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1. Introduction

Diffractive production of vector mesons (VM) and real photgtis — V +Y (with V = p°, w,
@, J/Y, ¥, Yandy), in which the proton may stay intact & p) or dissociate into a higher mass
stateY has been extensively studied at HERA. These processes span tleerarge from “soft”
diffraction, described by Regge phenomenology, to “hard" diffractwamere the hard scales, such
as the heavy VM mass$Wy) or the squared momentum transfer exchar@&g at the respective
photon and proton vertices (illustrated in Fig. 1) are involved and whene@D calculations can
be applied. The VM production can be described in pQCD through therfsation of virtual pho-
ton fluctuation into ayq colour dipole, diffractive dipole—proton scattering agairecombination
into the final state VM or photon. The interaction scalé given by the characteristic transverse
size of the dipole, withu? ~ (Q?+MgZ). The dipole—proton scattering is modelled in pQCD as the
exchange of a colour singlet two-gluon system (represented by altworgxchange diagram in
right side of Figure 1) or a BFKL ladder. Cross sections are thus diyethe square of the gluon
density in the proton.
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Figure 1. (Left)a generic diagram of diffractive vector meson eleptoduction. (Right) a diagram of
diffractive vector meson ptoduction which proceeds viadgkehange of two-gluon system.

Among the most striking expectations in the transition from the soft to hard aitens is the
change of the logarithmic derivativi of the cross section with respect to tjg centre-of-mass
energyW, from a value of about 0.2 in the soft regime to about 0.8 in the hard oedjgare 2)
and the decrease of the exponential slbpé the differential cross section with respect {drom
a value of about 10 Géto an asymptotic value of about 5 G&Whenp scale increases.

Experimentally the events originated from the exclusive and diffracticeovenesons produc-
tion are selected using a clean experimental signatures:

e the scattered electron is either detected in the electromagnetic calorimeter driis thos
beampipe. In the latest case the photon virtua@fis small, and these interactions are
referred to agphotoproduction;

e the proton either scatters elastically at very small angles and goes insidestmpipe with-
out any energy deposit in the central detector, or it dissociates andtefts energy in the
forward part of the detector;

o the final state contains only two leptons from the VM decay.
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Figure 2: (left) TheW dependence of the cross section for
diffractive VM production in the photoproductioQ¢ ~ 0),
w(Gev) together with fits of the fornw ~ W?.

In this report a short review of the recent results of H1 and ZEUS raxeats of the measure-
ments of exclusive or diffractive production af ¢ [1], Y(1S) [2] and di-pions [3] is presented.
Figure 3 shows the invariant mass distributions of di-leptai®(, u" 1) used to reconstruct

J/y andY{(1S) discussed in this report.
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Figure 3: The dilepton invariant mass distributions in thgy — p*u=, J/¢ — ete” andY — putpu~
decay channels.

2. Energy dependence of the diffractive J/( production

The H1 Collaboration performed a simultaneous measuremedy @fphotoproduction in
elastic and proton dissociation processes [1]. The measurement rasuliased on two data
sets: the data taken in the years 2006 - 2007, when HERA was operatagtetith beam energy
920 GeV, resulting in/s~ 318 GeV, corresponding to an integrated luminosity of 130'@mnd the
data recorded in 2007 before the final HERA shutdown, when the pbstam energy was reduced
to 460 GeV, resulting in/s = 225 GeV, corresponding to an integrated luminosity of 10.8'pb
The J/¢ mesons are reconstructed in they — u*u~ andete™ decay channels. Regularised
unfolding is used to determine the elastic and proton-dissociative cragssiedins oft andW.

The measured elastic and proton-dissociative cross sections as ariuniciig, are shown
in Figure 4. The elastic and proton-dissociative cross sections are of issia@at the lowest
W,p = 30 GeV accessed in this analysis. The elastic cross section rises fasteénevéthsing
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W,p than the proton-dissociative one. Also shown is the ratio of the protowdias/e to the
elastic cross section as a functionwif,. The ratio decreases from 1 ta80asW,, increases from
30 GeV to 100 GeV. The elastic and the proton-dissociative cross seasoagunction of\V
are fitted simultaneously, taking into account the correlations between these sections. As
parametrisation a power law function of the formn= N(Wyp/Wp0)° with Wyp0 = 90 GeV is
used, with separate sets of parameters for the elastic and the protociatissacases. The result
of the fit is compared to the measurements. The fit results to the vafies0.67+0.03 and
3P4 =0.42+0.05.
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Figure 4: J/¢ photoproduction cross section as function of photon pratemtre-of-mass energi,, for
the elastic and proton-dissociative regime. The rightrfigsite shows the ratio of the elastic to the proton-
dissociativel /i photoproduction cross section as a functioMf.

