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Abstra
tThe 
ross se
tions for inelasti
 photoprodu
tion of J/ψ and ψ′ mesons have beenmeasured in ep 
ollisions with the ZEUS dete
tor at HERA, using an integratedluminosity of 468 pb−1 
olle
ted in the period 1996�2007. The ψ′ to J/ψ 
rossse
tion ratio was measured in the range 0.55 < z < 0.9 and 60 < W < 190GeV as afun
tion of W , z and pT . Here W denotes the photon-proton 
entre-of-mass energy,

z is the fra
tion of the in
ident photon energy 
arried by the meson and pT is thetransverse momentum of the meson with respe
t to the beam axis. The J/ψ 
rossse
tions were measured for 0.1 < z < 0.9, 60 < W < 240GeV and pT > 1GeV.Theoreti
al predi
tions within the non-relativisti
 QCD framework in
luding NLO
olour�singlet and 
olour�o
tet 
ontributions were 
ompared to the data, as werepredi
tions based on the kT �fa
torisation approa
h.
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1 Introdu
tionThe inelasti
 produ
tion of J/ψ and of ψ′ has been studied for several years in hadron andele
tron-proton 
olliders and in �xed target experiments [1℄. At HERA, the rea
tions
ep→ eJ/ψX, (1)and
ep→ eψ′X, (2)have been studied [2, 3℄ for low virtuality of the ex
hanged photon (photoprodu
tion) inthe range z < 0.9, where z denotes the fra
tion of the in
ident photon energy 
arriedby the meson in the proton rest frame, thus ex
luding the di�ra
tive pro
ess for whi
h

z ∼ 1. In the HERA photoprodu
tion regime, the produ
tion of inelasti
 J/ψ or ψ′mesons arises mostly from dire
t and resolved photon intera
tions. In leading-order (LO)Quantum Chromodynami
s (QCD), the two pro
esses 
an be distinguished; in dire
t-photon pro
esses the photon enters dire
tly into the hard intera
tion; in resolved-photonpro
esses the photon a
ts as a sour
e of partons, one of whi
h parti
ipates in the hardintera
tion. The inelasti
 pro
ess in the photoprodu
tion region is dominated by photon�gluon fusion. In this dire
t-photon pro
ess the photon emitted from the in
oming ele
tronintera
ts with a gluon from the proton to produ
e a pair of 
harm-anti
harm quarks, cc̄,whi
h then turn into the J/ψ or the ψ′ mesons. When the cc̄ pair emerges from thehard pro
ess with the quantum numbers of the mesons, the rea
tion is des
ribed in theframework of perturbative Quantum Chromodynami
s (pQCD) by models su
h as theColour Singlet (CS) model. In the Colour O
tet (CO) model, the cc̄ pair emerges fromthe hard pro
ess with quantum numbers di�erent from those of the mesons and emitsone or more soft gluons before turning into the physi
al meson state. Examples of dire
t-photon LO diagrams with a CS and a CO hard subpro
ess are shown in Fig. 1.Full next-to-leading order (NLO) J/ψ 
ross se
tion predi
tions using only the dire
t-photon CS 
ontributions have already been performed [4, 5℄. The non-relativisti
 QCDframework (NRQCD) [6℄ allows the evaluation of J/ψ 
ross se
tions in
luding dire
t andresolved photon pro
esses with CS and CO 
ontributions. Re
ently, the full 
omputationwas performed at the NLO level [7℄. The numeri
al values of the CS and CO matrixelements were obtained from a global �t to hadroprodu
tion, ele
troprodu
tion and pho-toprodu
tion inelasti
 J/ψ data [7℄.
J/ψ 
ross se
tions have also been evaluated [8,9℄ in the kT�fa
torisation approa
h [10℄. Inthis model, based on non�
ollinear parton dynami
s governed by the CCFM [11℄ evolutionequations, e�e
ts of non�zero gluon transverse momentum are taken into a

ount. Crossse
tions are then 
al
ulated as the 
onvolution of unintegrated, transverse�momentum1



dependent gluon densities and LO o��shell matrix elements. Dire
t and resolved photonpro
esses are in
luded. The matrix elements are 
omputed in the CS model.Measurements of the rea
tions (1) and (2) have been previously performed by the ZEUS
ollaboration [2℄, using an integrated luminosity of 38 pb−1, and by the H1 
ollabora-tion [3℄, using an integrated luminosity of 165 pb−1. Total and di�erential 
ross se
tionswere presented as a fun
tion of various kinemati
al variables. The ZEUS 
ollaborationhas also published a measurement of the J/ψ heli
ity distribution [12℄, using the fullHERA luminosity. LO and NLO QCD predi
tions, as well as LO NRQCD 
al
ulations,were 
ompared to the measurements. None of the 
al
ulations 
ould des
ribe the datain the whole kinemati
 range of the measurements. The data were shown to have thepotential to redu
e the large un
ertainties in the phenomenologi
al parameters used inthe 
al
ulations.In this paper, measurements of rea
tions (1) and (2) are presented using a luminosity of468 pb−1. The J/ψ and ψ′ mesons were identi�ed using the µ+µ− de
ay modes. Theywere measured in the range 60 < W < 240 GeV, whereW is the γp 
entre-of-mass energy,
0.1 < z < 0.9, and pT > 1 GeV, where pT is the transverse momentum of the J/ψ withrespe
t to the beam axis. The ψ′ to J/ψ produ
tion 
ross se
tion ratio was measuredas a fun
tion of W , z and pT . The 
ross se
tions for inelasti
 J/ψ photoprodu
tion asa fun
tion of p2T , for di�erent z ranges, and as a fun
tion of z, for di�erent pT ranges,were measured. The momentum �ow along and against the J/ψ dire
tion of �ight in thelaboratory frame, as obtained from the 
harged tra
ks produ
ed together with the J/ψ,was studied in order to shed further light on the produ
tion me
hanisms.2 Experimental set-upThe analysis presented here is based on data 
olle
ted by the ZEUS dete
tor at HERAin the period 1996�2007. In 1998�2007 (1996�1997), HERA provided ele
tron1 beams ofenergy Ee = 27.5 GeV and proton beams of energy Ep = 920 (820) GeV, resulting in a
entre-of-mass energy of √s = 318 (300) GeV, giving an integrated luminosity of 430 (38)pb−1.A detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [13, 14℄. A briefoutline of the 
omponents that are most relevant for this analysis is given below.Charged parti
les were tra
ked in the 
entral tra
king dete
tor (CTD) [15℄, whi
h operatedin a magneti
 �eld of 1.43T provided by a thin super
ondu
ting 
oil. Before the 2003�1Here and in the following, the term �ele
tron� denotes generi
ally both the ele
tron (e−) and thepositron (e+). 2



