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tMeasurements of the kinemati
 distributions of J= mesons produ
ed in p�C, p�Ti and p�W 
ollisions atps = 41:6 GeV in the Feynman-x region �0:34 < xF < 0:14 and for transverse momentum up topT = 5:4 GeV=
 are presented. The xF and pT dependen
ies of the nu
lear suppression parameter, �, are alsogiven. The results are based on 2:4 � 105 J= mesons in both the e+e� and �+�� de
ay 
hannels. The data havebeen 
olle
ted by the HERA-B experiment at the HERA proton ring of the DESY laboratory. The measurementexplores the negative region of xF for the �rst time. The average value of � in the measured xF region is0:981 � 0:015. The data suggest that the strong nu
lear suppression of J= produ
tion previously observed athigh xF turns into an enhan
ement at negative xF .PACS 13.85.Ni, 14.40.Gx, 24.85.+p
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1 Introdu
tionThe DESY experiment HERA-B has measured in-
lusive J= produ
tion in proton-
arbon, proton-titanium and proton-tungsten 
ollisions at a 
enter-of-mass energy ps = 41:6GeV. The results are basedon a sample of about 2:4 � 105 J= mesons re
on-stru
ted in both dilepton de
ay 
hannels. A mea-surement of the atomi
 mass number dependen
e ofJ= produ
tion is derived from a 
omparison of thedi�erent samples. The atomi
 number dependen
eof in
lusive parti
le produ
tion is often 
hara
ter-ized by a power law: �pA = �pN � A� where �pNis the proton-nu
leon 
ross se
tion and �pA is 
or-responding proton-nu
leus 
ross se
tion for a targetof atomi
 mass number A. Previous measurementsby E866 at Fermilab [1, 2℄ at ps = 38:8GeV andNA50 at CERN [3℄ at lower energy indi
ate that� � 0:94� 0:95 at xF � 0 and de
reases to � 0:65 asxF approa
hes unity [2℄. The results presented hereprovide a �rst measurement of nu
lear e�e
ts in 
har-monium produ
tion extending into the negative partof the Feynman-x spe
trum, �0:34 < xF < 0:14 1.An understanding of the basi
 me
hanisms respon-sible for the suppression of 
harmonium produ
tionin proton-nu
leus 
ollisions relative to proton-nu
leon
ollisions is a prerequisite for the identi�
ation of pos-sible signals of new physi
s in high-energy heavy-iondata. Interpretations of the existing proton-nu
leusdata at positive xF rely on a deli
ate balan
e ofseveral pro
esses: nu
lear absorption, shadowing ofparton densities, energy loss, intera
tions with 
o-movers, hadronization of intrinsi
 

 
omponents ofthe s
attering nu
leons, and so on. Ad ho
 
ombi-nations of su
h elementary me
hanisms, 
onsideredwithin various theoreti
al frameworks [4, 5, 6℄ areable to qualitatively reprodu
e the observed strong in-
rease of J= suppression as xF approa
hes unity [2℄.However the presently available data give littleguidan
e in the largely unexplored negative-xF re-gion where other me
hanisms su
h as formation-timee�e
ts 
an in
uen
e the e�e
tive nu
lear path lengthof produ
ed states [7, 8, 9, 10℄ and 
an potentiallylead to a de
idedly di�erent behavior of �. In 
on-trast to J= produ
tion in the positive xF region,at negative xF the produ
ed 
�
 pair preferentiallyevolves into a 
harmonium state before leaving thenu
leus and nu
lear e�e
ts in
uen
ing the J= itselfbe
ome important. Espe
ially in this region, di�er-ent models and approa
hes lead to 
ontrasting pre-di
tions, for example arising from di�ering assump-1A slightly di�erent range is quoted in previous HERA-Bpubli
ations of J= results due to minor di�eren
es in sele
tion
uts.

tions on energy loss of beam partons or produ
ed 
�
pairs. By extending the 
urrent experimental knowl-edge of the nu
lear dependen
e of J= produ
tion to-wards negative xF , the measurement des
ribed hereprovides new 
onstraints for possible explanations ofthe observed nu
lear modi�
ation pattern. The widerange of transverse momenta (up to 5:4GeV=
) of thepresent measurement also permits a 
omplementarymeasurement of the pT -broadening e�e
t obtained atlower energies.The paper is divided into four main se
tions: anoverview of the apparatus, trigger and data samples(Se
t. 2), a des
ription of the methods used for thesele
tion and 
ounting of J= s (Se
t. 3), the measure-ments of the kinemati
 distributions (Se
t. 4) and themeasurements of the nu
lear dependen
e (Se
t. 5),followed by 
on
luding remarks (Se
t. 6).2 Apparatus, data taking andMonte Carlo simulationHERA-B was a �xed-target experiment whi
h studiedparti
les produ
ed in intera
tions of 920GeV=
 pro-tons with wire targets positioned in the halo of theproton beam. The apparatus [11℄, shown in Fig. 1,was a forward spe
trometer with a

eptan
e rangingfrom 15 to 220mrad and from 15 to 160mrad in thebending (xz) and verti
al (yz) planes, respe
tively.Be
ause of this large a

eptan
e and the fa
t that theJ= de
ay tra
ks were measured before the muon de-te
tor (MUON) and the ele
tromagneti
 
alorimeter(ECAL), HERA-B was the �rst �xed-target experi-ment with signi�
ant 
overage in the region of nega-tive xF with an a

essible range of xF 2 [�0:34; 0:14℄.The target system [12℄ 
onsisted of eight wireswhi
h were grouped into two stations separated by4 
m along the beam line. Ea
h wire 
ould be indi-vidually steered in the beam halo by a servo system inorder to maintain a 
onstant intera
tion rate. A totalof �ve wires, di�ering in shape (round or re
tangular),dimensions (between 50�m and 500�m) and material(C, Ti and W) were used. Depending on running 
on-ditions and run-plan, either a single wire or a pair ofwires was a
tive for any given data-taking run. Theintera
tion rate was maintained in the range of 2 to6MHz, depending on beam 
onditions and target.The vertex dete
tor (VDS) [13℄ 
omprised eightplanar stations of double-sided sili
on mi
ro-stripmodules, seven of whi
h were mounted in Roman potsbuilt into the va
uum vessel and operated at a mini-mum distan
e of 10mm from the beam. A tra
k tra-versed typi
ally three stations, yielding twelve mea-3
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Figure 1: Top view of the HERA-B dete
tor.surement points in four stereo views. Vertex reso-lutions of 450 and 50�m in the beam dire
tion andin the transverse plane, respe
tively, were a
hieved.The eighth station was on a �xed mount immediatelyfollowing the exit window of the main vertex system,2m downstream from the target.The momenta of 
harged tra
ks were measuredfrom their bending through a verti
al magneti
 �eldof integral 2:13Tm. The main tra
ker was lo
atedbetween 2 to 13m downstream of the target, withone station pre
eding the magnet, four stations im-mediately after the magnet (Pattern Chambers, PCs)and another two (Trigger Chambers, TCs) after theRing Imaging Cherenkov dete
tor (RICH). Ea
h sta-tion 
ontained an inner part [14℄ (made of mi
ro-stripgas 
hambers and 
overing angles less than 20mrad)whi
h was not in
luded in the trigger system andtherefore does not play a role in the analysis pre-sented here. The outer part (OTR) [15℄ was 
om-posed of honey
omb drift 
hambers, with wire pit
hesof 5mm 
loser to the beam pipe and 10mm elsewhere.The �nal momentum resolution for muons was foundto be �p=p[%℄ = (1:61 � 0:02) + (0:0051 � 0:0006) �p [GeV=
℄ [15℄.The identi�
ation of the J= in its dilepton de-
ay modes as well as the �rst stage of the triggersystem relied mainly on the signals provided by theECAL [17℄ and MUON [18℄ systems. The ECAL wasa sampling 
alorimeter using shashlik te
hnology withPb and W absorbers sandwi
hed between s
intillatorlayers. It was divided into three se
tions (Inner, Mid-dle and Outer) with 
ell widths of 2:2, 5:5 and 11 
m,respe
tively, to roughly equalize o

