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Energy dependen
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attering atHERA
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Abstra
tThe 
harged multipli
ity distributions and the mean 
harged multipli
ity havebeen investigated in in
lusive neutral 
urrent deep inelasti
 ep s
attering withthe ZEUS dete
tor at HERA, using an integrated luminosity of 38.6 pb�1. Themeasurements were performed in the 
urrent region of the Breit frame, as well asin the 
urrent fragmentation region of the hadroni
 
entre-of-mass frame. TheKNO-s
aling properties of the data were investigated and the energy dependen
ewas studied using di�erent energy s
ales. The data are 
ompared to resultsobtained in e+e� 
ollisions and to previous DIS measurements as well as toleading-logarithm parton-shower Monte Carlo predi
tions.
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1 Introdu
tionThe produ
tion of multi-hadroni
 �nal states in high-energy two-body 
ollisions has longbeen a subje
t of great interest from experimental and theoreti
al points of view. The
harged multipli
ity at HERA has been measured previously by the H1 [1{4℄ and ZEUS [5{7℄ experiments. In this paper, new measurements by the ZEUS 
ollaboration of the
harged multipli
ity in deep inelasti
 s
attering (DIS) are presented.Measurements are performed in the hadroni
 
entre-of-mass (HCM) frame and the resultsare 
ompared with those obtained in e+e� 
ollisions, as well as with those from previousDIS experiments [1, 8{10℄. For the ep �nal state, di�eren
es are expe
ted in the photon(
urrent) and proton (target) fragmentation regions, due to the asymmetri
 nature of therea
tion. The dete
tor a

eptan
e only allows the 
urrent fragmentation region to bemeasured.Measurements of the 
harged multipli
ity are also performed in the 
urrent region of theBreit frame, whi
h should behave similarly to one hemisphere in e+e� 
ollisions. PreviousDIS results [2,5,11℄ using Q, the virtuality of the ex
hanged photon, as the s
ale showeda reasonable agreement with e+e� data. However, this agreement degraded at values ofQ below 6 { 8 GeV. In this paper, the energy of the 
urrent region of the Breit frame isused as the s
ale to 
ompare with e+e� data.An alternative energy s
ale, the invariant mass of the hadroni
 system, has also been usedin both the Breit and HCM frames. The results using this variable are also 
ompared toresults from e+e� 
ollisions.2 Experimental set-upThe data were 
olle
ted with the ZEUS dete
tor during the 1996 and 1997 running periods,when HERA operated with protons of energy Ep = 820 GeV and positrons of energyEe = 27:5 GeV, and 
orrespond to an integrated luminosity of 38:6 � 0:6 pb�1.The ZEUS dete
tor is des
ribed in detail elsewhere [12℄. The most important 
omponentsused in the 
urrent analysis were the 
entral tra
king dete
tor and the 
alorimeter.Charged parti
les were tra
ked in the 
entral tra
king dete
tor (CTD) [13℄, whi
h operatedin a magneti
 �eld of 1:43 T provided by a thin super
ondu
ting 
oil. The CTD 
onsistedof 72 
ylindri
al drift 
hamber layers, organised in 9 superlayers 
overing the polar-angle11 The 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 left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point.1



region 15Æ < � < 164Æ. The transverse-momentum resolution for full-length tra
ks was�(pT )=pT = 0:0058pT � 0:0065� 0:0014=pT , with pT in GeV.The high-resolution uranium{s
intillator 
alorimeter (CAL) [14℄ 
onsisted of three parts:the forward (FCAL), the barrel (BCAL) and the rear (RCAL) 
alorimeters. Ea
h part wassubdivided 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 energy resolutions,as measured under test-beam 
onditions, were �(E)=E = 0:18=pE for ele
trons and�(E)=E = 0:35=pE for hadrons, with E in GeV.3 Data sele
tionDeep inelasti
 s
attering events were sele
ted by requiring that the outgoing positron wasmeasured in the CAL. The s
attered-positron identi�
ation was based on a neural-networkalgorithm using the CAL information [15℄.For the re
onstru
tion of the photon virtuality, Q2, Bjorken x, and the 
�P 
entre-of-massenergy, W , the double angle (DA) method was 
hosen, in whi
h the s
attered-positronangle, �e, and the hadroni
 angle 
H are used [16℄. In the naive quark-parton model, 
His the angle of the s
attered massless quark in the laboratory frame.For ea
h event, the measurement of the 
harged multipli
ity was performed using tra
ksre
onstru
ted in the CTD. The energy of the hadroni
 �nal state was measured using a
ombination of tra
k and CAL information, ex
luding the 
ells and the tra
k asso
iatedwith the s
attered positron. The sele
ted tra
ks and CAL 
lusters were treated as masslessEnergy Flow Obje
ts (EFOs) [17℄. The 
lustering of obje
ts was done a

ording to theSnowmass 
onvention [18℄. The transverse momentum, pT , of ea
h EFO was required tobe greater than 0:15 GeV.The event sele
tion 
riteria were:� Ee0 > 12 GeV, where Ee0 is the energy of the s
attered positron, to sele
t neutral
urrent DIS events;� ye� 0:95, where ye is the s
aling variable y as determined from the energy and polarangle of the s
attered positron. This 
ut redu
es the photoprodu
tion ba
kground;� yJB � 0:04, where yJB is the estimate of y using the Ja
quet-Blondel (JB) method [19℄.It is de�ned as yJB = Ph(Eh � PZh)=2Ee, where the sum runs over all EFOs and Ehand PZh are the energies and longitudinal momenta of the EFOs respe
tively. Thisrequirement guarantees suÆ
ient a

ura
y for the DA re
onstru
tion method;2



� 35� Æ� 60 GeV, where Æ = Pi(Ei � PZi) and the sum runs over all EFOs and thes
attered positron, to remove photoprodu
tion events and events with large radiative
orre
tions;� R � 25 
m, where R is the distan
e from the beam axis to the impa
t position of thes
attered positron on the fa
e of the CAL. This ensured that the positron was fully
ontained within the dete
tor and its position re
onstru
ted with suÆ
ient a