2007 running period, the ZEUS tra
king system was upgraded with a sili
on mi
rovertexdete
tor (MVD) [16℄. In the following, the term �CTD-MVD tra
k� denotes generi
allyboth the tra
ks measured in the CTD and (after 2002) in the CTD and MVD.The high-resolution uranium�s
intillator 
alorimeter (CAL) [17℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters2. Ea
h partwas subdivided transversely into towers and longitudinally into one ele
tromagneti
 se
-tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadroni
 se
tions(HAC). The smallest subdivision of the 
alorimeter was 
alled a 
ell. The CAL energyresolutions, as measured under test-beam 
onditions, were σ(E)/E = 0.18/
√
E for ele
-trons and σ(E)/E = 0.35/

√
E for hadrons (E in GeV). The timing resolution of the CALwas better than 1 ns for energy deposits greater than 4.5 GeV.Muons were identi�ed as tra
ks measured in the barrel and rear muon 
hambers (BMUONand RMUON) [18℄. The muon 
hambers were pla
ed inside and outside the magnetisediron yoke surrounding the CAL. The barrel and rear inner muon 
hambers (BMUI andRMUI) 
overed the polar-angle regions 34◦ < θ < 135◦ and 135◦ < θ < 171◦, respe
-tively.The luminosity was measured using the Bethe�Heitler rea
tion ep → eγp with the lumi-nosity dete
tor whi
h 
onsisted of a lead�s
intillator 
alorimeter [19℄ and, after 2002, ofan additional magneti
 spe
trometer [20℄ system. The fra
tional systemati
 un
ertaintyon the measured luminosity was 1.9%.3 Event sele
tion and kinemati
 variablesThe online and o�ine sele
tions, as well as the re
onstru
tion of the kinemati
 variables,
losely follow the previous analysis [2℄.Online, the BMUI and RMUI 
hambers were used to tag muons by mat
hing segments inthe muon 
hambers with CTD-MVD tra
ks, as well as with energy deposits in the CAL
onsistent with the passage of a minimum-ionising parti
le (m.i.p.).The di�erent steps of the o�ine sele
tion pro
edure are des
ribed in the following para-graphs. An event was a

epted if it had two primary-vertex CTD-MVD tra
ks withinvariant mass between 2 � 5 GeV. One tra
k had to be identi�ed in the inner muon2The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton�beam dire
tion, referred to as the �forward dire
tion�, and the X axis pointing towards the
entre of HERA. The 
oordinate origin is at the nominal intera
tion point. The polar angle, θ, ismeasured with respe
t to the proton�beam dire
tion. The pseudorapidity is de�ned as η=�ln(tan θ

2
).3




hambers and mat
hed to a m.i.p. 
luster in the CAL. It was required to have a mo-mentum greater than 1.8 GeV if it was in the rear region or a transverse momentumgreater than 1.4 GeV if in the barrel region. The other tra
k had to be mat
hed to am.i.p. 
luster in the CAL and was required to have a transverse momentum greater than0.9 GeV. Both tra
ks were restri
ted to the pseudorapidity region |η| < 1.75. To reje
t
osmi
 rays, events in whi
h the angle between the two muon tra
ks was larger than 174◦were removed.In addition, events were required to have a 
alorimetri
 energy deposit larger than 1 GeVin a 
one of 35◦ around the forward dire
tion (ex
luding possible 
alorimeter depositsdue to the de
ay muons). This requirement 
ompletely reje
ts ex
lusively produ
ed J/ψmesons, ep→ epJ/ψ. It also strongly suppresses the ba
kground from proton di�ra
tive�disso
iation, ep → eNJ/ψ, be
ause the low invariant mass hadroni
 system N 
an often(but not always) es
ape along the outgoing proton dire
tion without any a
tivity in theFCAL. A redu
tion of the remaining ba
kground is a
hieved by requiring the eventsto have, in addition to the two de
ay muon tra
ks, at least one additional tra
k withtransverse momentum larger than 250 MeV and pseudorapidity |η| < 1.75.The ψ′ produ
tion in proton di�ra
tive�disso
iation pro
esses with the de
ay 
hain J/ψ(→
µ+µ−) π+ π− was identi�ed in the sele
ted data sample. For the bulk of these events onlyfour 
harged tra
ks are visible in the dete
tor. For the events with a µ+µ− invariant mass,
mµµ, in the interval [2.85, 3.30℄ GeV, and with exa
tly two additional primary�vertextra
ks of opposite 
harge, the total invariant mass m4 of the four tra
ks was evaluated.Events with a mass di�eren
e m4 −mµµ within ±60 MeV of the nominal mass di�eren
e
mψ′ − mJ/ψ = 589 MeV [21℄ were dis
arded. This topology was tagged only in 1.2% ofthe overall sele
ted J/ψ sample and removed.These requirements e�e
tively sele
t inelasti
 J/ψ and ψ′ mesons. J/ψ and ψ′ mesonsfrom de
ays of b hadrons are also in
luded in the data sample.The kinemati
 region 
onsidered was de�ned by the inelasti
ity variable z and by thephoton-proton 
entre-of-mass energy