upan
ies. The in-ner se
tion used W absorbers, while the middle andouter se
tions used Pb. The design was optimized

for good ele
tron/photon energy resolution and forele
tron-hadron dis
rimination. The �nal energy res-olution rea
hed by the dete
tor 
an be written in theform �E=E = A=pE�B (E measured in GeV), withA = 0:206, 0:118 and 0:108 and B = 0:012, 0:014and 0:014, for the Inner, Middle and Outer se
tions,respe
tively. The spatial resolution ranged from 1 to10mm depending on the 
alorimeter se
tion and onthe energy of the parti
le [17℄.The MUON system 
onsisted of four tra
king sta-tions interleaved with iron or 
on
rete absorbers. Asin the main tra
ker, two di�erent te
hnologies wereused: gas pixel 
hambers in the innermost region and
onventional tube 
hambers in the outer part. Forthe last two stations, not only the anode wires of thetubes but also the segmented 
athodes were read out.Signals from the 
athode pads were also given as in-puts to the trigger.The RICH [16℄ dete
tor relied on a C4F10 radi-ator and was used extensively in other analyses for�/K/p separation. It also played a small role in thepresent analysis as a means to reje
t ba
kgrounds inthe dilepton analysis, parti
ularly from kaon de
ays.The trigger system sele
ted both e+e� and �+��signatures and was organized into three levels: a pre-trigger [17, 19℄, a First Level Trigger (FLT [20℄) and asoftware-based Se
ond Level Trigger (SLT [21℄). Thepretrigger used signals from the ECAL and MUONdete
tors and required the presen
e of at least twore
onstru
ted ECAL 
lusters with transverse energyabove 1:1GeV or the presen
e of two muon 
andi-dates, de�ned as 
oin
iden
es of proje
tive pads inthe last two MUON layers. Starting from pretriggerseeds, the FLT attempted to �nd tra
ks in a subset ofthe OTR tra
king layers and required that at least one4



of the seeds resulted in a re
onstru
ted tra
k. Start-ing again from the pretrigger seeds, the SLT sear
hedfor tra
ks inside regions-of-interest generated by thepretriggers using all OTR layers and 
ontinued thetra
king through the VDS. Finally, at least two fullyre
onstru
ted tra
ks 
onsistent with the hypothesis ofa 
ommon vertex were required. Events passing theSLT were transferred to a 
omputer farm whi
h pro-vided full online re
onstru
tion of a fra
tion of theevents for data quality monitoring. The global trig-ger suppression fa
tor, 5 � 104, resulted in an eventar
hival rate of about 100Hz.A total of 160 million dilepton triggered eventswere re
orded between O
tober 2002 and February2003, together with an approximately �xed 10Hz rateof minimum bias events whi
h were used for monitor-ing and luminosity determination. The event sampleswere distributed between three target materials: 
ar-bon (64%), tungsten (32%) and a small fra
tion withtitanium (4%).A full Monte Carlo (MC) simulation is used to de-termine the triggering (ex
ept for FLT, see below),re
onstru
tion and sele
tion eÆ
ien
ies. In view ofthe range of physi
s topi
s addressed by the exper-iment (pA inelasti
 intera
tions, meson de
ays andheavy 
avor physi
s), the MC generator is built as a
ombination of two standard tools: Pythia 5.7 [22℄for heavy 
avor (b or 
) quark produ
tion in pN in-tera
tions and subsequent hadronization and Fritiof7.02 [23℄ for light quark produ
tion, se
ondary inter-a
tions in dete
tor materials and generi
 pA inelasti
intera
tions. The produ
tion of the J= is simulatedby �rst generating the basi
 hard pro
ess pN ! 
�
Xand subsequent 
�
 hadronization with Pythia andthen giving the remaining energy and momentum (X)of the intera
tion to Fritiof for generation of fur-ther intera
tions inside the hit nu
leus. The gener-ated parti
les are then given as input to the Geant3.21 based pa
kage [24℄ for full simulation of a
tive(instrumented) and ina
tive (support stru
ture) ele-ments of the dete
tor and for the digitization of theele
troni
 signals.To des
ribe the kinemati
 
hara
teristi
s of theprodu
ed J= s as a

urately as possible, an xF , pT ,and de
ay-angle dependent weight is assigned to ea
hevent and used in the subsequent analysis to for
e thesimulated J= produ
tion and de
ay distributions toagree with the 
orresponding measured distributionsfor ea
h target material. The weights are determinedby an iterative pro
edure in whi
h 
omputed 
orre
-tions are based on 
omparisons of MC event distribu-tions after re
onstru
tion and sele
tion 
uts with the
orresponding distributions from data.

The FLT eÆ
ien
y is derived from an eÆ
ien
ymap whi
h is determined from the data itself. Sin
ethe SLT result is 
ompletely independent of the FLT,and sin
e the FLT triggered on only one of the twolepton tra
ks, the eÆ
ien
y map 
an be determinedby a so-
alled tag-and-probe method. Using the ef-�
ien
y map, ea
h event is assigned a weight whi
hmultiplies the kinemati
 weight dis
ussed above.To a

urately reprodu
e the a
tual working 
on-�guration at the time of data-taking and properly a
-
ount for time variations of working 
onditions, thefull data taking period is divided into �ve 
alibra-tion periods of similar lengths, ea
h mat
hed by a
orresponding simulation sample for whi
h the eÆ-
ien
ies of the individual dete
tor 
ells are evaluatedand given as input to the MC. The MC samples arere
onstru
ted and analyzed with the same methodsand software pa
kages used for the analysis of thereal data.3 J= sele
tion and 
ountingThe ele
tron and muon 
andidates are sele
ted with
ommon tra
k- and vertex-sele
tion 
riteria while
hannel-spe
i�
 methods are applied for lepton iden-ti�
ation and the treatment of the J= signal.All tra
ks passing the SLT are initially 
onsideredas lepton 
andidates. The tra
k re
onstru
tion pro
e-dure 
onsists of �nding straight segments in the VDSand PCs independently, mat
hing them to ea
h otherand also to segments in the TCs. A full, iterative�t of found tra
ks is then performed. To reje
t in-
orre
tly re
onstru
ted or ghost tra
ks, loose 
uts onthe minimum number of hits in the VDS and OTR,as well as on the �2 probability of the tra
k �t areapplied by the event re
onstru
tion algorithms. Thedete
tor a

eptan
e and trigger requirements e�e
-tively limit the momentum and transverse momen-tum ranges of lepton tra
ks to 5 < p < 200GeV=
and 0:7 < pT < 5:0GeV=
, respe
tively. For ea
hevent, among all possible pairs of oppositely 
hargedlepton 
andidates 
onsistent with a 
ommon vertex(�2 probability greater than 1%), only the pair withthe best parti
le identi�
ation (see below) for bothleptons is a

epted.3.1 Dimuon 
hannelSin
e muons are the only parti
les having a signi�
antprobability of penetrating through the absorbers ofthe MUON dete
tor, only minimal sele
tion 
uts areneeded to obtain a 
lean sample (see also [25℄). The5
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Figure 2: The �+�� (a) and e+e� (b) invariant massdistributions for the full data sample in the J= massregion. The 
ontinuous lines represent the result of�ts performed with the fun
tions des
ribed in thetext; the dashed lines are the �tted ba
kgrounds.ba
kground of muons from pion and kaon de
ays isredu
ed by imposing tighter 
uts on the quality ofthe tra
k �t and on the mat
hing of tra
k segmentsin the VDS, OTR and MUON. Doing so reje
ts thetypi
al \broken traje
tories" produ
ed by de
ays intoleptons. Contamination from kaons is further redu
edby dis
arding tra
ks with high values of the 
orre-sponding RICH likelihood. After all sele
tion 
uts,the ba
kground under the J= signal is redu
ed by afa
tor of 2:5 with respe
t to the triggered data witha loss of about 11% of the signal.Fig. 2(a) shows the resulting dimuon mass spe
-trum together with the result of a �t to a sum of threefun
tions [26℄, whi
h model the J= and  (2S) signalsand the exponential ba
kground. The J= and  (2S)signals are ea
h modeled as a superposition of threeGaussians with a 
ommon mean whi
h takes into a
-
ount tra
k resolution and e�e
ts of Moli�ere s
atter-