A compilation of cross section measurements for the eldgticphotoproduction cross section
is shown in Figure 5 as a function84,,. The data from the present analysis fall in the gap between
the data of fixed target experiments [6, 7] at [y, and the bulk of the previous highi,, HERA
data. The fixed target data exhibit a lower normalisation and a steeper thl@pebserved at
HERA. Also shown are recent results from the LHCb experiment [8 &ktrapolated fit function
for the H1 elasticl /¢ photoproduction cross section describes the LHCb data points atW)gh
well.
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3. t dependence of the J/ and Y photoproduction cross sections

The measured elastic and proton-dissocialivg photoproduction cross sections differential
in |t| are shown in Figure 6 [1]. The cross sections fall steeply as a fundtiph with a clear differ-
ence between the shapes of the proton-dissociative and elastic distrbtimnelastic and proton-
dissociative differential cross sectiode /dt are fitted simultaneously. The elastic cross section is
parametrised ado/dt = Nge P/l For the proton-dissociative cross section the parametrisation
do/dt = Npg(1+ (bpa/n)[t]) " is chosen, which interpolates between an exponential alt|@md
a power law behaviour at high values [pf. The obtained parameterisations for the elastic and
proton-dissociative cross sections are compared to the data in Figuee6eldstic cross section
data for|t| > 0.1 GeV are well described by the exponential parametrisation. The falbefie
cross section with increasiny is much faster than the proton-dissociative cross section, which is
reflected in the values fdiy andbpg: by = (4.884:0.15) GeV 2 andbpg = (1.7940.12) GeV 2,
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Figure 6: Differential J/y photoproduction cross sectiato /dt as function of the negative squared four-
momentum transfer at the proton vertek, as obtained for elastic and proton-dissociative regimes.

The ZEUS Collaboration studied thelependence of exclusive photoproductionydlS) in
the kinematic range 6& W < 220 GeV [2] using the data collected inthe period 1996-2007 and
corresponding to an integrated luminosity of 48~1. The measured distribution is shown
in the left side of Figure 7. The fit df distribution with a formexp(—b|t|) yields valueb =
4.3729(gtat.) T52(sys.) GeV2.

A comparison of all HERA measurements of the slope parantefer exclusive light and
heavy vector meson production and for deeply inelastic Compton scatt®ifgS) is shown in
the right side of Figure 7. In an optical model approach the exponeldjzék of thet-dependence
of the exclusive VM production is related to the sum of squared radii oftheqq dipole and that
of the proton, and thus is a measure of transverse size of interactiomregfidigh values of the
VM massMy or photon virtualityQ? the qq contribution decreases agg 0 1/(Q? + M3,,) and
the slope of thé-dependence saturatestat- 5 GeV2, which corresponds to the gluonic radii of
the proton. The values df slopes measured for photoproductionJgfy andY(1S) are consistent
with this asymptotic behaviour, as is demonstrated in the right side of Figure 7.
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Figure 7: (Left) Measuredt| distribution with error bars denoting statistical uncerts. Fitted distribu-
tions for simulated events are shown for the Bethe-HeidlrclusiveY(1S) and proton dissociativ¥(1S)
processes. The solid line shows the sum of all contributigRsght) Comparison of the HERA measure-
ments of the slope parameteas a function of the scal®® + M3, for exclusive VM production, includ-
ing the exclusiveY(1S) production (the rightmost data point), and for deeply \aft€Compton scattering
(DVCS).

4. Exclusive Electroproduction of two pionsep — " p

For the light vector mesons, e.g. formeson, the exclusive production can be described in
terms of pQCD if the hard scale is provided by the photon virtuality Furthermore, by varying
Q? the sensitivity to the VM wave-function can be obtained by scanning it areifitoq distance
scales. The excited VM states can be used to study the effect causeargyrg the scanning size.

The exclusive electroproduction of two pioyigo — 71" 1~ pin the mass range®< M < 2.5 GeV
has been studied with the ZEUS detector at HERA using an integrated luminb82ypb* [3].

The rtm mass distribution is shown in Figure 8. A clear peak is seen irptheass range.

A small shoulder is apparent around 1.3 GeV and a secondary peakut B8 GeV. TheM
system consists of a resonance part, which is described by the piofidoion, and a non-resonant
background. The two-pion invariant-mass distribution is related to the pi@treteagnetic form
factor,Fr(Myr), through the following relation [9, 10]:

dN(Mpr)

0
dMpr

M n
|Fn(M,m)]2+B<MO> .
v

The second term is a parameterization of the non-resonant backgwithaonstant parameters
B, nandMg = 1 GeV. There are several parameterizations of the pion form factallysised for
fitting the it T~ mass distribution. Here results based on Kuhn-Santamaria (KS) [1i1hpted-
sation are presented. In the mass ralgg; < 2.5 GeV, the KS parameterization of the pion form
factor includes contributions from th®(770), p’(1450) ando”(1700) resonances,

BW), (M) + BBW,y (Myrrg) + YBW, (M)
1+B+y

FTT(MTTIT) =
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Heref andy are relative amplitudes ar8\{, is the Breit-Wigner distribution which has the form

My

BW (M) =
W (Mrr) MG — M2, —iMyTy (M)’

whereMy andly (My ) are the VM mass and momentum-dependent width, respectively.