W 2 = (P + q)2, (3)where P and q are the four�momenta of the in
oming proton and the ex
hanged photon,respe
tively. It was 
al
ulated using
W 2 = 2Ep(E − pZ), (4)where (E − pZ), the di�eren
e between the energy and the momentum along the Zaxis, is summed over all �nal-state energy-�ow obje
ts [22℄ (EFOs) whi
h 
ombine the4



information from 
alorimetry and tra
king.The inelasti
ity z = P ·pψ
P ·q

was determined as
z =

(E − pZ)ψ
(E − pZ)

, (5)where ψ 
an be either a J/ψ or a ψ′ meson, pψ is the four-momentum of the ψ and
(E − pZ)ψ was 
al
ulated using the two tra
ks forming the ψ.In order to reje
t deep inelasti
 s
attering, events were required to have E − pZ < 32GeV. This restri
ts the virtuality of the ex
hanged photon, Q2 = −q2, to Q2 . 1 GeV2,with a median of about 10−4 GeV2. The elimination of deep inelasti
 s
attering eventswas independently 
on�rmed by sear
hing for s
attered ele
trons in the CAL [23℄; nonewas found.4 Monte Carlo modelsThe inelasti
 produ
tion of J/ψ and ψ′ mesons was simulated using theHerwig 6.100 [24℄program, whi
h generates dire
t photon events a

ording to the LO diagrams of thephoton�gluon fusion pro
ess, γg → ψg. The pro
esses are 
al
ulated in the framework ofthe CS model. The Herwig MC provides in general a good des
ription of the data. Toimprove the agreement further, the pT spe
trum was reweighted to the data.Di�ra
tive produ
tion of J/ψ and ψ′ mesons with proton disso
iation was simulatedwith the Epsoft [25℄ MC generator, whi
h was tuned to des
ribe su
h pro
esses atHERA [26℄.The Pythia 6.220 MC generator [27℄ was used to generate J/ψ and χc states fromthe resolved-photon pro
ess, with LO matrix elements 
omputed in the CS model. Thegenerator 
ross se
tions for the J/ψ and χc states are very similar. For the generationof the χc1(1P ) and χc2(1P ) mesons, only the J/ψ γ de
ay 
hannel was 
onsidered. The�nal state photon is at low energy, O(400)MeV, hen
e basi
ally indistinguishable fromthe remaining hadroni
 a
tivity of the event. The resolved ψ′ 
ontribution was negle
teddue to the small resolved-to-dire
t 
ross se
tion ratio and to the additional redu
tion dueto the ψ′ → J/ψX bran
hing ratio.The PythiaMC was also used to generate the produ
tion of J/ψ and ψ′ mesons originat-ing from b hadron de
ays, mostly from B-mesons. The following beauty-quark produ
tion5



pro
esses were generated (a

ording to the Pythia notation): dire
t, resolved, γ and pro-ton ex
itation. The beauty-quark mass was set to 4.75 GeV and the bran
hing ratios ofthe b hadrons to J/ψ and ψ′ were set to the 
orresponding PDG [21℄ values.All generated events were passed through a full simulation of the ZEUS dete
tor based onGeant 3 [28℄. They were then subje
ted to the same trigger requirements and pro
essedby the same re
onstru
tion program as the data.5 Signal determination and 
ross se
tions 
al
ulationThe invariant-mass spe
trum of the muon pairs measured in the phase spa
e region usedin the determination of the ψ′ to J/ψ 
ross se
tion ratio, 60 < W < 190 GeV and
0.55 < z < 0.9, is shown in Fig. 2. A non-resonant ba
kground 
ontribution, mostly dueto hadrons misidenti�ed as muons, is also visible. This 
ontribution was estimated by�tting the produ
t of a se
ond-order polynomial and an exponential fun
tion to the region2�2.75 and 3.8�5 GeV, outside the J/ψ and ψ′ invariant-mass window. The number of
J/ψ events was obtained by subtra
ting the number of ba
kground events, estimated fromthe �t pro
edure, from the total number of events inside the J/ψ invariant-mass window,2.85�3.3 GeV. This pro
edure resulted in 11295 ± 114 J/ψ events. The same pro
edureapplied to the ψ′ invariant-mass window, 3.55�3.8 GeV, gave 448 ± 34 events.Applying the same pro
edure to the phase spa
e region used for the di�erential J/ψ 
rossse
tion measurements, 60 < W < 190 GeV, 0.1 < z < 0.9 and pT > 1 GeV, 12671 ± 161
J/ψ events were found. The �tting pro
edure des
ribed above was performed for ea
hmeasurement bin presented in this paper.The 
ross se
tion for any observable, O, was 
omputed for ea
h bin, i, using 
orre
tionfa
tors, Ci(O), de�ned as Ci(O) = Ngen

i (O)/N rec
i (O), where Ngen

i (O) was the numberof events generated with the Herwig MC and N rec
i (O) was the number of the eventsre
onstru
ted by the standard analysis 
hain. The fa
tors Ci(O) take into a

ount theoverall a

eptan
e in
luding the geometri
al a

eptan
e and the dete
tor, trigger andre
onstru
tion e�
ien
ies. They also take into a

ount bin-to-bin migrations.For 0.9 < z < 1, the events are largely di�ra
tive. Therefore, the analysis of inelasti