ura
y;� jZvtxj < 50 
m, where Zvtx is the longitudinal position of the vertex, to redu
e ba
k-ground events from non-ep 
ollisions.To ensure high-quality tra
ks re
onstru
ted with high eÆ
ien
y, the following require-ments were made:� the tra
ks had to pass through at least three CTD superlayers;� the tra
ks had to be asso
iated with the primary event vertex;� the tra
ks were restri
ted to the region j�LABj � 1:75, where �LAB is the pseudorapidityof the tra
ks in the laboratory frame;� the tra
ks had pT > 0:15 GeV.The analysis was restri
ted to the kinemati
 range Q2 > 25 GeV2 and 70 < W < 225 GeV.4 Analysis methodDue to the large asymmetry of the beam energies at HERA, a large fra
tion of the hadroni
�nal state 
lose to the proton dire
tion lies outside the dete
tor a

eptan
e. Thereforeonly hadrons belonging to the 
urrent fragmentation regions of the HCM and Breit frameswere used in this analysis. The boost to the 
orresponding referen
e frames was 
al
ulatedusing the positron four-momentum taken from the DA method.4.1 Breit frameIn the Breit frame, whi
h is de�ned by the 
ondition that the momentum of the ex
hangedvirtual boson is purely spa
elike, q = (0; 0;�Q), the parti
les produ
ed in the intera
tion
an be assigned to one of two regions: the 
urrent region if their longitudinal momentumin the Breit frame is negative, and the target region if their longitudinal momentum ispositive. The hadroni
 system of the 
urrent region used in this analysis is almost fully(about 95%) 
ontained within the a

eptan
e of the CTD.3



Previous analyses 
ompared the mean 
harged multipli
ity hn
hi as a fun
tion of Q tohn
hi=2 as a fun
tion of ps in e+e� 
ollisions [2, 5℄. For values of Q > 8 GeV, reason-able agreement was observed, while some disagreement was found for Q < 8 GeV. Thedi�eren
e 
an be understood in terms of higher-order pro
esses [20℄, whi
h 
hange theavailable energy in the 
urrent region of the Breit frame, E
rB , whi
h is no longer equal toQ=2. In this analysis the quantity 2 �E
rB is used as a s
ale. On an event-by-event basisthis method should 
ompensate for parti
les and their 
orresponding energies migratingbetween 
urrent and target regions of the Breit frame.4.2 Hadroni
 
entre-of-mass frameIn the HCM frame, the ex
hanged virtual boson has four-momentum q = fE; pg =(W 2�Q22W ; 0; 0; W 2+Q22W ). The hadroni
 �nal state is separated into the photon (
urrent) andproton (target) fragmentation regions. About 60 { 80% of the 
urrent region of the HCMframe is 
ontained within the a

eptan
e of the CTD.The multipli
ity in the HCM frame in DIS is usually studied as a fun
tion of W [1,8{10℄.At HERA, the energy in the 
urrent region of the HCM frame, E
rHCM, 
oin
ides with W=2within 0:3 � 0:4%. Thus, for pra
ti
al reasons, W was used as the energy s
ale.4.3 Invariant mass of the hadroni
 systemCharged multipli
ities in the 
urrent region of both the Breit and HCM frames were alsomeasured as fun
tions of the invariant mass:M2e� =  Xi Ei!2 � Xi PXi!2 � Xi PYi!2 � Xi PZi!2 ; (1)where the sum runs over all 
harged and neutral parti
les of the 
orresponding hadroni
system.5 Monte Carlo models, a

eptan
e 
orre
tions andsystemati
 errorsSamples of neutral 
urrent DIS events were generated using the 
olour-dipole model asimplemented in Ariadne 4.12 [21℄ or with the MEPS model of Lepto 6.5 [22℄. Bothprograms were interfa
ed to Hera
les 4.6.1 [23℄ using the Djangoh 1.1 [24℄ program.4



Both Ariadne and Lepto use the Lund string model [25℄ for the hadronisation. Theevent samples were generated using the CTEQ4D [26℄ parameterisation of the partondistribution fun
tion (PDF) in the proton. The 
luster hadronisation model as imple-mented in Herwig 6.1 [27℄ was used to estimate the e�e
t of di�erent hadronisations
hemes on the unfolding pro
edure. The minimum transverse momentum of outgoingpartons in the hard intera
tion and of partons parti
ipating in multi-parton intera
tionsis adjustable in Herwig using the parameter pminT . The parameter was tuned in thisanalysis to improve the des
ription of the dete
tor distributions. The best agreement wasfound for pminT = 2:5 GeV [28℄. The HERWIG samples were generated using CTEQ5L [29℄proton PDF parametrisation. The MC samples were used both for data 
orre
tion andfor 
omparison of the data to the model predi
tions.The 
orre
tions applied to the data a

ounted for the e�e
ts of a

eptan
e and resolutionof the dete
tor, event sele
tion 
uts, QED-radiative e�e
ts, tra
k re
onstru
tion, tra
ksele
tion 
uts, and energy losses in the ina
tive material in front of the 
alorimeter inthe 
ase of the energy measurement. Finally the multipli
ity distributions were 
orre
tedusing a matrix unfolding method as des
ribed in earlier studies [5℄.The generated events were passed through a full simulation of the dete
tor, using a pro-gram based on Geant 3.13 [30℄, and pro
essed and sele
ted with the same programs asused for the data. The simulated samples were used to determine the response of thedete
tor and to evaluate the 
orre
tion fa
tors ne
essary to obtain hadron-level quanti-ties. The hadron level is de�ned by those hadrons with lifetime � � 3 � 10�10 se
onds.In order to 
ompare the results to di�erent experiments, 
orre
tions were 
al
ulated bothin
luding and not in
luding the de
ay produ
ts of K0S and �.The dominant systemati
 un
ertainty in this analysis arises from the simulation of thehadroni
 �nal state. To 
orre
t the data, the average of the 
orre
tion fa
tors from theAriadne and Herwig MC programs was used. One half of the di�eren
e, as large as5%, was assigned to the systemati
 un
ertainties.Other sour
es of un
ertainty are (typi
al values of the un
ertainties are shown in paren-theses): event re
onstru
tion and sele
tion (< 0:5%), tra
k re
onstru
tion and sele
tion(< 0:5%), and the un
ertainty due to variation of the Q2 
ut by its resolution (< 1:7%).The un
ertainty due to 
ontamination from di�ra
tive events is negligible. The individ-ual systemati
 un
ertainties were added in quadrature. The major 
orrelated un
ertainty
omes from the CAL energy s
ale (< 1:5%) and is not shown in tables and �gures. Adetailed study of the sour
es 
ontributing to the un
ertainties of the measurement 
an befound in [31℄. 5



