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Abstract

Cross sections for elastic and proton-dissociative photoproductioii®fmesons are
measured with the H1 detector in positron-proton collisions at HERA. Thevdata col-
lected akp centre-of-mass energigss ~ 318 GeV and,/s ~ 225 GeV, corresponding to
integrated luminosities of = 130pb~! and£ = 10.8 pb~ !, respectively. The cross sec-
tions are measured as a function of the photon-proton centre-of-mesgyen the range
25 < W,, < 110 GeV. Differential cross section$os/dt, wheret is the squared four-
momentum transfer at the proton vertex, are measured in the tengel.2 GeV? for the
elastic process anld| < 8 GeV? for proton dissociation. The results are compared to other
measurements. TH&’,, and¢-dependences are parametrised using phenomenological fits.
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1 Introduction

This paper reports a measurement of diffractiye> photoproduction in positron-proton inter-
actions at HERA¢p — e J/v X. For the elastic regim&’ denotes a proton, whereas for the
proton-dissociative regim&’ denotes a proton-dissociative systéfmof massm, < My <

10 GeV, as depicted in figures 1.

a) b)

Figure 1: Diffractive.J/1) meson production in electron proton collisions: a) elagti¢ pro-
duction in which the proton stays intact and b) proton-digstive ./ /+) production in which the
proton dissociates to a low mass excited state with méss> m,,.

Diffractive vector meson production is characterised tg/tkhannel exchange of a colour-
less object between the incoming photon and proton. In tgk-bhergy limit Regge theory
predicts [1, 2] an approximate cross section dependermeW;sp as a function of the photon-
proton centre-of-mass enerdy.,. For elastic production of light vector mesons (v, ¢)
exponents = (.22 [3] are observed. In contrast, the cross section for elastic production,
vp — J/v¥p, rises more steeply with’.,,, § ~ 0.7 [4,5], and is thus incompatible with a univer-
sal pomeron hypothesis [2]. Th&,, dependence of proton-dissociativg) production [6-8]
Is expected to be similar to the elastic case.

Due to the presence of a hard scale, the mass of tiiemeson, calculations in perturbative
Quantum-Chromo-Dynamics (QCD) are possible. The diffregbkoduction of vector mesons
can then be described in the proton rest frame by a proceskichwhe photon fluctuates into
aqq pair (or colour-dipole) at a long distance from the protagéd. Thegg pair interacts with
the proton via a colour-singlet exchange, which in lowedeoQCD is realised as a colourless
gluon pair [9-12]. The steep rise of the cross section With is then related to the rise of the
square of the gluon density towards low values of Bjorkdth3—-17].

The elastic and proton-dissociative'y) cross sections as functions of the squared four-
momentum transfer at the proton vertex show a fast fall with increasing4, 5, 18—-25]. For
the elastic/ /1 cross section thedependence can be parametrised by an exponential function
do /dt o< el as expected from diffractive scattering. In an optical nidaet-dependence of
the elastic cross section carries information on the trarsgvsize of the interaction region. The
proton-dissociative cross section falls less steeply tharlastic one and becomes dominant at
[t| = 1GeV~. The differential proton-dissociative cross section agefion oft is parametrised
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with a power-law functionlo /dt o< (1 + (b,q/n)|t])~™, which for low |¢t| has an approximate
exponential behavioutg e vl

Diffractive .J/v) production has been studied previously at HERA at low vabfes [4, 5,
18-23], and also at very large values|df[24, 25], where proton-dissociativé/vy) production
dominates.

In this analysis cross sections are determined simultastedar the elastic and proton-
dissociative regimes. In addition to a measurement at timeimad ep centre-of-mass energy
of /s ~ 318GeV, data recorded at a lower centre-of-mass energy/ of~ 225GeV are
analysed. This low-energy data set extends the kinemafioneén 1., into the transition region
between previous diffractivé/¢) measurements at HERA and fixed target experiments [26,27].
The elastic and proton-dissociative cross sections adifurscof¢ and W, are subjected to
phenomenological fits, together with previous H1 data [4, 24d are compared with QCD
based dipole models [14].

2 Experimental Method

2.1 Kinematics

The kinematics of the processgs — ¢ .J/¢ X, whereX = p orY (depicted in figure 1), are
described by the following variables: the square of¢heentre-of-mass energy= (P + k)2,
the square of thep centre-of-mass energw/ﬁp = (q + k)?, the absolute value of the four-
momentum transfer squared at the lepton verfdx= —¢* = —(k — k’)? and of the four-
momentum transfer squared at the proton vettex(P — P’)%. The four-momenta, k', P, P’
andgq refer to the incident and scattered beam positron, the imgg@nd outgoing proton (or
dissociated systenrf) and the exchanged photon, respectively.

In the limit of photoproduction, i.€)? — 0, the beam positron is scattered at small angles
and escapes detection. In this regime the square ofjloentre-of-mass energy can be recon-
structed via the variabl®’?, ... = sy, wherey ™ is the reconstructed inelasticity, measured
asy"c = (EJM, —ps, J/w) /(2 E.). Here,E,,, andp. ,,, denote the reconstructed energy and
the momentum along the proton beam directiowxis) of the.J /1) meson and, is the positron
beam energy. Furthermore, the variablean be estimated from the transverse momentum of
the J/v in the laboratory frame via the observablg. = —p%’ ) The reconstructed variables
W.,.rec @andt,.. are only approximately equal to the variablés, andt, due to their definition
and due to the smearing effects of the detector. In parti;quﬁ%J/w is systematically more
negative thart for events with a value of)? close to the upper boundary 8f5 Ge\? used
in the analysis. In such events thi¢: recoils against the scattered beam positron in addition
to the proton. The measurement presented here correctsisarecoil effect by the unfolding
procedure described below.



2.2 Monte Carlo models

Monte Carlo (MC) simulations are used to calculate acceptaacd efficiencies for triggering,
track reconstruction, event selection, lepton identifcmaand background simulation. The elas-
tic and proton-dissociativé /¢ signal events are generated using the program DIFFVM [28],
which is based on Regge theory and the Veector Dominance Ma@égl For J /> production
with proton dissociation a mass dependencel®fd M2 « f(M2)M, " is implemented in
DIFFVM. Here f(M%) = 1 for M > 3.6 GeV?, whereas for lower values dff% the produc-
tion of excited nucleon states is taken into account expficiThe description of the forward
energy flow and the simulatédl’,,, andt dependences are improved by weighting the MC sam-
ples inW.,, t and My according to a functional behaviour motivated by the tripteneron
model [30] for the proton-dissociative case. The reweightmodel contains seven parame-
ters, which are adjusted to the data [31]. QED radiationc&$fevhich are particularly relevant
for J/¢ — ete” decays, are simulated with the program PHOTOS [32]. Theresonant di-
lepton background is estimated using the GRAPE generadprdich simulates electroweak
processesp — eX (*{~. Possible interference effects between di-lepton pradnatia elec-
troweak processes antfy decays are ignored.

