the justification of
its applicability in the regime under consideration here.
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duality by integrating over open quark-antiquark produretin a suitably chosen mass regime,
for the gluon fits in [3] the non-relativistic limit for thé /> wave function was adopted. While
this is a sufficient approximation w.r.t. the other the@a@tand experimental uncertainties, it also
allows for the prediction of the normalisation which is natlixcontrolled in the parton-hadron
duality approach. With the use of a simple three-parametsata for the gluongzg(xz, u?) =
Nz=*, with A = a + b Inln(p?/A3cp), a fit (with 2,5, /d.o.f. = 0.8) gives the resultsN =
1.55+0.18, a = —0.50£0.06, b = 0.464+0.03. In Fig. 4, both the results for the emerging cross
section predictions (left) and the fitted gluon distribati@ight panel) are shown for different
scales and compared to the gluon PDFs of global fits from CTZAQPdnd MRST [21].

4 Conclusions

We have briefly reviewed recent work on the description ofiestee vector meson production in
ep collisions based on generalised parton distributions.l®hhas been known for a long time
that this process is particulary interesting due to its gacisensitivity on the input partons, the
complexity of the full amplitudes makes systematic higheteo predictions difficult. Different
approaches as presented above have been discussed atittélieRA-LHC workshops. Clearly
we have gained a much better understanding of exclusive \@dymtion, though the quantitative
predictions have not yet achieved the desired accuracyemimless, a lot of progress has been
made in predicting these processes and first results orcérggdhe gluon at smalt from HERA
data have been reported. The situation will be even more licaigd at the LHC, and with the
wider kinematic range accessible, the future will be vetgriesting.
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Abstract

In this contribution we briefly review the current status lo¢ ipole
models and parton saturation on the basis of results pegbettthe
HERA-LHC workshops in the years 2006-2008. The problem of
foundations of the dipole models is addressed within the @ZDal-
ism. Some limitations of the models and open problems anatgubi
out. Furthermore, we review and compare the currently ugeoled
models and summarise the applications to describe vargis®SHERA
data. Finally we outline some of the theoretical approathése prob-
lem of multiple scattering and saturation.

1 Introduction

Dipole models [1-3] represent a QCD motivated framework lt#s been successfully applied
to describe a variety of gluon mediated scattering crososscat high energies. In particular,
they provide a transparent and intuitive picture of scaiteprocesses. Their main strength
is a combination of universality, simplicity and efficiencf¥he dipole models are capable of
simultaneously describing alk,, F;, and heavy quark productiam data at smalk, the inclusive
diffractive data, the bulk of measurements for exclusiviralitive vector meson production,
deeply virtual Compton scattering (DVCS), and even nucstedowing [4—13]. This unified
description is achieved using only a few parameters withm@sparent physical meaning, such as
the normalisation of the gluon distribution at a low scadhe, quark mass or the proton size. Atthe
same time, the dipole models provide a phenomenologicaghineto important aspects of high
energy scattering, like the relative importance of mudtiptattering or higher twist contributions.
This importance may be quantified in terms ofaturation scale, Qg, the scale of the process
at which the unitarity corrections become large [4]. Up tevnthe dipole models applied to
HERA data offer one of the most convincing arguments for thygethdence of this scale on the
scattering energy and provide one of the best quantitatitimates of the saturation scale [4—6,
11,12]. This shows the complementarity of dipole model$figorigorous framework of collinear
factorisation, within which the description of multipleagtering, although possible in principle,
is quite inefficient. It is not only very demanding from theheical side (for instance, even the
basis of twist-four operators is not fully understood ybt)t it would also require introducing a
set of new unknown functions parameterising the expectatidues of higher twist operators at
the low (input) scale. In dipole models this problem is bygaakby simply fitting the (implicitly)
resummed multiple scattering cross section together \Wwimbnperturbative contribution with
constraints imposed by the unitarity of the scattering ixatr
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Fig. 1: High energy scattering in the dipole representation

2 Foundationsand limitations of dipole models

Let us consider & — 2 scattering amplitude of +p — f + p, where the strongly interacting
projectiles hits a hadronic targetand undergoes a transition to a stafevhile the target scatters
elastically. At HERA the projectile is always a virtual pbot~*, with a four-momentuny and
virtuality ¢> = —Q?, and the target is a proton, with initial momentgrand final momentury’.
The final states considered are virtual and real photonssta¢éetor meson states and diffractive
states. The statésand f carry a typical scal€)?; for i = f = v*(Q?), Q> = Q. The invariant
collision energys = (p+ q)? is assumed to be large,> Q? ands >> |t|, wheret = (p—p')?is
the momentum transfer. We shall also use the variable Q2 /s, that reduces to the Bjorken
for the case of deeply inelastic scattering (DIS).

The key idea behind dipole models is a separation (fact@igeaof a high energy scatter-
ing amplitude, 4?7 into an initial @;) and final ) state wave function of the projectile
and the outgoing statg, and a (diagonal) universal scattering amplitude of a apation Fock
state,f,,, off a targetp; see Fig. 1. The scattering operatdt,is assumed to be diagonal in the
basis of states that consist of a definite number of partansith fixed longitudinal momentum
fractions,z;, (k = 1,...,n), of the projectile, definite helicities\,, and transverse positions.
One may write symbolically (see e.qg. [14]):

artr— 57 [l fi@al Wi fare ) TR Bl Lo ). @
nvj:ﬂv{)‘k}

In most practical applications one takes into account dmeylbwest Fock states, composed of
a quark—antiquarkq) pair and, possibly, one additional gluog7§). In the limit of a large
number of coloursN. — oo, flavourless scattering stateisand f, may be represented as a
collection of colour dipoles [2]. For the simplest caseggfscattering, the intermediate state
F» is defined by the quark and antiquark helicities, the lorjital momentum fractionz, of
the projectile carried by the quark, the dipole vector= ro, — r1, and the impact parameter
vector,b = zr1 + (1 — z)r9. It is convenient to define the imaginary part of the dipoletsring
amplitude (assuming independence of the azimuthal anglég), r,b) = Im T'(F3), and the
b-dependent dipole—target cross-section

dO'qq

b =2 N(z,r,b). ()
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The picture encoded in (1) may be motivated within pertivbaCD. In the high energy
limit of QCD [15, 16], the dominant contribution to scattegiamplitudes comes from vector bo-
son (gluon) exchanges, that lead to cross-sections cangthrenergy (modulo quantum correc-
tions that may generate an additional enhancement). Fbrsgae-1/2 fermion (quark) exchange
in the t-channel the amplitude is power suppressed by a factay gf2. In consequence, the
high energy scattering amplitude may be factorised intcatinglitude describing slow (in the
target frame) gluon fields and the amplitude of fast partdddief the projectile moving in the
gluon field of the target. This is, in fact, the basic assuambf thek- (high energy) factori-
sation [16, 17]. In the high energy limit, the vertex desicrgbthe coupling of the fasi-channel
parton (quark or gluon) to a gluon exchanged in tkehannel iseikonal: the large light-cone
component of the longitudinal parton momentum and the pdrédicity are conserved. Also, up
to subleading terms in the collision energy, the fast pastmes not change its transverse position
in the scattering process. These properties of high enenglitades in QCD were used to derive
the dipole model for hard processes. In more detail, theesgag amplitudes in the dipole model
follow from the QCD scattering amplitudes obtained witHie k-factorisation scheme, in the
high energy limit and at the leading logarithmic (LIn)1/x) approximation [1].

The fact that the QCD dipole model follows from the-factorisation approximation im-
plies that the model, up to subleading termsljts, is also consistent with the leading order
(LO) collinear approximation [17]. In addition, as in theseaof thek-factorisation framework,
the dipole model incorporates an exact treatment of thekquansverse momentum in the box
diagram. These kinematic effects, when analysed withirctitlinear approximations, manifest
themselves as higher order corrections to the coefficiamttions [17]. Although the implicit
resummation of the collinear higher order terms in the @ipobdel is only partial, it should still
be viewed as an improvement of the LO collinear approxinmatio

Practical use of dipole models is not restricted to hardgsses, where precise predictions
can be obtained within the collinear factorisation framewdn the contrary, one of the most
successful applications of the dipole model (the satunatimdel [4]) provides an efficient and
simple description of the transition from the perturbatsiegle scattering regime (the colour
transparency regime) to the multiple scattering regime ametion of the process scale and
scattering energy (of? andz). In this transition region scattering amplitudes are expe
to receive contributions both of the nonperturbative retmd from perturbatively calculable
multiple scattering effects. The nonperturbative efféttigh energy scattering are currently not
computable with theoretical methods and have to be modellbg multiple scattering effects
enter the scattering amplitudes e.g. as higher twist dmritdns [18}, that are suppressed by
inverse powers of the hard scafg?, and additional powers ef,. Nevertheless, the higher twist
effects may be quite sizable at smaland at moderately larg@? [18]. This originates from
a rapid growth of the multi-gluon density with decreasirigassuming the largé/. limit, the
n-gluon density evolves approximately as the single gluamsiti¢ to powern [19, 20]. Thus,
at decreasing: the multiple scattering effects are increasingly enharexed may eventually
become competitive with the single scattering contributio

Thus far we discussed the dipole model from the perspectiperturbative QCD. An in-
teresting attempt to provide foundations of the model inrzegd (i.e. non-perturbative) frame-

IMultiple scattering effects that occur at low scales are#iEd into the input gluon density at the initial scale.
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Fig. 2: Thevy*p scattering amplitude with unitarisation achieved viadi#pnal diagrams or (bfan diagrams. For
exclusive diffractive processes, such as vector mesoruptiosh (£ = V' = T, J/¢, ¢, p) or DVCS (E = ~), we
haver’ < = < 1andt = (p — p’)?. For inclusive DIS, we hav& = v*, 2 = 2’ < 1 andp = p'.

work was recently put forward [21, 22]. The scattering atogiés were written in terms of
skeleton diagrams and the QCD path-integral. Approximatiand assumptions necessary to
recover the dipole model amplitudes were identified. To gel@xtent the conclusions from that
analysis confirm those obtained within the perturbativenfrarork: the dipole model accuracy
is not theoretically guaranteed when higher twist and higinder corrections are large. An in-
teresting point raised in Refs. [22, 23] is the dependendbetlipole cross sectiom,,4, on the
dipole—target collision energy/s. In most models one assumes thgj depends o through

x = Q?/s. The scale, however, is part of the wave functions and it isoshgious that the dipole
cross section should depend @A rather than on the dipole variables, like e.g. the dipoléesca
1/r2. Interestingly, assuming the dependence gfon a combined variabler? was shown to
create some tension between the HERA datdemand F;, and the dipole model, irrespective
of the detailed functional form af,;. Some insight may be gained from inspecting the issue in
the kr-factorisation approach. Then, the energy dependencesghteughz, of the gluon, that
essentially depends on the external state virtuality, th#tared quarks’ transverse momenta and
the distribution of the quark longitudinal momentum. S proposed replacement G by
1/r? might be somewhat oversimplified. On the other hand, with@ltL(1/z) approximation
the standard choice of, ~ @?/s is justified. To sum up, the choice of the optimal dimension-
less variable that would carry the energy dependence ofiplededcross-section remains an open
and interesting problem.

3 Phenomenology of dipole models

Implementations of multiple scattering in colour dipole dets are based on two main ap-
proaches, that adopt different approximations. The GlatNeeller (GM)eikonal approach [24]

is used in the family of models that evolved from the GoleerBat—Wisthoff (GBW) model [4].
One assumes in this approach that multiple colour dipol#essaare independent of each other,
see Fig. 2a. This assumption may be supported (althoughstnea yet explicitly derived)
with properties of the collinear evolution of quasi-paitoaperators describing the multi-gluon
density in the proton, and in the largé. limit [18-20]. Assuming in addition a factorised
dependence of the gluon distribution, one postulates thelalproton scattering amplitude of
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the form:
2

N(z,r,b) =1—exp <— T Tzas(uz)xg(:n,u2)T(b)> , (3)

2N,

where the scalg:? = C/r? + u2 with yy ~ 1 GeV. HERA data on exclusive vector me-
son production imply a Gaussian form of the proton shape énténsverse pland;(b), with
(%) = 0.56 fm. The corresponding quantity determined from the protbarge radius
(0.87 fm) is somewhat largek/(b?) = 0.66 fm, implying that gluons are more concentrated
in the centre of the proton than quarks. The form (3) is dehbtethe “b-Sat” model [6, 11]. It
can be considered to be an improvement on a previous modeh@le7'(b) o« ©(R, — b) was
assumed, and also on the original GBW model [4] where additip the scale dependence of
the gluon distribution was neglected, thatig,(z, 4?) o« 2~ was assumed for a fixed power
A ~ 0.3. Note that in the GBW model large saturation effects werededdao get from the
hard Pomeron behaviour(r2 z~93) at small dipole sizes to soft Pomeron behavioura( 1)
at large dipole sizes. On the other hand, in Refs. [5, 6, li]ttAnsition can alternatively be
achieved with DGLAP evolution, therefore saturation effeare correspondingly smaller.