6 Results6.1 Multipli
ity distributionsThe multipli
ity distributions in the 
urrent region of the Breit frame are presented inFig. 1 and Table 1 and in Fig. 2 and Table 2 in bins of 2 � E
rB and in bins of Me�respe
tively. The kinemati
 range of the analysis restri
ts the Me� measurements in the
urrent region of the Breit frame to a maximum value of about 20 GeV. The predi
tions ofAriadne, Lepto and Herwig are also shown. All three MC models generally des
ribethe data, but Ariadne gives the best des
ription. In all Figures and Tables the 
harged-parti
le de
ay produ
ts of K0S and � are in
luded, unless otherwise stated.For a given bin of energy, the multipli
ities as a fun
tion of 2 � E
rB and Me� di�er byapproximately a fa
tor of two. This is due to the fa
t that 2 � E
rB (as well as Q or W )
hara
terise the total 
entre-of-mass energy of the system of whi
h only one hemisphereis measured. On the other hand the Me� method measures the multipli
ity of the systemwith respe
t to the 
orresponding invariant mass.The multipli
ity distributions in the 
urrent region of the HCM frame are presentedin Fig. 3 and Table 3 in bins of W . Both Ariadne and Lepto predi
t similar Wdistributions and give a reasonable des
ription of the data. Herwig predi
ts longer tailsfor the multipli
ity distributions in bins of W . This leads to higher average multipli
ities,a�e
ting the unfolded multipli
ity values and in
reasing the systemati
 un
ertainties ofthe measurement. The Ariadne predi
tions vary slightly from both Lepto and Herwigat the rising edge of the distributions, whi
h also leads to an in
rease of the systemati
un
ertainties.The multipli
ity distributions in the 
urrent region of the HCM frame in bins of Me� arepresented in Fig. 4 and Table 4. To minimise the extrapolation both in multipli
ity andMe� , an additional requirement, j�LABj < 1:75, was applied at the hadron level. None ofthe MC models shown in Fig. 4 give a 
omplete des
ription of the data. This is mostvisible at higher values of Me� .6.2 KNO s
alingThe multipli
ity distributions are expe
ted to s
ale with energy as dis
ussed in detailelsewhere [32℄. A 
ommonly used form of the s
aling, from KNO [33℄, is shown in Figs. 5{8, where the produ
t of the multipli
ity distribution P (n
h) with average multipli
ityhn
hi, hn
hiP (n
h), is shown as a fun
tion of n
h=hn
hi.In Fig. 5(a), the KNO distributions measured in bins of W in the 
urrent region of the6



HCM frame are shown. Within the un
ertainties, the distributions measured in threebins of W agree. They also agree well with the average distribution, whi
h was 
al
ulatedusing data for the entire W region, 70 < W < 225 GeV. This average KNO spe
trum,presented as a histogram, is shown in Figs. 5 and 6 as a referen
e KNO distribution.The referen
e KNO distribution is 
ompared to the measurements in the 
urrent region ofthe Breit frame in Figs. 5(b) and 5(
) in bins of 2 � E
rB . For values of 2 � E
rB > 12 GeV, asshown in Fig. 5(
), the measurements are in reasonable agreement with the referen
e KNOhistogram. For lower values of 2 � E
rB , as demonstrated in Fig. 5(b), the distributions donot follow the KNO-s
aling behaviour; they have di�erent shapes, but approa
h the KNO
urve with in
reasing values of 2 � E
rB .In Fig. 6, the KNO distributions measured in bins of Me� in the 
urrent region of the HCMframe are presented. The multipli
ity distributions in bins of Me� do not follow the sameKNO s
aling observed for measurements as fun
tions of W or 2 �E
rB , but do demonstrates
aling behaviour for Me� values above 8 GeV. The measurements at Me� < 4 GeVin the 
urrent regions of both the Breit and HCM frames behave di�erently from themeasurements at the higher values of Me� .Figure 7 shows a 
omparison of the KNO distributions from ZEUS with results obtainedin e+e� 
ollisions. The measurements in bins of 2 � E
rB , for 2 � E
rB > 12 GeV, and inbins of W are plotted together and 
ompared with measurements in one hemisphere ofe+e�. In Fig. 7(a), a 
omparison with results from the TASSO 
ollaboration [34℄ in theenergy range 14 < psee < 44 GeV is shown. At LEP only DELPHI [35℄ and OPAL [36℄performed measurements in a single hemisphere at psee = 91:2 GeV. A 
omparison withthe present data is shown in Fig. 7(b). The systemati
 un
ertainties are not shown, butwithin statisti
al un
ertainties there is a remarkable agreement between ep and e+e�results. However, the LEP data di�er somewhat from the present measurement in thepeak region and at very low values of n
h=hn
hi.The data as a fun
tion of Me� , for Me� > 8 GeV, are 
ompared with the e+e� measure-ments for the whole event in Fig. 8. Both the TASSO and LEP [35{37℄ data (91:2 <psee < 209 GeV) agree with the present measurement.6.3 Mean 
harged multipli
ityFigure 9 and Table 5 show the mean 
harged multipli
ity, hn
hi, in the 
urrent regionof the HCM frame as a fun
tion of W and the mean 
harged multipli
ity in the 
urrentregion of the Breit frame as a fun
tion of 2 � E
rB . The K0S and � hadrons were 
onsideredstable in Fig. 9, where the data are 
ompared with results of previously published HERAmeasurements [1, 2, 4, 5℄. As expe
ted, at low values of 2 � E
rB , the measurement di�ers7