For all MC samples detector effects are simulated in detiil tthe GEANT program [34].
The MC description of the detector response, includinggeigefficiencies, is adjusted using
comparisons with independent data. Beam-induced backdgsoare taken into account by
overlaying the simulated event samples with randomly grgd events. The simulated MC
events are passed through the same reconstruction andigrsdftware as is used for the data.

2.3 Detector

The H1 detector is described in detail elsewhere [35,36]y @@ components essential for this
analysis are described here. The origin of the right-hamtiedoordinate system is the nominal
ep interaction point, with the direction of the proton beam deify the positive: axis (forward
direction). Transverse momenta are measured inctheplane. Polar#) and azimuthal {)
angles are measured with respect to this frame of reference.

In the central region1(° <9 < 165°) the interaction point is surrounded by the central
tracking detector (CTD). The CTD comprises two large cylindrijet chambers (CJC1 and
CJC2) and a silicon vertex detector [37]. The CJCs are separgtedftrther drift cham-
ber which improves the coordinate reconstruction. The CTD detectors are arranged c
centrically around the interaction region in a uniform sa&lal magnetic field ofl.16 T.

The trajectories of charged particles are measured withresstrerse momentum resolution of
olpr)/pr = 02%pr/GeV @ 1.5%. The CJCs also provide a measurement of the specific
ionisation energy losd £//dx of charged particles with a relative resolution®$% for long
tracks.

The liquid argon (LAr) sampling calorimeter [38] surrournttie tracking chambers and has
a polar angle coverage df <1 <154°. It consists of an inner electromagnetic section with
lead absorbers and an outer hadronic section with steefladrso Energies of electromag-
netic showers are measured with a precision(df)/E = 12%/+/FE/ GeV & 1% and those of
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hadronic showers with(E)/E = 50%/+/E/ GeV & 2%, as determined in test beam experi-
ments [39, 40]. In the backward regiothB° < < 178°), particle energies are measured by a
lead-scintillating fibre spaghetti calorimeter (SpaCa#][3

The calorimeters are surrounded by the muon system. Theatemion detector (CMD) is
integrated in the iron return yoke for the magnetic field andsists 064 modules, which are
grouped into the forward endcap, the forward and backwarceband the backward endcap
and cover the rang¢ < v < 171°.

Two sub-detectors situated in the forward direction aredusethis analysis. These are
the PLUG calorimeter, which is situated at= 4.9 m, and consists of four double layers of
scintillator and lead absorber, and the= 28 m station of the forward tagging system (FTS),
which comprises scintillator counters situated aroundoem-pipe.

H1 has a four-level trigger system. The first level trigget)is based on fast signals from
selected sub-detector components, which are combineckéindd at the second level (L2). The
third level (L3) is a software based trigger using combinédahd L2 trigger information. After
reading out the full event information events are recomsédi and subjected to an additional
selection at a software filter farm (L4). The data used fos thieasurement were recorded
using the Fast Track Trigger (FTT) [41] which, based on Hibimation provided by the CJCs,
reconstructs tracks with subsequently refined granulatityhe first two trigger levels, first in
thez-y plane at L1 and then in three dimensions at L2.

For the data set taken qfs ~ 318 GeV the luminosity is determined from the rate of
the elastic QED Compton procesgs — e ~p, with the positron and the photon detected in
the SpaCal calorimeter, and the rate of Deep-Inelastic &aajt (DIS) events measured in the
SpaCal calorimeter [42]. For the data set takeryat~ 225 GeV the luminosity determination
Is based on the measurement of the Bethe-Heitler pragess> e¢~p where the photon is
detected in a calorimeter locatedat= —104 m downstream of the interaction region in the
electron beam direction.

2.4 Event selection

The measurement is based on two data sets, both recorded patitron beam energy &f, =

27.6 GeV. The first data set was taken in the years 2006 and 200h WB&A was operated
with a proton beam energy 620 GeV, resulting in a centre-of-mass energy6f ~ 318 GeV.

It corresponds to an integrated luminosity®f= 130 pb~!. The second data set was recorded
in the last months before the shutdown of HERA in 2007, wherptloton beam had a reduced
energy of460 GeV, resulting in\/s ~ 225 GeV. This data set corresponds to an integrated
luminosity of £ = 10.8 pb~t. These two samples will be referred to as high-energy (HE) an
low-energy (LE) data sets in the following.

Photoproduction events are selected by requiring the aksafna high energy electromag-
netic cluster, consistent with a signal from a scatteredrbjgasitron in the calorimeters. Events
with positrons detected in the SpaCal or LAr calorimeter witith energy aboves GeV are
rejected. This limits the photon virtuality 192 < 2.5 Ge\?, resulting in a mean virtuality of
(Q*) = 0.1 GeV~,



The triggering of events relies on the online reconstrurctibexactly two oppositely charged
tracks with transverse momenga > 0.8 GeV by the FTT. This condition is verified offline
using reconstructed tracks based on the full CTD informaiiothe polar range0° < 9 <
165°.

Electrons fromJ/« decays are identified using an electron estimat¢43], which is based
on energy deposits and shower shape variables in the LArnceter and the specific ionisation
energy losslF/dz measured in the CJCs. The estimator is defined suchthatl for genuine
electrons and> = 0 for background from pions. The selection éf:y) — eTe~ events is
performed by requiring a well identified electron with > 0.8 in the polar rang0° < 9, <
140°, and by observing a specific ionisation loss of the secor#t tampatible with the electron
hypothesis [31].

In the selection of//¢) — p*p~ events one muon candidate is identified either in the
calorimeter or in the muon system in the polar angle rangg0df< 4, < 162.5° [31]. In
order to reject misidentified /i) — e*e~ events in this sample, the measurdl/dz values
of both tracks must be incompatible with the electron hypsih [31]. The signature of a
J/v — ptp~ event can also be mimicked by a muon from a cosmic showermagisiough
the detector. The corresponding background is rejectedlacallinearity cut and a cut on the
timing information from the CTD [31].

In order to suppress remaining nep-background, the event vertex, which is reconstructed
from the charged tracks in the event, is required to be withiam of the nominal interaction
point.

The summed squared energies of the SpaCal and LAr caloriroktsters not related to
the J/+ decay and above00 MeV have to satisfy the conditioh, £ < 2.5GeV?. This
requirement reduces the remaining background from prdisseciative/ /) production with
My > 10GeV to less thar% and from inelastic//« production to the per-mille level [31].

The di-lepton invariant mass distributions as reconseéaidtom the tracks for the muon
and the electron selection are shown in figure 2 for both theaH& LE samples. In all dis-
tributions the.J /vy peak atm, ~ 3.1 GeV is clearly visible. The prominent tail of the mass
peak in theJ/¢ — ete~ channel towards low values of.. is due to QED radiation losses
and bremsstrahlung from the electrons, reducing their nmbane There is also background
from non-resonant QED process@s— e¢X ¢*¢~. Non-resonant diffraction contributes as a
background to the muon channel due to pions misidentified asns In contrast, the elec-
tron channel has negligible pion contamination near tfi¢ mass peak due to the superior
background rejection of the electron selection.