The results of the fit of two-pion invariant-mass distribution with a functiorcdlesd above
are listed in Table 1. The negative interference between all the resemaggults in the' signal
appearing as a shoulder. To illustrate this better, the same data and fibane ishthe right side
of Figure 8 on a linear scale and limited My, ;> 1.2 GeV, with separate contributions from the
background, the three resonant amplitudes as well as their total inteséeterm. The masses and
widths of thep and thep” as well as the width of thp’ agree with those from the Particle Data
Group (PDG) [12], while there is about 100 MeV difference betweerfittezl mass of the’ and
the PDG value, which however has large uncertainty. In the mass fits itsasad that the relative
amplitudesB3 andy are real. This assumption was tested by repeated fit allowing the amplitudes to
be complex. The values of the phase-shifts obtained from the fit suime@oaissumption of the real
nature of the relative amplitudes.
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Figure 8: The two-pion invariant-mass distributioll;; = The dots are the data and the full line is the result
of a fit using the Kuhn-Santamaria parameterization. Théritmnions of the three resonancesp’ andp”
and the background are shown separately.

The Q? dependence of the relative amplitudes was determined by performing theMit,to
in three Q2 regions within the range 2 Q?> < 80 Ge\?. The masses and widths of the three
resonances were fixed to the values found in the overall fit. A reat®dabcription of the data is
achieved in all thre€? regions. The corresponding values@findy are given in Table 2. The
absolute value of increases withQ? while the value ofy is consistent with n®? dependence
within large uncertainties. The left side of Figure 9 shows the curvegsepting the pion form
factor, |Fr(Mzp) 2 as obtained in thre®? ranges. Also shown are results obtained in the time-like
regime from the reactioa™ e~ — ™71~ [13]. In general, the features of thig;(M ) |? distribution
observed here are also observedi® . Above thep region, where the interference between the
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Parameter ZEUS PDG
M, (MeV) 771+£27% 775.49:0.34
Mo (MeV) 155+ 5+ 2 149.1£0.8
B ~0.2740.02+0.02

My (MeV) 135042020 1465+25
o (MeV) 460+30"50 400+60
y 0.10+0.02"392

M, (MeV) 1780+ 20" 33 1720+20
o (MeV) 310+30'% 250+100
B 0.414+0.03+0.07

n 1.30+0.06 015

Table 1: Fit parameters obtained usiftg(M; ;) parameterization. Masses and widths are in MeV. The first
uncertainty is statistical, the second systematic. Alswshare the masses and widths from the PDG [12].

Q*(Ge?) 2-5 5-10 10-80
B —0.249+0.008" 2955 | —0.282+0.008'5:952 | —0.3540.02+0.01
y 0.100+ 0.009+0.003 | 0.098+0.012799%3 | 0.118+0.022"90%8

Table 2: TheQ? dependence of th® andy parameters.

p’ and thep” starts to dominate, there is a dependencgiM,;)|> on Q?, with the results from
the lowestQ? range closest to those froete~. However, in the region of the peak the pion
form-factor |[F(My)|? is highest at the highe§?, while thee™e~ data are higher than those in
the highesQ? range. Theep andete™ data agree within errors fvl;; > 1.8 GeV.

The cross section ratios gf to p andp” to p are investigated as a function @®. The ratio
Ry defined aRy = [o(V)-Br(V — )| /o(p), whereo is the cross section for VM production
andBr(V — mm) is the branching ratio of the vector mesdKp’, p”) into it The right side of
Figure 9 shows the ratiBy, forV = p’, p”, as a function of)°. Owing to the large uncertainties of
Ry, no conclusion on itQ? behaviour can be deduced, wheré&gsclearly increases Witkp?.

5. Conclusions

Presented here is a subjective selection taken from the wealth of newnereasiis of exclu-
sive vector meson production processes delivered by H1 and ZEpESiments at HERA collider.
Much progress has been made over recent years, in the type of stuaiesn be performed, the
precision achieved and in theoretical understanding. The high predsihie measurements can
be used to refine the models and contribute to a better understanding ofctbe wmeson wave
functions and of the gluon density in the proton.

Acknowledgments | would like to thank the organizers for creating a pleasant and inspiring co
ference atmosphere.
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Figure 9: Left: The pion form factor squaretin|2, as a function of ther™ i~ invariant massMy; as
obtained from the reactioe™e~ — "~ [13]. The shaded bands represent the square of the pion form
factor and its total uncertainty obtained in the presentysigfor three ranges @@?.

Right: The ratioR, as a function ofQ? for V = p’ andp”. The inner error bars indicate the statistical
uncertainty, the outer error bars represent the statlstioé systematic uncertainty added in quadrature.
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