J/ψ produ
tion was restri
ted to the region 0.1 < z < 0.9. In order to further suppressdi�ra
tive events, the transverse momentum of the J/ψ mesons had to ful�ll pT > 1GeV. The remaining 
ontamination was estimated by �tting the relative fra
tions ofnon-di�ra
tive and di�ra
tive events to the data z-distribution, using the Herwig andEpsoft MC simulations as templates. From this �t, the overall di�ra
tive ba
kground
ontribution for 0.1 < z < 0.9 is 4.6 ± 1.6%.6



The Herwig and Epsoft MC mixture is 
ompared in Fig. 3 to the data and provides areasonable des
ription. The estimated di�ra
tive ba
kground was subtra
ted bin by binfrom the measured di�erential 
ross se
tions.The 
ross se
tions measured in this analysis in
lude also 
ontributions from resolved-photon pro
esses and from de
ays of beauty hadrons. Inelasti
 J/ψ produ
tion via theresolved-photon pro
ess has not been measured expli
itly up to now in the photopro-du
tion regime. QCD predi
tions, as well as the Pythia MC simulation des
ribed inSe
tion 4, indi
ate that this 
ontribution is largest at low z values. For z < 0.1, the ex-pe
ted size of this 
ontribution 
an be larger than the dire
t-photon 
omponent. However,for z > 0.1, the resolved-to-dire
t photon produ
tion ratio is expe
ted to be small. Sin
ethe a

eptan
es obtained from the Herwig and Pythia MC simulations are similar, theHerwig MC alone was used for the overall a

eptan
e 
orre
tions.The 
ontribution to the measured 
ross se
tions due to J/ψ originating from B mesonde
ays was estimated using the in
lusive beauty Pythia MC sample des
ribed in Se
-tion 4. The simulation predi
tions were s
aled by a fa
tor 1.11 a

ording to the re
entZEUS measurement [29℄ of beauty photoprodu
tion3. This leads to the estimation thaton average 1.6% of the observed J/ψ mesons originated from beauty hadron de
ays. Thelargest relative 
ontribution, 4.5%, is in the kinemati
 region 0.1 < z < 0.3 and 1 < p2T < 2GeV2. This 
omponent is not subtra
ted from the measured 
ross se
tions.6 Systemati
 un
ertaintiesFor all the measured quantities, the following sour
es of systemati
 un
ertainties wereinvestigated (their e�e
ts on the measured 
ross se
tions are given in parentheses):
• muon trigger and re
onstru
tion e�
ien
ies: the BMUI and RMUI muon 
hambere�
ien
ies were extra
ted from the data using muon pairs from elasti
 J/ψ eventsand from the pro
ess γγ → µ+µ−. These e�
ien
ies take into a

ount the full muona
quisition 
hain, from the online to the o�ine level and are known with a ±5%un
ertainty (5% uniformly distributed in pT and z);
• hadroni
 energy resolution: the W and z resolutions are dominated by the hadroni
energy resolution a�e
ting the quantity (E−pZ). The hadroni
 (E−pZ) resolutionin the MC was smeared event by event by ±20%, a 
onservative upper limit of apossible systemati
 di�eren
e between data and MC. This gave only small 
rossse
tions variations (< 5%);3The s
aling fa
tors obtained in the measurements [29, 30℄ vary between 1.11 and 1.847



• Herwig MC pT spe
trum: the pT spe
trum of the J/ψ mesons in the Herwig MCsimulation was varied within ranges allowed by the 
omparison between data andsimulation and the 
orre
tion fa
tors were re-evaluated (< 5%);
• J/ψ heli
ity distribution: the J/ψ heli
ity distribution 
an be des
ribed by twoparameters λ and ν [31℄. In the Herwig MC these are set to zero. A

ording tothe dire
t measurement of the heli
ity parameters performed by ZEUS [12℄, all datapoints lie within the region of the λ-ν plane de�ned by |λ| < 0.5 and |ν| < 0.5 withonly a mild pT or z dependen
e. Hen
e, as a systemati
 
he
k, the Herwig MCwas reweighted varying independently λ and ν in the range ±0.5 and the 
orre
tionfa
tors were re-evaluated (5− 10% depending on the pT and z region);
• di�ra
tive simulation: the Epsoft MC simulation parameters were varied withinranges allowed by the 
omparison between data and the Epsoft MC simulation inthe region 0.9 < z < 1. The di�ra
tive ba
kground was re-evaluated (< 5% at high
z and low pT , negligible elsewhere);

• di�ra
tive subtra
tion: the relative fra
tion of inelasti
 and di�ra
tive pro
esses, asrepresented by the Herwig and Epsoft MC, was �xed by the pro
edure des
ribedin Se
tion 5. It is known to a pre
ision limited by the number of J/ψ events inthe data and the pro
ess modelling by the MCs. The relative fra
tions were variedwithin ranges allowed by the 
omparison between data and simulation (up to 10%at high z and low pT , negligible elsewhere);
• invariant�mass window: the mµ+µ− invariant�mass window used to estimate thenumber of J/ψ events above the non-resonant ba
kground was enlarged to [2.8, 3.35]GeV and tightened to [2.9, 3.3] GeV. For the ψ′ to J/ψ 
ross se
tion ratios, similarmass window variations were also applied for the ψ′ signal (generally < 5%, up to
10% at low z values where the number of expe
ted and observed events is small andthe non-resonant ba
kground is largest);