2.5 Signal determination
251 J/p — ptu~

For the muon decay channel the number of reconstrugfed mesons is obtained from the
invariant di-muon mass distributioms,,,, in bins oft,.. andW.,, ... This is done by fitting the



sum of a Student’s t-function describing the signal and gooegntial distribution for the non-
resonant background with an extended binned log-likelihittausing the RooFit package [44].

The fit model has the form
f(Nsig, Nea, myuu; i1, 0,1, ¢) = Nsig Dsig(Mu; b, 0, 1) + Nae pea(Myuu; ¢) (1)

with free shape parametetso, n andc describing the probability density functions of thigy
signalpsig and of the backgroungss. The number of signal and background events are given
by Nsig and Ngg, respectively. The probability density functions are dedfias

9\ —0.5(n+1)
Psig(Myu) = Nsig (1 + E) , r=(my,—pn)/o, n>0 and (2)

pBG(mw) =ngge . (3)

The factorsnsjg andngg are chosen such that the probability densities are norethlis one
for bothp = psig andp = pgg, in the fit range2.3GeV < m,,, < 5GeV. The smalk)(25)
contribution is also included in the fit, modelled by a Gaassi

The results of the fits to the di-muon samples are shown tegetfith the data in fig-
ure 2. The fit yields t®9931 + 217 J/¢» — p*p~ events for the HE data set aBd66 + 56
J/v — ptu~ events for the LE data sets.

252 J/i¢p — ete”

For the electron decay channel the signal is determined tl@mnvariant di-electron mass
distributions obtained in bins af.. andW.,, ... To reconstruct the number of/+¢) mesons,
a different procedure from that used in the muon channel igleyed, which minimises the
sensitivity to details of the large radiative tail of thgy) mass peak visible in figure 2 and dis-
cussed above. The non-resonant background, modelled th&@ED processp — eX (¢~

as simulated with GRAPE, is subtracted from the data. Thossible due to the negligi-
ble contamination from particles other than electrons at alpove the//¢) mass peak. The
normalisation of the simulated QED background is deterdhipgor to the background sub-
traction by fitting the background to the overall invariardss distribution in the mass window
3.75 < me < 5GeV above the)(2S) mass, where only the QED contribution is present.
Within errors this normalisation factor is consistent wiihity.

After background subtraction the remaining events are wmlwithin a window of2.3 <
me < 3.3GeV around the nominal/¢) mass peak. This yield®3662 + 177 J/¢ — eTe™
events for the HE data set and60 + 47 .J/¢» — ete~ events for the LE data sets. These
numbers of events are then corrected to account for theidracf signal events outside the
counting window, which is close t8% as determined using thé/v) MC simulation. Within
the counting window the/+¢) MC simulation describes the behaviour of the radiativeiteihe
data well.



2.6 Experimental signatures of elastic and proton-dissociative processe

Proton-dissociative candidate events are identified byireq either a large value df,..| =
1.5 GeV? or energy deposits in the H1 forward detectors, caused lgnfemts of the proton-
dissociative system. Three subdetectors, situated areliff locations, are used in this analysis

to measure activity in the forward direction, using theduling requirements.

e At least one cluster well above the noise level is found inforevard part of the LAr,
with an energy abové00 MeV andd < 10°.

e The summed energy of all clusters in the PLUG calorimetebsva4 GeV, where all
clusters above the threshold levello? GeV are considered.

e Activity is observed in at least one scintillator of the FTt&t®n situated at = 28 m.

If at least one of these conditions is fulfilled, the eventagfled as tagged. Identical tagging
methods are applied in the e~ andu ™~ channels.

In figure 3 the simulated tagging efficiencies and tagginctioas observed in data and sim-
ulation are shown as functions df,, ,... and—t,... The tagging fractions are obtained from the
ete” sample, and contain QED contributions in addition to detten events from diffractive
J /v production. In order to enrich it with genuing'«) decays, the sample is restricted to in-
variant masses in the window,. = 2.3 — 3.3 GeV. The tagging fractions observed in the data
are compared to the simulation. The simulation is based erM@ generators DIFFVM for
elastic and proton-dissociative'y) production and GRAPE, which is used to describe the QED
background. The uncertainty in the simulation due to thgitagyof the forward energy flow is
represented by the shaded bands. The tagging efficiencyartitbh show a flat behaviour as a
function of IV, ,.... A steep rise of the tagging fraction is observed as a funaifa,.., which
reflects the relative elastic and proton-dissociative iwoution in data.

An unambiguous event-by-event distinction between eastd proton-dissociative events
is not possible with the H1 detector. Proton-dissociativengs can be misidentified as elastic
events if the outgoing dissociated proton remains undetedtie to the limited acceptance of
the forward detectors. On the other hand, elastic eventshmaag significant energy deposits
in the forward detectors due to possible beam induced baakgrand may be misidentified
as proton-dissociative events. However, since the foneartgy flow is modelled by the MC
simulation, elastic and proton-dissociative cross sesttan be unfolded on a statistical basis.

2.7 Unfolding

Regularised unfolding is used to determine the elastic antbp-dissociative cross sections
in bins of ¢ and W, from the number of events observed as a function,of and W, ...,
respectively, and from the tagging information as desdrilbethe previous subsection. The
general procedure is described in [43, 45, 46] and the nefe®therein. In the following only
the aspects most relevant to this analysis are summarisedef details are discussed in [31].
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All efficiency corrections and migration effects are delsed by a response matrik, which
correlates the number of reconstructéd) events in each analysis bin, represented by the
vectory,.., with the true distributione,,,. via the matrix equationy,.. = Ax... The matrix
element4;; gives the probability for an event originating from birof x,,. to be measured in
bin: of y,.. The unfolded "true” distribution is obtained from the mesed one by minimising
ax2-function x? (@ ue; Y,.) DY variation ofz,,,., with a smoothness constraint determined by
a regularisation parameter. This parameter is chosen katkhe correlations in the covariance
matrix of the unfolded distributior,,,. are minimised.

Two types of response matriX are used: one to unfold differential cross sections as a
function of¢, and one to unfold differential cross sections as a funatibi’,,. The response
matrices are calculated from the simulation and are definet that the elastic and proton-
dissociative differential cross sections are determingdianeously. By using the tagging
information for small values oft,..] < 1.5GeV?, the elastic and proton-dissociative cross
sections are disentangled. Since the region of large valtigs..| is completely dominated
by proton dissociation, no tagging condition is applied.rtker, two reconstructed bins are
associated with each bin at the truth level, in order to mte\sufficiently detailed information
on the probability distribution and to improve the accura€yhe unfolding procedure.