with those as a fun
tion of Q (see Se
tion 4.1). At higher values of 2 � E
rB the data agreewithin the experimental un
ertainties with the previous ZEUS and H1 measurements,but lie systemati
ally above them. The data are in good agreement with the Ariadneand Lepto predi
tions. The Herwig predi
tions also des
ribe the data but are belowthose from Ariadne and Lepto. In the 
urrent region of the HCM, the measurementagrees well, with improved statisti
al and systemati
 un
ertainties, with the earlier H1results. The Ariadne and Lepto predi
tions agree with the data. Herwig predi
ts avery di�erent slope, with mu
h higher multipli
ities at higher energies; with in
reasingenergy the agreement with data degrades.The mean 
harged multipli
ities in the 
urrent regions of the Breit and HCM frames arepresented in Fig. 10 and Table 6 as a fun
tion of the invariant mass of the 
orrespondinghadroni
 system, Me� . In Figs. 10(a) and 10(b), the multipli
ities are 
ompared to theMC predi
tions. All three MC models des
ribe the data reasonably well; however inthe last Me� bin in the 
urrent region of the HCM, the Herwig predi
tion is too high.In Fig. 10(
), both measurements are shown together and 
ompared with di�erent MC
urves 
al
ulated using the Ariadne MC. The measurements in the Breit and HCMframes agree at values of Me� less than 10 GeV. Above this value, hn
hi rises mu
h fasterwith Me� in the 
urrent region of the HCM frame than in the 
urrent region of the Breitframe. Sin
e the HCM measurement was restri
ted in �, a separate Ariadne 
al
ulationwas performed in the total 
urrent region of the HCM frame. The di�eren
e is small,although the rise of hn
hi with Me� is faster in the total 
urrent region of the HCM frame.Figure 10(
) also shows 2 � hn
hi as a fun
tion of 2 � E
rB . This measurement exhibits thesame behaviour as hn
hi as a fun
tion of Me� in the 
urrent region of the Breit frame butdi�ers from that in the HCM frame. The multipli
ity in the 
urrent region of the HCMframe rises mu
h faster with the invariant mass than with W .Finally, Fig. 11 
ombines the mean 
harged multipli
ities measured in the 
urrent regionsof the Breit and HCM frames as fun
tions of the respe
tive energy s
ales, 2 � E
rB and W .Also shown are the measurements from e+e� [34{38℄ and �xed-target [8{10℄ experiments.The �xed-target data were s
aled by a fa
tor two, sin
e they only measure one hemisphereand by a fa
tor 1.08, to 
orre
t for the de
ays of the K0S and �, as estimated usingAriadne MC.The measurements presented in this paper show good overall agreement with those fromother experiments, exhibiting approximately the same dependen
e of the mean 
hargedmultipli
ity on the respe
tive energy s
ale. At low values of the energy, the measurementas a fun
tion of 2 � E
rB agrees well with e+e� data, in 
ontrast to the previous measure-ments as a fun
tion of Q [2, 5℄. The measurements in the 
urrent region of the HCMagree with the LEP data, but are systemati
ally below them. The data from �xed-targetDIS experiments [1,8{10℄ deviate from the observed energy dependen
e at energies above8