• additional tra
k 
ut: the requirement of three tra
ks, in
luding the two J/ψ de-
ay muons, with transverse momentum larger than 250 MeV and pseudorapidity
|η| < 1.75, was repla
ed by the requirement of �ve tra
ks with transverse momen-tum larger than 125 MeV, in the same pseudorapidity range. With this strongerrequirement the di�ra
tive J/ψ ba
kground and the di�ra
tive ψ′ 
ontribution viathe 
as
ade de
ay J/ψ(→ µ+µ−) π+ π− are expe
ted to vanish. Furthermore, a
hange in the overall multipli
ity 
ut allows a test of how well the MC model re-produ
es the data in this respe
t. The MC mixture gives a fair des
tiption of thetra
k multipli
ity observed in the data. The 
ross se
tions were re-evaluated withthe harder multipli
ity 
ut (generally < 5%, up to 20% in some bins at low z andhigh z high pT ). 8



All of the above individual sour
es of systemati
 un
ertainty were added in quadrature.The following sour
es would result in an overall small shift of the 
ross se
tions:
• the integrated luminosity determination gave an un
ertainty of ±1.9%;
• the J/ψ → µ+µ− bran
hing ratio, 5.93± 0.06% [21℄, gave an un
ertainty of ±1%.They were not in
luded.7 Results7.1 ψ′ to J/ψ 
ross se
tion ratioThe ψ′ to J/ψ 
ross se
tion ratio was measured using the rates of ψ′ → µ+µ− and

J/ψ → µ+µ−. The ratio was determined in the region 60 < W < 190 GeV, 0.55 < z <0.9 with no pT 
ut on the mesons. The range 190 < W < 240 GeV and 0.1 < z < 0.55was not in
luded be
ause the ψ′ peak was not visible in this high W and low z region.The ψ′ to J/ψ 
ross se
tion ratio was 
omputed in bins of W , z and pT from
σi(ψ

′)

σi(J/ψ)
=
N2S
i

N1S
i

· C
1S
i

C2S
i

· Br
µ

Brµ′
·
(

1− N2S
i

N1S
i

C1S
i

C2S
i

Brµ

Brµ′
Br′

)−1

,where, for the 
onsidered bin i, N1S
i (N2S

i ) is the number of J/ψ (ψ′) events observed,
C1S
i (C2S

i ) is the 
orre
tion fa
tor (see Se
tion 5) 
omputed using the Herwig MC, Brµ(Brµ′) is the J/ψ (ψ′) muoni
 bran
hing ratio and Br′ is the ψ′ → J/ψ X bran
hingratio. The values used were Brµ = 5.93%, Brµ′ = 0.77% and Br′ = 59.5% [21℄. Withthis te
hnique, the 
ross se
tion ratio is 
orre
ted for the ψ′ → J/ψ (→ µ+µ−) X 
as
adede
ay.Sin
e NLO predi
tions are not available for ψ′, only the LO CS model expe
tations 
anbe 
ompared to the data. In the CS model, the underlying produ
tion me
hanism is thesame for J/ψ and ψ′, hen
e all 
ross se
tion ratios should be largely independent of thekinemati
 variables. Using the values of Brµ and Brµ′ given above, the expe
ted ratio is0.25 [4℄. Sin
e the NLO 
orre
tions, though being large, should be similar for J/ψ and
ψ′, the ratio at NLO is not expe
ted to di�er signi�
antly from that at LO.The results, shown in Fig. 4 and listed in Table 1, are dominated by the statisti
alun
ertainties while most of the systemati
 un
ertainties 
an
el in the ratio. The LO CSpredi
tions agree reasonably well with the data.9



7.2 J/ψ di�erential 
ross se
tionsThe J/ψ di�erential 
ross se
tions presented here in
lude the inelasti
 ψ′ feed�down viathe de
ay ψ′ → J/ψ (→ µ+µ−) X and the 
ontribution from b hadron de
ays. The ψ′feed�down 
ontributes about 15% and the b hadron de
ays 1.6% (see Se
tion 5). The Wrange of the di�erential 
ross se
tions is 60 < W < 240 GeV.The di�erential 
ross se
tions dσ/dp2T were measured in the range 1 < p2T < 100 GeV2for di�erent z ranges. The results are listed in Table 2 and shown in Figs. 5 and 6. Thepredi
tions of a NRQCD 
al
ulation [7℄ are 
ompared to the data in Fig. 5 and thosebased on the kT�fa
torization approa
h [9℄ in Fig. 6.4The di�erential 
ross se
tions dσ/dz were measured in the range 0.1 < z < 0.9 for di�erent
pT ranges. The results are shown in Figs. 7 and 8 and listed in Table 3.
7.2.1 Comparison of NRQCD 
al
ulationIn Fig. 5 a predi
tion [7℄ performed in the NRQCD framework in
luding dire
t andresolved photon pro
esses is 
ompared to the measured dσ/dp2T . The hard subpro
essestake into a

ount both CS and CO terms to NLO. The square of the renormalisationand fa
torisation s
ales used is 4 ·m2