Channel C Ti W Total�+�� 94800 8060 48100 152000e+e� 57700 4280 25300 87200Table 1: The numbers of re
onstru
ted J= s after allsele
tion 
uts in the dimuon and diele
tron 
hannels,and for di�erent target materials.ing and a fun
tion representing the radiative tail dueto the de
ay J= ! �+��
 [26℄. The ba
kground isdes
ribed by an exponential of a se
ond-order poly-nomial. The �tted position and width of the J= peak are 3:0930� 0:0002GeV=
2 and 40� 1MeV=
2,respe
tively.3.2 Diele
tron 
hannelThe J= sele
tion in the diele
tron 
hannel is a�e
tedby major ba
kground 
ontributions from 
hargedhadrons whi
h produ
e energeti
 ECAL 
lusters andby overlapping photon and 
harged-hadron energy de-posits in the ECAL. For this reason, the ele
tron iden-ti�
ation requirements were the subje
t of 
areful op-timization studies whi
h resulted in mu
h more strin-gent sele
tion 
uts than for the muon sample.A 
ut on the transverse energy of the ECAL 
lus-ter (ET > 1:15GeV) is applied in order to mask dif-ferent threshold 
uts applied at the pretrigger levelfor the various a
quisition periods.The re
onstru
ted momentum ve
tors of ele
tronsand positrons are 
orre
ted for energy loss frombremsstrahlung (BR) emission in the materials infront of the magnet. For ea
h ele
tron tra
k, an at-tempt to identify an ECAL 
luster due to a BR pho-ton is made by looking for an energy deposition in
oin
iden
e with the extrapolation of the asso
iatedVDS tra
k segment to the ECAL. Any re
overed en-ergy (about 18% of the initial ele
tron energy on aver-age) is then added to the momentum measured by thetra
king system. Sin
e BR is a 
lear signature for anele
tron tra
k, it is also exploited to obtain substan-tial ba
kground redu
tion whi
h is essential for a

u-rate J= 
ounting. The baseline results of the anal-ysis are obtained by requiring that at least one lep-ton of a de
aying J= has an asso
iated BR 
luster.This requirement redu
es the signal by about 30% andsuppresses the ba
kground by more than a fa
tor oftwo. Alternative requirements (no BR requirement,only one, or both ele
trons emitting BR) lead to verydi�erent ba
kground shapes and amounts. The dif-feren
es are exploited for systemati
 studies on thestability of signal 
ounting and on the 
orre
tness of6
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Figure 3: Distribution of the number of J= s re
onstru
ted in the 
arbon target sample (points) and in the
orresponding MC data (histograms, arbitrarily re-normalized) as a fun
tion of pT and xF . (a) and (b): muon
hannel, (
) and (d): ele
tron 
hannel.the MC simulation.Adjustments to the measured momenta of ele
trontra
ks were applied to 
ompensate for di�eren
es inmultiple s
attering between ele
trons and muons sin
ethe tra
k-�tter had been 
alibrated for muons. Forthis purpose, a 
orre
tion map, determined from theshift of the J= peak position in di�erent kinemati
regions was used.Additional sele
tion 
uts are applied to furtherimprove the signi�
an
e of the diele
tron signal. Aparti
ularly dis
riminating variable is the ratio E=p,where E is the energy of an ECAL 
luster and p isthe momentum of the asso
iated tra
k. The E=p dis-tribution for ele
trons has a Gaussian shape with amean value 
lose to 1 and width varying between 6:4%and 7:4% depending on 
alorimeter se
tor. Values ofE=p mu
h lower than 1 are mainly due to parti
les,mostly hadrons, whi
h release only part of their en-ergy in the 
alorimeter. Further sele
tion variables

used in the analysis are the distan
es �x and �y {along the x and y dire
tions { between the re
on-stru
ted 
luster and the tra
k position extrapolatedto the ECAL. The �x and �y distributions for ele
-trons are, apart from a small tail, well des
ribed byGaussians 
entered at zero with widths between 0:2and 1:0 
m depending on 
alorimeter se
tor. Cutson these quantities lead to a signi�
ant redu
tion ofthe 
ontamination from hadrons and random 
luster-tra
k mat
hes whi
h are 
hara
terized by signi�
antlywider distributions. The sele
tion of the 
andidateele
tron-positron pairs is further re�ned by puttingan upper bound on the distan
e of 
losest approa
h(�b) between the two a

epted tra
ks near the vertex.All the requirements des
ribed above have beensimultaneously optimized by maximizing the signi�-
an
e S=pS +B of the J= signal (S) { taken fromthe MC (s
aled to the number of J= in the data){ with respe
t to the ba
kground (B) { evaluated7



from the data. The optimal ranges for the di�erent
ut variables depend on the number (one or two) ofBR 
lusters asso
iated to the ele
tron-positron pair.When both ele
tron and positron have a BR 
lus-ter 
orrelated to the tra
k, where the 
luster posi-tion was determined by hierar
hi
al 
lustering [17℄,the event is already rather 
leanly re
onstru
ted andonly one additional request (for ea
h lepton 
andi-date), (E=p � 1)=�E=p > �3:6, is applied. Whenonly one of the two possible BR 
lusters is found,the a

epted ranges are determined for ea
h leptonas �3:6 < (E=p � 1)=�E=p < 5:4, j�xj=��x < 7:0,j�yj=��y < 3:3 and �b < 370�m, respe
tively.The 
ombined sele
tion 
uts in
rease the S=B ra-tio of the J= by about a fa
tor of 10 with respe
tto triggered events, and have an overall eÆ
ien
y of(45 � 4)% as evaluated using the data and veri�edwith the simulation { the rather large un
ertainty isdue to the diÆ
ulty of 
ounting the signal when no
uts are applied. As 
an be seen in Fig. 2(b), the sig-ni�
an
e of the optimized J= signal, although lessthan that of the muon 
hannel shown in Fig. 2(a), isnonetheless su
h that the ele
tron sample signi�
antlyenhan
es the statisti
al pre
ision of the �nal results.The method adopted for 
ounting the signal uses aGaussian shape for the right part of the peak anda Breit-Wigner shape for the left part to a

ount forthe sizable asymmetry of the signal 
aused by missingBR energy and the 
ontribution of the radiative de
ayJ= ! e+e�
. The ba
kground is parametrized witha Gaussian at lower mass values and an exponentialat higher mass, joined together su
h that the result-ing 
urve is smooth. The position and width of theJ= peak as determined from the �t are 3:110�0:001GeV=
2 and 72� 1MeV=
2, respe
tively.The yields of sele
ted J= 
andidates for the twode
ay 
hannels and for ea
h target material are listedin Table 1. Fig. 3 shows (for the 
arbon data) a 
om-parison between data and MC of the distributionsof re
onstru
ted J= s as a fun
tion of the kinemati
variables pT and xF .4 Kinemati
 distributions4.1 ResultsThe present analysis adopts the degrees of freedompT , xF and � (azimuthal produ
tion angle) for thedes
ription of the J= produ
tion kinemati
s. Single-variable distributions are obtained a

ording to the
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Figure 4: In
lusive pT distributions of J= mesons forthree target materials with arbitrary normalizations.The error bars represent the 
ombination of statisti-
al and systemati
 un
ertainties. The interpolatinglines are the results of a simultaneous �t of the threepT distributions to Eq. 2 performed with the methoddes
ribed in Se
. 4.2.formula (here written e.g. for xF )dNJ= dxF (xF ) = �N re
J= (xF )�J= (xF ) �xF ; (1)where �N re
J= (xF ) is the fra
tion of J= s re
on-stru
ted in a given xF interval of width �xF and�J= (xF ) is the global (trigger, re
onstru
tion and se-le
tion) eÆ
ien
y for that interval integrated over allother kinemati
 variables (in
luding the J= de
aydegrees of freedom) using the tuned MC. In ea
h 
ase,the signal is also integrated over all other kinemati
variables. All distributions are normalized to unitarea2.The �nal pT and xF distributions for the three2The absolute J= yield in proton-nu
leus 
ollisions at920GeV=
 was the subje
t of a measurement performed usingminimum bias data [27℄.8



