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Abstract. A measurement of inclusive charged particle dis-1 Introduction

tributions in deep inelastiep scattering fory*p centre-of- ) ) o ] o
mass energies 7§ W < 175 GeV and momentum trans- Inclusive particle distributions have been widely studied in
fer squared 10< Q2 < 160 Ge\? from the ZEUS detec- deep inelastic scattering (DIS) [1] arde™ annihilation to

tor at HERA is presented. The differential charged particleinvestigate the nature of the quark fragmentation and effects
rates in they*p centre-of-mass system as a function of the Of higher order QCD processes. The formation of hadrons
scaled longitudinal momentun;, and of the transverse [N DIS is a complicated process which cannot be fully cal-
momentum,p; and <p}2>, as a function ofr, W and  culated in the framework of perturbative QCD. In order to
Q? are given. Separate distributions are shown for eventgnodel this process itis convenient to distinguish two phas_es
with (LRG) and without (NRG) a rapidity gap with respect Of the hadron formation. These correspond to a perturbative
to the proton direction. The data are compared with resultPhase for QCD processes on the parton level followed by
from experiments at lower beam energies, with the naive? non-perturbative fragmentation phase describing the con-
quark parton model and with parton models including per-finement of the partons to observable hadrons.
turbative QCD corrections. The comparison shows the im- [N this paper the charged hadron multiplicity distributions
portance of the higher order QCD processes. Significant dif&re analysed in the virtual-photon proton centre-of-mass sys-
ferences of the inclusive charged particle rates between NR&M €» cms), which corresponds to the centre-of-mass sys-
and LRG events at the sani® are observed. The value of tem of the produced hadronic final state with the invariant
<p;2> for LRG events with a hadronic massx, which ~ massWW. In the naive quark parton model (QPM) the virtual
excludes the forward produced baryonic system, is similafPhoton hits a quark in the proton and transfers a four mo-

to the <p} 2> value observed in fixed target experiments atMentum,q. The struck quark and the target remnant system
W~ Myx. each have an energy @f/2 in they*p cms and move back-

to-back with a ‘velocity’, which corresponds to a rapidity
Ymaz Proportional to+In 1. The outgoing quark and tar-
get remnant hadronise into multi-particle final states with
limited p;, wherep; is the hadron momentum component
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@Q?, and the Bjorken-scaling variabie[9]. The charged par- into electromagnetic (EMC) and hadronic (HAC) sections.
ticle spectra were observed to evolve wiph in a way sim-  These sections are further subdivided into cells, which are
ilar as ine*e~annihilation. In this paper we study inclusive read out by two phototubes each.
charged hadron production as a functionrgfand<p; 2> in For measuring the luminosity as well as for tagging very
the current region of the*p cms frame. The objective of small Q? processes, two lead-scintillator calorimeters are
the analysis is to investigate the influence of perturbativeused [12, 16]. Bremsstrahlung photons emerging from the
QCD effects on the hadronic final state by studying Wie  electron-proton interaction point (IP) at anglés < 0.5
dependence of these distributions in HERAcollisions and  mrad with respect to the electron beam axis hit the photon
in fixed target DIS data. The data are also compared wittcalorimeter at 107 m from the IP. Electrons emitted from
ete” results as well as with predictions of Monte Carlo the IP at scattering angles less than 6 mrad and with ener-
programs. The comparison is also performed for a subclasgies between 20% and 90% of the nominal beam energy are
of DIS events, which are characterised by a rapidity gapdeflected by beam magnets and hit the electron calorimeter
between the observed hadronic final state and the protoplaced 35 m from the IP.
beam direction [10], and which are therefore candidates for Two small lead-scintillator sandwich counters partially
diffractive scattering. surround the beam-pipe at the rear of the RCAL. These coun-
ters were used to reject background produced by beam-gas
interactions with the incoming proton beam and to mea-

2 The experiment sure the timing and longitudinal spread of both the proton
and the electron beams of HERA. Two layers of scintilla-
2.1 HERA tion counters mounted on either side of an iron veto wall,

situated upstream of the detector, were also used to reject

The data were collected during the 1993 running period usbackground particles.

ing the ZEUS detector at the electron-proton collider HERA,

where a 26.7 GeV electron beam and a 820 GeV proton

beam were brought to collision providing @p centre-of- 3 Data taking conditions

mass energy of 296 GeV. 84 bunches were filled for each

beam and in addition 10 electron and 6 proton bunches werghe ZEUS trigger is organised in three levels [11] and re-

left unpaired for background studies. An integrated luminos-duces the input event rate from the bunch crossing rate of

ity of 0.55 pb* was collected. 10 MHz to 3-5 Hz. For DIS events, the first level trigger
(FLT) requires at least one of three conditions for energy
sums in the EMC calorimeter cells: the BCAL EMC energy