In the alternative approach one exploits solutions of thitdkg—Kovchegov (BK) equa-
tion [25]. It was derived for scattering of a small colour dip off a large nucleus, composed
of A nucleons. The LL BK equation rigorously resums contribugiaof BFKL Pomerorfan
diagrams (Fig. 2b), that are leading iy 1/N, and in theln 1/x approximation (properties of
solutions of the next-to-LL BK equation are not known yet @aodcannot be used in the dipole
models). A colour glass condensate (CGC) dipole model petenisation [8] was constructed
from an approximate solution of the BK equation:

In(2/7Qs)

2(7s+

rQs ('YS 949>\1n(1/z)) )

N r,b) = T Na,r) = O(R, —b) 4 M0 (8 S rRe<2
1— e—Aln2(BrQ5) . TQS )

whereQ, = (zo/z)"? is a saturation scafe.The original analysis [8] neglected the charm
quark contribution taF,. The inclusion of charm was later found [11] to significaridwer the
saturation scale when the anomalous dimensiowas fixed at the LO BFKL value df.63. By
letting v go free, a solution was subsequently found with= 0.74 which included heavy quarks
but had a large saturation scale [9]. (This model has beerifieddo include a dependence in
the saturation scale allowing the description of exclusiifgactive processes [10].) However,
the HERA data do not show a strong preference for the solutitiny; = 0.74, and a secondary
solution withy, = 0.61 and a much smaller saturation scale also describes the ddfa2]. The
CGC model (4) assumes a factorigedependence which is not supported by HERA diffractive
data, where one finds a significantly non-zero effective Romslopeny,, indicating correlation
between thé and x dependence of the dipole scattering amplitude. A morest@limpact
parameter dependence was included by introducing a Gausdi&pendence into the saturation
scale@;, denoted by the “b-CGC” model [11, 12]. It was not possibleltain a good fit to
HERA data with a fixedy, = 0.63 [11], but on freeing this parameter, a good fit was obtained

2In what follows we shall us€, (with a lower-case) to denote the saturation scale defined in a model-dependent
way.
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Fig. 3: () Theb-integrated dipole—proton cross sections divided-bynd (b) the saturation scalgé = 2/r%.

with a value ofy; = 0.46 [12], close to the value of; ~ 0.44 obtained from numerical solution
of the BK equation [26]. However, the value bf= 0.119 obtained from the “b-CGC" fit [12] is
lower than the perturbatively calculated value\of 0.3 [27].

In both the approaches to unitarisation one neglects mlutn correlations in the target.
Thus, the key difference between the eikonal and the BK amhves is that in the latter one
resums the leading logarithms bfz while in the former one aims at keeping a reasonable repre-
sentation of leading logarithms Gf. Both dipole model realisations have built in saturation of
the black disc limit of the colour dipole scattering ampdiéu This means that the absolute value
of theT-matrix elements tends to unity for large dipoles oras 0. Itis curious that the choice
of approximation has a striking consequence in how the ntyitéhe black disc) limit is ap-
proached. In the GM case unitarisation happens becausacélttions between contributions
of non-saturating multiple gluon exchanges, while in the &se multiple scattering effects are
contained in the single gluon density that saturates attainesmall value ofc. These differ-
ences in the mechanism of unitarisation do not affect, hewdke crucial qualitative feature of
the dipole cross-section: the transition from a power-{jkewth with decreasing in the colour
transparency regime to a flat (possiblyln(1/x)) behaviour in the black disc limit. Thus, the
necessary modelling of the dipole cross section for largeldisizes is strongly constrained.

A third type of parameterisation for the dipole cross sectioes not assume any mech-
anism for unitarisation. It is a two-component Regge mo8&804 Sat) [7], which uses hard
Pomeron behaviour~{ r? z=%3) for small dipole sizes: < r, and soft Pomeron behaviour
(~ z~%1) for large dipole sizes > r{, with linear interpolation between the two regions.
Again, a factorising impact parameter dependence is askuBaturation effects are modelled
by allowingrq to move to lower values with decreasingThis feature was found to be preferred
by the HERA data, whereas the two-component Regge modebiitedr, was disfavoured [7].

We compare the dipole model parameterisations in Fig. 3arevtheb-integrated dipole
cross sections have been divided by the trivial factoin order to emphasise the differences at
smallr. We restrict attention to dipole model parameterisatiohgkwhave been shown to give a
good fit (with charm quarks included) to recent HERA inclessiructure function data, meaning
ax? per data point ot 1. This excludes, for example, the original GBW parametéiaag4]
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and the unsaturated two-component Regge model [7]. Allrpatarisations shown in Fig. 3a
are similar at intermediate dipole sizes where they are owwtrained by HERA data. At very
small dipole sizes the b-Sat model deviates from the othempeterisations, as it is the only one
which incorporates explicit DGLAP evolution. The b-Sat mbdas found to be preferred over
the b-CGC model for observables sensitive to relativelylsdipole sizes [12]. There are also
differences between the parameterisations in the appraattte unitarity limit at large dipole
sizes. For example, the b-Sat and b-CGC dipole cross sedgon to a constant at largeonly
for a fixedb, but not when integrating over all impact parameters.

In order to compare the magnitude of unitarity correctioatMeen various models it is
customary to define a model-independent saturation sgélethat is, the momentum scale at
which the dipole—proton scattering amplituiebecomes sizable. There is no unique definition
of @% and various choices are used in the literature. We defineathiession scal€)? = 2/r%,
where the saturation radiutg is the dipole size where the scattering amplitude

N(z,rg[,b]) =1 —e 2 ~ 0.4, (5)

chosen to match the corresponding quandy, in the GBW model [4]. Note that this “saturation
scale” is still far from the unitarity limit wherd/’ = 1. The model-independent saturation scale

% is shown in Fig. 3b: it is generally less thars GeV~ in the HERA kinematic regime for the
most relevant impact parametérs- 2-3 GeV~! [11, 12]. It should be remembered, however,
that any observable will depend on integration over a rafg@ole sizes, therefore even at high
Q? there will be some contribution from large dipole sizes- rg. Moreover, dipole models
incorporating saturation fitted to HERA data may be extraigal to very lowr and to predict
cross sections for nuclear collisions where the saturatiatte is enhanced by/3 [13]. In these
situations, multi-Pomeron exchange may become importashteatrapolation based on single-
Pomeron exchange would be unreliable.

4 Theory outlook: saturation beyond the BK equation in a statistical picture

The BK equation describes unitarity corrections in the awgtnic configuration, when the target
is extended and dense and the projectile is small and dilnte. more symmetric situation, like
7*(Q?)p scattering at low))?, the BK approximation is no longer sufficient. In the diagraatic
formulation, besides the fan diagram one should then taceaiocount diagrams with closed
Pomeron loops. To construct a fully reliable and practibabtetical treatment of this complex
case has turned out to be a prohibitively difficult task so Fartunately, the key properties of
solutions of the BK equation in the low momentum region fallioom its universal features and
do not rely on the details of the equation.

In the Kovchegov derivation of the BK equation [25] one usesMueller dipole cascade
picture [2] of the smalk: QCD evolution. The equation expressed in terms of the diped¢tering
amplitude,N,,,(Y) = N (z,r,b), withY = In(1/z), reads

ONuy _ s 200 (u — v)?
oy 2w (u —w)?(w —v)
whereu = b — r/2, andv = b + r/2 (assumingz=1/2 in the definition ofb, cf. Sec. 2).
The equation has two fixed points: the repulsive oNg,, = 0, from which the solution is

2 [Nuw+va_Nuv_Nuwva] (6)
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driven out by the linear term, and the attractive oig,, = 1, where the linear and nonlinear
term compensate each other. This scenario of linear groWwtheoamplitude tamed by non-
linear rescattering effects is common to all existing apph®s to the saturation phenomenon.
In the uniform case, wheV does not depend on the impact paraméigethis combination of
growth and nonlinearity was shown to lead tgeametric scaling property [28] of the solutions,
Nuw(Y) = N(lu — v|?Q%(Y)) for Y > 1, irrespective of the initial conditions [29]. For
they*p cross section, geometric scaling implies that? (z, Q%) = 07" ?(Q%/Q?), which was
observed in HERA data [28].

Interestingly enough, the geometric scaling property efBiK equation does not depend
on the details of either the linear or the non-linear termer&fore the scaling is a robust and
universal phenomenon. In particular, the BK equation kgdaio the same universality class as
a simpler and well understood Fisher—Kolmogorov—PetrpvBiscounov (FKPP) equation [29],
opu(z,t) = 92,u + u — u?, where the rapidity is mapped onto the timand the logarithm of
the dipole size onto the real variabte Employing this connection it was proved that, indeed,
both the emergence of geometric scaling and the rapiditiuten of the saturation scale are
universal phenomena and do not depend on the details of thedBidtion, provided that the
initial condition is uniform in the impact parameter space.

The statistical framework implied by the Mueller dipole nebthay also be used to provide
some qualitative insight into the effect of “Pomeron loopsthe scattering amplitudes [30, 31].
This effect corresponds to a stochastic term added to théPFd¢Ration [31],

dru(z,t) = 02u +u —u® +/u(l —u)n 7)

wheren is the white noise. The origin of stochasticity can be tralbadk to the discreteness
of the colour dipoles in the Mueller cascade model. The BKatiqu is derived in the mean
field approximation when the density of colour dipoles inphejectile is large enougm(>> 1)
that statistical fluctuations in the number of dipoles caméglected. In this casey,., is an
averaged dipole scattering amplitude. At the edge of thesaleegime of the dipole distribu-
tion, however, the dipole occupation number is smalk 1, so the statistical fluctuations play
an important réle. It was realised in Ref. [30] and subsatjuedeveloped in Ref. [31] that
these fluctuations get enhanced in ievolution and affect the global properties of the ampli-
tude. In this approach the saturation scale becomes a stachariable that fluctuates from one
scattering event to another, with a lognormal distributiaith the variances?> = DY, where
D ~ a,/1In®(1/a?) [32]. The most important result of fluctuations is a new sabf the phys-
ical amplitude, calledliffusive scaling [31]. Namely, the dipole scattering amplitudg,,,(Y),
should depend only on one variable= (In(r?) + (InQ?))/v/DY. Note that the factor/ DY’

in the denominator which spoils the geometric scaling ishefdiffusive origin. A first attempt
to trace the diffusive scaling in the HERA data Bawas presented in Ref. [33] with a negative
result. This would suggest that Pomeron loops introducg asimall effect in the HERA data.

The results presented here neglect the impact parametendieqpce of the scattering am-
plitudes, assuming that the high energy QCD evolution iallocthe transverse coordinate space.
Thus the local evolutions at differebit are uncorrelated. Recent numerical studies [34] suggest
that this is a quite accurate picture of high energy scatteifi the dipole size is significantly
smaller than the target size.
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Recently, an interesting attempt was made [35] to expficitbdel the colour dipole cas-
cade taking into account effects related to Pomeron loapsndre detail, subleading effects in
the 1/N,. expansion were phenomenologically incorporated that tea possibility of colour
dipole reconnections in the dipole wave function. The tesyldipole—dipole scattering am-
plitudes were shown to respect with good accuracy the symnhetween the target and the
projectile, which does not hold in the absence of the coleconnection. The approach employs
Monte-Carlo methods and was shown to be quite successfuddarithing total cross-sections
and many diffractive observables.

5 Concluding remarks

The dipole models applied to HERA data on inclusive and aliffive processes provide a suc-
cessful unified description of most observables. Thesg/s@glprovide significant evidence for
sizable unitarity (rescattering) corrections to the sngtattering approximation, that is used
in the linear QCD evolution equations, in both DGLAP and BFERlhese corrections become
strong below the saturation sca@g(z). The determination of the saturation scale within dif-
ferent dipole models yields consistently tl@gt < 1 GeV, over the HERA kinematic range.
Qs is found to increase with/z, approximately a®)%(z) ~ (1/x)*s with A\g ~ 0.12-0.2,
depending on the model. Both these propertie® gfsuggest that the onset of perturbative sat-
uration is probed at HERA, and that non-perturbative effecay still be significant aroun@s.
Fortunately, the key results on the saturation phenomehtairned within perturbative QCD are
universal and should remain valid despite a possible nonHfative contamination.
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Checking formalism for central exclusive production in thefirst
LHC runs

A.D. Martin, V.A. Khoze and M.G. Ryskin
Institute for Particle Physics Phenomenology, Universitipurham, DH1 3LE, UK

Abstract

We discuss how the early LHC data runs can provide cruci#s tefs
the formalism used to predict the cross sections of cenkellsive
production.

1 Introduction

The physics potential of forward proton tagging at the LHG htiracted much attention in the
last years, for instance, [1-5]. The combined detectioroti butgoing protons and the centrally
produced system gives access to a unique rich programmaediéstin QCD, electroweak and
BSM physics. Importantly, these measurements will proviaeable information on the Higgs
sector of MSSM and other popular BSM scenarios, see [6-9].

(a) (b) (c)
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Fig. 2: (&)W production with 2 gaps, (b) Inclusiv& production, (c)Z production
with 2 gaps.

Fig. 1: A symbolic diagram
for the CEP of a system.

The theoretical formalism [10-12] for the description ofentral exclusive production
(CEP) process contains quite distinct parts, shown syrdddliin Fig. 1. We first have to cal-
culate thegg — A subprocessf{, convoluted with the gluon distributionf,. Next, we must
account for the QCD corrections which reflect the absencalditianal radiation in the hard
subprocess — that is, for the Sudakov factorFinally, we must enter soft physics to calculate
the survival probabilityS? of the rapidity gaps (RG) .

The uncertainties of the CEP predictions are potentialtysnzall. Therefore, it is impor-
tant to perform checks using processes that will be acdedsilthe first LHC runs [13]. We first
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consider measurements which do not rely on proton taggidgcan be performed through the
detection of RG.

The main uncertainties of the CEP predictions are assacieith
(i) the probabilityS? that additional secondaries will not populate the gaps;

(ii) the probability to find the appropriate gluons, that gigen by generalized, unintegrated
distributions f,(z, 2/, Q?);

(i) the higher order QCD corrections to the hard subprecas particular, the Sudakov sup-
pression;

(iv) the so-called semi-enhanced absorptive correctisas [14, 15]) and other effects, which
may violate the soft-hard factorization.

2 Gap survival factor S?

Usually, the gap survival is calculated within a multichaheikonal approach [16]. The prob-
ability S? of elasticpp rescattering, shown symbolically b in Fig. 1 can be evaluated in a
model independent way once the elastic cross sedtigridt is measured at the LHC. However,
there may be excited states between the Iffobnd the amplitude on the r.h.s of Fig. 1. The
presence of such states enlarges absorption. To checkiragpéally the role of this effect, we
need a process with a bare cross section that can be relialoylated. Good candidates are
the production of#” or Z bosons with RGs [13]. In the case d¥+gaps’ production the main
contribution comes from the diagram of Fig. 2(a) [17]. Onp,gan;, is associated with photon
exchange, while the othefAn,, is associated with th8/. In the early LHC data runs the ratio
(W+gapslV inclusive) will be measured first. This measurement is aulséfeck of the models
for soft rescattering [13].