15 GeV. The Ariadne MC predi
tion generally des
ribes the energy dependen
e of thedata over the entire region. However, the predi
tion in the HCM frame is generally lowerthan the data and than the predi
tion in the Breit frame. The Herwig MC model doesnot give a good overall des
ription of the data.7 Summary and 
on
lusionsThe 
harged multipli
ity distributions and the mean 
harged multipli
ity have been in-vestigated in in
lusive neutral 
urrent deep inelasti
 ep s
attering in the kinemati
 rangeQ2 > 25 GeV2 and 70 < W < 225 GeV in terms of di�erent energy s
ales. The s
ale2 �E
rB , was used in the 
urrent region of the Breit frame. In the 
urrent region of theHCM frame, W was used and the invariant mass, Me� , was used in both frames.In terms of KNO s
aling, the 
harged multipli
ities in the 
urrent regions of the Breit andHCM frames exhibit the same behaviour as those in one hemisphere of e+e� 
ollisionswhen 2 � E
rB or W are 
onsidered. When the energy s
ale Me� is used, the 
hargedmultipli
ities exhibit the same KNO-s
aling behaviour as those for the whole e+e� event.The mean 
harged multipli
ity in the 
urrent region of the Breit frame s
ales with Me�in the same way as 2 � hn
hi s
ales with 2 � E
rB and, therefore, as hn
hi s
ales with psee ine+e� 
ollisions. The mean 
harged multipli
ity in the 
urrent region of HCM frame as afun
tion of Me� rises faster than that in the 
urrent region of the Breit frame.The energy s
ale 2 � E
rB , rather than Q, gives better agreement between the mean 
hargedmultipli
ity measured in the 
urrent region of the Breit frame and that measured in e+e�
ollisions. The measurements of hn
hi as a fun
tion of W agree, within the un
ertain-ties, with the data from e+e� 
ollisions. When using these s
ales, ep DIS data 
an be
onsistently 
ompared with data from e+e�, �P and �P s
attering over a wide energyregion.A
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2 �E
rB (GeV) 1.5 { 4 4 { 8 8 { 12 12 { 20 20 { 30 30 { 45 45 { 100n
h=0 12:33 � 0:25+0:21�0:23 4:34� 0:09+0:65�0:65 1:83� 0:10+0:57�0:56 0:81� 0:03+0:26�0:26 0:33� 0:03+0:10�0:10 0:23� 0:05+0:09�0:09 0:17� 0:09+0:09�0:091 35:79 � 0:46+0:18�0:35 17:44� 0:19+0:71�0:72 8:29� 0:20+0:78�0:77 4:35� 0:06+0:44�0:44 2:23� 0:08+0:33�0:33 1:45� 0:13+0:45�0:44 0:86� 0:16+0:19�0:202 33:31 � 0:43+0:65�0:57 27:99� 0:24+0:21�0:21 17:14� 0:30+0:44�0:51 10:07 � 0:09+0:38�0:38 5:50� 0:13+0:39�0:38 3:38� 0:18+0:28�0:27 2:11� 0:25+0:38�0:353 14:50 � 0:26+0:39�0:39 26:40� 0:23+0:50�0:49 24:13� 0:36+0:25�0:37 17:08 � 0:12+0:19�0:20 10:95 � 0:19+0:29�0:32 7:14� 0:27+0:48�0:42 4:45� 0:38+0:65�0:634 3:46� 0:12+0:18�0:18 15:27� 0:18+0:42�0:42 21:62� 0:34+0:65�0:66 19:82 � 0:12+0:18�0:27 14:65 � 0:22+0:11�0:21 11:05� 0:34+0:30�0:25 7:36� 0:48+0:63�0:605 0:54� 0:04+0:04�0:03 6:14� 0:11+0:42�0:40 14:72� 0:29+0:73�0:71 18:41 � 0:12+0:43�0:45 16:90 � 0:23+0:16�0:15 14:03� 0:38+0:26�0:25 10:19� 0:56+0:42�0:336 0:07� 0:02+0:01�0:01 1:88� 0:06+0:14�0:14 7:55� 0:20+0:45�0:40 13:36 � 0:10+0:47�0:48 15:42 � 0:22+0:30�0:30 14:17� 0:38+0:29�0:36 11:66� 0:60+0:37�0:277 0:43� 0:02+0:03�0:03 3:16� 0:13+0:22�0:19 8:30� 0:08+0:30�0:26 12:86 � 0:20+0:43�0:41 13:22� 0:36+0:60�0:61 11:96� 0:61+0:28�0:168 0:09� 0:01+0:01�0:01 1:13� 0:08+0:06�0:08 4:36� 0:06+0:17�0:10 8:78� 0:17+0:30�0:30 10:96� 0:33+0:38�0:44 11:26� 0:59+0:66�0:529 0:34� 0:04+0:02�0:02 2:09� 0:04+0:10�0:06 5:68� 0:13+0:28�0:28 8:30� 0:28+0:42�0:41 10:10� 0:56+0:47�0:4410 0:06� 0:01+0:01�0:01 0:85� 0:03+0:06�0:04 3:27� 0:10+0:07�0:02 6:01� 0:25+0:22�0:08 7:66� 0:48+0:57�0:6511 0:02� 0:01+0:00�0:00 0:33� 0:02+0:04�0:03 1:80� 0:07+0:02�0:05 4:00� 0:20+0:13�0:07 6:32� 0:44+0:18�0:2712 0:12� 0:01+0:02�0:02 0:85� 0:05+0:08�0:09 2:53� 0:16+0:10�0:09 4:80� 0:40+0:37�0:5713 0:45� 0:04+0:08�0:07 1:58� 0:12+0:05�0:07 3:46� 0:31+0:35�0:4114 0:19� 0:02+0:02�0:02 0:98� 0:10+0:11�0:11 2:46� 0:26+0:07�0:1315 0:09� 0:02+0:02�0:02 0:48� 0:06+0:05�0:02 1:77� 0:23+0:23�0:3716 0:03� 0:01+0:01�0:01 0:26� 0:05+0:03�0:03 1:17� 0:19+0:09�0:1117 0:02� 0:01+0:01�0:02 0:14� 0:04+0:03�0:04 0:74� 0:15+0:13�0:1418 0:01� 0:01+0:00�0:00 0:06� 0:02+0:02�0:02 0:65� 0:15+0:18�0:0719 0:30� 0:08+0:07�0:1120 0:20� 0:06+0:17�0:05Table 1: Multipli
ity distributions 100 � 1=NdN=dn
h measured in the 
urrentregion of the Breit frame in bins of 2 � E
rB . The �rst errors are statisti
al and these
ond are the systemati
 un
ertainties.
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Me� (GeV) 1.5 { 4 4 { 8 8 { 12 12 { 20n