2.2 The ZEUS detector exceeds 3.4 GeV; or the RCAL EMC energy (excluding the
innermost towers surrounding the beam pipe) exceeds 2.0

ZEUS is a multi-purpose magnetic detector which has beeriseV; or the RCAL EMC energy (including those towers)

described elsewhere [11, 12]. Here a brief description isexceeds 3.75 GeV.

given which concentrates on those parts of the detector rel- The second level trigger (SLT) rejects proton beam-

evant for the present analysis. gas events by using the event times measured in the rear

Charged particles are tracked by the inner tracking decalorimeter cells. The DIS trigger rate of the SLT is about

tectors which operate in a magnetic field of 1.43 T providedone-tenth the FLT DIS trigger rate. The loss of DIS events

by a thin superconducting solenoid. Immediately surround-at the SLT is negligible.

ing the beam pipe is the vertex detector (VXD) which con-  The third level trigger (TLT) has the full event informa-

sists of 120 radial cells, each with 12 sense wires [13]. Thetion available and applies physics-based filters. It requires

achieved resolution is 50m in the central region of a cell tighter timing cuts to suppress beam-gas background further

and 150um near the edges. Surrounding the VXD is the cen-and also rejects beam halo muons and cosmic muons. The

tral tracking detector (CTD) which consists of 72 cylindri- TLT selects DIS event candidates by calculating:

cal drift chamber layers, organised into 9 ‘superlayers’ [14].

These superlayers alternate between those with wires paral- § = ZEi -(1—-cosf;) > 20 GeV — 2E,

lel (axial) to the collision axis and those inclined at a small p

angle to give a stereo view. The hit efficiency of the CTD is

greater than 95% and the resolution in transverse momentuwhere E; and#; are the energy and the polar angte the

for full length tracks iso,,,. /pr = 0.005p7 ® 0.016 (pr in  energy deposits in the calorimeter. The summation runs over

GeV), where® means addition in quadrature. all calorimeter cellsE, is the energy measured in the photon

The solenoid is surrounded by a high resolution uranium-calorimeter of the luminosity monitor. For fully contained

scintillator calorimeter (CAL), which is divided into three DIS events§ ~ 2E, = 53.4 GeV, whereE, is the energy

parts: forward (FCAL), barrel (BCAL) and rear (RCAL) of the incident electron. Photoproduction events have low

[15]. It covers 99.7% of the solid angle. Holes of 20  values of§ compared to DIS events because the scattered

cn¥ in the centre of FCAL and RCAL accommodate the electron escapes in the hole of the calorimeter which contains

HERA beam pipe. Each of the calorimeter parts is subdithe beam pipe.

vided into towers which in turn are segmented longitudinally
3 The proton beam direction is defined as theaxis in the HERA lab-
2 The proton beam direction is the forwardZ-direction oratory frame



For events with the scattered electron detected in the E’,, > 10 GeV, to minimise beam gas background con-
calorimeter, the trigger is essentially independent of the DIS tamination;
hadronic final state. The trigger acceptance is greater tham Q2,, > 10 Ge\?
97% forQ? > 10 Ge\ and independent ap? [17]. A total e y. < 0.85, to reduce the photoproduction background,
of about 7- 1P events passed the TLT and was written to  wherey, is the scaling variablg as determined from the
tape during the 1993 running period. energy and polar angle of the scattered electron;

e y;5 > 0.04, to guarantee sufficient accuracy for thel
) ] reconstruction method;

4 Event kinematics e 6=, Ei(1—cosb;) > 35 GeV, where the sum runs over
all calorimeter cells. For fully contained evefits: 2F, =
534 GeV. This cut is used to remove photoproduction
events and to control radiative corrections.

In deep inelastiep scattering events the incoming electron
couples to ay or a Z (neutral current NC) or to av*

(charged current CC), which scatters off the proton. In the
@Q? range explored here, the contribution froifi and Z Furthermore we required:
exchange is negligible. The kinematic variables used to de- . - .
scribe the inclusive DIS process are defined in Table 1. * a_primary vertex position, determined from VXD and