The unfolding procedure is applied separately for the HEthad_E data sets. The response
matrices for the LE data set are similar to those for the HEe c&towever they contain fewer
bins due to the smaller number of events.

In figure 4 control distributions are shown fov,, ... and —t,.. separately for the:* .~
sample and the*e~ sample. Both samples are restrictedhip to the.J /¢ peak region, which
is chosen for the:* .~ sample to b&.8 < m,,, < 3.3GeV. For theete™ sample this region
is enlarged t@.3 < m.. < 3.3GeV in order not to cut into the radiative tail. The relativad-
tions of the elastic and proton-dissociative events sitedlavith DIFFVM as determined in the
unfolding procedure, are also shown in figure 4. The contidioufrom the(2S) resonance
is taken from the simulation, normalised using a previousisneement [20]. For thete™
sample, the QED background simulated with GRAPE is indecated normalised as described
above. For the control distributions of the 1~ sample the non-resonant background is sub-
tracted from the data using a side band method [31]. Thisdrackd contains a contribution
from non-resonant diffractive events, due to pions misiified as muons, in addition to the
QED background. The data in all distributions are well digsat by the simulation.

2.8 Cross section determination and systematic uncertainties

The cross sections are measured for the kinematic rangesfiagdl in table 1. From the un-
folded number of events in each signal biior the reactionyp — .J/¢ — (¢, the bin-averaged
Ccross sections are obtained as

do(yp — J/v) 1 Ni e

=t (4)
dt o7 L - B(lL) - At

and

1 Niw,,u

. 5
oW L B(el) ®)

ow.,,(yp — J/) =
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Data Set FE, Process Q* My |t| W,

|

HE  920GeV  °2°  ~925QeV? My < 8GeVZ 40— 110GeV
pdis my — 10 GeV
elas

LE 460 GeV S 925GeV? My <50, 8GeV? 25— 80CGeV
pdis m, — 10 GeV

Table 1: Kinematic range of the analysis. The phase spaagdstic and proton-dissociative
J /v processes is indicated by elas and pdis, respectively. e and low-energy data sets
are denoted by HE and LE. The phase space restrittios applied only for thelo/dt cross
section measurementof the LE data set.

where the variabld)z is the transverse polarised photon flux [Ze]f’z’w”’) the transverse po-

larised photon flux pet,, bin, At; the bin width int, £¢ = ee or 4. depending on the decay
channel,N;; ., and N; w. ¢, are the numbers of unfolded signal events in the correspgndi
bins oft or W.,,,, £ is the integrated luminosity, anl(ee) = 5.94%, B(up) = 5.93% are the

J /1 branching fractions [47].

The systematic uncertainties on th¢y) cross section measurement are determined by im-
plementing shifts due to each source of uncertainty in theikition and propagating the re-
sulting variations in the unfolding matrices to the restiltose uncertainties which are uncorre-
lated between the two decay modes are classified as indiggigsgmatic uncertainties, while
the uncertainties correlated between the~ and .t~ samples are referred to as common
systematic uncertainties.

The individual systematic uncertainties are as follows.

Lepton identification The efficiency of the simulated muon identification is revirgid to agree
with that determined from data. The efficiency was deterchinéth a J/¢ — putpu~
sample, selected with at least one identified muon. The skecwon is then probed to
evaluate the single muon identification efficiency. The utacety on these weights is
determined from the remaining difference between the satmart compared to data [31].
The resulting uncertainty on the cross sectiori®)isat most.

The cut value on the electron discriminafoiis varied by+0.04 around its nominal value
of 0.8, which covers the differences in the-distribution between simulation and data.
The uncertainty propagated to the cross section is befow

Signal extraction The uncertainty on the number of signal events due to thediftiroce-
dure of them,,, invariant mass distributions is determined by a bias stiglgiescribed
in [31] and is typically=~ 1% but can rise tex 5% for the lowestiV.,,, bin of the proton-
dissociative cross section.

The uncertainty on the background subtraction proceduré¢hide™ e~ sample is esti-
mated by determining the background normalisation facttr data at very low invariant
di-electron masses... and agreement with the default method is found wittifs. The
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corresponding variation on the background is propagatéuketdifferential cross sections
which vary betweer3% for bins with a low background ta@1% for bins with a higher
background contribution.

Branching ratio The relative uncertainty on the branching ratio for the maowl electron
decay channels is% [47].

The following systematic uncertainties have componentdritiuting both to the channel-
specific individual and to the common systematic unceriesnt

Trigger The trigger efficiency is typical80% and is taken from the simulation. The trig-
ger simulation is verified by a comparison to data in a samplé/@ mesons in deep-
inelastic-scattering triggered independently on thedabithe scattered beam positron.
A small difference oB% is observed between the data and the simulatiot for events
decaying into muons. This difference is accounted for byreesponding upwards shift
of the efficiency in the simulation. No such correction is essary for electrons. The
remaining uncertainty is estimated to B% uncorrelated between the'e™ and "~
samples, i.e. treated as individual uncertainties, Znctorrelated between the two de-
cay channels, i.e. treated as a common uncertainty.

Track finding efficiency The uncertainty due to the track reconstruction efficiemahhe CTD
is estimated to be% per track [48]. For electron tracks an additiori&h is applied,
to account for the different hit finding efficiency due to bsstrahlung effects. Since
the uncertainty on the track finding efficiency affects battested tracks coherently, a
common uncertainty 02% is applied to both samples and an induvidual uncertainty of
2% is applied for the electron sample.

The following common systematic uncertainties are comsitle

Tagging The systematic uncertainty arising from the tagging coonits estimated by varying
separately the simulated tagging efficiency for each detected. The variations cover
any possible shift in the individual relative efficiency thiilsutions, and ar€0% for the
condition from the forward LAr calorimetes% for the PLUG and % for the FTS [31].
The resulting uncertainties on the cross sections aredjlpia few percent, but reach
30% at the highestt| values of the elastido /dt cross section.

Empty calorimeter The uncertainty on the cut ensuring an empty calorimetebtained by
varying the maximum allowed", E? from 2.25 GeV* to 2.75GeV* in the simulation.
This results in an uncertainty of typicall/t for the proton-dissociative cross sections.
For the elastic cross sections this variation is negligiblemost bins, except for the
highest bin in|t|, where it reaches t©3%.

MC modelling The model uncertainty in the MC simulation due to uncertagin the depen-
dences ont, ., and My is determined by varying the fit parameters of the weighting
procedure within the errors obtained in a dedicated fit offdrevard energy flow [31].
For the cross section as a functionldf,, the corresponding uncertainties are belti,
whereas for the cross sections differentiak jrvalues around 0% are obtained for the
high |¢| bins.
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Luminosity The integrated luminosity is known to withitt2.7% for the HE data set and to
within +4% for the LE data set [42].

1 (2S) background Background fromy(25) decays to//¢ X is estimated to contributé
to the selected /¢ events, and is subtracted from the data prior to the unfgl@ioce-
dure [20]. The cross section measurements are affected byaartainty ofl.5%.