c + p2T , the 
harm quark mass, mc, is set to 1.5 GeVand the strong 
oupling 
onstant, αs(MZ), to 0.118. The NRQCD s
ale, 
onne
ted tothe 
olour-o
tet terms, is set to mc. The CS 
ontribution alone predi
ts 
ross se
tionssigni�
antly below the data5 and fails to des
ribe the data in all z regions shown here.In
luding CO terms give a dramati
 improvement and leads to a rough agreement with thedata. In general the 
al
ulation reprodu
es the steep drop of dσ/dp2T with p2T , however,in the intermediate z range, 0.3 < z < 0.75, the predi
tion rises less steeply than the datatowards the smallest values of p2T .In Fig. 7 the NRQCD predi
tions des
ribed above are 
ompared to the measured dσ/dz.The predi
tions rise too steeply with z 
ompared to the data, for all the pT ranges.4Both the NRQCD and the kT �fa
torisation 
al
ulations do not in
lude ψ′ feed�down and b hadronde
ays, however these expe
ted 
ontributions are small 
ompared to the un
ertainties of the 
al
ula-tions.5The NLO CS predi
tions [4℄ shown in the previous publi
ation [2℄ were the �rst performed and usedextreme values for the renormalisation and fa
torisation s
ales, with the e�e
t of arti�
ially in
reasingthe normalisation of the predi
ted 
ross se
tions [32℄.10



7.2.2 Comparison of kT�fa
torisation approa
hIn Fig. 6 a predi
tion [9℄ performed in the kT�fa
torisation approa
h is 
ompared tothe measured dσ/dp2T . The matrix elements are 
omputed in the CS model using mc =1.5 GeV and αs(MZ) = 0.1232. In the numeri
al 
al
ulation, the renormalisation andfa
torisation s
ales squared are set to m2
J/ψ + p2T and ŝ + Q2

T , respe
tively, where ŝ isthe four-momentum squared of the hard subpro
ess and QT is the transverse momentumof the initial parton. The unintegrated CCFM parton density [33℄ was sele
ted. Usingdi�erent sets of parton densities leads to 
hanges in the predi
tion that are small withrespe
t to the e�e
ts of s
ale variations already shown in Fig. 6. Thus this sour
e oftheoreti
al un
ertainties was negle
ted. The kT�fa
torisation predi
tion, with the valuesof mc and αs given above, provides a better des
ription of the data than the NRQCDmodel.The above kT�fa
torisation predi
tions are 
ompared to the di�erential 
ross se
tions
dσ/dz in Fig. 8. Here too the des
ription is better than that of the NRQCD model.Note however that the kT�fa
torisation model predi
tion su�ers from large theoreti
alun
ertainties, in parti
ular at low pT .7.3 Momentum �ow along and against the J/ψ dire
tionAs pointed out by Brambilla et al. [1℄, the di�erent 
olour �ow in CS and CO hardsubpro
esses is expe
ted to translate into di�erent properties of the hadroni
 �nal state.In the photoprodu
tion regime, the transverse momentum of the in
oming photon isnegligible. Thus in the CS model (see Fig. 1 (a)), at LO the J/ψ and the �nal state gluonare expe
ted to be ba
k to ba
k. Hen
e, in this model, the momentum �ow along the J/ψdire
tion, Palong , is expe
ted to be small. The momentum �ow against the J/ψ dire
tion,Pagainst , should instead be driven by the hadronisation of the gluon. In the CO framework(see Fig. 1 (b)), no substantial di�eren
e is expe
ted for Pagainst , 
ompared to the CSframework. Instead, a 
ontribution due to the soft gluons emitted by the cc̄ pair formingthe physi
al J/ψ state should be present. These gluons should be emitted at a times
ale larger than that of the hard subpro
ess. Hen
e, Pagainst is again sensitive to gluonfragmentation while Palong 
an shed light on the CO dynami
s. As NRQCD frameworkMC generators are not presently available for ep 
ollisions, only predi
tions of the CSmodel Herwig MC are 
ompared to the data.The momentum �ow analysis was performed for di�erent pT ranges. All tra
k quantitiesdes
ribed in the following were measured in the laboratory frame at the re
onstru
tionlevel. Only primary vertex tra
ks with pT > 150 MeV and |η| < 1.75 were sele
ted. The
J/ψ de
ay muon tra
ks were dis
arded. For ea
h tra
k whose 
omponent of momentum11



along the J/ψ dire
tion in the laboratory frame was positive, the 
omponent was in
ludedin Palong . If it was negative, it was in
luded, in absolute value, in Pagainst . The data wererestri
ted to z > 0.3 where the signal to ba
kground ratio is highest. The W and pTranges were 60 < W < 240 GeV and 1 < pT < 10 GeV, respe
tively. The residual non-resonant ba
kground was subtra
ted for both Pagainst and Palong variables using the shapesmeasured in the J/ψ side bands region and the normalisation obtained from the signalextra
tion pro
edure des
ribed in Se
tion 5.The Pagainst (Palong ) distribution, normalized to one, is shown in Fig. 9 (10). The predi
tionobtained from the Herwig MC simulation (in
luding dete
tor simulation) is also shown.The Pagainst distribution of the MC simulation shows a softer drop from the �rst to these
ond momentum bin than that of the data. This situation is reversed for the highermomenta values where Herwig predi
ts a steeper de
rease than that observed in thedata. This behavior is seen for all pT regions.For the Palong distribution, shown in Fig. 10, a better agreement is found between theHerwig MC predi
tion and the data.8 Con
lusionsA measurement of the inelasti
 photoprodu
tion of J/ψ and ψ′ mesons at HERA waspresented. The ψ′ to J/ψ 
ross se
tion ratio was measured as a fun
tion of severalkinemati
al observables. The 
onstant value of 0.25 predi
ted by the LO CS model is inreasonable agreement with the data.Double di�erential 
ross se
tions of inelasti
 J/ψ photoprodu
tion were measured. A LO
kT 
al
ulation [9℄ using CS terms alone gives, within large normalisation un
ertainties, agood des
ription of the di�erential 
ross se
tions. However, for a better 
omparison withthe data, a redu
tion of the theoreti
al un
ertainties is very important.A re
ent NLO 
al
ulation [7℄, using CS and CO terms in the 
ollinear approximation,gives a rough des
ription of the double di�erential 
ross se
tions. The same 
al
ulationwith only CS terms is in strong disagreement with the data. This leads to the 
on
lusionthat CO terms are an essential ingredient for this parti
ular model.Predi
tions of the Herwig MC, whi
h in
ludes only CS pro
esses, were 
ompared to themeasured momentum �ow along and against the J/ψ dire
tion. Herwig reprodu
es thegeneral features of the data in the region against the J/ψ dire
tion but fails to des
ribethe exa
t shape of the momentum �ow distribution. A better des
ription is obtainedalong the J/ψ dire
tion. 12
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pT range 〈pT 〉 σ(ψ
′