A good way to study the low impact parametér) (region is to observeZ boson pro-
duction viaW W fusion, see Fig. 2(c). Here, both gaps originate fridfexchange, and the
corresponding; region is similar to that for exclusive Higgs production. eléxpected +gaps
cross section is of the order of 0.2 pb, a$%0.3 for An; » > 3 and for quark jets wittr > 50
GeV [18].

3 Generalized, unintegrated gluon distribution f,
The cross section for the CEP of a systdnessentially has the form [10]

2

d
o(pp — ptAtp) = / OF (a1, ah, Q2 1) folass y Q2o1i2) | (g9 — A). ()

B2

Here the factorl /B? arises from the integration over the proton transverse méme Also,
f4 denotes the generalized, unintegrated gluon distributinrour case the distributiotfi, can
be obtained from the conventional gluon distributignknown from the global parton analyses.
The main uncertainty here comes from the lack of knowledgbheintegrated gluon distribution
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@) (®)

Fig. 3: ExclusiveY production via (a) photon exchange, and (b) via odderonangé.

g(z,Q?) atlowx and small scales. For example, takig = 4 GeV? we find [13]zg = (3 —
3.8) for x =1072 and =xg = (3.4—4.5) for x = 10~3. These are big uncertainties bearing
in mind that the CEP cross section dependg01)*. To reduce the uncertainty associated with
[y we can measure exclusie production. The process is shown in Fig. 3(a). The crossosect
for yp — Ypis given in terms of the same unintegrated gluon distriloufipthat occurs in Fig. 1.
There may be competition between production via photonamgd, Fig. 3(a), and via odderon
exchange, see Fig. 3(b). A lowest-order calculation (4.9). ] indicates that the odderon process
(b) may be comparable to the photon-initiated process {dhelupper proton is tagged, it will
be straightforward to separate the two mechanisms.

4 Three-jet events as a probe of the Sudakov factor

The search for the exclusive dijets at the Tevatggn— p+ jj +p, is performed [20] by plotting
the cross section in terms of the varialite; = M;; /M4, whereM 4 is the mass of the whole
central system. However, th;; distribution is smeared out by QCD radiation, hadronizgtio
the jet algorithm and other experimental effects [20,2bJwEaken the smearing it was proposed
in Ref. [21] to study the dijets in terms of a variallg = 2E7 (cosh n*)/Ma , where only
the transverse energy and the rapiditgf the jet with thelargest £ enter. Herey* = n — y4,
wherey 4 is the rapidity of the central system. Clearly, the largBstjet is less affected by the
smearing. As shown in [13], it is sufficient to consider thassion of a third jet, when we take
all three jets to lie in a specified rapidity interv@j. The cross sectiotic /dR;, as a function

of R;, for the production of a pair of higli’z dijets accompanied by a third jet is discussed
in [13, 21]. It is shown that the measurements of the exalusio- and three-jet cross sections
as a function of E of the highest jet allow a detailed check of the Sudakov msysiith much
more information coming from thé&n dependence study. A clear way to observe the Sudakov
suppression is just to measure tfig dependence of exclusive dijet production. On dimensional
grounds we would exped /dE2 « 1/E3. This behaviour is modified by the gluon anomalous
dimension and by a stronger Sudakov suppression with igicrg&’. Already the existing CDF
dijet data [20] exclude predictions which omit the Sudakfied:.
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Fig. 4: (a) A typical enhanced diagram, where the shadedsbderotef,, and the soft rescattering is on an interme-
diate parton, giving rise to a survival factsk,; (b) and (c) are the Reggeon and QCD representations, taghgc

5 Soft-hard factorization: enhanced absorptive effects

The soft-hard factorization implied by Fig. 1 could be viethby the so-called enhanced Reggeon
diagrams, see Fig. 4(a). The contribution of the first Poméwop, Fig. 4(b) was calculated in
pQCD in Ref. [15]. A typical diagram is shown in Fig. 4(c). HddC energies it was found that
such effect may be numerically large. The reason is that litengdensity grows at low: and,

for low k; partons, approaches the saturation limit. However, asisisd in [13], the enhanced
diagram should affect mainly the very beginning of the QCDl@tion — the region that cannot
be described perturbatively and which, in [11, 12], is alsemcluded phenomenologically.

Experimentally, we can study the role of semi-enhancedrabiea by measuring the ratio
R of diffractive event rate foi?” (or Y or dijet) as compared to the inclusive process [13]. That
is

no. of (A + gap) events adift(

2
°r, B’ a ) <52S62;n>over be s (2)

R - = -
no. of (inclusive A) events a"l(z = B p, u?)

wherea™! anda®f are the parton densities determined from the global analgsénclusive
and diffractive DIS data, respectively. We can measure &ldagistributiond?c % /dx pdy 4,
and form the ratiaR using the inclusive cross sectioiy™™! /dy 4. If we neglect the enhanced
absorption, it is quite straightforward to calculate thigord& of (2). The results for a dijet case
are shown by the dashed curves in Fig. 5 as a function of théitnag 4 of the dijet system. The
enhanced rescattering reduce the ratios and lead to stggéstributions, as illustrated by the
continuous curves. Perhaps the most informative prol?pfs to observe the ratid for dijet
production in the regio’r ~ 15 — 30 GeV. For example, foflr ~ 15 GeV we expect?, ~
0.25, 0.4 and 0.8 at4 = —2, 0 and2 respectively.

6 Conclusion

The addition of forward proton detectors to LHC experimenil add unique capabilities to
the existing LHC experimental programme. For certain BSkhstios, the tagged-proton mode
may even be the discovery channel. There is also a rich Q@Btrelveak, and more exotic
physics, menu.
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dR/dInz p
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LHC s = 14 TeV 1«0 [% Tevatron (B2)

Z B~ 40 GeV

Fig. 5: The predictions of the rati® of (2) for the Fig. 6: The cross sectiafvsp /dz 1, for single dissociation
production of a pair of higtEr jets. integrated ovet at the LHC energy.

The uncertainties in the prediction of the CEP processepammntially not small. There-
fore, it is crucial to perform checks of the theoretical fatiem using reactions that will be
experimentally accessible in the first LHC runs [13].

Most of the measurements discussed above can be perforriteduindetecting the pro-
tons, by taking advantage of the relatively low luminositythe early LHC runs. When the
forward proton detectors are operating much more can be. déirs, it is possible to measure
directly the cross sectioifosp /dtdM % for single diffractive dissociation and also the cross sec-
tion d?oppg/dy1 dys for soft central diffractive production. These measuretsavill strongly
constrain the models used to describe diffractive proseasd the effects of soft rescattering.
The recent predictions can be found in [12]. For illustratiwe show in Fig. 6 the expectation
for dosp /dxr, see for details [12]. Next, a study of the transverse mouamerdistributions of
both of the tagged protons, and the correlations betweémtloenenta, is able to scan the proton
optical density [17, 22].
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Rapidity gap survival probability and total cross sections
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Abstract

We discuss recent calculations of the survival probabdityhe large
rapidity gaps in exclusive processes of the type— p + A + p at
high energies. Absorptive or screening effects are impgrend one
consequence is that the total cross section at the LHC isgteeldto
be only about 90 mb.

At the LHC, the observation of an exclusive process of the pgp— p + A + p, where
a produced new heavy objedt is separated from the outgoing protons by large rapiditysgap
(LRG), will provide very good experimental conditions tady the properties of object [1-3].
The process is sketched in Fig. 1. The casd ef H — bb is particularly interesting. The cross
is usually written in the form

9 2
N [ Gt Q) o GF. ®
whereB /2 is thet-slope of the proton-Pomeron vertex, and the constarg known in terms of
the A — gg decay width. The amplitude-squared factar|?, can be calculated in perturbative
QCD, since the dominant contribution to the integral commemfthe regionAéCD < Q<

M3, for the large values af/3 of interest. The probability amplitudes,, to find the appropriate
pairs oft-channel gluongzy, ) and(z2, x4) of Fig. 1, are given by skewed unintegrated gluon
densities at a hard scale~ M4 /2. To evaluate the cross section of such an exclusive pragesse
it is important to know the probability{52), that the LRG survive and will not be filled by
secondaries from eikonal and enhanced rescattering £ff@die main effect comes from the
rescattering of soft partons, since they have the largesirptive cross sections. Therefore, we
need a realistic model to describe soft interactions at tHE lenergy, and to predict the total
cross section at LHC. The model must account for (i) elagticattering (with two protons in
intermediate state), (ii) the probability of the low-masgetpn excitations (with an intermediate
proton replaced by the N(1400), N(1700), etc. resonaneas),(iii) the screening corrections
due to high-mass proton dissociation.

Gl
B2

The effect of elastic rescattering may be evaluated in a hindependent way once the
elasticpp-amplitude is known. The effect of the low-mass dissociai®usually calculated in
the framework of the Good-Walker formalism [4], that is, byroducing diffractive eigenstates,
¢; with i = 1,..n, which only undergo ‘elastic’ scattering. The resultingchannel eikonal
Q,x(s,b) depends on the energy and the impact parameter ofitivgteraction. The parameters
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S cik

U

Fig. 1: The mechanism for the exclusive procggs— p + A + p, with the eikonal and enhanced survival factors

»D

shown symbolically.

of the model are chosen to reproduce the available (fixegttaand CERN-ISR) data on the
cross section of low-mass diffractive dissociation. Uueither a two- or three-channel eikonal
is used. Finally, high-mass dissociation is described im$eof Reggeon diagram technique
[5]. A symbolic representation of these soft scattering@f is shown in Fig. 2. The latest
calculations along these lines are described in Refs. [@n7RRef. [6] the authors account only
for the triple-Pomeron vertex, and, moreover, sum up ordysgrecific subséof multi-Pomeron
diagrams that were considered in Ref. [8], which is callaINMPSI approximation. In Ref. [7]
all possible multi-Pomeron vertices were included undeaaonable assumption about the form
of then — m multi-Pomeron verticesy)’,. The assumption corresponds to the hypothesis that
the screening of the-channel partore during the evolution is given by the usual absorption
factor exg—Qi.(b) — Qex (b)), whereQ;.(b) (Q(b)) is the value of the opacity of the beam
(target) proton at impact parametewith respect to the parton

Since the absorptive corrections increase with energyribes section grows more slowly
than the simple powew(x s2) parametrisation [9]. In spite of the fact that the model§6pf
and [7] are quite different to each other, after the parareadee fixed to describe the data on
the total, elastic and single dissociation cross sectioqs,(doe/dt and dosp /dM?) within
the CERN-ISR — Tevatron energy range, the latest versiottseotel-Aviv and Durham models
predict almost the same total cross section at the LHC, namgl ~ 90 mb. Correspondingly,
both models predict practically the same gap survival godig (S2,) ~ 0.02 with respect to
the eikonal (including the elastic and low-mass protontetioin) rescattering, for the exclusive
production of a Higgs boson.

A more delicate problem is the absorptive correction to @sigke cross sections caused
by the so-called enhanced diagrams, that is by the interastith the intermediate partons, see

'For example, the third, but not the second, term on the tighid side of the expression ff¥;, /2 in Fig. 2 is
included; neither are multi-Pomeron terms, like the lashtencluded.
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Fig. 2: The multi-channel eikonal form of the amplitude, wég & are diffractive (Good-Walker) eigenstates. Low-
mass proton dissociation is included by the differenceh@fPomeron couplings to one or another Good-Walker state
(i) in the first diagram, while the remaining (multi-Pomeyatiagrams on the right-hand side of the expression for
Qix /2 include the high-mass dissociation.

Fig. 1. This rescattering violates ‘soft-hard’ factorieat since the probability of such an interac-
tion depends both on the transverse momentum and on thetipgaaneter of the intermediate
parton.

The contribution of the first enhanced diagram was evaluat§tD] in the framework of
the perturbative QCD. It turns out to be quite large. On tieohand, such an effect is not seen
experimentally. The absorptive correction due to enhascegkening must increase with energy.
This was not observed in the present data (see [11] for a netedet discussion).

Several possible reasons are given below.

(a) We have to sum up the series of the multi-loop Pomerorraiag. The higher-loop
contributions partly compensate the correction causetidyitst-loop graph.

(b) There should be a “threshold”, since Pomeron verticest imeiseparated by a non-zero
rapidity interval [12]. That is, at present energies, theeknatical space available for the position
of a multi-Pomeron vertex in an enhanced diagram is smatl,tha enhanced contribution is
much less than that obtained in leading logarithmic (LL)ragpnation.

(c) The factorSZ%, already absorbs almost all the contribution from the ceoiténe disk.
The parton only survives eikonal rescattering on the pergtthat is at largé. On the other
hand, on the periphery the parton density is rather smallttaa probability ofenhanced absorp-
tion is not large. This fact can be seen in Ref. [13]. There ntomentum(),, below which we
may approach saturation, was extracted from HERA data ifrémeework of the dipole model.
Already atb = 0.6 fm the value ofQ? < 0.3 GeV? for z < 1076. See also [14] where the value
of Qs was evaluated using LO DGLAP evolution.

Point (c) is relevant to the calculation 6f , described in [6]. First, note that tHe
dependence of the beginning of ‘saturation caused by eedagmaphs’ is not accounted for in
the MPSI approximation used in [6]. In this model, we have ghme two-particle irreducible
amplitude (which sums up the enhanced diagrams) at any wélue Therefore, the enhanced
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screening effect does not depend on the initial parton teasia particular impact parameter
point b. For this reason the suppression due to enhanced screeniegtons(S2 ;) = 0.063
claimed in [6] is much too strorfg

The survival factor(S2 ) has also been calculated in the new version of the Durham
model [16]. The model includes 3 components of the Pomerdti, thve different transverse
momentak; of the partons in each Pomeron component, in order to mimi€LB@iffusion in
In k. Inthis way we obtain a more realistic estimate of the ‘emleanscreening’ in exclusive
diffractive Higgs boson production at the LHC. The modeldiets (S2 , ) ~ 1/3. However the
CDF data on exclusivey and . production indicate that this suppression is not so strong.

Note, that comparing the values of the survival factors ia Wy is too simplistic. The
problem is that, with enhanced screening on intermediatems we no longer have exact fac-
torisation between the hard and soft parts of the processs, Hefore computing the effect of
soft absorption we must fix what is included in the bare exetuamplitude calculated in terms

of perturbative QCD.