Q? dependenceThe@? dependence of the cross section is parametrised,as (mi + Qz) -
[4]. The corresponding systematic uncertainty is obtaimgdarying the parameter in
the range2.50 + 0.09. The cross sections are affected by less tHan

The differential cross sections obtained from the electnd the muon data agree within
uncertainties. The two measurements are combined by takingaccount their individual
uncertainties. This combination procedure involves theatical minimisation of a standard
x? function including the full statistical error matrix andetlcorrelated systematic errors with
nuisance parameters, similar to that defined in [49, 50]. iddividual uncertainties are in-
corporated within this procedure, whereas the common tmiogies are considered after the
combination only. The consistency of the data sets can h@eeeby looking at the result-
ing nuisance parameters. None of the nuisance parameiéisstshmore than one standard
deviation.

Figure 5 shows the result of the combination for the elastid proton-dissociative cross
sections as a function ¥,,,. The input data obtained in the electron and muon decay et&nn
are shown together with the combined data.

3 Results

The elastic and proton-dissociative differentidk) cross sections as functionstaindiV,, are
measured in the kinematic ranges defined in table 1 usingateytchanneld/y — p™p~ and
J/p — efe .

Tables 4, 5 and 6 list the combined data points for all crossmes together with their uncer-
tainties and all common systematic uncertainties. Thetidpta to the combination procedure,
including all individual systematic uncertainties togathvith the full covariance matrices of
the combined results can be found in [51].

3.1 tdependence

Figure 6 shows the measured elastic and proton-dissceiatass sections differential iat,
separately for the LE and HE data sets. The cross sectidrstdaply with increasing-¢, and
shows a clear difference between the shapes of the prossedative and elastic distributions.
The proton-dissociative cross section levels off for very lvalues ofit|. There is a phase space
effect such that for smalt| it is not possible to produce large masse3/4f.

In figure 7 the proton-dissociative measurement from the Hta det as a function of¢
is compared to a previous analysis [24] covering the regibhigh |¢|, which is completely
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dominated by proton-dissociative events. The Higdata [24] are adjusted to th€,,, Q* and
My ranges of the present analysis by applying a phase spaeetiorrof about%. Comparing
the two measurements, the present proton-dissociatiss aections extend the reach to small
values offt|. In the overlap region < |t| < 8 GeV? the two measurements agree.

The elastic and proton-dissociative differential crosstisasdco/dt are fitted simultane-
ously, using ay?-function [49, 50] based on the error matrix obtained in tbebination pro-
cedure and all common systematic uncertainties. The elasiss section is parametrised as
do/dt = N, e bl For the proton-dissociative cross sectibrydt = N,q (1 + (bya/n)[t]) ™"
is chosen, which interpolates between an exponential atdoand a power law behaviour at
high values ofit|. The fits are performed separately for the HE and the LE measemts. In
the case of the HE data the previously measured (tigtiata are included in the fit. This fit
yields a value ofy?/NDF = 26.6/18 after excluding the two lowestdata points in both the
elastic and the proton-dissociative channel. For fit of tRadata set, the parameters fixed to
the value obtained from the HE data set, since the LE dataaineracise enough to constrain
b,q andn simultaneously. The obtained parametrisations for thstieland proton-dissociative
cross sections are compared to the data in figure 6 and figui@llle 2 summarises the fit
parameters and their uncertainties.

The elastic cross section data fet > 0.1 GeV are well described by the exponential
parametrisation. They fall much faster with increasjtigthan the proton-dissociative cross
section even at smalt|, which is reflected in the values fér, andb,,. The value extracted
for b.; is compatible with previous results [4], although the poes fit was done as a function
of p7.;,,, rather than—t. Some difference between tig values for the LE and HE data is
expected [4] due to the different rangeslin, corresponding tqiV,,) = 78 GeV for the HE
data set andlV,,) = 55 GeV for the LE data.

3.2 Energy dependence

The measured elastic and proton-dissociative cross sec® a function ofl,,, are shown in
figures 8. The elastic and proton-dissociative cross sextawe of similar size at the lowest
W, = 30 GeV accessed in this analysis. The elastic cross secties fiaster with increasing
W.,, than the proton-dissociative one. The ratio of the protmsatiative to the elastic cross
section as a function of’,, is also shown in figure 8. The ratio decreases froro 0.8
asW,, increases fron30 GeV to100 GeV. When calculating the ratio no attempt is made to
extrapolate the elastic measurementto= 8 GeV~. The corresponding correction is estimated
to be smaller than%.

In figure 9 the elastic cross section measurements of thiysieare compared to previ-
ous measurements at HERA [4,5]. The LE data extend the raswpssible int., to lower
values when compared to previous H1 measurements [4]. Thdatdihave a large overlap
with previous H1 measurements in the regitriGeV < W,, < 110 GeV and show a similar
precision. Within normalisation uncertainties, the po&d measurements and the new data are
in agreement.
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Data period Process Parameter Fit value Correlation

p(bel’ Nel) =0.50
ber, bpg) = 0.49
HE vp — J/Up be; (4.88 4 0.15) GeV 2 Zgbejm’;d) o

p(Nelvde) =023
Ny (305 +17)nb/GeV?  p(Neyn) =0.07

p(Net, Npq)=0.46

3 (bpa,n) =-0.78
= JJWY by (L79£0.12)GeV™2 7" 0 o7

n 3.8 +0.15 p(n, Npq)=-0.46
Npa (87 £ 10) nb/GeV?
p(beh Nel) =0.37
LE v — J/vp bey (4.340.2) GeV 2 plber, bya) =0.10
p(bel, di):0.41

p(Net, bya) =-0.24
N (213 £18)nb/GeV? "'\ -0.10

v — J/Y bpd (1.6 +0.2) GeV 2 p(bpa, Npa)=0.53
n 3.58 (fixed value)
Ny (62+12)nb/GeV?

Table 2: Parameter values obtained from the fits to the @iffieal cross sections /d¢, includ-
ing their errors and correlations. The fit functions are désd in the text. HE and LE denote
the high- and low-energy data sets, respectively.

The measured elastic and proton-dissociative cross sectis a function ofl,,,, shown
in figure 8, are fitted simultaneously, taking into accoumst torrelations between the proton-
dissociative and the elastic cross sections. The fit aldodes data from a previous measure-
ment [4] shown in figure 8, with a normalisation uncertainfy56c and all other systematic
uncertainties treated as uncorrelated. As parametrisatio power law functions of the form
o = N (W,,/W,,0)" with W,,,, = 90 GeV are used with separate sets of parameters for the
elastic and the proton-dissociative cases. Yhéunction is defined in the same manner as for
fits of thet-dependences.