h=0 1:90� 0:05+0:34�0:34 0:23� 0:04+0:07�0:07 0:04� 0:02+0:02�0:01 0:02 � 0:02+0:01�0:011 9:81� 0:13+0:47�0:50 1:68� 0:12+0:24�0:22 0:40� 0:05+0:02�0:02 0:13 � 0:05+0:02�0:022 21:73� 0:20+0:28�0:32 5:57� 0:24+0:31�0:26 1:26� 0:09+0:04�0:07 0:56 � 0:13+0:21�0:213 28:19� 0:23+0:28�0:29 12:12 � 0:37+0:35�0:24 3:58� 0:16+0:16�0:14 1:49 � 0:18+0:19�0:174 21:12� 0:20+0:15�0:14 17:68 � 0:47+0:31�0:40 6:73� 0:23+0:09�0:12 3:33 � 0:30+0:26�0:305 10:93� 0:14+0:32�0:25 19:78 � 0:51+0:21�0:29 11:07� 0:31+0:34�0:37 5:64 � 0:39+0:27�0:186 4:40� 0:09+0:13�0:08 17:11 � 0:48+0:69�0:69 14:17� 0:37+0:11�0:20 8:38 � 0:50+0:24�0:127 1:43� 0:05+0:05�0:03 12:41 � 0:41+0:17�0:18 16:01� 0:40+0:39�0:42 10:47� 0:58+0:40�0:358 0:38� 0:02+0:02�0:01 7:27� 0:31+0:25�0:24 14:40� 0:38+0:46�0:46 12:16� 0:66+0:43�0:429 0:09� 0:01+0:01�0:01 3:51� 0:23+0:47�0:46 11:74� 0:35+0:29�0:26 12:75� 0:68+0:27�0:1710 1:63� 0:15+0:17�0:16 8:46� 0:30+0:33�0:29 11:80� 0:69+0:28�0:2611 0:66� 0:09+0:09�0:08 5:50� 0:24+0:25�0:21 10:03� 0:63+0:33�0:1212 0:26� 0:06+0:05�0:05 3:16� 0:18+0:32�0:31 7:74 � 0:57+0:25�0:3413 0:04� 0:02+0:01�0:01 1:76� 0:13+0:24�0:20 5:56 � 0:46+0:21�0:4814 0:03� 0:02+0:01�0:01 0:94� 0:09+0:13�0:11 4:02 � 0:40+0:33�0:2115 0:01� 0:01+0:01�0:01 0:41� 0:06+0:13�0:12 2:50 � 0:31+0:11�0:2216 0:19� 0:04+0:04�0:04 1:44 � 0:25+0:07�0:1417 0:10� 0:03+0:03�0:05 0:89 � 0:19+0:21�0:2318 0:05� 0:02+0:03�0:02 0:52 � 0:14+0:13�0:1319 0:01� 0:01+0:00�0:00 0:22 � 0:09+0:11�0:1120 0:19 � 0:09+0:13�0:10Table 2: Multipli
ity distributions 100 � 1=NdN=dn
h measured in the 
urrentregion of the Breit frame in bins of Me� . The �rst errors are statisti
al and these
ond are the systemati
 un
ertainties.
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W (GeV) 70 { 100 100 { 150 150 { 225n
h=0 0:09� 0:03+0:01�0:01 0:11� 0:03+0:02�0:02 0:09� 0:02+0:05�0:041 0:37� 0:04+0:13�0:13 0:26� 0:03+0:10�0:10 0:25� 0:04+0:17�0:172 1:50� 0:07+0:28�0:28 1:02� 0:06+0:23�0:23 0:81� 0:05+0:19�0:193 2:58� 0:09+0:36�0:36 1:55� 0:06+0:17�0:17 0:99� 0:05+0:18�0:174 5:22� 0:13+0:52�0:52 3:60� 0:09+0:69�0:69 2:43� 0:08+0:66�0:665 6:47� 0:14+0:39�0:38 4:43� 0:10+0:14�0:13 3:00� 0:08+0:07�0:066 8:97� 0:16+0:58�0:58 6:71� 0:12+0:85�0:85 4:72� 0:10+0:80�0:807 9:57� 0:17+0:12�0:09 7:40� 0:13+0:19�0:18 5:51� 0:11+0:24�0:238 9:89� 0:16+0:78�0:78 8:41� 0:13+0:89�0:89 6:82� 0:12+0:87�0:879 9:53� 0:16+0:53�0:53 8:45� 0:13+0:51�0:51 7:18� 0:12+0:57�0:5710 8:73� 0:16+0:70�0:70 8:40� 0:13+0:85�0:85 7:61� 0:13+0:74�0:7411 7:82� 0:15+0:41�0:41 8:05� 0:13+0:40�0:41 7:54� 0:13+0:57�0:5712 6:63� 0:14+0:16�0:16 7:31� 0:12+0:49�0:49 7:41� 0:13+0:58�0:5813 5:50� 0:13+0:11�0:12 6:46� 0:12+0:15�0:15 6:82� 0:12+0:30�0:3014 4:32� 0:12+0:12�0:15 5:53� 0:11+0:03�0:02 6:33� 0:12+0:31�0:3115 3:45� 0:11+0:25�0:25 4:72� 0:10+0:19�0:19 5:69� 0:11+0:05�0:0516 2:58� 0:09+0:37�0:37 3:90� 0:10+0:27�0:27 4:93� 0:11+0:00�0:0317 1:96� 0:09+0:44�0:44 3:16� 0:09+0:44�0:44 4:22� 0:10+0:30�0:3018 1:46� 0:08+0:45�0:45 2:58� 0:08+0:45�0:45 3:48� 0:09+0:30�0:3019 1:05� 0:07+0:35�0:35 1:98� 0:08+0:51�0:51 2:95� 0:09+0:37�0:3720 0:74� 0:06+0:34�0:34 1:50� 0:07+0:51�0:51 2:32� 0:08+0:45�0:4521 0:51� 0:06+0:25�0:25 1:14� 0:06+0:48�0:48 1:91� 0:08+0:52�0:5222 0:34� 0:05+0:19�0:19 0:90� 0:06+0:38�0:38 1:51� 0:07+0:48�0:4823 0:25� 0:05+0:16�0:16 0:65� 0:05+0:36�0:36 1:22� 0:07+0:47�0:4724 0:17� 0:04+0:12�0:12 0:46� 0:05+0:27�0:27 0:94� 0:06+0:41�0:4125 0:10� 0:04+0:08�0:08 0:36� 0:05+0:23�0:23 0:74� 0:06+0:40�0:4026 0:08� 0:03+0:06�0:06 0:28� 0:04+0:20�0:20 0:58� 0:05+0:31�0:3127 0:05� 0:03+0:04�0:04 0:19� 0:04+0:15�0:15 0:45� 0:05+0:27�0:2728 0:03� 0:02+0:03�0:03 0:15� 0:04+0:12�0:12 0:36� 0:05+0:23�0:2329 0:02� 0:02+0:01�0:02 0:10� 0:04+0:08�0:08 0:29� 0:05+0:20�0:2030 0:01� 0:03+0:01�0:02 0:07� 0:02+0:05�0:05 0:22� 0:05+0:17�0:1731 0:05� 0:03+0:04�0:04 0:17� 0:04+0:12�0:1232 0:04� 0:03+0:03�0:03 0:13� 0:05+0:11�0:1133 0:03� 0:03+0:03�0:03 0:10� 0:04+0:08�0:0834 0:01� 0:02+0:01�0:01 0:08� 0:03+0:06�0:0635 0:01� 0:01+0:01�0:01 0:05� 0:03+0:05�0:0736 0:05� 0:03+0:05�0:0437 0:03� 0:03+0:03�0:0338 0:02� 0:02+0:02�0:02Table 3: Multipli
ity distributions 100 � 1=NdN=dn
h measured in the 
urrentregion of the HCM in bins of W . The �rst errors are statisti
al and the se
ond arethe systemati
 un
ertainties.
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Me� (GeV) 1.5 { 4 4 { 8 8 { 12 12 { 20 20 { 30n