The first observation is that the bare amplitude is calcdlatea convolution of two gen-
eralised (skewed) gluon distributions with the hard subpss matrix element, see (1). These
gluon distributions are determined from integrated gluistridbutions of a global parton analysis
of mainly deep inelastic scattering data. Now, the phenahogiical integrated parton distribu-
tions already include the interactions of the intermedaeons with the parent proton. Thus
calculations ofS.,,;, should keep only contributions which embrace the hard matément of
the type shown in Fig. 1.

The second observation is that the phenomenologicallyméted generalised gluon dis-
tributions, f,, are usually taken at, = 0 and then the observed “total” cross section is calculated
by integrating ovep, of the recoil protons assuming the an exponential behaviofiF? ; that is

[t et =15 = b 2)

However, the total soft absorptive effect changesthdistribution in comparison to that for
the bare cross section determined from perturbative QCDs Tiie additional factor introduced
by the soft interactions is not just the gap survigdl but rather the factos?/B? [17], which
strictly speaking has the foris? (p7)2.

In order to compare determinations of the suppression dabdorptive effects we should

compare only the values of the complete cross sectiomfer p+ A+p. However a comparison
is usually made by reducing the cross section to a factofimend. If this is done, as in (1), then

2Moreover, since the irreducible amplitude approachegatidn at some fixed energy (rapidity), independent of
the value ob, the approximation gives:.: (s — oo) — constant. On the other hand, a theory with an asymptotically
constant cross section can only be self-consistent in Htaked ‘weak coupling’ regime for which the triple-Pomaro
vertex vanishes for zero momentum transfer [15]. The varsexi in [6] does not vanish. This indicates that the MPSI
approximation cannot be used at asymptotically high eeergind the region of its validity must be studied in more
detail.
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the Durham predictions for the survival factor to eikonall anhanced screening of the exclusive
production of a 120 GeV Higgs at the LHC af8?) = 0.008, 0.017,0.030 where enhanced
sreening is only permitted outside a threshold rapidity gap= 0, 1.5, 2.3 respectively. The
values correspond tB = 4 GeV 2.

Let us discuss the survival factors claimed by Frankfurtl.gtl®]. They use another ap-
proach. Within the eikonal formalism, they account for ttagescattering only. The possibility
of proton diffractive excitation is included in terms of par-parton correlations, for both low-
and high-mass dissociation. At a qualitative level, it isgible to consider all the effects dis-
cussed above in terms of such a language. On the other hahe, best of our knowledge, they
did not describe the available data@g;, do./dt, M>*dosp/dM?. Also, the energy (i.el/x)
dependence of the parton densities was evaluated usindesifoDGLAP evolution. This is
grossly inadequate for the low valuesaosampledz ~ 1075, Thus, it is difficult to judge the
accuracy of their numerical predictions. Moreover, parthef Sudakov-like suppression, which
above was calculated using perturbative QCD, is here tes@arton correlations and included
in the value ofS?2 . .3 Therefore, one cannot compare literally the predictiomsHe gap survival

enh*

factorsS? = (52, (b)S2 (b)) given by [18] and by the Durham, Tel-Aviv and Petrov et al.][19

modelé. The only possibility is to compare the predictions for thefiexclusive cross section.
Unfortunately, such a prediction is not available in [18].

Next, we comment on another recent calculation [20] alomglites of eq. (1). They
claim very large uncertainties in the predictions arisingimty from the freedom in the choice
of limits of integration in the Sudakov form factor which ismbedded inf,. However, this
is not the case. In fact, the Sudakov factors have been atdcutosingle log accuracy. The
collinear single logarithms are summed up using the DGLARagqgn. To account for the ‘soft’
logarithms (corresponding to the emission of low energp$) the one-loop virtual correction
to thegg — A vertex was calculated explicitly, and then the sqale- 0.62 M4 was chosen
so that double log expression for the Sudakov form factorogyces the result of the explicit
calculation. Similarly, the lower limit? = Q? was verified to give the one-loop result. It is
sufficient to calculate just the one-loop correction siriég known that the effect of ‘soft’ gluon
emission exponentiates. Thus double log expression, with 0.62 M4, gives the Sudakov
factor to single log accuracy. Also the form used figis in Ref. [20] contradicts the known
leading log1/z) asymptotic behaviour.

Finally, we discuss a very recent calculation [21] basedhendipole approach. A new
development is that instead of using a multi-channel eikwith a fixed number of diffractive
eigenstates, the authors consider an explicit wave fumaifoa fast hadron (proton, pion) and
have a continuous integration over the size of the quarkkadigoles. In this model the incoming

3In general, one may include the absence of QCD radiationeitetige rapidity gap in the “soft” survival factors,
but to make comparisons we must define precisely in whichgfalte calculation each effect is included. Note also
that in [18] the DL expression for Sudak@factor is used, which grossly overestimates the supjressi

“The last group calculates? within their own eikonal model and fitted the parameters iregge-type expression
for f, to describe HERA data. The final prediction is again ratheselko that by the Durham group.

492 HERA and the LHC



RAPIDITY GAP SURVIVAL PROBABILITY AND TOTAL CROSS SECTIONS

hadron wave function is approximated by a simple Gaussifwe. parameters are fitted so as to
describe the data oty, 0o and Fy at low x. A shortcoming is that high-mass dissociation is
calculated separately. Its contribution is not includedhia proton dipole opacitf2(r, b), for
which a simplified asymptotic solution of the BFKL equatioaswsed. Moreover, to calculate
the gap survival probabilitys?(b), the b dependence is considered, but the dependence of the
“hard subprocess” cross section on the dipole size was mamuated for. That is, again, the
correlation between the saturation momentypandb is lost. Nevertheless, the model confirms
the observation that the energy dependencé?ois not too steep;S? at the LHC for central
exclusive production is only reduced by a factor of abouttd.5hat at the Tevatron. Thus,
Tevatron data serve as a reliable probe of the theoreticdehpyedictions of these production
rates.

In summary, we have briefly discussed various recent cdlontof the exclusive process
pp — p+ A + p at high energy. The value of the cross section wher= (H — bb) is
important for the feasibility of using tagged protons tadstthe Higgs sector via this process at
the LHC. We have paid special attention to the survival fiasctdf the large rapidity gaps. We
see no reason to doubt the claimed value, or accuracy, okibiing predictions of the Durham
model. Recall that these predictions have been checked iy places by comparing with the
available experimental data on exclusiye and highEr dijet production at the Tevatron and
on exclusive diffractive/ /¢ production at HERA (see [22, 23] for more details). Sincetfad!
factors, which enter the calculations, depend rather wed#ddarithmically) on the initial energy,
there is no reason to expect that the model, which descitiieddta at the Tevatron energy, will
be too far from reality at the LHC.
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Rapidity gap survival in central exclusive diffraction:
Dynamical mechanisms and uncertainties
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Abstract

We summarize our understanding of the dynamical mechanigws
erning rapidity gap survival in central exclusive diffriact, pp —
p+ H + p (H = high—-mass systemand discuss the uncertainties
in present estimates of the survival probability. The maippsession
of diffractive scattering is due to inelastic soft specatamteractions at
small pp impact parameters and can be described in a mean—field ap-
proximation (independent hard and soft interactions). &fatk extra
suppression results from fluctuations of the partonic condigions of
the colliding protons. At LHC energies absorptive intei@ts of hard
spectator partons associated with #lge— H process reach the black—
disk regime and cause substantial additional suppresgishing the
survival probability belowd.01.

1 Strong interaction dynamics in rapidity gap survival

Calculation of the cross section of central exclusive ddfion,pp — p + H + p (H = dijet,
heavy quarkonium, Higgs bosogtc.) presents a major challenge for strong interaction plkysic
It involves treating the hard dynamics in the elementary— H subprocess, and calculating the
probability that no other interactions leading to hadroodoiction occur during thep collision.
The latter determines the suppression of diffractive ingdato non-diffractive events with the
same hard process, referred to as the rapidity gap suri&@g] probability. In this article we
summarize our understanding of the dynamical mechanistesndiming the RGS probability,
their phenomenological description, and the uncertantigoresent numerical predictions.

RGS in central exclusive diffraction has extensively beisoubsed in an approach where
soft interactions are modeled by eikonalized pomeron exgdiasee Ref. [1] for a summary.
More recently a partonic description was proposed, whitdwal for a model-independent for-
mulation of the interplay of hard and soft interactions agxkgls the essential role of the “trans-
verse geometry” of thep collision [2]. In the mean—field approximation, where handl soft
interactions are considered as independent aside fromdbeimon dependence on the impact
parameter, we derived a simple “factorized” expressionttierRGS probability, using closure
of the partonic states to take into account inelastic difive intermediate states. The result-
ing RGS probability is smaller than in the models of Refs3]lwithout inelastic diffraction,

*Notice: Authored by Jefferson Science Associates, LLC ubd8. DOE Contract No. DE-AC05-060R23177.
The U.S. Government retains a non-exclusive, paid-upyoaable, world-wide license to publish or reproduce this
manuscript for U.S. Government purposes.
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but comparable to the some of the versions of those modetsmuittichannel diffraction. Our
partonic description also permits us to go beyond the mead-dpproximation and incorporate
various types of correlations between the hard scatterioggss and spectator interactions. Here
we discuss two such effects: (a) quantum fluctuations of #ropic configurations of the col-
liding protons, which somewhat reduce the survival prolitads at RHIC and Tevatron energies;
(b) absorptive interactions of high-virtuality spectapartons 2 ~ few Ge\?) associated with
the hard scattering process, related to the onset of thé-lask regime (BDR) in hard inter-
actions at LHC energies; this new effect substantially cedithe RGS probability compared to
previously published estimates.

2 Soft spectator interactions in the mean—field approximatn

A simple picture of RGS is obtained in the impact parametpragentation. On one hand, to
produce the heavy systef two hard gluons from each of the two protons need to collide in
the same space-time point (actually, an area of transviaese-sl /(k2) in the hard process);
because such gluons are concentrated around the transestees of the protons this is most
likely when the protons collide at a small impact parameterS 1fm. On the other hand, soft
inelastic spectator interactions are strongest at sbraatid would favor collisions ai > 1fm

for diffractive scattering. These different preferendestldiffraction to an intermediate range
of impact parameters and ensure that its cross section stasutally suppressed compared to
non—diffractive scattering. More precisely, the RGS philitst is given by [2]

§? = / 02 Prard(b) |1 — T(B)]?, b=b| )

Here Pharg(b) is the probability for two gluons to collide at the same traarse point as a function
of thepp impact parameter, given by the convolution of the trans/epatial distributions of the
gluons in the colliding protons, normalized §0d?b Phara(b) = 1 (see Fig. 1a). The factor
|1 — I'(b)|? is the probability for the two protons not to interact indiealy in a collision at the
given impact parameter, calculable in terms of the profitction of thepp elastic amplitude,
I'(b). Figure 1b shows the-dependence of the two factors as well as their producstititing
the interplay described above. While we have motivated Egby probabilistic arguments, it
actually can be derived (as well as the expression for tierdiitial cross section) in the partonic
description of Ref. [2] within the mean—field approximatievhere one assumes no correlation
between the presence of the gluons involved in the hardaictien (with the particular) and
the strength of the soft spectator interactions. In thig@amation one can use closure to sum
over the different diffractive intermediate states, angstbffectively include the contribution of
inelastic diffractiont The numerical values of the RGS probability obtained from @yjare of
the orderS? ~ 0.03 for My = 100 GeV and,/s = 14 TeV; see Ref. [2] for details.

It is worthwhile to discuss the uncertainty in the numerjuadictions forS? in the mean—
field approximation, Eq. (1), resulting from our imperfectokvledge of the functions in the

In principle there is also a contribution from excitationatliffractive state by soft spectator interactions and
subsequent transition back to the proton via the nondidggnan GPD; however, it is strongly suppressed because
the typical excitation masses in hard and soft diffractiom\ary different in the kinematics of Higgs production at
the LHC (1078 < zp < 0.1 for genericpp diffraction and10~2 < zp < 0.1 for the GPD); see Section IV C of
Ref. [2].
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Fig. 1: (a) Transverse geometry of hard diffractiyescattering. (b) RGS probability in the impact parameter rep
resentatioref. Eq. (1), fory/s = 14 TeV, My ~ 100 GeV [2]. Dashed line: Probability for hard scattering prexe
Prard(b) (left vertical axis). Dotted line: Probability for no inettic interactions between the protons,— I'(b)|?
(right vertical axis). Solid line: Produd&ara(b)|1 — T'(b)|* (left vertical axis). The RGS probability Eq. (1) is given
by the area under this curve.
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integrand. We first consider the transverse spatial digtdb of gluons entering iPharg(b).
The latter is obtained as the Fourier transform of thdependence (more precisely, transverse
momentum dependence) of the gluon generalized partoribditiem (GPD) measured in hard
exclusive vector meson production. Extensive studies &M Bave shown that exclusivé/«
photoproduction;yp — J/v + p, provides an effective means for probing thelependence of
the gluon GPD at small and intermediatéa small correction for the finite transverse size of the
J /1 is applied) [7]. Figure 2 summarizes the results for the erptialt—slope of this process,
By, from HERA H1 [5] and ZEUS [6] and the FNAL E401/E458 experith§d], as well as
fits to thez—dependence of the H1 and ZEUS results of the form (heteM 2 /1 ?)

Byy(x) = Bypyl(zo) + 2d, In(zo/z). 2

There is a systematic difference between the H1 and ZEUStseduwe to different analysis
methods [5, 6]; however, the fits to both sets agree well viiéhRNAL point when extrapolated
to largerz. In diffractive production of a system with/; = 100 GeV at,/s = 14 TeV at zero
rapidity the gluons coupling to the heavy systéhhave momentum fractions, o = My /\/s =
0.007. Assuming exponentigl-dependence of the gluon GPD, we can estimate the uncgrtaint
in the transverse spatial distribution of gluons at suddy evaluating the fits to the HERA data
within the error bands quoted fd8 (o) and ozf]/w [5,6]. We find a 15-20% uncertainty
of By, atx = 0.007 in this way, translating into a 20-30% uncertainty in the méld
RGS probability, Eg. (1). We note that there is at least a @aige uncertainty ir5? from

the uncertainty of the shape of tihedependence; this is seen from Fig. 10 of Ref. [2], where
the exponential is compared with a theoretically motivatigble form which also describes the
FNAL data. Altogether, we estimate that our imperfect krenige of the spatial distribution
of gluons results in an uncertainty of the mean—field resarltS? by a factor~ 2. Dedicated
analysis of the remaining HERA exclusive data, and pasditylprecision measurements with a
future electron—ion collider (EIC), could substantiallggrove our knowledge of the transverse
spatial distribution of gluons.