The result of the fit is compared to the measurements in fig8ir@sd in figures 9. The
parametrisation describes the data weh /(NDF = 32.6/36). The fitted parameters are given
in table 3 together with their uncertainties and correlaioln Regge phenomenology the pa-
rameters can be related to the pomeron trajectaffy) = a(0) + o/ - t by §(t) = 4(«(t) — 1).
Using the valuesy,, = 0.164 £ 0.028 + 0.030GeV > [4] and a,; = —0.0135 + 0.0074 +
0.0051 GeV 2 [24], together with the mean values ofor the elastic and proton-dissociative
measurementsf) = —0.2GeV? and (t) = —1.1GeV?, one can estimate(0) for the elas-
tic and proton-dissociative process from these measuresineders. The obtained values of
a(0)g = 1.204+0.01 anda(0),4 = 1.09 £ 0.02 are in agreement with the results from [4,5,52].

The direct comparison betweép andd,, is made by looking at the ratio of the two cross
sections, shown in figure 8. The ratio is parametrisedVag W, /1., 0)"" with ., =
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90GeV, Ng = N,i/Ng = 0.81 £0.10 anddr = 6pq — 0 = —0.25 £ 0.06, taking all
correlations into account. Qualitatively the decreaséisf tatio with increasingV.,, has been
predicted in [8] as a consequence of the non-unit Bag dependant survival probability for
the proton dissociation process.

In figure 10 a compilation of cross section measurementshfoetastic//« cross section
is shown as a function dfl,,,. The LE data from the present analysis close the gap to data
from fixed target experimentg26, 27] at lowV,,,. The fixed target data exhibit a lower nor-
malisation and a steeper slope than observed at HERA. Asaershre recent results from the
LHCb experiment [53]. The extrapolated fit function for thastic.//¢> cross section is able to
describe the LCHb data points at high,, well.

Following [14] the obtained value @fcan for large photon-proton centre-of-mass energies,
W., > m,,, be related to a leading-order gluon-density parametasedg(z, u?) = N -z~
via ., =~ 4 - \. The scale of//v) photoproduction is often taken to hé = 2.4 GeV?. The
observed valua ;/, = 0.168 4 0.008 is in remarkable agreement with,,(Q* = 2.5 GeV?) =
0.166 + 0.006 obtained from fits to inclusive DIS cross sections [49]. Skepneffects [14,54]
are ignored in this comparison.

In [14] both a leading order and a next-to-leading order gtdensity are derived, via fits to
previousJ /1) measurements at HERA [4,21-23]. The fit results obtaineti4hdre compared
with the data in figure 11. Both fits are also extrapolated fthelV’,, range of the input data
to higherW,,, and compared with the LHCb measurement. The leading-ordéeditribes the
LHCDb data well, whereas the next-to-leading order fit liesvaldbe LHCb cross sections.

Process Parameter Fit value Correlation

p(Get, Ner) =-0.08

vp— J/bp 0.67 +0.03 p(det; Spa) = 0.01
p(&el,di)=0.09

p(Neh 6pd) =-0.27

Nel 8]. :l: 3 nb p(Nez,di)=-0-18
o — J/VY  Opa 0.42 + 0.05 p(8pa> Npa)=0.09
Npd 66 + 7nb
Ratio O0r =0pa — 0 —0.25£0.06  p(5,,Np)=0.14

Ng = Nyg/Ny 0.81£0.11

Table 3: Parameter values obtained from the fit to the crostsoses as a function ofl,,, in-
cluding their errors and correlations. The fit functions @escribed in the text. The parameters
for the ratio of the two functions are also given.

1The data from [26] and [27] have been updated using recensumements of branching ratios [47]. The data
from [26] are also corrected for contributions from inelagirocesses, see [51] for more details.
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4 Summary

Photoproduction cross sections for elastic and protosedistive diffractive.J/¢) meson pro-
duction have been measured as a function tfie four-momentum transfer at the proton ver-
tex, and as a function d¥/,,, the photon proton centre-of-mass energy in the kinematiges

t| < 8GeV?, 25GeV < W, < 110 GeV and for the proton-dissociative cakg < 10GeV.
The data were collected in positron-proton collisions wit@ H1 detector at HERA, at a centre-
of-mass energy of/s ~ 318 GeV and,/s ~ 225 GeV. Measurements in the electron and
muon decay channels are combined, and are parametrisegdpre@nomenological fits.

The elastic and the proton-dissociative cross sectiongxracted simultaneously. Using
this technique, a precise measurement of proton-dis$eeiat) production was performed in
the range of smalk| for the first time. The data taken at low centre-of-mass @asrgjose the
gap between previous H1 measurements and fixed target data.

The data agree well with previous HERA measurements and avittodel based on two
gluon exchange. Th@’,,-dependence of the proton-dissociative channel is foute ®ignifi-
cantly weaker than that of the elastic channel.
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1/ 1/7bc! T 1/bc GC S Trk,corr Trg,corr 2S SL Ly, LAr10 PLUG FTS SMC Model Q? R EC
W,, range <”w> @ o (<”w>) Aot | Acomb  Pgomb Osys 6syg 6sys Osys 6sy’s 6sys 6sys (5sys Osys 65{/5 5Syg 6Sys

[Gev]  [GeV] o] [nb] | [nb]  [%] [%]  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

High energy data period for elastit/) production

40.0 - 46.5 43.2 0.0158 50.7 40 2.1 62 2.0 2.0 15 27 - -2.6 06 -0.1 -7.1 -0.1 00 14
46.5-53.5 50.0 0.0144 59.5 58 2.2 69 2.0 20 15 27 - -26 06 -01 -7.3 -0.1 0.0 14
535-61.2 57.3 0.0131 61.8 6. 2.7 71 2.0 20 15 27 - -26 06 -01 -7.4 -0.1 0.0 14
61.2-69.4 65.3 0.0120 67.6 6.2 25 71 2.0 2.0 15 27 - -2.6 0.6 -0.1 -6.6 -0.1 00 14
69.4-784 739 0.0112 724 6.4 2.6 71 2.0 20 15 27 - -26 06 -01 -6.3 -0.1 0.0 14
78.4 -88.0 83.2 0.0103 79.9 7.0 3.0 69 2.0 2.0 15 27 - -2.6 06 -0.1 -6.0 -0.1 00 14
88.0-98.5 93.3 0.0096 84.4 7.0 3.0 69 2.0 20 15 27 - -26 06 -01 -55 -0.1 0.0 14
98.5-110.0 104.3 0.0089 86.7 337 65 2.0 20 15 27 - -26 06 -01 -5.2 -0.1 00 14
High energy data period for proton dissociati&/ production

