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. diomphe, 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 mxpere
mental data obtained at HERA are summarised and presentée in
light of QCD approaches.

1 Introduction

The two processes which are the object of the present repergxclusive production of a vector
meson (VM) of masdfy, e+p — e+ VM +Y, and deeply virtual Compton scattering (DVCS),
e+p — e+y+Y, whereY is a proton (elastic scattering) or a diffractively exciggdtem (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.
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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 theielastl 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*pfscattering, are
measured differentially i§)?, W andt. The measurement of angular distributions gives access
to spin density matrix elements and polarised amplitudes.



1.1 Production mechanisms

Within the QCD formalism, two main complementary approachee 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 @ colour dipole, the elastic or proton dissociative dipole—
proton scattering, and thg; 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,dea 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 smalles ses-
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 £seExctions 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 masg)pthe dipole—proton scattering is
modelled in perturbative QCD (pQCD) as the exchange of aucdmnglet 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) approximat)oand for light VM production from
longitudinally polarised photonsg, ~ 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 longiatiamplitudes 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 accoundi$teibution of transverse momenta
of partons with respect to the proton direction and longitadmomentum correlations between
partons. They account for “off-diagonal” or “skewing” efts 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 electogjiction [28]. NLO corrections to
light VM electroproduction and to heavy VM photoproductioave been computed [29].



DVCS Following collinear factorisation, the DVCS process isatdsed at LO by Fig. 1c,

where the virtual photon couples directly to a quark in thetgm. QCD calculations at the
scalep? = Q2 involve GPD distributions [30, 31]. At higher order, two ghuexchange as in
Fig. 1d gives also an important contribution at HERA. Joitg td 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 decaytaoppositely charged particles
p—rtr ¢ — KYK~, J/ib — ete,utp~ andY — ptp~. The kinematic variables are
reconstructed from the scattered electron and decay lgartigasurements. 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 #reddirect 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] antf [11]. For HERA II, ZEUS has installed a microvertex
detector but has removed the small angle detectors: thatpadton spectrometer and the for-
ward and rear calorimeters, compromising the precise aisaty diffractive data. The HERA II
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 informatioihe size and the dynam-

ics of the processes and on the scales relevant for the doogiraf perturbative, hard effects.
Whereas total cross sectionk,(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 t6, 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 diffractiveslope is given by the convolution of the
transverse sizes of the interacting objeéts: b,; + by + b, 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*+MZ)/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



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*+ M7 )/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]. Fatgn dissociation, thé 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 alregolyato-
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 fog /1) when compared at the same values of the se@fe{M2Z)/4 up to
> 5 GeV2. The purely perturbative domain may thus require largelesalues.

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 dipaes,
the cross sections at fixed valuesifdecrease significantly with increasing VM masg3t. 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.



addition, different reactions exhibit strongly differéiif dependences. The total photoproduc-
tion cross section and the photoproduction of light VM shoealwenergy 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 ofQ?. The lines show fits to the forii’®.

The interceptap(0) of the effective trajectory quantifies the energy depeneasfcthe
reaction fort = 0. The evolution ofvjp(0) with 2 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 largeQQ? and for heavy VM at all)?. This increase is related to the large parton densitiesein th
proton at smallz, which are resolved in the presence of a hard scalelilgependences 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). Iaibitese 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 slope’ in eq. (1) describes the correlation betweenithaed W dependences of the
cross section. The measurement of the evolution wahthe § 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 intercepi (0) and (right) the slope’’ of the effective Pomeron trajectory, obtained from
fits of the " cross section dependences to the falmidt oc WP+ t=1) The scales arg® = Q? 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 average 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 gfres-
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 distritmitido 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,

_ ImA(Y'p — )i=0 LV IDVCs b(Q?) /i

T ImA(y'p — yp)i—o or(y'p — X)




with o7 (v*p — X) = dnlapy Fr(z,Q?)/Q?% Fr = F» — F, andp = ReA/ImA determined
from dispersion relations [31].