We now turn to the uncertainty i arising from thepp elastic amplitudel'(b). Most
phenomenological analyses mf elastic and total cross section data find that for TeV engrgie
|1 — T'(b)] < 0.05 atb = 0, corresponding to near—unit probability of inelastic ratgions
at small impact parameters (BDR). This is supported by #teal studies in the QCD dipole
model, which show that the large-partons with virtualities of up to several Gé¥xperience
“black” interactions with the smalte-gluon field in the other proton when passing through the
other proton at transverse distanges< 0.5fm, and receive transverse momenta > 1 GeV
(see Ref. [7] for a summary). Adp impact parametes = 0 the chance that none of the leading
partons in the protons receive such a kick is extremely snmafilying that|1 — I'(b)| ~ 0 [8].

For the RGS probability in the mean—field approximation, @g, the fact thatl — I'(b)|? is
small atb = 0 is essential, as this eliminates the contribution from sihal the integral (see
Fig. 1b) and stabilizes the numerical predictions. Howepegsent theoretical arguments and
data analysis cannot exclude a small non-zero valug ef I'(b)| atb = 0; a recent analysis
finds|1 — T'(b)| ~ 0.1 [9]. To investigate the potential implications for the RGi®lability,
we evaluate Eq. (1) with the Gaussian parametrizatior (6§ of Ref. [2], Eq. (12), but with
['(b=0) = 1—e¢. We find that a value of = 0.1, corresponding tol —I'(b)|? = 0.01, increases
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the mean—field result fa$? by a factor~ 1.8, indicating significant uncertainty of the mean—
field result. However, as explained in Sec. 4 below, hardtapacinteractions associated with
thegg — H process lead to an additional suppression of diffracticsnall b (not contained in
the soft RGS probability), which mitigates the impact osthncertainty on the overall diffractive
cross section.

3 Fluctuations of parton densities and soft—interaction sength

Corrections to the mean—field picture of RGS arise from flatbdms of the interacting configura-
tions in the colliding protons. This concept is known welkift diffraction, where fluctuations
of the strength of interaction between the colliding hadrgive rise to inelastic diffraction. In
hard diffraction, one expects that also the gluon densittilites;e.g. because the color fields
are screened in configurations of small size [10]. In fa Mdwriance of the gluon density fluctu-
ations can be directly related to the ratio of inelastic aadté diffraction in processes such as
~i +p — “vector meson™ X,

_ <G2>_<G>2 _ doinel doe
Yo = (G)2 Tt / dt

- 3)
t=0
The HERA data are consistent with the dynamical model estimfv, ~ 0.15 — 0.2 for Q? =
3GeV? andz ~ 10~* — 1073 [10]; unfortunately, the limited)? range and the lack of dedicated
studies do not allow for a more precise extraction of thigihmental quantity.

In central exclusive diffraction, correlated fluctuatiafghe soft—interaction strength and
the gluon density lower the RGS probability, because ssiadi-configurations which experience
little absorption have a lower gluon density. This effeat t& modeled by a generalization of
the mean-field expression (1), in which both the gluon GPDRB, iy and the profile function
fluctuate as a function of an external parameter controtliregoverall size of the configurations
[10]. Numerical studies find a reduction of the RGS probgbbly a factor~ 0.82(0.74) for a
system with mas3/y = 100 GeV produced at zero rapidity afs = 2 (14) TeV. The dynamical
model used in this estimate does not include fluctuationdh@fgluon density at larger(~
0.05 — 0.1), which could increase the suppression.

We emphasize again that inelastic diffractjmn seis included in the partonic approach of
Ref. [2] through the closure of partonic states. The eff@stussed in this section is specifically
related to correlations between the fluctuations of theopagiensities and the soft—interaction
strength; in the limit of zero correlations (independenttiliations) we recover the mean—field
result described above [10].

4 Black—disk regime in hard spectator interactions

Substantial changes in the mechanism of diffractive séatfeare brought about by the onset
of the BDR in hard interactions at LHC energies, where evehliivirtual partons > ~
few Ge\?) with = > 10~2 experience “black” interactions with the smallgluons in the other
proton. This new effect modifies the amplitude of centrallesige diffraction in several ways:
(a) absorption of the “parent” partons of the gluons attddbeahe high—-mass system; (b) absorp-
tion of the hard gluons attached to the high—-mass systerabgrption due to local interactions
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Fig. 3: (a) QCD evolution—induced correlation between haadons. The transverse distance between the active
parton and the spectatords 1/kr, spec. (D) Absorptive interaction of the hard spectator with dmabluons in the
other proton.

within the partonic ladder. Such absorptive hard intecaxsticause additional suppression of
diffractive scattering, not included in the traditionalftsinteraction RGS probability [2]. Be-
cause of the generic nature of “black” interactions, we caimete this effect by a certain mod-
ification of the mean—field picture in the impact parametg@resentation. Here we focus on
mechanism (a) and show that it causes substantial suppme#ise other mechanisms may result
in further suppression.

According to Ref. [11] (and references therein) the domirantribution to the hard am-
plitude of Higgs production at the LHQ\{y = 100 GeV, 21 o ~ 10~2) originates from gluons
with transverse momenta of the order ~ 2GeV. Such gluons are typically generated by
DGLAP evolution starting from the initial scal€)?, in which spectator partons, mostly glu-
ons, are emitted (see Fig.3a). In the leading—log apprdioma)) < k7, spec < k7, and
thus the transverse distance between the active and spegaton is~ 1/k7 spec < Rproton;
amounting to short—range correlations between partortise ihteractions of the spectator parton
with the small=« gluons in the other proton become significant (see Fig.8le)basic assump-
tion of the mean—field approximation — that the spectatcgrattions are independent of the
hard process — is violated, and the interactions of thabpanted to be treated separately. In-
deed, studies within the QCD dipole model show that at the led€rgy spectator gluons with
kT spec ~ 1GeV andzspec ~ 10~ ! “see” gluons with momentum fractions ~ 10~7 in the
other proton, and are absorbed with near—unit probabilitheir impact parameters with the
other proton are less than 1fm [2].2 For pp impact parameters < 1fm about90% of the
strength inPharg(b) comes from parton—proton impact parameters < 1fm (cf. Fig. 1a), so
that this effect practically eliminates diffraction @at< 1fm. Sinceb < 1fm accounts for 2/3
of the cross section (see Fig. 1b), and the remaining cantiits atb > 1fm are also reduced
by absorption, we estimate that absorptive interactiorsaad spectators in the BDR reduce the
RGS probability at LHC to about 20% of its mean—field value.cklless suppression is expected

The cross section of “gluonic’g) dipoles is larger than that of the quark—antiqua®) dipoles iny*p scattering
[12] by a factor9/4. A summary plot of the profile function for gluon—proton gesihg is given in Fig. 13 of
Ref. [7] (righty—axis). Note thafger—proten — () 5 already corresponds to a significant absorption probugituifit
1— ‘1 _ l—\gluonfproton‘Q = 0.75.
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at the Tevatron energy, where hard spectator interactinlysnearginally reach the BDR.

In the above argument one must also allow for the possilifityajectories with no gluon
emission, which correspond to the Sudakov form factor—segsed)(1 — x)—term in the evolu-
tion kernel. While such trajectories are not affected byogttson, their contributions are small
both because of the Sudakov suppression, and because fibetjvely probe the gluon density
at a low scale@? ~ 1 GeV2, where evolution—induced correlations between partonseane-
glected. We estimate that the contribution of such trajeesao the cross section is suppressed
compared to those with emissions by a fade= [SZ G(z, Q?)/G(x, Q%)]2 ~ 1/10, where
S2, = exp[—(3as/m) In*(Q%/Q2)] is the square of the Sudakov form factor, &pti~ 4 GeV>.
Their net contribution is thus comparable to that of theetrtijries with emissions, because the
latter are strongly suppressed by the absorption effectritesi above. Combining the two, we
obtain an overall suppression by a factor of the ordér.3. More accurate estimates would need
to take into account fluctuations in the number of emissionparticular, trajectories on which
only one of the partons did not emit gluons are suppressadoynl/ R and may make significant
contributions.

The absorptive hard spectator interactions described“pesh” diffractive pp scattering
to even larger impact parameters than would be allowed bydfispectator interactions included
in the mean—field RGS probability, Eq. (1) (except for the &ad—suppressed contribution).
One interesting consequence of this is that it makes thertamay in the mean—field prediction
arising fromI'(0) # 1 (see Sec. 2) largely irrelevant, as the region of small impacameters
is now practically eliminated by the hard spectator intéoas. Another consequence is that the
final-state proton transverse momentum distribution ifteshio to smaller values; this could in
principle be observed ipr—dependent measurements of diffraction. We note that tireages
of hard spectator interactions reported here are basedecasumption that DGLAP evolution
reasonably well describes the gluon density down te 10~%; the details (but not the basic
picture) may change if smalkresummation corrections were to significantly modify theogl
density at such values af(see Ref. [13] and references therein).

5 Summary

The approach to the BDR in the interaction of hard spectaéntops, caused by the increase
of the gluon density at smalt, has profound implications for central exclusive diffiant at
LHC: No saturation without disintegrationl The RGS probability is likely to be much smaller
(by a factor of~ 1/3 or less) than predicted by the mean—field approximation mesponding
models which neglect correlations of partons in the trarsge/plane. Diffractive scattering is rel-
egated either to very large impact parametérs- (1 fm) or to Sudakov—suppressed trajectories
without gluon radiation. We estimate that the overall RG&bpbility at LHC isS? < 0.01. Ex-
trapolation of the Tevatron results may be misleading besa@uteractions of hard spectators are
generally far from “black” at that energy. The new effectsa#ed here call for detailed MC—
based studies of possible histories of the hard scatternogeps and their associated spectator
interactions.
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Two-photon and photon-hadron interactionsat the LHC
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Abstract

The possibilities to extend the results from HERA by using $trong
flux of equivalent photons associated with the proton antkandeams
at the LHC are reviewed.

1 Introduction

Much of the focus of this workshop has been on how the parttrilolition functions determined
at HERA will be an integral part of the interpretation of thesults from the LHC. We wish to
point out, however, that the LHC offers an opportunity teedtty extend the results from HERA
on photoproduction, by using the strong flux of photons dased with the proton and nuclear
beams.

Charged particles moving with relativistic velocities aterounded by a cloud of virtual
photons. For point particles, the energy of the virtual phetcan in principle be as high as the
energy of the charged particle itself. For extended objdikes protons and nuclei, the maximum
photon energy is highly suppressed for energies above @ofnaaf the charged particle’s energy
because of the form factor. At the extreme energies of the tHI€ is not a serious limitation,
however, and it will be possible to probe photon-induceérattions at energies much higher
than at HERA both in proton-proton and nucleus-nucleusstoiis. Photon-induced interactions
can be studied in ultra-peripheral collisions where thedotparameter is larger than the sum of
the projectile radii and no hadronic interactions occuisTéillustrated in Fig. 1.

The photon-induced interactions can be divided into twegaties: exclusive interactions,
where a certain final state is produced, while both beamagbestremain intact; and inclusive
interactions, where a certain final state is produced butevtiee photon target breaks up and
additional particles may be produced. Exclusive inteca&iinclude two-photon and photon-
Pomeron interactions. Inclusive interactions include,dva not limited to, direct photon-parton
interactions. These two types of processes will be discussthe following two sections. For
two longer reviews of photon interactions at hadron cotlgdsee [1, 2].

2 Exclusive Production

The study of photon-induced interactions at hadron colideas so far focused mainly on ex-
clusive production, where both protons or nuclei remaiadht The cross sections for exclusive
production are normally lower than for the correspondingusive reaction channel. The advan-
tage is, however, that the exclusive events have a muchecleaent topology, with rapidity gaps
on both sides of the produced state, which makes it easy tovatepgthem from background and
hadronic processes.
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Fig. 1: An ultra-peripheral collision with impact paramebanuch larger than the sum of the projectile rafii,The
solid lines indicate the Lorentz contracted electric fields

The early theoretical studies of electromagnetic proseaséadron colliders were con-
centrated on two-photon interactions. It was later disoed¢hat exclusive production of vector
mesons through photon-Pomeron fusion had much larger semtons [3]. Exclusive photo-
production of vector mesons and two-photon interactiorkb&idiscussed in the following two
subsections. One should note, however, that exclusiveuptiosh of vector mesons can occur
also through the hadronic process Odderon-Pomeron fugignpossibility has attracted an in-
creased interest recently [4].

2.1 Photon-hadron interactions

According to the Vector Meson Dominance model, the bulk ef photon-hadron cross section
can be explained by the photon first fluctuating to a vectoromesith the same quantum num-
bers as the photon. While in the vector meson state, the phatbinteract hadronically with
the target. This interaction can be elastic or inelasticelastic scattering enough momentum
can be transferred for the virtual vector meson to becomk tlea is the basis for exclusive
photoproduction of vector mesons.

The cross section for exclusive production of the lightesttor mesony?, is very high in
collisions with heavy ions, such as Au or Pb, reaching 50%eftotal inelastic hadronic cross
sections at the energies of the LHC [3]. At the RelativistgaMy-lon Collider (RHIC), the mea-
sured exclusivg® cross section in Au+Au collisions sy = 200 GeV is 53019(stat)-57(syst),
roughly 10% of the total inelastic cross section [5].

The momentum transfer from each projectile is limited byfthren factor, and the vector
meson production is therefore typically centered around-rapidity; the exact shape of the
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a) b)
Fig. 2: Feynman diagrams for direct photoproduction of jetsltra-peripheral collisions through photon-gluon fu-

sion,y + g — ¢ + g, and the QCD Compton process;+ ¢ — g + ¢. Direct photoproduction of heavy quarks is
described by the diagram in a).

rapidity distribution varies somewhat with collision eggiand vector meson mass.