h=0 1:44� 0:09+0:58�0:58 0:12� 0:01+0:04�0:04 0:02 � 0:01+0:00�0:001 6:59� 0:22+0:74�0:74 1:06� 0:04+0:05�0:06 0:18 � 0:02+0:03�0:03 0:05� 0:01+0:01�0:012 16:69 � 0:40+1:54�1:50 3:83� 0:09+0:13�0:13 0:76 � 0:04+0:01�0:04 0:17� 0:02+0:01�0:01 0:03� 0:02+0:01�0:013 23:29 � 0:49+0:27�0:21 8:91� 0:14+0:27�0:22 2:27 � 0:08+0:03�0:10 0:54� 0:04+0:01�0:03 0:13� 0:04+0:05�0:034 24:20 � 0:52+1:26�1:28 15:01 � 0:19+0:81�0:82 5:15 � 0:12+0:32�0:38 1:32� 0:06+0:08�0:09 0:31� 0:06+0:08�0:065 15:49 � 0:41+0:87�0:86 18:40 � 0:21+0:14�0:21 8:84 � 0:16+0:46�0:48 2:81� 0:09+0:19�0:20 0:78� 0:10+0:10�0:076 8:07� 0:29+0:34�0:32 18:13 � 0:22+0:71�0:71 12:51� 0:19+0:64�0:65 4:81� 0:12+0:41�0:43 1:49� 0:13+0:13�0:077 3:03� 0:17+0:16�0:18 14:32 � 0:19+0:32�0:34 14:61� 0:21+0:79�0:79 7:30� 0:15+0:68�0:69 2:43� 0:18+0:18�0:238 0:95� 0:09+0:13�0:12 9:62� 0:16+0:26�0:24 14:62� 0:21+0:60�0:59 9:38� 0:18+0:68�0:69 3:91� 0:22+0:65�0:599 0:20� 0:04+0:06�0:07 5:54� 0:12+0:50�0:49 12:97� 0:20+0:20�0:16 11:03� 0:19+0:85�0:86 5:56� 0:28+0:95�0:9310 0:05� 0:02+0:03�0:01 2:82� 0:09+0:34�0:33 10:32� 0:19+0:28�0:27 11:53� 0:20+0:63�0:63 6:97� 0:31+1:10�1:1311 1:36� 0:06+0:28�0:28 7:24 � 0:16+0:46�0:44 11:18� 0:20+0:59�0:59 8:01� 0:33+1:23�1:2512 0:57� 0:04+0:13�0:13 4:74 � 0:13+0:71�0:70 10:07� 0:20+0:20�0:21 8:48� 0:35+1:05�1:0413 0:19� 0:03+0:07�0:07 2:73 � 0:10+0:59�0:58 8:44� 0:18+0:27�0:24 9:26� 0:36+1:36�1:3614 0:08� 0:02+0:02�0:02 1:51 � 0:08+0:38�0:37 6:58� 0:16+0:52�0:51 8:90� 0:38+0:72�0:7115 0:03� 0:01+0:00�0:01 0:83 � 0:06+0:28�0:28 4:92� 0:15+0:60�0:59 8:09� 0:36+0:37�0:3516 0:35 � 0:04+0:14�0:14 3:53� 0:13+0:66�0:65 7:57� 0:36+0:21�0:2117 0:20 � 0:03+0:08�0:08 2:43� 0:11+0:64�0:63 6:41� 0:35+0:47�0:4518 0:08 � 0:02+0:03�0:03 1:56� 0:10+0:56�0:56 5:17� 0:33+0:86�0:9019 0:03 � 0:02+0:02�0:02 0:96� 0:08+0:36�0:36 4:08� 0:29+0:65�0:7120 0:01 � 0:01+0:01�0:01 0:59� 0:06+0:25�0:25 3:47� 0:29+0:96�0:9521 0:36� 0:05+0:18�0:18 2:63� 0:27+0:99�0:9822 0:18� 0:04+0:12�0:11 1:83� 0:24+0:72�0:7223 0:12� 0:04+0:09�0:08 1:39� 0:23+0:77�0:7524 0:07� 0:02+0:04�0:04 0:96� 0:20+0:62�0:6325 0:04� 0:02+0:02�0:02 0:66� 0:20+0:50�0:5226 0:02� 0:02+0:01�0:02 0:53� 0:16+0:33�0:3327 0:34� 0:16+0:27�0:2228 0:28� 0:20+0:26�0:2629 0:13� 0:11+0:11�0:1330 0:09� 0:07+0:07�0:12Table 4: Multipli
ity distributions 100 � 1=NdN=dn
h measured in the 
urrentregion of the HCM frame in bins of Me� . The �rst errors are statisti
al and these
ond are the systemati
 un
ertainties.
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2 � E
rB (GeV) hn
hi (K0;� stable) hn
hi (K0;� de
ay)2.9 1:50 � 0:01+0:04�0:00 1:63� 0:01+0:05�0:015.9 2:39 � 0:01+0:09�0:05 2:60� 0:01+0:11�0:059.6 3:27 � 0:01+0:12�0:08 3:55� 0:01+0:15�0:0814.8 4:17 � 0:01+0:10�0:05 4:53� 0:01+0:12�0:0523.8 5:22 � 0:01+0:06�0:05 5:67� 0:01+0:08�0:0535.6 6:19 � 0:03+0:08�0:07 6:68� 0:03+0:08�0:0858.1 7:46 � 0:06+0:14�0:16 8:04� 0:06+0:16�0:18W (GeV) hn
hi (K0;� stable) hn
hi (K0;� de
ay)84.6 8:72 � 0:02+0:22�0:22 9:58� 0:02+0:33�0:33123.8 10:04� 0:02+0:44�0:44 11:07� 0:02+0:61�0:61184.5 11:40� 0:03+0:58�0:58 12:59� 0:03+0:79�0:79Table 5: Mean 
harged multipli
ity, hn
hi, measured in the 
urrent region of theBreit frame as a fun
tion of 2 �E
rB and in the 
urrent fragmentation region of theHCM frame as a fun
tion of W . The �rst errors are statisti
al and the se
ond arethe systemati
 un
ertainties.Current region of the Breit frameMe� (GeV) hn
hi (K0;� stable) hn
hi (K0;� de
ay)2.4 2:91 � 0:01+0:04�0:03 3:17� 0:01+0:04�0:035.2 4:82 � 0:02+0:03�0:03 5:26� 0:02+0:03�0:039.4 6:85 � 0:02+0:07�0:05 7:45� 0:02+0:08�0:0614.4 8:60 � 0:06+0:07�0:09 9:29� 0:06+0:14�0:09Current region of the HCM frameMe� (GeV) hn
hi (K0;� stable) hn
hi (K0;� de
ay)3.1 3:38 � 0:02+0:03�0:02 3:64� 0:02+0:05�0:025.9 5:33 � 0:01+0:07�0:07 5:77� 0:01+0:09�0:099.8 7:37 � 0:02+0:13�0:12 8:05� 0:01+0:19�0:1915.1 9:86 � 0:02+0:23�0:23 10:84 � 0:02+0:36�0:3623.5 12:83� 0:06+0:53�0:54 14:17 � 0:05+0:80�0:80Table 6: Mean 
harged multipli
ity, hn
hi, measured in the 
urrent region ofthe Breit frame and in the 
urrent fragmentation region of the HCM frame as afun
tion of Me� . The �rst errors are statisti
al and the se
ond are the systemati
un
ertainties. 17
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Figure 1: Multipli
ity distributions measured in the 
urrent region of the Breitframe in bins of 2 � E
rB (solid 
ir
les). The inner error bars represent the statisti
alun
ertainties and the outer error bars the statisti
al and systemati
 un
ertaintiesadded in quadrature. The predi
tions (solid lines) of di�erent MC models are alsoshown.
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Figure 2: Multipli
ity distributions measured in the 
urrent region of the Breitframe in bins of Me� (solid 
ir
les). The inner error bars represent the statisti
alun
ertainties and the outer error bars the statisti
al and systemati
 un
ertaintiesadded in quadrature. The predi
tions (solid lines) of di�erent MC models are alsoshown.
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Figure 3: Multipli
ity distributions measured in the 