pT (GeV=
) C (�10�2) Ti (�10�2) W (�10�2)min max0.0 0.2 10.74 � 0.28 � 0.72 8.5 � 0.9 � 1.9 8.5 � 0.3 � 1.10.2 0.4 30.94 � 0.46 � 0.69 26.3 � 1.7 � 2.0 25.1 � 0.7 � 1.10.4 0.6 47.36 � 0.61 � 0.66 40.4 � 2.1 � 2.1 39.9 � 0.7 � 1.10.6 0.8 55.90 � 0.73 � 0.62 54.8 � 2.3 � 2.1 51.9 � 0.9 � 1.10.8 1.0 61.10 � 0.66 � 0.58 57.6 � 2.3 � 2.1 56.5 � 1.0 � 1.11.0 1.2 58.16 � 0.70 � 0.53 52.3 � 2.1 � 2.0 53.8 � 1.0 � 1.01.2 1.4 51.11 � 0.66 � 0.49 51.5 � 2.2 � 1.9 52.8 � 1.0 � 1.01.4 1.6 43.57 � 0.62 � 0.44 44.2 � 1.9 � 1.8 44.58 � 0.85 � 0.871.6 1.8 34.84 � 0.58 � 0.40 37.1 � 2.0 � 1.6 37.89 � 0.76 � 0.771.8 2.0 28.17 � 0.53 � 0.35 27.9 � 1.5 � 1.4 29.46 � 0.66 � 0.682.0 2.2 20.78 � 0.42 � 0.31 22.0 � 1.4 � 1.3 23.02 � 0.66 � 0.582.2 2.4 15.37 � 0.33 � 0.27 16.0 � 1.2 � 1.1 17.81 � 0.52 � 0.492.4 2.6 11.18 � 0.26 � 0.23 11.4 � 1.0 � 0.9 13.06 � 0.44 � 0.402.6 2.8 7.73 � 0.23 � 0.20 6.89 � 0.72 � 0.71 9.56 � 0.37 � 0.332.8 3.0 5.59 � 0.20 � 0.17 4.99 � 0.57 � 0.57 7.45 � 0.36 � 0.263.0 3.2 4.22 � 0.16 � 0.14 3.80 � 0.50 � 0.44 4.68 � 0.24 � 0.203.2 3.4 2.79 � 0.12 � 0.12 3.18 � 0.56 � 0.33 3.77 � 0.25 � 0.153.4 3.6 1.90 � 0.10 � 0.09 1.96 � 0.34 � 0.25 2.75 � 0.18 � 0.113.6 3.8 1.402 � 0.082 � 0.077 1.30 � 0.25 � 0.18 2.16 � 0.15 � 0.083.8 4.0 0.879 � 0.064 � 0.062 0.92 � 0.25 � 0.13 1.27 � 0.11 � 0.064.0 4.2 0.672 � 0.051 � 0.049 0.65 � 0.23 � 0.09 0.746 � 0.081 � 0.0424.2 4.4 0.338 � 0.036 � 0.039 0.542 � 0.067 � 0.0294.4 4.6 0.257 � 0.030 � 0.030 0.383 � 0.056 � 0.0194.6 4.8 0.153 � 0.025 � 0.023 0.263 � 0.049 � 0.0134.8 5.0 0.134 � 0.023 � 0.018 0.212 � 0.041 � 0.0085.0 5.2 0.130 � 0.028 � 0.013 0.115 � 0.036 � 0.0055.2 5.4 0.042 � 0.011 � 0.010 0.061 � 0.022 � 0.003Table 2: J= pT distributions (dN=dpT , normalized to their integrals over the measured range) for threetarget materials with statisti
al and systemati
 un
ertainties.materials are shown in Figs. 4 and 5. The error barsin
lude statisti
al and systemati
 un
ertainties addedin quadrature. The 
orresponding numbers 
an befound in Tables 2 and 3. The �nal distributions andsystemati
 un
ertainties are evaluated by �xing theinput parameters and assumptions of the analysis toa variety of values within their range of un
ertainties(see list below) and 
arrying through the full analysis.The kinemati
 distributions are �nally obtained byaveraging over de
ay 
hannels for ea
h set of inputparameters and assumptions. The 
entral value forea
h bin is the mid-point of the distribution of valuesthus obtained and the systemati
 un
ertainty is themaximum spread of the obtained values divided byp12. The stability tests are des
ribed in the followinglist.� The impa
t of sele
tion and optimization re-quirements is evaluated by 
hanging the 
uts onmomentum and transverse momentum of muonand ele
tron 
andidates with respe
t to the in-trinsi
 thresholds of the trigger sele
tion, and

by s
anning systemati
ally the values of all 
utvariables used for the optimization of the dimuonand diele
tron signals (in
luding, for the latter,di�erent BR requirements).� The un
ertainty asso
iated to the signal 
ount-ing method has been estimated from the varia-tion of the results obtained with the adoption ofmodi�ed ba
kground and signal fun
tions. Spe-
ial attention is given to the ba
kground eval-uation of the diele
tron 
hannel: as an alterna-tive to the �t with an assumed ba
kground fun
-tion, a ba
kground shape 
onstru
ted by mixingreal events (
ombining ea
h tra
k with one ofopposite-
harge from a di�erent event) has beenused in an unbinned maximum-likelihood �t ofthe invariant mass spe
trum. A further 
ross-
he
k is represented by the 
omparison betweenthe eÆ
ien
y-
orre
ted J= yield obtained withdi�erent BR requirements (and therefore di�er-ent ba
kground shapes). When the BR require-ment is removed, the evaluation of the numberof J= s be
omes less stable due to in
reased9



xF C Ti Wmin max-0.34 -0.32 0.221 � 0.045 � 0.035 0.228 � 0.061 � 0.058-0.32 -0.30 0.412 � 0.044 � 0.039 0.372 � 0.070 � 0.059-0.30 -0.28 0.429 � 0.037 � 0.044 0.431 � 0.076 � 0.061-0.28 -0.26 0.492 � 0.031 � 0.049 0.593 � 0.065 � 0.062-0.26 -0.24 0.639 � 0.036 � 0.054 0.88 � 0.16 � 0.05 0.812 � 0.065 � 0.063-0.24 -0.22 0.798 � 0.035 � 0.058 0.90 � 0.13 � 0.05 0.846 � 0.057 � 0.065-0.22 -0.20 1.067 � 0.036 � 0.063 1.41 � 0.15 � 0.06 1.393 � 0.066 � 0.066-0.20 -0.18 1.247 � 0.034 � 0.068 1.53 � 0.15 � 0.06 1.361 � 0.059 � 0.068-0.18 -0.16 1.504 � 0.035 � 0.073 1.88 � 0.14 � 0.07 1.725 � 0.057 � 0.069-0.16 -0.14 1.791 � 0.030 � 0.078 1.87 � 0.12 � 0.07 2.000 � 0.063 � 0.070-0.14 -0.12 2.119 � 0.033 � 0.082 2.21 � 0.14 � 0.08 2.171 � 0.065 � 0.072-0.12 -0.10 2.374 � 0.031 � 0.087 2.61 � 0.13 � 0.08 2.477 � 0.056 � 0.073-0.10 -0.08 2.710 � 0.033 � 0.092 2.71 � 0.13 � 0.09 2.713 � 0.056 � 0.074-0.08 -0.06 3.074 � 0.039 � 0.097 3.04 � 0.13 � 0.09 3.022 � 0.051 � 0.076-0.06 -0.04 3.33 � 0.05 � 0.10 3.45 � 0.14 � 0.10 3.161 � 0.052 � 0.077-0.04 -0.02 3.51 � 0.04 � 0.11 3.73 � 0.15 � 0.10 3.318 � 0.055 � 0.078-0.02 0.00 3.56 � 0.04 � 0.11 3.78 � 0.16 � 0.11 3.413 � 0.057 � 0.0800.00 0.02 3.54 � 0.05 � 0.12 3.56 � 0.18 � 0.11 3.349 � 0.065 � 0.0810.02 0.04 3.47 � 0.05 � 0.12 3.68 � 0.22 � 0.12 3.207 � 0.071 � 0.0820.04 0.06 3.18 � 0.07 � 0.13 3.80 � 0.30 � 0.12 2.998 � 0.093 � 0.0840.06 0.08 2.97 � 0.08 � 0.13 3.40 � 0.33 � 0.13 2.67 � 0.11 � 0.090.08 0.10 2.90 � 0.14 � 0.13 1.65 � 0.33 � 0.13 2.60 � 0.17 � 0.090.10 0.12 2.33 � 0.28 � 0.14 2.44 � 0.93 � 0.14 2.21 � 0.28 � 0.090.12 0.14 1.54 � 0.45 � 0.14 1.80 � 0.65 � 0.09Table 3: J= xF distributions (dN=dxF , normalized to their integrals over the measured range) for the threetarget materials with statisti
al and systemati
 un
ertainties.ba
kground, but the variation of the eÆ
ien
y-
orre
ted yield with respe
t to the standard se-le
tion is estimated to be lower than 5%.� The systemati
 un
ertainties also a