Exclusive vector mesons have been studied by the STAR [SPattENIX [6] collabora-
tions at RHIC, and by the CDF collaboration at the Tevatrdn [7

The STAR collaboration at RHIC has studied exclusive phatdpction ofp® mesons in
Au+Au collisions at,/syny = 200 GeV. The energy range probed by STARG < W, <
20.6 GeV, includes energies larger than have been studied intlixgdt experiments with lepton
beams on heavy nuclear targets. The measured cross seédiosind to be in good agreement
with models that include a Weizsacker-Williams photoncspen and Glauber-like models for
the photonuclear cross section.

The PHENIX collaboration has studied exclusive productdd/V in Au+Au collisions
in coincidence with Coulomb break-up of at least one of thele@iu Coulomb break-up means
that an additional, soft photon is exchanged in the interactieading to the break up of the
“target” nucleus. The ¥/s have been studied around mid-rapidity in ¢fe~ decay channel.

The CDF collaboration has studied exclusivé dind ¥’ production in theu™ .~ decay
channel inpp collisions at the Tevatron [7]. CDF has also seen hint¥ afiesons.

The outlook for studying exclusive vector meson productbthe LHC is promising. The
rates are very high. TheW/cross section, for example, increases by about a factor rod0 f
Au+Au collisions at RHIC to Pb+Pb collisions at the LHC. Téare plans to study this reaction
channel in both the CMS and ALICE experiments, in pp as welhd&bPb collisions.

2.2 Two-photon interactions

The cross section for two-photon production of lepton psdades asz*, where Z is the charge of
the projectile. The total cross section for producingzan——pair is several orders of magnitude
larger than the total hadronic cross section in heavy-idaractions at RHIC and the LHC.
Most of these electrons/positrons are produced with vemifwariant masses, however, and are
emitted with small angles relative to the beam axis.
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The pairs can be produced as free pairs or as bound-free waiese the electron (or the
positron with anti-proton beams) binds to the beam partidlaen a bound-free pair is produced,
the rigidity of the capturing beam nucleus or proton charagesit is lost from the beam. This
is the leading source of beam loss at high energy heavy-ilidexs such as RHIC and the
LHC. Moreover, the projectile that has captured the electwil hit the wall of the beam pipe
at a well-defined spot downstream from the interaction po#itthe LHC, the resulting heat
deposition could induce quenching of the superconductiagrmats. The impact of copper ions
with a captured electron about 140 m downstream from thedatien point has recently been
observed at RHIC [8]. Bound-free pair production where thsitpon binds to the anti-proton
has been used to observe anti-hydrogen at the Tevatron [9].

Free pair production has been studied in fixed target heavyrteractions, in Au+Au
collisions at RHIC [6, 10], and, recently, by the CDF Colledttmn inpp collisions at the Teva-
tron [11]. The results have generally been found to be in gagrdéement with lowest order
perturbation theory. The limit on invariant mass used byG@Rd- Collaboration £ 10 GeV) is
unfortunate, however, since it falls almost on top of the snafsthe Y (2S) meson. The yield
from heavy vector mesons produced by photon-Pomeron fsidrdecaying to di-lepton pairs
is comparable or larger than the one from two-photon pradnaver the relevant invariant mass
range.

Two-photon production of mesons, e.g.edte™ colliders, is a useful tool in meson spec-
troscopy. In principle, such studies could be performed at$adron colliders, but backgrounds
from coherent photonuclear interactions pose a problermoAthoton “standard candle” like the
f2(1270) is likely to be obscured by continuum productionsof 7~ through photon-Pomeron
fusion. No results on two-photon production of mesons atdradolliders have been reported.

Finally, it has been suggested to search for the Higgs bastwad-photon interactions at
the LHC. Despite the enhancement by a factdrin heavy-ion collisions, the cross section for
a standard model Higgs with mass around 100 GeV appearswoomdy about 10 pb in Pb+Pb
collisions, corresponding to an event rate of ohly ® s~! [12]. With Ca beams the situation is
a bit better because of the higher luminosity, but the evaetis not more than abol®=6 s!.

3 Inclusive Production

The bulk of the photonuclear particle production stems fesents where the photon first fluc-
tuates to a hadronic state, which then interact with thestargcleus or proton. Since the energy
of the photon typically is much lower than that of the beantipia; these events resemble fixed
target interactions. The photon can, however, also intera@ “bare” photon with one of the
partons in the target nucleus or proton. The focus of this@eavill be on photon-parton inter-
actions in nucleus-nucleus collisions. Direct proceskasdan be calculated using perturbative
QCD include photoproduction of jets and heavy quarks. Ndrtase processes have been in-
vestigated at RHIC or the Tevatron, but the prospects shmeilgood at the LHC, particularly
because of the strong increase in the cross sections withyene
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3.1 Photoproduction of jets

The Feynman diagrams for the two leading-order direct dautions to the jet yieldy + g —
q+qgandy + g — g+ g, are shown in Fig. 2. The corresponding differential cresgisn can
be written as a convolution of the equivalent photon flux wiith parton distribution functions
and the partonic cross sections

Ao dx d?o.,;
52 b2 2\ 2 i
— =2 k)d E Fi( . 1
dtdu /mln k/ . { :L'2) Q ) dt/du/ ( )

1=q,4,9

Here,n(k) is the number of equivalent photons with enekgyF;(z2, Q?) is the parton density
for parton: at scaleQ? andz, is the Bjorken-x of the parton in the target nucleus. The un-
primed Mandelstam variables, ¢, u, refer to the hadronic system, whereas the primed variables
s',t', v/, refer to the partonic system. The minimusm is given byzs, . = —u/(s + t) and
kmin is the minimum photon energy needed to produce the final. state

The cross section for photonuclear jet production is highet HC. The cross section to
produce a jet witlpy > 50 GeV/c and rapidityy| < 1 in Pb+Pb collisions is for example larger
than 1ub [13]. As can be seen from Eq. 1, the jet cross section istsansd the nuclear parton
distributions. Calculations show that nuclear shadowartd(anti-shadowing) affects the yield
by up to 10%, while the differences between individual paterizations of shadowing differ by
a few percent. It has also been noted that there is a sigrtifocentribution to the jet yield from
resolved interactions, where a parton in the target interaith a parton in the resolved photon;
the resolved contribution is expected to be the leadingumrtioh mechanism in certain regions
of phase space, particularly for lgwy < 50 GeV/c [13].

3.2 Photoproduction of heavy quarks

For the production of heavy quarks, only the diagram in Fig) 2ontributes. The production
cross section is thus a less ambiguous probe of the protonabear gluon distribution. The
cross sections are very high at the LHC, as can be seen in 3abidrom [14] with updated
numbers from [1]). Calculations are shown for two differparameterizations of the nuclear
gluon shadowing and without shadowing. Shadowing has aaremld effect on the cross section
for ce pairs, where lower values afare probed. In Pb+Pb collisions, the two parameterizations
correspond to reductions by 16% and 32%, respectivelyb¥-pairs, the effect of shadowing is
smaller, 4% and 10% in the two cases.

The resolved contribution is smaller than for jet produtidt is largest force pairs, but
does not contribute more than 15-20 % to the total crossmecti

The cross section for producing pairs of top quarks is too flemobservation with the
design LHC Pb+Pb luminosity. It might be possible with lighions or with protons.

4 Summary

The feasibility of studying at least a few reaction chanireldtra-peripheral collisions at collider
energies has been shown by experiments at RHIC and the devatne measured cross sections
have been found to be in general agreement with expectatiahghe statistics have so far been
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flavor o [mb] o [mb] o [mb]

No shadowing EKS98 FGS

Ar+Ar cc 16.3 14.3 12.3
bb 0.073 0.070  0.066

Pb+Pb cc 1250 1050 850
bb 4.9 4.7 4.4

Table 1: Cross sections fgf photoproduction through direct photon-gluon fusion in Arand Pb+Pb interactions
at the LHC. The numbers in column 3 and 4 include nuclear gilmuowing from the parameterizations by Eskola,
Kolhinen, and Ruuskanen (EKS98) and Frankfurt, Guzey, arnkinsan (FGS), respectively.

low. There are plans to study photon-induced processeslé@asit 3 of the 4 LHC experiments,
although it is not the main focus of any of them. There is amwlielming number of reaction
channels that can be investigated at the LHC in “ordinarydrbmic interactions. Including
photon-induced processes leads to an even greater nurhkeents unlikely that all these will
be investigated during the life-time of the LHC. It will be tpthe experiments to judge which
are the most interesting and to which the necessary trigggarurces and bandwidths should be
allocated. In this talk, we have tried to argue that at leastesphoton-induced processes should
meet the criteria for feasibility and interest.
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Abstract

We review the present status of the odderon, focusing ircpéat on
searches at HERA and the prospects for finding the odderaoxcla-e
sive processes at the LHC.

1 Theodderon

The odderon is the negative charge pariy=£ —1) partner of the well-known pomeron. There-
fore, it is thet-channel exchange that gives rise to the difference betvaeparticle-particle
scattering cross section and the corresponding partitlpaaticle cross section at high center-
of-mass energy/s. The concept of the odderon was introduced and its existemcjctured

in [1] in the context of Regge theory. It was subsequentlyjized that in QCD a colorless
exchange in the-channel with negativ€’-parity can be constructed from three gluons in a sym-
metric color state. In recent years considerable progressderstanding the odderon has been
made in particular in perturbative QCD. The nonperturleatidderon, on the other hand, remains
poorly understood.

In perturbative QCD the odderon is described by the BaKelgcihski-Praszatowicz
(BKP) equation [2] which resums the leading logarithms,6f, corresponding to the pairwise
interaction of the three gluons exchanged in#uhannel. One finds that also compound states
of more than three gluons with odderon quantum numbers camomstructed, which are also
described by the BKP equation. The BKP equation exhibier@sting mathematical properties
like conformal invariance in impact parameter space andrhotphic separability [3], and even
turns out to be an integrable system [4]. Two explicit solosi to the BKP equation have been
found, one with interceptg =1 [5] and one with a slightly smaller intercept [6], giving &iso
a high-energy behavior of the cross sectiors®©~!, The main difference of the two solutions
lies in their different coupling to external particles mathhan in their intercepts which for all
practical purposes can be considered equal.

While the perturbative odderon is at least theoreticaltigenwell understood, our picture
of the odderon in the nonperturbative regime is not at alsfatg. The main reason is the
lack of experimental data which does not even allow us tortextels of nonperturbative odd-
eron exchange. This is in strong contrast to the nonpetiuebpomeron which is theoretically
equally hard to describe, but for the pomeron a rather cletne has emerged at least on the
phenomenological level from the study of a variety of higkrgy scattering data.

In the following we discuss some aspects of the odderon wénetparticularly relevant
for HERA and LHC. A detailed review of the odderon and furtreferences can be found in [7].
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2 Experimental evidence

It would seem natural to expect that odderon exchange isrsspgd relative to pomeron (two-
gluon) exchange only by a power af due to the requirement to couple an additional gluon to
the external particles. And at moderately low momentds not too small, such that — given the
ubiquitous pomeron — one expects odderon exchange to ajpp@any processes. Surprisingly,
the contrary is true.

So far the only experimental evidence for the odderon has fuemd in a small difference
in the differential cross sections for elastic proton-protand proton-antiproton scattering at
Vs = b3 GeV. Figure 1 shows the data taken at the CERN ISR in the dipmegyoundt =
—1.3GeV2. The proton-proton data have a dip-like structure, whike ghoton-antiproton data
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Fig. 1: Differential cross section for elaspip andpp scattering in the dip region fay’s = 53 GeV; data from [8]

only level off at the samé|. This difference between the two data sets can only be equai
by invoking an odderon exchange. However, the differeniiesren just a few data points with
comparatively large error bars.

The data at various energies are well described by modelstteinto account the various
relevant exchanges between the elastically scatterinticiear[9], [10]. Both of these models
involve of the order of twenty parameters that need to bedfifidne structure in the region around
lt| = 1 — 2GeV? is the result of a delicate interference between differemtributions to the
scattering amplitude including the odderon. Therefors father difficult to extract the odderon
contribution unambiguously. In fact it turns out that th@twdderon contributions obtained in [9]
and [10], respectively, are not fully compatible with eathes [11] (see also [7]). In [12] it was
shown that assuming a perturbative odderon (three gludmaex®) in the context of the model
of [9] requires to choose a very small coupling of the oddeeatihe proton. This small coupling
can be either due to a small relevant valuexpt~ 0.3 or due to a small average distance of two
of the constituent quarks in the proton corresponding tajaatk-like structure.

Unfortunately, /s = 53GeV is the only energy for which data for both reactions are
available. The comparison of data taken at different ememgither strongly relies on theoretical
models. Given the large number of parameters in these mitdelsot possible to arrive at firm
conclusions about the odderon on the basis of the preserilable data.
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3 Odderon searches at HERA

The cross section for elastjgp and pp scattering is a typical example in which the odderon
exchange is only one of many contributions to the scatteamglitude. It was recently realized
that the chances for a clean identification of the odderomldhae better in exclusive processes
in which the odderon is the only exchange (usually besidesvitll-understood photon) that can
give rise to the final state to be studied. This strategy wase at HERA.

Searches for the odderon at HERA have concentrated on thesiecdiffractive produc-
tion of pseudoscalar meson&/{s) as depicted in Figure 2. In addition to that diagram only
the exchange of a photon instead of the odderon is possitii@latenergies. (Similarly also
tensor mesons can be produced only by odderon and photoaregeh This process had been
suggested in [13]. The photon exchange contribution isratfell understood and is expected

Fig. 2: Diffractive production of a pseudoscalar mesonjrscattering

to have a much steepedependence than the odderon exchange.