urrent region of the HCMframe in bins of W (solid 
ir
les). The inner error bars represent the statisti
alun
ertainties and the outer error bars the statisti
al and systemati
 un
ertaintiesadded in quadrature. The predi
tions (solid lines) of di�erent MC models are alsoshown.
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Figure 4: Multipli
ity distributions measured in the 
urrent region of the HCMframe in bins of Me� (solid 
ir
les). The inner error bars represent the statisti
alun
ertainties and the outer error bars the statisti
al and systemati
 un
ertaintiesadded in quadrature. The predi
tions (solid lines) of di�erent MC models are alsoshown.
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Figure 5: The multipli
ity distributions plotted in KNO form. The referen
e KNOhistogram represents the measured distribution in the HCM frame in the entire Wrange. (a) Multipli
ity distributions measured in the 
urrent region of the HCMframe in bins of W . Multipli
ity distributions measured in the 
urrent region of theBreit frame in bins of 2 � E
rB for (b) 1:5 < 2 � E
rB < 12 GeV and (
) 12 < 2 � E
rB <100 GeV.
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Figure 6: The multipli
ity distributions plotted in KNO form and 
omparedto the referen
e KNO distribution (histogram). The multipli
ity distributions aremeasured in bins of Me� in the 
urrent regions of (a) the HCM frame, restri
ted in�LAB, and (b) the Breit frame.
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Figure 7: The multipli
ity distributions plotted in KNO form and 
ompared to theresults of e+e� experiments. The solid 
ir
les represent the ZEUS data measuredin the 
urrent region of the Breit frame in bins of 2 � E
rB , for 2 � E
rB � 12 GeV,and the solid squares represent the data measured in the 
urrent region of the HCMframe in bins ofW . Multipli
ities measured in one hemisphere of the e+e� 
ollisionare shown in bins of psee for (a) the TASSO experiment [34℄, in the energy range14 � psee � 44 GeV, and (b) for the LEP experiments [35,36℄, measured at energypsee = 91:2 GeV.
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Figure 8: The multipli
ity distributions plotted in KNO form and 
ompared tothe results of the e+e� experiments. The solid 
ir
les represent the ZEUS datameasured in the 
urrent region of the Breit frame and the solid squares representthe data measured in the 
urrent region of the HCM frame both in bins of Me� ,for Me� � 8 GeV. Charged multipli
ities measured for the whole event in e+e�
ollisions are shown in bins of psee for (a) the TASSO experiment [34℄, in theenergy range 14 � psee � 44 GeV, and (b) for the LEP experiments [35{37℄ inthe energy range 91:2 � psee � 209 GeV.
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Figure 9: Mean 
harged multipli
ity, hn
hi, in the 
urrent region of the Breitframe as a fun
tion of 2 � E
rB and in the 
urrent fragmentation region of the HCMframe as a fun
tion of W . The inner error bars represent the statisti
al un
ertain-ties, typi
ally smaller than the size of the symbols. The outer error bars representthe quadrati
 sum of statisti
al and systemati
 un
ertainties. Also shown are theresults of previous HERA measurements [1,2,4,5℄ and predi
tions from Ariadne,Lepto and Herwig. The de
ay produ
ts of K0S and � are not in
luded.
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Figure 10: Mean 
harged multipli
ity, hn
hi, measured as a fun
tion of Me�(a) in the 
urrent region of the Breit frame and (b) in the 
urrent region of theHCM frame 
ompared to MC predi
tions. (
) Comparison between measurementsin the 
urrent regions of the Breit and HCM frame as fun
tions of Me� and withthe measurement as a fun
tion of 2 � E
rB . The predi
tions from Ariadne are alsoshown.
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Figure 11: Mean 
harged multipli
ity, hn
hi, in the 
urrent region of the Breitframe multiplied by 2 as a fun
tion of 2 � E
rB and in the 
urrent region of the HCMframe multiplied by 2 as a fun
tion of W . The results of e+e� [34{38℄ and �xed-target DIS experiments [8{10℄ are shown. The fa
tor 1.08 was estimated using MCpredi
tions to 
orre
t the �xed-target data for the de
ay produ
ts of K0S and �. Thepredi
tions of Ariadne and Herwig are also shown.
28


	Introduction
	Experimental set-up
	Data selection
	Analysis method
	Breit frame
	Hadronic centre-of-mass frame
	Invariant mass of the hadronic system

	Monte Carlo models, acceptance corrections and systematic errors
	Results
	Multiplicity distributions
	KNO scaling
	Mean charged multiplicity

	Summary and conclusions