ount for thestability of the results when spe
i�
 a
quisitionperiods and 
onditions are sele
ted. A large sub-sample of the 
olle
ted events was produ
ed ontwo target wires of di�erent materials operatedsimultaneously. The 
omparison of these datawith those a
quired with a single target pro-vides an indi
ation of the extent to whi
h themeasurements are a�e
ted by variations of theexperimental 
onditions.� The results are sensitive to the shape of the J= de
ay angular distribution assumed in the MCgenerator. The hypothesis { made by previousexperiments { that the J= is produ
ed in an un-polarized state is not supported by the HERA-Bdata [28℄. There is, moreover, an indi
ation thatthe polarization in
reases in magnitude with de-
reasing pT , while no signi�
ant xF dependen
eis found. Sin
e a longitudinally polarized J= isdete
ted more eÆ
iently due to the lower prob-ability that its de
ay leptons es
ape dete
tionby passing through the uninstrumented region

near the beam, the kinemati
 dependen
e of thepolarization assumed in the MC in
uen
es theshape of the eÆ
ien
y-
orre
ted pT and/or xFspe
tra. The systemati
 stability tests thereforein
lude a variety of di�erent assumptions for po-larization (in
luding longitudinal, pT -dependentpolarization { also 
onsidering the possibility ofan A-dependent polarization { and the absen
eof polarization).The distribution of the azimuthal produ
tion an-gle � has been evaluated as a systemati
 
he
k of theuniformity of the MC des
ription of the geometri
ala

eptan
e. Fig. 6 shows the result obtained when
ombining the full data re
onstru
ted in both de
ay
hannels: the points are 
onsistent, within the statis-ti
al un
ertainties, with the expe
ted 
at distribution.The dimuon and diele
tron results (whi
h, as dis-
ussed below, are found to be 
ompatible) are aver-aged su
h that 
orrelations in their systemati
 un-
ertainties are taken into a

ount. Su
h 
orrelationshave been estimated by maintaining (when possible) aparallelism among the two 
hannels when evaluatingthe e�e
t of ea
h single systemati
 test. The assumed10



Channel Param. C Ti W�+�� hp2T i 2.141 � 0.011 � 0.014 2.200 � 0.044 � 0.015 2.435 � 0.017 � 0.026� 7.31 � 0.20 � 0.14 9.3 � 1.6 � 0.5 8.09 � 0.34 � 0.24e+e� hp2T i 2.149 � 0.019 � 0.025 2.220 � 0.069 � 0.044 2.460 � 0.034 � 0.041� 7.14 � 0.29 � 0.13 9.0 � 2.2 � 0.3 8.81 � 0.81 � 0.76
omb. hp2T i 2.141 � 0.009 � 0.015 2.204 � 0.036 � 0.018 2.432 � 0.015 � 0.028� 7.28 � 0.16 � 0.13 9.3 � 1.3 � 0.3 8.13 � 0.30 � 0.28wxF 0.1464 � 0.0026 � 0.0023 0.1453 � 0.0088 � 0.0051 0.1592 � 0.0037 � 0.0018�+�� �xF -0.0030 � 0.0020 � 0.0017 -0.0076 � 0.0056 � 0.0021 -0.0095 � 0.0027 � 0.0010
 1.699 � 0.039 � 0.014 1.45 � 0.15 � 0.02 1.810 � 0.071 � 0.016wxF 0.1482 � 0.0042 � 0.0014 0.149 � 0.015 � 0.006 0.1599 � 0.0081 � 0.0052e+e� �xF -0.0016 � 0.0029 � 0.0034 -0.006 � 0.010 � 0.003 -0.0056 � 0.0058 � 0.0017
 1.749 � 0.075 � 0.031 1.54 � 0.30 � 0.02 1.80 � 0.17 � 0.11wxF 0.1468 � 0.0022 � 0.0016 0.1482 � 0.0079 � 0.0028 0.1588 � 0.0033 � 0.0019
omb. �xF -0.0024 � 0.0016 � 0.0022 -0.0052 � 0.0051 � 0.0015 -0.0096 � 0.0024 � 0.0012
 1.723 � 0.036 � 0.011 1.48 � 0.14 � 0.01 1.820 � 0.063 � 0.018Table 4: Parameter values obtained from the �t of the kinemati
 distributions of ea
h of the three targetsamples to the fun
tions des
ribed in the text (Eq.s 2 and 3). The �rst of the given un
ertainty ranges isstatisti
al and the se
ond is systemati
.
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Figure 5: In
lusive xF distributions of J= mesonsfor the three target materials with arbitrary normal-izations. The error bars represent the 
ombination ofstatisti
al and systemati
 un
ertainties. The interpo-lating lines are the results of a simultaneous �t of thethree xF distributions to Eq. 3 performed with themethod des
ribed in Se
. 4.2.
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onstant. The error barsin
lude only statisti
al 
ontributions.
polarization hypothesis is found to be the dominat-ing sour
e of un
ertainty in the �nal results { espe-
ially for the lower part of the pT distribution { aswell as the most important 
ause of 
orrelation be-tween the two analyses. Relative to this un
ertainty,the signal sele
tion 
uts are in general responsible fornegligible systemati
 variations, ex
ept for the mostpositive part of the xF spe
trum, where a

eptan
e
orre
tions in
rease dramati
ally due to the low-angledete
tor a

eptan
e 
ut-o� near the beam.The results are well represented { and 
an there-fore be des
ribed { by the following interpolatingfun
tions whi
h are further motivated in the following11
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Figure 7: The hp2T i of the produ
ed J= s as a fun
-tion of A1=3�1 (see Eq. 4). The results of the presentanalysis (bla
k �lled 
ir
les with total and statisti-
al un
ertainties) are 
ompared to previous measure-ments performed with di�erent beam energies at Fer-milab [1℄ and at the SPS [3℄. The data are �tted withlinear fun
tions.se
tion:dNdpT / pT �1 + 1� � 2 p2Thp2T i��� ; (2)dNdxF / exp �� ln 2 ����xF ��xFwxF ����
� : (3)The parameters hp2T i, �, wxF (width at half maxi-mum), �xF (shift of the 
enter of the distributionwith respe
t to xF = 0) and 
 are left free in the �tof the distributions. The resulting values are listedin Table 4 for ea
h target material. The systemati
un
ertainties of the parameters have been determinedfrom the maximum variation (divided by p12) of theresults obtained by re-�tting the distributions afterea
h of the stability tests des
ribed above. The nor-malized �2 obtained from the �ts of the 
ombineddimuon-diele
tron results are, respe
tively, 1:5, 0:8and 2:1 for the pT distributions of 
arbon, titaniumand tungsten, and 1:1, 1:5 and 1:2 for the three xF dis-tributions (only the statisti
al un
ertainties are takeninto a