The process which has been studied in most detail experatheist the exclusive diffrac-
tive production of a single neutral pion{*)p — 7°X. Early theoretical considerations [14] had
led to an estimate of the total photoproduction cross seétiothat process af (yp — 70X) ~
300 nb, with a possible uncertainty of a factor of about two. Tkgegimental search for that pro-
cess, however, was not successful and resulted in an upgieofic (yp — 7°X) < 49nb [15],
obviously ruling out the prediction of [14]. The smallneddte cross section is a striking result
since of all processes at HERA in which hadrons are diffvattiproduced this is the one with
the largest phase space. Therefore a strong suppressidranigo must be at work here. One
possibility is again a potentially small coupling of the edoh to the proton. Further possible
causes for the failure of the prediction of [14] were disedsis [16]. The most important among
them is probably the suppression of pion production due poagimate chiral symmetry, as has
been discussed in detail in [17]. In fact it turns out thatddderon contribution to the amplitude
for diffractive single-pion production vanishes exactiytihe chiral limit. This suppression had
not been taken into account properly in [14].

Also searches for similar processes in which instead of ibve gome other pseudoscalar
or tensor meson is produced diffractively have been peidrmalthough only on a preliminary
basis [18]. Again, no evidence for the odderon was found. &l@n for these processes the

experimental bounds are closer to the theoretical estsdtd 4], and hence the situation is less
clear.
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4 Prospectsfor theLHC

At the LHC one can in analogy to the ISR try to look for the odtein elasticpp scattering. The
measured differential cross section can be compared tolswathich are fitted to the differential
cross section at lower energies and extrapolated to LH@m®Esee for example [19]. Although
these models involve a large number of fit parameters and sogertainty in the extrapolation
to a new energy range it is argued in [19] that there is a chtmsee evidence of the odderon.
Also the spin dependence of elastic scattering is sendititbe odderon and can be used to
search for it, see [20]. In both cases the odderon is agairobseveral contributions to the
scattering amplitude, which makes an unambiguous idestific unlikely.

Recent proposals for odderon searches at the LHC (and anelggat the Tevatron) have
therefore again focussed on exclusive processes in whichdteron is (except for the photon)
the only contribution to the cross section. Here the merembsion of the process can already
be sufficient to confirm odderon exchange. The most promioktitese exclusive processes at
LHC is the double-diffractive production of a vector mesdiy in pomeron-odderon fusion, that
isp+p — X + My + Y with the vector meson separated from the forward hadrorstesys
X andY by rapidity gaps, see Figure 3. This process was first prapasd discussed in the

J/

Fig. 3: Pomeron-odderon fusion mechanism for doublealiffve J /) production inpp scattering

framework of Regge theory in [21]. In particular heavy veateesons, My = J/¢, T, are
well suited for odderon searches since here the reggeoraegethcontribution (in place of the
odderon) is suppressed by Zweig’s rule. (In the production mesons that contribution could
still be relevant — especially if the odderon contributisrsimall.) At the LHC in particular the
ALICE detector appears to be best suited for the observatiarentrally produced/ /) or T
mesons and can in addition identify rapidity gap events.[22]

In [23] a detailed study of this process has been performaukiturbation theory. The
leading perturbative diagram contains the fusion of twahefthree gluons in the odderon with
one from the two in the pomeron to thg« or T, and an additional (‘spectator’) gluon exchange
between the two protons. There are two important unceigaiit the calculation of this process.
One is again the coupling of the odderon to the proton whicghtribe small. The other main
uncertainty is the survival probability for the rapidityggin the final state. Presently, a full
understanding of the gap survival is still lacking. In hadeocollisions the gap survival is very
different fromep scattering, and extrapolations from Tevatron energigssd HC energy contain
a considerable uncertainty. Depending on the assumptiomg ¢hese uncertainties the expected
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cross sectiondo /dy|,—o at mid-rapidityy for .J /¢ production are between 0.3 and 4 nb at the
LHC. For theY one expects 1.7 — 21 pb. One has to keep in mind that also plttead

of odderon exchange can give rise to the same final state. #ihildy to separate the two
contributions is to impose a cut on the squared transverseemtump?. of the vector meson. The
photon dominates at sma#. but then falls rapidly towards highgt.. The odderon contribution
does not fall so quickly and for thé/) dominates abovg? ~ 0.3 Ge\~.

It is possible that the negative result of all odderon sesgdb date is caused by a small
coupling of the odderon to the proton. If that coupling iséad so small also the process just
described will not be observable at the LHC. A possibilitfita the odderon nevertheless might
then be to look for the production of two heavy vector mesartgple-diffractive eventgy+p —

X + My + My +Y (with the-+-signs indicating rapidity gaps), as suggested in [7]. Phixess
is shown in Figure 4. For small odderon-proton coupling thketrhand diagram can be neglected.

T/ T/

J/p J /)

Fig. 4: Diagrams contributing to the triple-diffractiveqaluction of twoJ /1) mesons irpp scattering

In the left hand diagram — which does not involve @e coupling — the middle rapidity gap can
only be produced by odderon (or photon) exchange and thewheezvation of the process could
finally establish the existence of the odderon.

5 Summary

The existence of the odderon is a firm prediction of pertiwbaCD. But also in the nonper-
turbative regime we do not have good reasons to expect ttened®f the odderon. A possible
obstacle in finding it might be its potentially small coulito the proton. As we have pointed
out there are exclusive processes that can give a cleaatiahioof the odderon at the LHC - in-
cluding some which do not involve the potentially small aaeheproton coupling. If the odderon
remains elusive also in these processes we might have tosideo our picture of QCD at high
energies.
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Abstract

We describe several example analyses of the CMS forwardigshys
program: A feasibility study for observin§/ production in single
diffractive dissociation, the analysis of exclusiug production and
the measurement of very low-x parton distributions andcefor ev-
idence of BFKL dynamics with forward jets.

1 Introduction

The CMS Experiment has a rich and broad forward physics progwith measurements that
can be realized from the start of the LHC [1-6]. The CMS detsctn the forward region
allow an experimental program to be carried out that reabbgend the traditional forward gap
physics, such as soft and hard single diffraction and doBblaeron exchange physics, and also
includes the study of~ and~p interactions, energy and particle flow measurements neldua
understanding multi-parton interactions for tuning of N Carlo event generators, jet-gap-jet
events to understand the origin of these event topolognesfaaward jets and forward Drell-Yan
processes at 14 TeV center-of-mass energies. Topics ddustfihard diffraction include but are
not limited to:

1. Dependence of the diffractive cross sectiong gnand M, as fundamental quantities of
non-perturbative QCD.

Gap survival dynamics and multi-gap event topologies.

Production of jetsiV, J /4, b andt quarks, hard photons in hard diffraction.

Double Pomeron Exchange events as gluon factory.

Central exclusive Higgs boson production.

SUSY and other low mass exotics in exclusive processes.

. Proton light cone studies.

CMS shares its interaction point (IP) with the TOTEM expearith[7]. The two experiments

plan [8] to join their resources and use common trigger and aequisition systems to increase
their forward physics potential.

No o k~wd

The studies presented in the following assume no eventupilé-e. are analyses to be
carried out during the low pile-up, start-up phase of the LHCaddition, CMS is studying a
proposal to install tracking and time-of-flight detectot120 m from the IP [9], which has the
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CMS central detector

Hadronic Forward (HF)

CMS: red & blue TOTEM: green

Fig. 1: Layout of the forward detectors around the CMS irtgoa point.

potential of adding discovery physics, notably central@sige Higgs production, to the forward
physics program of CMS.

For space limitations, in this paper, we describe only timeeesses as examples of the
CMS forward physics program. After a brief description af forward detector instrumentation
around the CMS IP, section Il covers a feasibility study dserving¥ production in single
diffractive dissociation. The analysis of exclusivg production is discussed in Section IV and
the possibility of measuring very low-parton distributions and of looking for evidence of BFKL
signatures with forward jets is described in Section V.

2 Forward detectors around the CM Sinteraction point

Forward physics at the LHC covers a wide range of diverseiphgsibjects that have in common
that particles produced at small polar anglesand hence large values of rapidity provide a defin-
ing characteristic. Atthe Large-Hadron-Collider (LHCheve proton-proton collisions occur at
center-of-mass energies of 14 TeV, the maximal possiblgitgfs ;.. = In # ~ 11.5. The
central components of CMS are optimized for efficient dédacof processes ‘with large polar
angles and hence high transverse momengm They extend down to abold| = 1° from the
beam axis ofn| = 5, wheren = — In [tan (6/2)] is the pseudorapidity. In the forward region, the
central CMS components are complemented by several CM&fDTOTEM subdetectors with
coverage beyonfl)| = 5, see figure 1. TOTEM is an approved experiment at the LHC fer pr
cision measurements of the elastic and total cross sections. The combined CMS and TOTEM
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apparatus comprises two suites of calorimeters with tracklietectors in front plus near-beam
proton taggers. The CMS Hadron Forward (HF) calorimetehwie TOTEM telescope T1 in
front covers the regiofl < |n| < 5, the CMS CASTOR calorimeter with the TOTEM telescope
T2 in front coverss.2 < |n| < 6.6. The CMS ZDC calorimeters are installed at the end of the
straight LHC beam-line section, at a distancetdfi0 m from the IP. Near-beam proton taggers
will be installed by TOTEM att-147 m and+220 m from the IP. The kinematic coverage of
the combined CMS and TOTEM apparatus is unprecedented atrarheollider. The CMS and
TOTEM collaborations have described the considerableiphymtential of joint data taking in
areport to the LHCC [8]. Further near-beam proton taggec®mbination with very fast timing
detectors to be installed &t420 m from the IP (FP420) are in the proposal stage in CMS. FP420
would give access to possible discovery processes in fdrplaysics at the LHC [9].

2.1 TheCMSforward calorimeters HF, CASTOR, ZDC

The forward part of the hadron calorimeter, HF, is located® It from the interaction point.

It consists of steel absorbers and embedded radiation hendzdfibers, which provide a fast
collection of Cherenkov light. Each HF module is constrdabé 18 wedges in a nonprojective
geometry with the quartz fibers running parallel to the beaim along the length of the iron

absorbers. Long (1.65 m) and short (1.43 m) quartz fiberslaceg alternately with a separation
of 5 mm. These fibers are bundled at the back of the detectoamnrbad out separately with
phototubes.

The CASTOR calorimeters are octagonal cylinders located at m from the IP. They
are sampling calorimeters with tungsten plates as absodoadt fused silica quartz plates as
active medium. The plates are inclined ¥y with respect to the beam axis. Particles pass-
ing through the quartz emit Cherenkov photons which arestratted to photomultiplier tubes
through aircore lightguides. The electromagnetic seasd?® radiation length(y deep with 2
tungsten-quartz sandwiches, the hadronic section cerfi¢P tungsten-quartz sandwiches. The
total depth is 10.3 interaction lengths. The calorimeters are read out segmented azimuthally
in 16 segments and logitudinally in 14 segments. They do ae¢ lany segmentation in The
CASTOR coverage d§.2 < |n| < 6.6 closes hermetically the CMS calorimetric pseudorapidity
range over 13 units. Currently, funding is available onlyddCASTOR calorimeter on one side
of the IP. Installation is foreseen for 2009.

The CMS Zero Degree Calorimeters, ZDC, are located insideT&N absorbers at the
ends of the straight section of the LHC beamline, betweeh H@ beampipes, at-140 m dis-
tance on each side of the IP. They are very radiation-hargpéagncalorimeters with tungsten
plates as absorbers and as active medium quartz fibers read aircore light guides and photo-
multiplier tubes. The electromagnetic pdd,X, deep, is segmented into 5 units horizontally, the
hadronic part into 4 units in depth. The total depth is §.5The ZDC calorimeters have 100%
acceptance for neutral particles wjtfi > 8.4 and can measure 50 GeV photons with an energy
resolution of about 10%. The ZDC calorimeters are alreadialled and will be operational in
20009.
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22 TheTOTEM T1land T2 telescopes

The TOTEM T1 telescope consists of two arms symmetricakyaitted around the CMS IP in
the endcaps of the CMS magnet, right in front of the CMS HFramleters and with) coverage
similar to HF. Each arm consists of 5 planes of Cathod Strigrtters (CSC) which measure 3
projections per plane, resulting in a spatial resolutio.86 mm in the radial and 0.62 mm in the
azimuthal coordinate in test beam measurements. The twe@frthe TOTEM T2 telescope are
mounted right in front of the CASTOR calorimeters, with daniy coverage. Each arm consists
of 10 planes of 20 semi-circular modules of Gas Electron Miigtrs (GEMs). The detector
read-out is organized in strips and pads, a resolution bfum for the radial coordinate and of
16 prad in azimuthal angle were reached in prototype test beaasunements. A more detailed
description can be found in [11].

2.3 Near-beam proton taggers

The LHC beamline with its magnets is essentially a spectterria which protons slightly off
the beam momentum are bent sufficiently to be detectable ansnef detectors inserted into
the beam-pipe. At high luminosity at the LHC, proton taggisdghe only means of detecting
diffractive andy mediated processes because areas of low or no hadroniityaictithe detector
are filled in by particles from overlaid pile-up events.

The TOTEM proton taggers at220 m at nominal LHC optics have acceptance for scat-
tered protons from the IP fdr.02 < ¢ < 0.2. Smaller values of, 0.002 < ¢ < 0.02, can be
achieved with proton taggers &t120 m. The FP420 proposal [9] foresees employing 3-D Sili-
con, an extremely radiation hard novel Silicon technoldgythe proton taggers, and additional
fast timing Cherenkov detectors for the rejection of pretémem pile-up events. The proposal is
currently under consideration in CMS. If approved, inst#din could proceed in 2010, after the
LHC start-up.

Forward proton tagging capabilities enhance the physitsntial of CMS. They would
render possible a precise measurement of the mass and nuaatabers of the Higgs boson
should it be discovered by traditional searches. They alggnant the CMS discovery reach
for Higgs production in the minimal supersymmetric extengfMSSM) of the Standard Model
(SM) and for physics beyond the SM4p and~~ interactions. The proposed FP420 detectors
and their physics potential are discussed in [12].

3 Observation of single-diffractive W production with CM S: a feasibility study

The single-diffractive (SD) reactigyp — X p, whereX includes dV boson (Fig. 2) is studied to
demonstrate the feasibility of observing $D production at CMS given an integrated effective
luminosity for single interactions of 100 pb. Only W — v decay mode is considered in this
analysis [2].