)/σ(J/ψ)(GeV) (GeV)
0.0− 1.0 0.63 0.262± 0.043+0.003

−0.014

1.0− 1.75 1.35 0.317± 0.049+0.010

−0.005

1.75− 5.0 2.68 0.263± 0.041+0.030
−0.002

W range 〈W 〉 σ(ψ
′

)/σ(J/ψ)(GeV) (GeV)
60− 95 81.42 0.368± 0.054+0.052

−0.042

95− 120 108.03 0.409± 0.057+0.006

−0.015

120− 190 149.11 0.218± 0.040+0.026
−0.015

z range 〈z〉 σ(ψ
′

)/σ(J/ψ)

0.55− 0.70 0.62 0.250± 0.043+0.014

−0.015

0.70− 0.80 0.75 0.289± 0.040+0.007

−0.019

0.80− 0.90 0.85 0.344± 0.054+0.036

−0.008Table 1: Cross se
tion ratio of ψ′ to J/ψ as a fun
tion of pT , W and z in the kinemati
region 60 < W < 190 GeV and 0.55 < z < 0.9. In the quoted ratios, the �rst un
ertaintyis statisti
al and the se
ond is systemati
.
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z range p2T range 〈p2T 〉 dσ/dp2T dσ(b → J/ψ)/dp2T(GeV2) (GeV2) (nb/GeV2) (nb/GeV2)
0.10− 0.30 1.0− 2.0 1.46 1.03± 0.13+0.18