40.0-46.5 43.2 0.0158 46.0 6.0 2.3 54 2.0 20 15 27 - 94 -22 05 -3.9 01 00 -43
46.5-53.5 50.0 0.0144 52.1 6.6 2.3 61 2.0 20 15 27 - 94 22 05 25 0.1 00 -43
535-61.2 57.3 0.0131 58.7 74 23 61 2.0 20 15 27 - 94 -22 05 35 01 00 -43
61.2-69.4 65.3 0.0120 58.7 75 2.2 63 2.0 2.0 15 27 - 9.4 -22 05 4.6 0.1 00 -43
69.4-784 739 0.0112 61.5 80 24 62 2.0 20 15 27 - 94 -22 05 4.8 0.1 00 -43
78.4-88.0 832 0.0103 67.7 87 2.6 60 2.0 20 15 27 - 94 -22 05 4.6 01 00 -43
88.0-98.5 93.3 0.0096 69.8 9.0 2.7 59 2.0 2.0 15 27 - 9.4 -22 05 4.8 0.1 00 -43
98.5-110.0 104.2 0.0089 68.8 9/0 3.0 54 2.0 20 15 27 - 94 -22 05 4.6 01 00 -43
Low energy data period for elastit/+) production

25.0-39.0 319 0.0465 39.7 49 3.4 62 2.0 20 15 - 40 -34 08 -01 -6.4 -0.1 0.0 1.9
39.0-57.0 47.9 0.0359 55.4 56 3.3 64 2.0 20 15 - 40 -34 08 -01 -5.1 -0.1 0.0 1.9
57.0-80.0 684 0.0284 66.4 6.8 4.3 64 2.0 20 15 - 40 -34 08 -01 -4.7 -0.1 0.0 1.9

Low energy data period for proton dissociatiygy) production

25.0-39.0 319 0.0465 42.0 8. 4.8 59 2.0 2.0 15 - 40 120 -29 03 -4.6 01 00 -64
39.0-57.0 479 0.0359 55.1 9.4 45 59 2.0 2.0 15 - 40 120 -29 03 -2.5 0.1 00 -64
57.0-80.0 68.3 0.0284 62.0 10.75.3 57 2.0 2.0 15 - 40 120 -29 03 25 01 00 -64

Table 4: Elastic and proton-dissociative photoproductimss sections ((1W2°)) derived from

the high- and low-energy data sets as a function of the phwtaton centre-of-mass enerdgjy,,

for the processesp — e J/¢ Y, whereY denotes either a protgmor a proton-dissociative
system of massy, < My < 10GeV. These cross sections are obtained after the combmnatio
of the cross sections from the" = andete™ decay channels and for the phase space as de-
fined in table 1.(1W") indicates the bin centres [55] add is the transverse polarised photon
flux per bin. Ay and Agomp denote the total and the combined statistical and chanpesl{sc
individual uncertainties, as obtained from the data coralbdm, respectively. The global cor-
relation coefficientSS , are also shown. The full covariance matrix can be found ir.[51
The remaining columns list the bin-to-bin correlated sysc uncertainties corresponding to
a +10 shift due to the correlated tracking uncertaiﬂﬁg);m”, the correlated triggering uncer-
tainty 642°°", the uncertainty from)(25) contributionsizy, the integrated luminosities of the

high- and low-energy data sef§, 5%, the tagging uncertainties in the LAE/{, the plug

sys?

08¢ and the FTSEIS, due to the modelling of the M@YS Mdel, the @? dependancé?, and

Sys ! Sys
the cut on the empty calorimetéEY‘;.
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be do be GC STrk,corr  sTrg,corr  §2S 5L LArl0  §PLUG  SFTS  sMC Model 5Q° SR SEC
W range <|t‘ > W(qt‘ >) Aml ACOI‘ﬂh Pcomb osys ésyg ésys bsyg 6sys Osys ésys ésys észs Osyg Osys

[GeVZ]  [GeV?] [nb/GeV?] [ub/GeV?] | [mb/GeV?] [%]  [%]  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

High energy data period for elastit's) production

0.00-0.05 0.02 336 18 11 70 2.0 20 15 27 -10 02 -01 -0.6 -0.1 0.0 05

0.05-0.11 0.08 240.5 12.9 7.2 71 2.0 20 15 27 -12 03 -01 -0.7 -0.1 0.0 0.6

0.11-0.17 0.14 161.2 9.3 5.5 66 2.0 20 15 27 -16 03 -01 -1.0 -01 00 038

0.17-0.25 0.21 111.4 7.0 4.1 62 2.0 2.0 15 27 -22 05 -01 -1.4 -0.1 0.0 1.0

0.25-0.35 0.30 70.4 5.1 3.2 61 2.0 2.0 15 27 -29 0.6 -0.2 -1.9 -0.1 0.0 14

0.35-0.49 041 41.2 3.7 2.2 59 2.0 20 15 27 -46 10 -03 -3.0 00 00 23

0.49-0.69 0.58 18.0 2.7 14 59 2.0 20 15 27 92 21 -06 -6.5 0.1 0.0 47

0.69-1.20 0.90 4.83 1.75 0.67 72 2.0 20 15 27 -240 58 -14 -180 08 00 130
High energy data period for proton dissociatiy&) production

0.00-0.20 0.10 47.3 6.7 2.3 63 2.0 20 15 27 110 -22 06 3.6 -0.1 00 -46
0.20-0.40 0.29 43.8 6.0 1.9 64 2.0 20 15 27 110 -24 06 2.2 -0.0 00 -47
0.40-0.64 0.52 36.7 5.1 1.6 70 2.0 20 15 27 110 -26 0.7 2.0 -0.1 0.0 -5.0
0.64-0.93 0.78 27.8 4.2 1.3 74 2.0 20 15 27 120 -29 07 2.8 -0.1 00 -57
0.93-1.31 1.12 16.80 2.59 0.87 63 2.0 20 15 27 120 -31 07 2.0 -0.1 0.0 -5.9
1.31-183 1.55 10.05 1.56 0.52 49 2.0 20 15 27 120 -31 05 1.7 0.0 00 -6.2
1.83-2.63 2.21 6.04 0.68 0.33 46 2.0 2.0 1.5 27 6.0 -1.7 03 -5.5 05 00 -3.0
2.63-4.13 3.30 2.80 0.38 0.16 42 2.0 20 15 27 67 -19 03 -8.7 05 00 -36
4.13-8.00 571 0.875 0.178 0.064 30 2.0 20 15 27 90 -25 03 -150 02 00 -54

Table 5: Elastic and proton-dissociative photoproductiass sections derived from the high-
energy data sets as a function of the squared four-momemamnsiér at the proton vertexfor

the processesp — eJ /1 Y, whereY denotes either a protgnor a proton-dissociative system

of massm, < My < 10GeV. These cross sections are obtained after the comhmetithe
cross sections from the™ .~ ande™ e~ decay channels and for the phase space as defined in
table 1. (|t°) indicates the bin centres [55]. The transverse polarisedophflux ®7' for the
given phase space rangd)ig953. See caption of table 4 for more details.

bc do bc GC Trk,corr $Trg,corr 2S SL SLAr10 PLUG FTS MC Model Q? R EC
M range <W > dlt] (<‘f| >) AYOI Acomb Pcomb 6sys Osyg 5sys ()syjé ()sys 5sys 6sys szs 6sys (Ss)';; ﬁsys