The analysis relies on the extended forward coverage of M8 @rward calorimeters,
that cover the pseudo-rapidity range3ok |n| < 5. Additional coverage at6.6 < n < —5.2
is assumed by means of the CASTOR calorimeter.

Single diffractivel? production was simulated by using themwIG generator [13], ver-
sion v2.0 beta. For the diffractive PDFs and the Pomeron thexyesult of the NLO H1 2006
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Fig. 2: Sketch of the single-diffractive reactipp — Xp in which X includes a4 boson. The symbaP indicates
the exchange with the vacuum quantum numbers (Pomeron)afderapidity gap (LRG) is also shown.

fit B [14] was used. A rapidity gap survival probability of 8,0as predicted in Ref. [15], is
assumed. For non-diffractivid” production, theeYTHIA generator [16] was used. With the as-
sumed numbers for the cross sections, the ratio of diffratt inclusive yields is around 0.3%.

3.1 Event Sdection and Observation of SD W Production
311 W — v sdection

The selection of the events with a candid&té decaying touv is the same as that used in
Ref. [17]. Events with a candidate muon in the pseudo-rgpiinge|n| > 2.0 and transverse
momentumpy < 25 GeV were rejected, as were events with at least two muons pwith-

20 GeV. Muon isolation was imposed by requiriddpr < 3 GeV inacone witAR < 0.3. The
transverse mass was required tolde > 50 GeV. The contribution from top events containing
muons was reduced by rejecting events with more than 3 jetsiki > 40 GeV (selected with
a cone algorithm with radius of 0.5) and requiring that thepdanarity ( = = — A¢) between
the muon and the direction associated#8'** be less than 1 rad. Approximately 2,400 8D
events and 600,000 non-diffractiV& events per 100 pt are expected to pass these cuts.

3.1.2 Diffractive selection and Evidence for SD W Production

Diffractive events have, on average, lower multiplicitythban the central region (lower under-
lying event activity) and in the hemisphere that contairsdtattered proton, the so-called “gap
side”, than non-diffractive events.

The gap side was selected as that with lower energy sum infhé kut was then placed
on the multiplicity of tracks wittpr > 900 MeV and|n| < 2. For the events passing this cut,
multiplicity distributions in the HF and CASTOR calorimedgn the gap side were studied, from
which a diffractive sample can be extracted.

Figure 3 shows the HF tower multiplicity vs the CAST@Rsector multiplicity for events
with central track multiplicity Ni;.ac < 5. Since CASTOR will be installed at first on the
negative side of the interaction point, only events withdghe on that side (as determined with
the procedure discussed above) were considered. The CM&asefchain available for this
study did not include simulation/reconstruction code f&xSTOR; therefore, the multiplicity
of generated hadrons with energy above a 10 GeV thresholakcim @ the CASTOR azimuthal
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sectors was used.

The top left and top right plots show the distributions expddor the diffractivel} events
with generated gap in the positive and negafivdirection, respectively. The few events in the
top left plot are those for which the gap-side determinati@s incorrect. The non-diffractive
W events have on average higher multiplicities, as shownérbtittom left plot. Finally, the
bottom right plot shows the sum of t@MwIG andPYTHIA distributions — this is the type of
distribution expected from the data.

POMWIG SD W - pv (gap in n-plus side)

CMS preliminary

POMWIG + PYTHIA- ntracks <5

Fig. 3: HF tower multiplicity vs CASTOR sector multiplicitglistribution for events with track multiplicity in the
central trackeVi o < 5.

A simple way to isolate a sample of diffractive events frorasth plots is to use the zero-
multiplicity bins, where the diffractive events clusteidahe non-diffractive background is small.

The HF plus CASTOR combination yields the best signal to gemknd ratio. When
an integrated effective luminosity for single interactoof 100 pb' becomes available, SD
W — pv production can then be observed wi#i100) signal events. The situation is even more
favorable for SD dijet production where a recently completteidy [3] arrives af?(300) SD dijet
events per 10 pb' of integrated effective luminosity for single interactsorWith an observation
of a number of signal events of this size, it should be posgiblexclude values of rapidity gap
survival probability at the lower end of the spectrum of tfetical predictions. A method to
establish that the observed population of the zero-midiiplbins is indeed indicative of the
presence of SD events in the data is described in [3]. Theoddthbased on the observation
that the size of the SD signal in the zero-multiplicity bimsmde controlled in a predictable way
when the cuts for enhancing the SD signal are modified.

The main background other than non-diffracti#&production consists of SIV produc-
tion with proton-dissociationpp — X N, whereX contains a/ boson andV is a low-mass
state into which the proton has diffractively dissociatAdtudy of proton-dissociation has been
carried out in Ref. [4], where it has been shown that about 60#e proton-dissociative back-
ground can be rejected by vetoing events with activity in @4S Zero Degree Calorimeter
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(ZDC), which provides coverage for neutral particles|igr> 8.1. The net effect is to enhance
the diffractive signal in the zero multiplicity bin of Fig.l8/ about 30%.

4 Exclusiveyy — (¢~ andyp — Yp — L4 p

Exclusive dilepton production ipp collisions at CMS can occur through the processes—
(Y0~ andyp — Yp — £T4~p. The first is a QED process, making it an ideal sample for
luminosity calibration at the LHC. The second will allow dteis of vector meson photoproduc-
tion at energies significantly higher than previous experits. Zero pileup is assumed for this
study [4]. Both signal processes are characterized by #epce of two same-flavor opposite-
sign leptons back-to-back iA¢, and with equalpr|. In the no-pileup startup scenario assumed
here, the signal is also distinguished by having no caldemactivity that is not associated with
the leptons, and no charged tracks in addition to the twoasitpptons. This exclusivity re-
quirement is implemented by requiring that there be no niuse 6 “extra” calorimeter towers
with £ > 5 GeV, where extra towers are defined as those separated fthar ef the lepton
candidates byAR > 0.3 in then — ¢ plane. The track multiplicity is required to be 3. The
dominant inelastic photon-exchange background is redbgedquiring no activity in the CAS-
TOR calorimeter (covering.2 < n < 6.6) or the Zero Degree Calorimeter (coveripg > 8.2).
The residual background from non-photon exchange proséssstimated from an exponential
fit to the sideband of the extra calorimeter towers distidmytresulting in a background estimate
of approximately 39 events in 100 ph which is small compared to the inelastic background.
The expectedy — u*p~ signal yields in 100 pb' are Nejastic(yy — ptu~) = 709 +
27, and Niperastic(yy — pTp~) = 223 £+ 15 + 42(model). Without the ZDC and Castor
vetoes, the singly inelastic contribution would be sigaifitty larger: N ,ciastic(7y — pntp™) =
636+25+121(model). Intheyy — eTe™ channel, the expected yields are significantly smaller.
After all trigger and selection criteria are applied theeoted elastic signal yields in 100 pb
are: Nesiic(7y — ete™) = 67 £ 8, and Nyyerastic(7vy — ete”) = 31 £ 6 & 6(model).

CMS Preliminary

CMS Preliminal
LR R e 3007””‘”H“m‘HH“MWH‘M""XHL

250

300 ...... singy inelastic vy - 'y Singly inelastic yy — 'y

250; — Singly inelastic y y — p*t" with Castor and ZDC vetoes { 200 —— singly inelastic y y "y with Castor and ZDC vetoes  —|
200F [ ]
£ 150 7
150 [
E 100
100 [

50

s . S—
29 295 3 305 31 315 32 2 15 1 05 0 05 1 15 2
AYOX(YNY]] Ap_ (up) (Gev)

Fig. 4: Distributions of|A¢(u™ )| (left) and |Apr(utp™)| (right) for vy — ptp~ events passing all selec-
tion requirements. The elastic signal is denoted by the dpstngram, the inelastic background is shown with no
CASTOR/ZDC vetos (dashed line), and with the veots desgritb¢he text (solid histogram).
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Without the ZDC and Castor vetoes, the singly inelastic romion would be:N;,¢iastic(7y —
ete™) = 824+9+15(model). The elasticyy — p+p~ signal can be separated from the inelastic
background for luminosity measurements usingAhgand Apr distributions (Figure 4), while
the T photoproduction signal can be further distinguished byfguering a fit to the dimuon
invariant mass distribution (Figure 5).

CMS Preliminary
T
60
50

40

30

Events / (0.04 GeV)

20

10

11 11.5 12
m(u p) (GeV)

Fig. 5: Dimuon invariant mass in the ran§e< m(u" ™) < 12 GeV. The lines show the result of a fit, where the
dashed line is th& component, the dotted line is the two-photon continuum,thadolid line is the sum of the two.

We conclude that witd00pb—! of integrated luminosity, a large sampleof — put ™
andyp — YTp — ptp~p events can be triggered and reconstructed in the CMS detesto
ing a common selection for both samples. With minimal pilelpse events can be cleanly
distinguished from the dominant backgrounds. Theample will allow measurements of cross-
sections and production dynamics at significantly highesrgies than previous experiments,
while theyy — ¢T¢~ sample will serve as a calibration sample for luminosityl&s.

5 Forward jetsreconstruction in HF
5.1 Introduction

The parton distribution functions (PDFs) in the proton ha&esn studied in detail in deep-
inelastic-scattering (DIS)p collisions at HERA [18]. For decreasing parton momentuns-fra
tiON = = Pparion/ Prarons the gluon density is observed to grow rapidlyaagz, Q%) « 2@,
with A ~ 0.1-0.3 rising logarithmically wittQ?. As long as the densities are not too high,
this growth is described by the Dokshitzer-Gribov-Lipatsitarelli-Parisi (DGLAP) [19] or by
the Balitski-Fadin-Kuraev-Lipatov (BFKL) [20] evolutiogquations which govern, respectively,
parton radiation inQ? andz. Experimentally, direct information on the parton struetand
evolution can be obtained in hadron-hadron collisions ftbhmperturbative production of e.g.
jets or prompty’s, which are directly coupled to the parton-parton scattewertex. The mea-
surement of jets with transverse momentpym=: 20 GeV in the CMS forward calorimeters (HF,
3< |n| <5 and CASTOR, 5.4 || <6.6) will allow one to prober values as low as; ~ 107>,
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Figure 6 (right) shows the actual lag(2) distribution for two-parton scattering in p-p collisions
at 14 TeV producing at least one jet above 20 GeV in the HF an8 TW2R acceptances. Full
detector simulation and reconstruction packages wereinsdutaining these results.
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s |3 F 1 3 o ‘ 250
% 803 ICone (R=0.5): a = 2.70 GeV, b = 0.41 GeV*, ¢ = 0.11 | 9,_ L let,,in HF&CASTOR @
o = — a .
OQ_}_ r SISCone (R=0.5): a = 3.13 GeV, b = 0.33 GeV?, ¢ = 0.12] Iterative cone, R = 0.
¢ [ 7 jets
©  o0zp Fast k, (D=0.4): a = 3.10 GeV, b= 0.52 GeV’, ¢ = 0.1 | Ty sy —[200
- T - X (e +e?
R ] 1,2 s
FA- 7 102 j ‘H‘\‘
o2 B r i \HI \‘\ I\“IN f
LA g L il H\HHH‘ ‘ 150
PR ] Ly H‘I‘"H
RTINS . r | |\ \lml‘\
c ] r INR
. +— | 100
01— -
0.05} CMS Preliminary {
Lol b b b b b b b by i 1471 IR BRI
50 40 60 80 100 120 140 160 180 200 220 -6 -5

pcendet[Gevic]

Fig. 6: Energy resolution as a function pf- for the ICone, SISCone (with cone sizés = 0.5) and FastKt
(D = 0.4) algorithms for jets reconstructed in HB.(< |n| < 5.). The resolutions are fitted tf(pr) =

2 2
o b o . N s
\/(—pchn) + (—\/I)QTW) + ¢? with the parameters quoted in the legend (Left). Lag() distribution of two par
tons producing at least one jet abgue = 20 GeV within HF 8 < |n| < 5) and CASTOR%.1 < |n| < 6.6) in p-p

collisions at\/s = 14 TeV (Right).

5.2 Forward jetsreconstruction in HF

Jets in CMS are reconstructed at the generator- and cakerifesel using 3 different jet algo-
rithms [5]: iterative cone [10] with radius & = 0.5 in (n, ¢), SISCone [22] R = 0.5), and
the Fastky [23] (Eseeq = 3 GeV andEy,,..s = 20 GeV). Thepr resolutions for the three differ-
ent algorithms are very similark-18% atpr ~20 GeV decreasing t812% forpr 2100 GeV
(Fig. 6, Left). The positions, ¢) resolutions (not shown here) for jets in HF are also verydgoo
o4, = 0.045 atpr = 20 GeV, improving tary ,, ~ 0.02 above 100 GeV.

5.3 Singleinclusivejet pr spectrum in HF

In this section, we present the reconstructed forward gtigias a function oy for 1 pb!
integrated luminosity. Figure 7 (left) shows reconstrdcfand corrected for energy resolution
smearing) single inclusive forward jet spectrum in HF in peilisions at 14 TeV for a total
integrated luminosity of 1 pb' compared to fastNLO jet predictions [24] using various PDFs
(MRSTO03 and CTEQ®6.1M). Figure 7 (right) shows percent diffees between the reconstructed
forward jetpr spectrum and two fastNLO predictions (CTEQ6.1M and MRSTD&#). The
error bars include the statistical and the energy-resmiutimearing errors. The solid curves
indicate the propagated uncertainty due to the jet-energle (JES) error for “intermediate”
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Fig. 7: Left: The forward jet yields for a total integratedriinosity of 1 pb !. Right: Percent differences between
the reconstructed forward jet- spectrum and two fastNLO predictions (CTEQ6.1M and MRSTDE$). The solid
curves indicate the propagated uncertainty due to thenetgg scale (JES) error for “intermediate” 10% decreasing
to a constant 5% fopr > 50 GeV/c conditions.

(10% decreasing to a constant 5% fgr > 50 GeV/c) conditions. If the JES can be improved
below 10% (such as in the “intermediate” scenario consa)er@ur measurement will be more
sensitive to the underlying PDF. The main conclusion of gaig of the study is that the use of
the forward jet measurement in HF to constrain the protondibfhe lows range will require
careful studies of the HF jet calibration.
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