. -
— C - =) [ ]
< [ e H1HERAI 4
Q:100: O H1HERAI °P H1 S 07 H1 ZEUS 3
n C F %} 1
80 [ ===~ GPD model o F o4 p eren O
sof. 03L o 5 o arw e ]
F é .......... i ----- &, ) o
405' R PR L i J/W *w2) Kw2) ]
20F 107 ¢ 3
P . L F 1
“‘9: 65— ® Hl1HERAIlep 10 £ E
¥ 5| © HLHERAI F E
E == GPD model F — KMW ]
4 E_ --------- GPD model (only kinematical skewing) 1L MRT a
3F : 3
E [ W=75GeV ]
2F 10 )
3 10 1
1 E 10
oF Ll . R 2 5
10 10 p° [GeVT]

Q* [GeV]

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 adigions of the KMW [16] and MRT [23] models.

Figure 5-upper-left shows a weak rise fwith Q?, 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 migtasurements, 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 sectignsy, ¢ and.J/v 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 measurementg 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.



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 )", withn ~ 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 fatap? 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 theiggemodelisation of th€)? depen-
dence of the longitudinal to transverse cross section fatwith 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 o1, /o

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

J /v photo- and electroproduction indicate the dominance ofwles-channel helicity conserv-
ing (SCHC) amplitudes, the transverBg and the longitudinalyy amplitudes, In the accessible
Q? ranges,.J/¢ 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¢) .
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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?/MZ 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.



periments. This is shown in Fig. 7-left, whefis plotted as a function of the scaled variable
Q* - M2 /M. However, theQ? dependence is tamed at large values)df 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 model [16].

b'_ [ vOp — pY ] b§ L (a) <Q@*> =2.4GeV* (b) <@*> = 4.2 GeV*
=~ i 1% P50
- . o
g10 E ® H1 HERA-1 prel. - - 08} ZEUS 120 pbt
Y E m HLSV o ZEUS &% Q§ % g 507 ¢ e e
[ ] — ‘ oot T )
4 I o E665 & NMC i 1 06/ ¢ . .4
: - I
1 b T? i 0.4 MRT (MRST99) MRT (MRST99)
E 3 yOp - @Y I MRT (CTEQ6.5M) | ----- MRT (CTEQ6.5M)
F 3 ] 03F — or — DF
+ 3 A H1HERA-1prely 1 B
Al O HLSV A ZEUS| () <@*> =8.8GeV* (d) <@*> =18 GeV*
10 E 0.9 F
% yOp - JWY 1 0.8 S
. x H1l % ZEUS 07l L
10 £ E 06 L
E L L L ) | . MRT (MRST99) MRT (MRST99)
T osl MRT (CTEQ6.5M) P MRT (CTEQ6.5M)
10 1 10 ' — ©DF — ©OF
QZ.MZ/MZ [GeVz] 50 75 100 125 150 50 75 100 125 150
PV W (GeV)

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 energyj 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 nominadsonance mass. Following the MRT model
approach [23], this suggests a limited influence of the WF bhpvoduction.

Figure 7-right shows that no strong dependencR wfith 11 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 observedeeetwhe two dominant amplitudes,
Too andTy; [3]. This indicates a difference between the ratios of tts @ 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 egebagluon ladder. No



strongk; ordering is thus expected, which is typical for BFKL evoduis for sufficiently high¢|
values. This is at variance with larg® VM production at low|t|, 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 evolutistisstrongk; ordering along the
ladder.
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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/+) data for|t| < mfp BFKL calculations describe the
W evolution (Fig. 8-right), at variance with DGLAP, but do ragscribe 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, domaias light VM photoproduction, typical
features of hard diffraction, in particular hafd 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 basedookels invoking universal dipole—
proton cross sections describe the data relatively welé mMierasurement of spin density matrix



elements gives a detailed access to the polarisation ameit which is also understood in QCD.
Large|t| VM production supports BFKL calculations.
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