ount).Also in
luded in Table 4 are the results obtainedseparately in the dimuon and diele
tron 
hannels withthe respe
tive systemati
 un
ertainties. The goodagreement between the results of the two analyseswithin the statisti
al un
ertainties 
on�rms that the
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Figure 8: Energy dependen
e of the parametershp2T ipp (a) and � (b) as de�ned in Eq. 4 des
ribing thepT -broadening of the J= . The points represent theresults obtained by HERA-B (bla
k �lled 
ir
les, withtotal and statisti
al un
ertainties), at Fermilab [1℄and at the SPS [3℄. The data are �tted with linearfun
tions.
hannel-spe
i�
 issues of parti
le identi�
ation and
ounting are not responsible for large systemati
 vari-ations in the shapes of the distributions.4.2 Parameterization and interpreta-tion of kinemati
 distributionsAmong the parameters adopted for the des
riptionof the data, the width of the pT distribution (hp2T i),the position of the maximum of the xF distribution(�xF ) and, possibly but less signi�
antly, its width(wxF ) show a trend with the mass number A.It is well known [29℄ that the average p2T of parti-
les produ
ed in nu
lear 
ollisions in
reases with themass of the target nu
leus. This trend is 
on�rmed bythe HERA-B data with high signi�
an
e. The \pT -broadening" e�e
t is 
ommonly explained as a 
onse-quen
e of multiple elasti
 s
attering of the in
omingbeam parton in the surrounding nu
leus before thehard s
attering pro
ess takes pla
e. The measured12
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Figure 9: The width (a) and shift (b) of the J= xFdistributions as a fun
tion of A1=3�1 (see Eqs. 5 and6). The double error bars represent total and statis-ti
al un
ertainties. The data are �tted with linearfun
tions.in
rease of hp2T i with A is shown in Fig. 7 togetherwith the results of experiments at lower energies. Thevariable of the abs
issa, A1=3 � 1, is approximatelyproportional to the radius of the target nu
leus i.e.to the average path length of the parton inside thenu
leus with the shift of �1 su
h that the magnitudeof the e�e
t is measured with respe
t to A = 1. Allmeasurements are a
tually 
onsistent with the param-eterization hp2T i = hp2T ipp + � (A1=3 � 1); (4)to whi
h they are �tted in the plot. As summarized inFig. 8(a), the results for the average p2T extrapolatedto proton-nu
leon intera
tions (hp2T ipp) are 
ompati-ble with a linear growth with the square of the 
enter-of-mass produ
tion energy s. On the other hand, � isapproximately independent of 
enter-of-mass energyas 
an be seen in Fig. 8(b).Furthermore, HERA-B observes a di�eren
e inshape between the xF distributions of the J= fordi�erent target nu
lei 
onsisting of an in
reasing dis-pla
ement of the 
enter of the distribution towardsnegative values. As shown in Fig. 9, J= s are pro-du
ed in tungsten with an xF distribution whi
h

pT distributionhp2T ipp (GeV2=
2) 2.030 � 0.014 � 0.014� (GeV2=
2) 0.0852 � 0.0053 � 0.0043�pp 6.97 � 0.22 � 0.23�0 0.261 � 0.087 � 0.070�2=NDoF 106:5=71xF distribution, � free� -0.00211 � 0.00044 � 0.00022wppxF 0.1435 � 0.0017 � 0.0046� 0.00277 � 0.00066 � 0.00092
pp 1.735 � 0.029 � 0.014�2=NDoF 72=60xF distribution, � = 0� -0.00295 � 0.00035 � 0.00018wppxF 0.1478 � 0.0014 � 0.0028� 0 (�xed)
pp 1.725 � 0.0028 � 0.0015�2=NDoF 91:5=61Table 5: Results of the global �ts of pT and xF distri-butions des
ribed in the text. The �rst of the givenun
ertainty ranges is statisti
al and the se
ond is sys-temati
.has equal or slightly greater width with respe
t tothose produ
ed in 
arbon and tends to be asymmet-ri
ally 
entered at a lower value. This behavior isalso supported by a �t of the E789 gold data [1℄(�0:035 < xF < 0:135, Eb = 800GeV) with Eq. 3.The �tted width of 0:11�0:01 is lower than our valuefor tungsten suggesting not only that the maximum isshifted but that the shape be
omes asymmetri
. As apossible interpretation, the e�e
t may be attributedto the energy loss undergone by the in
ident partonand/or the produ
ed state in their path through thenu
leus, 
ausing a redu
tion of the average xF of theJ= and a possible additional smearing of the mo-mentum distribution. This hypothesis motivates the
hoi
e of representing the data also in this 
ase as afun
tion of A1=3 � 1. The points in Fig. 9 (a) and b)are �tted respe
tively with:wxF = wppxF + � (A1=3 � 1); (5)�xF = � (A1=3 � 1); (6)where �, wppxF and � are free parameters.To obtain the best des
ription of the dependen
eof the pT and xF spe
tra on the target nu
leus, asimultaneous �t of the three (C, Ti and W) distribu-tions a

ording to the fun
tions given in Eq. 2 and3 has been done. A

ording to the hypothesis thatenergy loss is responsible for the observed nu
lear de-penden
e of the shape of the kinemati
 distributions,the �t has been 
onstrained by imposing the relations13



from Eqs. 4, 5 and 6, and, moreover,� = �pp + �0(A1=3 � 1); (7)
 = 
pp (independent of A); (8)where �pp, �0 and 
pp are additional parameters ofthe �t. In Table 5 the results of this pro
edure aresummarized. The �t of the xF distributions has beenperformed in two variants, with the parameter � leftfree or �xed to zero { therefore assuming in the lat-ter 
ase that wxF is independent of A. The resultingbest-�t 
urves (with � left free) are the interpolatinglines plotted in Figs. 4 and 5. The �t results indi
atea signi�
ant nu
lear dependen
e not only of the pTdistribution (parameter �), but also of the xF distri-bution: there is a signi�
an
e of 7� for � 6= 0 when� is �xed to zero, whi
h 
hanges to 4 and 3�, re-spe
tively, for � and � (with a strong anti-
orrelationbetween the two) when both are left free.5 Nu
lear dependen
e of J= produ
tionThe Glauber Model [30℄ suggests that the dependen
eof the J= produ
tion 
ross se
tion on atomi
 massnumber (A) 
an be approximated by a power law:�pA = �pN � A� ; (9)where �pN is the proton-nu
leon 
ross se
tion and�, the \suppression" parameter, 
hara
terizes the nu-
lear dependen
e. Pure hard s
attering in the absen
eof any nu
lear e�e
ts would 
orrespond to � equal tounity. A suppression of J= produ
tion would leadto � < 1 while an enhan
ement (anti-s
reening e�e
t)would be signaled by � > 1. Usually, � is des
ribedand measured as a fun
tion of xF and pT (see forexample [2, 3, 31℄).Eq. 9 is generally used to des
ribe data and pre-di
tions independently of parti
ular me
hanisms ofnu
lear modi�
ation. In general, however, � may de-pend on A and thus depend on the targets used tomake the measurement. For the measurement pre-sented here, � is evaluated by 
omparing the J= yields from two di�erent targets: 
arbon and tung-sten3 as a fun
tion of xF and pT .3The titanium sample is not used for this analysis sin
eit is too small to have a signi�
ant impa
t on the statisti
alpre
ision of the result and would have required a signi�
antlymore 
omplex analysis pro
edure.