−0.15 0.05
2.0− 3.0 2.47 0.86± 0.12+0.10

−0.17 0.04
3.0− 4.5 3.67 0.410 ± 0.079+0.055

−0.068 0.029
4.5− 7.0 5.64 0.127 ± 0.047+0.020

−0.027 0.018
7.0− 10.0 8.37 0.052 ± 0.030+0.022

−0.008 0.012
10.0− 14.0 11.62 0.056 ± 0.017+0.009

−0.006 0.007
14.0− 20.0 16.34 0.0329± 0.0081+0.0029

−0.0066 0.0035
20.0− 40.0 26.50 0.0069± 0.0018+0.0010

−0.0008 0.0012
40.0− 100.0 56.69 0.00092 ± 0.00037+0.00018

−0.00026 0.00013
0.30− 0.45 1.0− 2.0 1.47 1.32± 0.10+0.21

−0.16 0.02
2.0− 3.0 2.45 0.823 ± 0.081+0.094

−0.101 0.018
3.0− 4.5 3.70 0.492 ± 0.060+0.071

−0.075 0.013
4.5− 7.0 5.64 0.190 ± 0.032+0.024

−0.028 0.010
7.0− 10.0 8.35 0.111 ± 0.019+0.014

−0.013 0.006
10.0− 14.0 11.77 0.062 ± 0.011+0.010

−0.007 0.004
14.0− 20.0 16.49 0.0349± 0.0052+0.0030

−0.0035 0.0021
20.0− 40.0 27.96 0.0065± 0.0012+0.0009

−0.0008 0.0007
40.0− 100.0 54.05 0.00095 ± 0.00019+0.00014

−0.00007 0.00009
0.45− 0.60 1.0− 2.0 1.45 2.20± 0.09+0.25

−0.25 -
2.0− 3.0 2.47 1.38± 0.08+0.15

−0.16 -
3.0− 4.5 3.69 0.84± 0.05+0.12

−0.10 -
4.5− 7.0 5.65 0.424 ± 0.029+0.054

−0.058 -
7.0− 10.0 8.35 0.249 ± 0.017+0.029

−0.029 -
10.0− 14.0 11.79 0.121 ± 0.010+0.013

−0.013 -
14.0− 20.0 16.60 0.0505± 0.0048+0.0046

−0.0051 0.0007
20.0− 40.0 26.70 0.0106± 0.0011+0.0009

−0.0009 0.0004
40.0− 100.0 55.86 0.00122 ± 0.00020+0.00013

−0.00015 0.00003
0.60− 0.75 1.0− 2.0 1.45 2.80± 0.10+0.35

−0.32 -
2.0− 3.0 2.47 2.07± 0.09+0.23

−0.23 -
3.0− 4.5 3.70 1.10± 0.05+0.13

−0.13 -
4.5− 7.0 5.60 0.680 ± 0.030+0.084

−0.084 -
7.0− 10.0 8.38 0.286 ± 0.017+0.031

−0.036 -
10.0− 14.0 11.93 0.153 ± 0.010+0.015

−0.016 -
14.0− 20.0 16.92 0.0532± 0.0044+0.0051

−0.0050 -
20.0− 40.0 27.0 0.0123± 0.0011+0.0011

−0.0011 -
40.0− 100.0 55.77 0.00112 ± 0.00018+0.00010

−0.00022 -
0.75− 0.90 1.0− 2.0 1.45 2.39± 0.13+0.51

−0.35 -
2.0− 3.0 2.45 1.77± 0.11+0.44

−0.23 -
3.0− 4.5 3.66 1.17± 0.07+0.16

−0.15 -
4.5− 7.0 5.64 0.716 ± 0.039+0.087

−0.092 -
7.0− 10.0 8.31 0.369 ± 0.023+0.042

−0.045 -
10.0− 14.0 11.77 0.166 ± 0.012+0.016

−0.020 -
14.0− 20.0 16.66 0.0650± 0.0058+0.0053

−0.0087 -
20.0− 40.0 26.22 0.0139± 0.0013+0.0012

−0.0025 -
40.0− 100.0 54.0 0.00093 ± 0.00018+0.00007

−0.00018 -Table 2: Measured J/ψ di�erential photoprodu
tion 
ross se
tions in the kinemati
 re-gion 0.1 < z < 0.9 and 60 < W < 240 GeV as a fun
tion of the squared transversemomentum of the J/ψ mesons in bins of inelasti
ity z. In the quoted 
ross se
tions, the�rst un
ertainty is statisti
al and the se
ond is systemati
. The bin 
enter values 〈p2T 〉and the expe
ted, but not subtra
ted, beauty 
ontribution (estimated through the PythiaMC) are also given in the table. The beauty 
ontribution is only given when its value isabove 1% with respe
t to the 
orresponding measured di�erential photoprodu
tion 
rossse
tion. 17



pT range z range 〈z〉 dσ/dz dσ(b → J/ψ)/dz(GeV) (nb) (nb)
1.0− 2.0 0.10− 0.30 0.21 11.5± 1.0+1.5

−1.9 0.6
0.30− 0.45 0.37 17.3± 1.0+2.3

−2.2 0.4
0.45− 0.60 0.52 29.9± 0.9+3.3

−3.4 -
0.60− 0.75 0.67 40.2± 1.0+4.4

−4.5 -
0.75− 0.90 0.82 36.6± 1.2+6.6

−4.9 -
2.0− 3.0 0.10− 0.30 0.21 1.94± 0.78+0.31

−0.45 0.43
0.30− 0.45 0.37 6.42± 0.71+0.78

−0.81 0.28
0.45− 0.60 0.52 12.4± 0.6+1.5

−1.5 0.8
0.60− 0.75 0.67 18.6± 0.6+2.2

−2.2 -
0.75− 0.90 0.82 19.4± 0.8+2.4

−2.3 -
3.0− 4.5 0.10− 0.30 0.20 2.55± 0.47+0.36

−0.28 0.30
0.30− 0.45 0.38 3.51± 0.41+0.37

−0.37 0.26
0.45− 0.60 0.52 6.61± 0.37+0.66

−0.72 0.08
0.60− 0.75 0.68 7.79± 0.35+0.74

−0.75 -
0.75− 0.90 0.82 9.29± 0.46+0.84

−1.15 -
> 4.5 0.10− 0.30 0.21 1.01± 0.20+0.10

−0.13 0.16
0.30− 0.45 0.38 1.31± 0.18+0.15

−0.12 0.24
0.45− 0.60 0.52 1.98± 0.17+0.16

−0.16 0.08
0.60− 0.75 0.67 2.11± 0.16+0.18

−0.19 -
0.75− 0.90 0.82 2.16± 0.18+0.18

−0.49 -Table 3: Measured J/ψ di�erential photoprodu
tion 
ross se
tions in the kinemati
 re-gion pT > 1 GeV and 60 < W < 240 GeV as a fun
tion of the inelasti
ity z in binsof transverse momentum of the J/ψ meson. In the quoted 
ross se
tions, the �rst un-
ertainty is statisti
al and the se
ond is systemati
. The bin 
enter values 〈z〉 and theexpe
ted, but not subtra
ted, beauty 
ontribution (estimated through the Pythia MC) arealso given in the table. For further details see Table 2.
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Figure 1: Examples of dire
t photon-pro
esses at leading-order in (a) the 
olour-singletand (b) the 
olour-o
tet frameworks.
ZEUS

mµµ (GeV)

E
ve

n
ts

ZEUS 468 pb-1

0

1000

2000

3000

4000

5000

2 2.5 3 3.5 4 4.5 5

mµµ (GeV)

E
ve

n
ts

0

100

200

300

400

500

2 2.5 3 3.5 4 4.5 5

Figure 2: Invariant-mass distribution, mµµ, in the kinemati
 region 0.55 < z < 0.9 and
60 < W < 190 GeV. The 
ontinuous line shows the estimated ba
kground 
ontribution(for further details see the text). The right insert highlights the ψ′ mass peak.
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ks, (b) W , (
) the inelasti
ity z and (d) the J/ψ pT . The data are shown as points.The error bars are the statisti
al un
ertainties. The sum of the Herwig and Epsoft MCpredi
tions, a

ording to the relative fra
tion des
ribed in the text and normalised to thedata are also shown (
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tion of �ight in the laboratory frame,Palong , for di�erent pT ranges. The distributions are normalized to unity and are not
orre
ted for dete
tor a

eptan
e. The measurement is performed in the kinemati
 region
60 < W < 240 GeV and 0.3 < z < 0.9. The data are shown as points with error barsindi
ating their un
ertainties. The predi
tions obtained from the Herwig MC are alsoshown as re
tangular shaded boxes. The height of these boxes represents the un
ertaintiesof the predi
tion.
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