[GeVZ]  [GeV?] [ub/GeV?] [nb/GeV?] | [nb/GeV?] [%] [%]  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

Low energy data period for elastit/+» production

0.00-0.11 0.05 178 16 12 49 2.0 2.0 15 40 -20 04 -0.1 -1.4 -0.1 0.0 1.0
0.11-0.25 0.17 99.6 9.4 7.0 52 2.0 2.0 15 40 -30 0.7 -0.1 -1.4 -0.1 0.0 15
0.25-0.47 0.35 43.7 5.6 4.3 53 2.0 2.0 15 40 -5.0 1.1 -01 -3.4 -0.0 0.0 26
0.47-1.20 0.75 9.7 1.8 1.3 57 2.0 2.0 15 40 -98 22 -03 -4.8 01 00 53
Low energy data period for proton dissociatiyé) production

0.00-0.50 0.23 42.8 7.5 35 63 2.0 2.0 15 40 130 -29 04 2.1 -0.1 0.0 -6.1
0.50-1.15 0.80 18.9 4.0 1.8 58 2.0 2.0 15 40 160 -3.7 05 -0.6 -0.0 0.0 -83
1.15-2.30 1.67 8.58 1.54 0.84 36 2.0 2.0 15 40 110 -28 02 -5.9 02 00 -6.2
2.30-5.00 3.42 2.01 0.58 0.36 21 2.0 2.0 15 4.0 89 24 0.1 -190 08 0.0 -54

Table 6: Elastic and proton-dissociative photoproductiarss sections of the low-energy data
sets as a function of the squared four-momentum transfeegtroton vertex, for the processes
ep — J/¥Y, whereY denotes either a protgnor a proton-dissociative system of mags >
m,. These cross sections are obtained after the combinatitye afoss sections from the 1.~
ande™e decay channels and for the phase space as defined in tatji¢*9. indicates the bin
centres [55]. The transverse polarised photon ‘mﬁ)«‘or the given phase space rang@.i5108.
See caption of table 4 for more details.
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Figure 2: Di-lepton invariant mass distributions for thglm and low-energy data sets in the
J/v — ptu~ decay channel, figures a) and b), respectively, and fot/the— e*e~ decay
channel, figures c) and d), respectively. For the muon sathpldits used to reconstruct the
number of.J/¢) mesons are shown as well. For the electron sample the siowlaitthe QED
backgroundep — eX ete™ is given by the shaded region and thigy signal and sideband
normalisation regions are indicated.
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Figure 3: Tagging efficiencies as functions of {&), .. and (b)—t,.. as obtained from the
simulations of elastic and proton-dissociatiVg) production. Tagging fractions as functions
of (¢) W, and (d)—t,.., as obtained from thete~ data set in the invariant mass window
me. = 2.3 — 3.3GeV. The data set contains elastic and proton-dissocidtivedecays, as
well asep — eX ete™ events. It is compared to the simulation based on the everrgmrs
DIFFVM and GRAPE. The data (simulations) are shown by pdsttaded bands). The vertical
spread of the bands represents the uncertainty due to thmtgig the simulation.
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a) b)

Figure 4: Observed distributions as functions1éf,, ... and —t,.. restricted inmy, to the
J/1 signal region. The muon sample is shown in a) and b), therelectample is shown
in ¢) and d). The data, shown by the points, are compared tgithelation of elastic and
proton-dissociative/ /¢ production. Also shown is the contribution fron{25) events and, for
the electron sample only, the QED background. For the mumpks background is subtracted

from the data using a sideband method.
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Figure 5: Combined elastic and proton-dissociative crosSmes as a function dfl’,, (circles)
compared to the input data frofyy) — ete™ (triangles) and//¢» — u*u~ (squares) of the
HE and LE data sets. The error bars of the input data indit&t@mncertainty composed of the
statistical errors (inner error bars) and statistical er@ombined with all individual systematic
uncertainties (full error bars). The error bars of the cameli data points reflect the uncertainty
after the combination. The combined data points are draviheat bin centres. The electron
and muon data points are shiftedlin, for better visibility.
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c) d)

Figure 6: Differential//vy photoproduction cross sectiods /dt¢ as a function of the negative
squared four-momentum transfer at the proton vertex,as obtained in the high-energy data
set for the (a) elastic regime and the (b) proton-dissa@atgime and as obtained for the low-
energy data set shown in (c) and (d). The error bars repréisertotal errors. Also shown by
the curves is a simultaneous fit to this measurement and f26¢dormdo /dt = N.e %l for
the elastic cross sections add/dt = N,q(1 + (b,q/n)[t|)~" for the proton-dissociative cross
sections. The fit uncertainty is represented by the sprediteadhaded bands.
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Figure 7: Proton-dissociative cross section as a functior-o(full circles) compared to a
previous measurement at high [24] (triangles) interpolated to match th&,,, Q* and My
ranges of the current measurement. The curve represemsudtaneous fit to both data sets,

the spread of the shaded band its uncertainty.
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Figure 8:.J/¢ photoproduction cross sections as a function of the phatotop centre-of-mass
energyW,, for (a) the elastic and (b) the proton-dissociative regirfiee data from the high-
energy data set are shown by circles, the data from the l@tggrdata set as squares. The error
bars represent the total errors. Shown by the curves is theltsineous fit to the data from this
measurement and [4], see figure 9. The fit uncertainty is septed by the shaded bands. In (c)
the ratio of the proton-dissociative to elasfi¢y) photoproduction cross section is shown. The
data are presented as full circles and the vertical barsatelithe total uncertainties, including
normalisation uncertainties. The inner error bars repretiee bin-to-bin uncorrelated errors
defined as in [45]. The curve is the ratio of the fits shown ing@) (b). The shaded band
indicates the uncertainty on the ratio obtained from therfdartainties.
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Figure 9: Elastic cross sections as a functiomlaf, from this measurement compared to previ-
ous measurements at HERA [4,5]. The shaded band represkinis the present data and [4]
together with its uncertainties.
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Figure 10: Compilation of elastid/«) production cross section measurements including this
measurement, previous HERA results [4, 5], results frondfitegget experiments [26, 27] and
from LHCDb [53]. Also presented is the fit to the H1 data only,icaded by the curve. The fitis
extrapolated iV, from the range of the input data to higher values, as showméylashed
curve. The shaded band indicates the uncertainty on the fit.
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Figure 11: Compilation of elastid/«) production cross section measurements including this
measurement, previous HERA results [4, 5], results frondfitegget experiments [26, 27] and
from LHCDb [53]. Also presented are QCD fits from [14] to the pmaxs HERA data [4,21-23]

to determine a gluon density at leading-order and nexesaling order, indicated by the curves.
The fits are extrapolated i, from the range of the input data to higher values, as shown by
the dashed curves. The shaded bands indicate the fit umtesai
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