5.1 The � measurementUsing Eq. 9, the nu
lear suppression parameter � 
anbe extra
ted from a measurement of the ratio of 
ross-se
tions for 
arbon (C) and tungsten (W) targets:�pW�pC = �AWAC �� : (10)The measurement of the 
ross se
tion ratio re-quires a measurement of the ratio of the integratedluminosities of the 
arbon and tungsten target sam-ples. For the HERA-B setup, this 
an be done usingdata samples where two di�erent targets are oper-ated simultaneously (double-target runs) sin
e mostof the systemati
 un
ertainties 
an
el and an abso-lute luminosity measurement 
an be avoided. On theother hand, for studies of the dependen
e of � on thekinemati
 variables, greater statisti
al pre
ision 
anbe obtained by also using the single-target runs. TheHERA-B measurement of � thus 
onsists of two sub-measurements: a measurement of the average valueof �, h�i, over the full visible kinemati
 range anda measurement of � � h�i as a fun
tion of xF andpT . The shape distributions are then 
orre
ted us-ing h�i to produ
e an absolute measurement of thedistribution of � over the measured range.More spe
i�
ally, h�i is evaluated using doubletarget runs based on the formula:h�i = ln(�W�C )ln(AWAC ) = 1ln(AWAC ) � ln�NWNC � LCLW � �C�W� ;(11)where NX (X=C,W) denotes the total number of re-
onstru
ted J= mesons originating from the 
orre-sponding target wire, LX is the luminosity, �X is theoverall dete
tion eÆ
ien
y (see Se
. 2) and the eventyields are derived as dis
ussed in Se
. 3. The measure-ment of the luminosity ratios is des
ribed in Se
. 5.2.The dependen
e of � on xF and pT is obtainedfrom the full 
arbon and tungsten target data samples(double- and single-target runs). The full 
arbon sam-ple is roughly twi
e the size of the double-target sub-sample while the full tungsten sample is 10% largerthan the double-target subsample. The shape of thedi�erential distributions are given by (here writtene.g. for xF ): 1�J= � d�J= d xF ; (12)where �J= = �(pA ! J= +X) is the total visibleJ= 
ross se
tion.The measurement of nu
lear e�e
ts 
an then bederived from the distributions of Eq. 12 using (here14



written e. g. for xF ):�(xF ) = 1ln�AWAC � � ln 1�W � d�Wd xF1�C � d�Cd xF !+ h�i : (13)5.2 Luminosity ratiosThe luminosity a
quired on target X, where X is ei-ther C (
arbon) or W (tungsten), 
an be expressedas: LX = NX�inelX = �X �NBX�inelX ; (14)where NX is the total number of inelasti
 intera
tionso

urring on target X during the measurement, �inelXis the total inelasti
 
ross se
tion, NBX is the 
orre-sponding total number of �lled bun
h 
rossings (BX)and �X is the average number of intera
tions per �lledBX. The total 
ross se
tions �inelX for ea
h target ma-terial together with some details on this topi
 
anbe found in [32℄. The luminosity ratio RL needed inEq. 11 is then given by:RL = LCLW = �inelW�inelC � �C�W : (15)Assuming the intera
tion probability on target Xfollows a Poisson distribution, �X 
an be 
al
ulatedfrom the observed number of events with at least oneintera
tion (N(� 1)obs) using:�X = 1�inelX ln 1� N(� 1)obsNBX ! ; (16)where �inelX is the probability to observe a single in-tera
tion.The determination of �X relies on random-triggerevents whi
h were a

umulated together with thedilepton-trigger events used for J= 
ounting. Fivemethods whi
h di�er by the event 
hara
teristi
s usedto de�ne the presen
e of an intera
tion are used to
ount events. All methods rely on tra
ks found inthe vertex dete
tor. To maintain high eÆ
ien
y, therequirements imposed are minimal but suÆ
ient toalso keep the probability of in
orre
t target wire as-signment at a low level. The methods are based onthe following �ve 
riteria:For all events,1. � 1 primary vertex on wire X where the pri-mary vertex is formed from tra
ks measuredboth in the VDS and OTR (\long tra
ks"),

2. � 2 tra
ks (in
luding long tra
ks and tra
ksseen only in the VDS) with impa
t parame-ter � 3� of wire X and � 5� from the otherwire, where � is the impa
t parameter mea-surement un
ertainty,and, using the subset of events with no vertexfound on the other wire,3. � 1 primary vertex on wire X using alltra
ks,4. � 1 primary vertex on wire X using longtra
ks only,5. � 2 long tra
ks within � 3� from wire X.Both as a 
ross 
he
k and as an estimate of thesystemati
 un
ertainty on the eÆ
ien
y, all 
ountingmethods are 
he
ked in parallel. For the �nal lumi-nosity ratio determination, the average of the �ve de-terminations is used and the rms spread of the �veis fa
tored into the systemati
 un
ertainty. Further-more, Eq. 16 assumes that the intera
tion probabili-ties for ea
h wire follow a Poisson distribution. How-ever, the individual bun
h �llings are often unevenand the intera
tion rate varies in time by typi
ally20%. To quantify this in
uen
e, an alternative lumi-nosity 
al
ulation is performed in whi
h the detailedbun
h �lling stru
ture and the intera
tion rate distri-bution on ea
h wire are taken into a

ount. The dif-feren
es between the resulting ratios and those 
om-puted dire
tly from Eq. 15 are negligible 
ompared toother systemati
 un
ertainties.To minimize the dependen
e of the eÆ
ien
y es-timate on MC, the eÆ
ien
y of ea
h of the abovemethods is 
alibrated by 
omparing the luminosityestimate found using it with that found by the meth-ods des
ribed in [32℄. These latter methods rely onvery simple 
riteria to identify events with intera
-tions, su
h as a minimal number of hits in the RICHdete
tor (typi
ally twenty, 
ompared to thirty hits ex-pe
ted for a fully a

epted fast 
harged parti
le) ora small (1GeV) energy deposit in the ECAL and areestimated to be sensitive to roughly 95% of the totalnon-di�ra
tive 
ross se
tion.Ea
h target of a two-wire 
on�guration is 
ali-brated separately using single-wire data runs takennearby in time to the run being 
alibrated. A \ghost"wire is introdu
ed at the lo
ation of the other wireof the 
on�guration. Thus the MC is not relied onto model tra
king in the VDS or vertex �nding, butonly to estimate the eÆ
ien
y of simpler and morerobust event 
ounting te
hniques des
ribed in [32℄.Overall eÆ
ien
ies in the range of 60 { 80 % arefound, depending on method and wire. The eÆ
ien
y-
alibration method based on real data is also usedto evaluate the probability that intera
tions are as-15



signed to the wrong wire. This probability is methodand 
on�guration dependent and is never more than0.4%.The average relative systemati
 un
ertainties onthe luminosity ratios due to intera
tion 
ounting andMC 
alibration [32℄ are 1.3% and 3.2%, respe
tively,giving an overall s
ale un
ertainty of 3.4% on RL.Depending on wire 
on�guration between 0.6 and 1.2million events were used for the determination of �Cand �W, thus the statisti
al un
ertainty on the lumi-nosity ratio is negligible.5.3 ResultsBased on Eq. 11, an average suppression value ofh�i = 0:981� 0:004stat: � 0:016sys: (17)in the visible range of xF is obtained. As explainedin Se
t. 2, the target system of HERA-B 
onsistedof eight di�erent wires grouped in two stations. Thedata were taken with four di�erent two-wire 
on�gu-rations whi
h were analyzed separately and averagedto obtain the �nal value. Also, the ele
tron and themuon de
ay 
hannels represent two statisti
ally in-dependent measurements. The average value is 
al-
ulated as a weighted mean with weights being thesquared quadrati
 sum of statisti
al and luminosityratio un
ertainties. The luminosity ratios are deter-mined for ea
h wire 
on�guration separately as dis-
ussed in Se
. 5.2 with a 
ontribution to the sys-temati
 un
ertainty on h�i of 3:4 %= ln(AW =AC) =1:24 %. A systemati
 e�e
t of 1.1% due to time vari-atons of dete
tor performan
e and impre
isions in de-te
tor or trigger simulations was estimated from thevariations of h�i among the four samples and two de-
ay 
hannels. The total systemati
 un
ertainty onh�i is thus 1:66 %. The statisti
al pre
ision of theh�i measurement 
ontributes an un
orrelated un
er-tainty 0:4 %.The values of � for individual xF and pT bins aregiven in Table 6 and shown in Fig. 10 for pT andin Fig. 11 for xF . They will be further dis
ussed inSe
. 5.4. The values and systemati
 un
ertainty es-timates were derived a

ording to the pro
edure de-s
ribed in Se
. 4.1. The error bars on the �gures showboth statisti
al and total 
ontributions. The system-ati
 un
ertainties in the estimate of h�i are largelyun
orrelated with those from the � � h�i measure-ment. The �nal systemati
 un
ertainty estimate isthe quadrati
 sum of the two. The systemati
 un
er-tainty is substantially 
orrelated from bin to bin.
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Figure 10: The nu
lear suppression parameter � as afun
tion of pT measured by HERA-B (�lled triangles,plotted with total and statisti
al un
ertainties) andby E866 [2℄ (empty squares).5.4 Dis
ussionThe results of the � measurement as fun
tions of pTand xF are given in Table 6. The distributions ofthe �(pT ) and �(xF ) are presented in Figs. 10 and11 where they are 
ompared with measurements per-formed by other �xed target experiments: E866 [2℄(Ep = 800GeV) and NA50 [3℄ (Ep = 450GeV). Asalready seen (e.g. in Fig. 7), the measured pT de-penden
e of the nu
lear modi�
ation e�e
ts is verysimilar for HERA-B and E866. In Fig. 11 the E866and HERA-B measurements are seen to be 
ompati-ble within statisti
al and systemati
 un
ertainties inthe overlap region. The NA50 results are based onlower energy 
ollisions and are systemati
ally belowboth HERA-B and E866. At lower values of xF , theHERA-B �(xF ) measurement indi
ates a reversal ofthe suppression trend seen at high xF : the strongsuppression established by previous measurements athigh xF turns into a slight tenden
y towards enhan
e-ment in the negative xF region.The dependen
e of J= produ
tion in hadron-nu
leus intera
tions on xF has been modeled byVogt [4, 5℄. Nu
lear e�e
ts 
aused by �nal-state ab-sorption, intera
tions with 
o-movers, shadowing ofparton distributions, energy loss and intrinsi
 
harmquark 
omponents are des
ribed separately and in-tegrated into the model. It is further assumed thatthe 
�
 pair is subje
t to more severe energy losses ifprodu
ed in a 
olor o
tet state. Four 
urves fromthis model whi
h di�er in their des
riptions of nu-
lear Parton Density Fun
tions (nPDF) and energyloss are shown in Fig. 11. All 
al
ulations shown herewere done for the 
enter-of-mass energy of HERA-Batps = 41:6GeV. The nPDF distributions of Eskola,16
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Figure 11: Measurements of � as a fun
tion of xF by HERA-B (�lled triangles, plotted with total andstatisti
al un
ertainties), E866 (ps = 38:8GeV) [2℄ (empty squares) and NA50 (ps = 29:0GeV) [3℄ (emptytriangles). The 
urves were 
al
ulated by Vogt [4, 5℄ based on three di�erent nu
lear parton distributionfun
tions: (EPS [37℄, EKS [33, 39℄ and HKN [38℄) and two models of initial state energy-loss: GM [7℄ andBH [8℄. For all approa
hes, energy loss, intrinsi
 
harm and shadowing are taken into a

ount.Kolhinen and Salgado (EKS) [33℄ des
ribe the s
aledependen
e of the ratios of nPDFs of a proton inside anu
leus to those of a free proton within the frameworkof lowest order leading-twist DGLAP evolution [34℄by evolving the initial PDF from the CTEQ4L [35℄and leading order GRV [36℄ parameterizations. Animproved leading-order DGLAP analysis of nPDFsin
luding next to leading order 
al
ulations has beenpublished re
ently by Eskola, Paukkunen and Salgado(EPS) [37℄. In another approa
h by Hirai, Kumanoand Nagai (HKN) [38℄, nu
lear stru
ture fun
tion ra-tios FA2 =FA02 and Drell-Yan 
ross se
tion ratios areanalyzed to obtain nPDFs. The HKN analysis showsweak anti-shadowing at negative xF .Initial state energy loss as des
ribed by Gavin andMilana (GM) [7℄ and modi�ed by Brodsky and Hoyer(BH) [8℄ is based on a multiple s
attering approa
hthat essentially depletes the proje
tile parton momen-tum fra
tion as the parton moves through the nu
leus.Both quarks and gluons 
an s
atter elasti
ally andtherefore lose energy prior to the hard pro
ess result-ing in an e�e
tive redu
tion of J= produ
tion for

xF > 0.The measurement of HERA-B shows that � in-
reases with de
reasing xF and suggests enhan
edJ= produ
tion for xF < �0:1. The HERA-B datafavors the nPDFs of EPS and HKN over EKS. The BHdes
ription of energy loss is 
learly ruled out. Noneof the variants of the Vogt model give a satisfa
torydes
ription of both HERA-B and E866 data. For ex-ample, while the HKN 
urve is 
ompatible with mostof the HERA-B data points at negative xF , it liessigni�
antly above the E866 points and furthermorefails to adequately des
ribe RHIC data [37℄.Another theoreti
al model by Boreskov andKaidalov [6℄, formulated in the framework of reggeonphenomenology, predi
ts an anti-s
reening e�e
t inthe region of negative xF . An important ingredientof their model is the assumption that a 
olorless state
ontaining 
 and �
 quarks whi
h has some probabilityof proje
ting into a 
harmonium state is produ
ed andpropagates through the nu
leus. The 
olorless stateis of large size, possibly 
onsisting of D �D or D� �D�17



pT (GeV=
) �min max0.0 0.6 0.906 � 0.006 � 0.0210.6 1.2 0.953 � 0.005 � 0.0191.2 1.8 0.995 � 0.005 � 0.0171.8 2.4 1.013 � 0.007 � 0.0182.4 3.0 1.054 � 0.010 � 0.0193.0 3.8 1.077 � 0.014 � 0.0213.8 4.6 1.099 � 0.026 � 0.0284.6 5.4 1.139 � 0.056 � 0.038xF �min max-0.34 -0.26 1.036 � 0.034 � 0.042-0.26 -0.22 1.012 � 0.023 � 0.030-0.22 -0.18 1.031 � 0.014 � 0.023-0.18 -0.14 1.015 � 0.010 � 0.020-0.14 -0.10 0.994 � 0.008 � 0.018-0.10 -0.06 0.978 � 0.006 � 0.018-0.06 -0.02 0.967 � 0.005 � 0.017-0.02 0.02 0.967 � 0.006 � 0.0180.02 0.06 0.962 � 0.008 � 0.0210.06 0.14 0.947 � 0.015 � 0.028Table 6: The parameter � as a fun
tion of pT and xF .Statisti
al and systemati
 un
ertainties are indi
atedseparately. They were extra
ted from the measure-ment using Eq.s 13 and 17.mesons, and therefore has a large intera
tion 
rossse
tion. As it propagates through the nu
leus it inter-a
ts and loses energy. Ultimately, the observed J= mesons are proje
ted out of the energy-depleted 
ol-orless state. The measurements of HERA-B are qual-itatively 
ompatible with the 
al
ulations des
ribedin BK [6℄.6 Con
lusionsHERA-B has performed the �rst determination of thenu
lear dependen
e of J= produ
tion kinemati
s atnegative xF in proton-nu
leus 
ollisions. The ana-lyzed data samples were obtained in 
ollisions of pro-tons from the 920 GeV HERA-proton beam with 
ar-bon, tungsten and titanium targets. The J= mesonsare observed in both dimuon and diele
tron de
ay
hannels. The 
omparison of results from the two
hannels a�ords some additional 
ontrol over system-ati
 un
ertainties arising from triggering and sele
tionpro
edures.The measurement 
overs the kinemati
 range�0:34 < xF < 0:14 and pT < 5:4GeV=
. The mea-sured dN=dpT distribution is seen to be
ome broader

with in
reasing atomi
 mass number as has alreadybeen observed by experiments at lower 
enter-of-massenergies [1, 3℄. The data indi
ates that the dN=dxFdistribution also tends to be
ome broader and thatits 
enter moves towards negative xF values with in-
reasing A.The dependen
es of the nu
lear suppression pa-rameter, �, on pT and xF are also presented. The� parameter is seen to in
rease with in
reasing pTin agreement with data from E866 [2℄. In the xFregion of overlap of the two experiments, the two �measurements are mutually 
onsistent. As xF de-
reases, � in
reases and be
omes greater than 1 be-low xF � �0:15, although the data remains 
ompat-ible with a value of 1 to within 2�. Thus insteadof the strong suppression observed at high positivexF , HERA-B measured no suppression or a possi-ble enhan
ement of J= produ
tion at negative xF .Hard-s
attering based models [4, 5℄ have diÆ
ultysimultaneously a

ommodating the HERA-B, E866and RHIC measurements, while the reggeon-inspiredmodel of Boreskov and Kaidalov [6℄ is in qualitativeagreement with the data.A
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