The ZEUS detector is almost hermetic, allowing the CTD. tracks, in the range 50 < Zyy, < 40 cm; :
kinematic variables)?, z andy to be reconstructed in a va- * the impact point X, Y) of the scattered electron in the

riety of ways using combinations of electron and hadronic tF;CAbL to lie QUttS'de a Sql:ﬁr?tﬁf 32|32t sz. ccfenl':ered (t)n' d
system energies and angles. In the analysis presented here € beam axis, to ensure that the electron IS Tully containe
the double angle method (DA) was chosen, in which the w!thm th.e.detector and its position can be reconstructed
scattered electron angle and the angle is used [18]. In with sufficient accuracy.
the naive quark parton model; corresponds to the angle After these cuts, the remaining photoproduction background
of the scattered massless quark in the laboratory frame. Th&as estimated to be: 1%. The contamination from beam-
variabley is determined according to the Jacquet-Blondelgas background was estimated to be below 0.5% as calcu-
method [19] and is denoted hy; 5. lated from unpaired electron and proton bunches. Finally,
The four-momentum of the scattered electron needed t@QED Compton scattering events and residual cosmic and
calculate the Lorentz boost to thép cms frame, is recon- beam-related muons were rejected by algorithms, which
structed from its polar and azimuthal angle, ¢.. The scat-  identify this types of events by their pattern of energy de-
tered electron energ¥’, 4, used in the boost, is computed posits in the calorimeter cells.

by the double angle method: A total of 26100 events was selected by the above cuts.
B =02 2E, (1 +cosb.,)) , 1 Of these events about 10% [10] contain a large rapidity gap
DA QPA/( e (1 +coste)) L (.) in the hadronic final state. They are characteriseg,hy, <
w.hereEe- is the energy of the incident electron a@d, 4 IS 1.5 wheres, .. is the pseudorapidity of the most forward
given by: calorimeter cluster in the event, relative to the proton direc-
5 2 sinyy (1 + cos,) tion. The pseudorapidity is defined by= —In(tan ¢/2))
Qpa= 4 Ec- sinyy +sinf, — sin(yy +6,) () and a cluster is an isolated set of adjacent calorimeter cells

with summed energy above 400 MeV. This sample is called
the ‘large-rapidity-gap’ (LRG) event sample. The remaining

events are denoted by ‘non-rapidity-gap’ (NRG) events. The
Tr =P /1Pl maz| = 207 /W, 3) invariant mass of the hadronic final state excluding the scat-

wherep; is the projection of the hadron momentum vector tered proton in the L_RG events_is calculated f_rom the energy
onto the direction of the virtual photon ang | is the deposits measured in the calorimeter (excluding the electron

,max

maximum value ofp;. The hadron momentum component cluster) by Mx = \/Zhad(E2 — p% — v —p%). The val-

perpendicular to the virtual photon axis is denotedpby ues ofpx, py andp, are the cell energieg projected on

the axes of the HERA laboratory frame. The polar angles of

these pseudovectors are calculated from the geometric cen-

tres of the cells and the primary event vertex position. The

5.1 Event selection measured value oMy is corrected to the hadron level as

described in Sect. 6.

The offline selection of DIS events was similar to that de-

scribed in earlier publications (e.g. [9, 20, 21]). Scattered

electron candidates were selected by using the pattern of e®.2 Track reconstruction and selection

ergy deposition in the calorimeter. The electron identification

algorithm was tuned for purity rather than for efficiency. The Tracks were recognised and fitted using two programs which

purity is defined as the number of electrons generated andiere developed independently and follow different strate-

reconstructed in a bin divided by the total number of electrongies for pattern recognition and track fitting. For the results

candidates measured in the bin. In studies with Monte Carleshown in this paper the first approach is used and the second

DIS events and test beam data the purity was estimated tmethod was used for estimating the systematic error.

be > 96 % for £}, , > 10 GeV. In the first approach the track finding algorithm starts
The requirements for the final event selection were:  with hits in the outermost axial superlayers of the CTD. As

The variablestr andp; describe the kinematics of the
hadrons in they*p cms:

5 Data selection



Table 1. Definition of the variables used to describe the kinematics of the inclusive DIS process

Variable Description
XD Four-momentum of the incident (scattered) lepton
P,M, Four-momentum of the proton and its mass
Q2=—g?=—(1-1) Negative invariant mass squared of the exchanged virtual
boson
v=(P-q)/Mp Energy of the exchanged boson in the proton rest frame
xz=Q?/(2P - q) Bjorken scaling variable
= Q?/(2Mypv)
y={P-q/(P-1) Inelasticity parameter
W2=(P+q)? Invariant mass squared of the hadronic final state

= Q21— a)/w+ M}

the trajectory is followed inwards to the beam axis, more ZEUS 1993
hits from the axial wires of the CDT and of the VXD are

incorporated. A circle is fitted in th&'Y" projection and is 2 104k
used for the pattern recognition in the stereo superlayer pat- < g FA
tern. The momentum vector is determined in a 5-parameter © | eo* «*"?

helix fit.

The second track finding program is based on the Kalman ~ 107°=
filtering technique [22]. Seed tracks found in the outer lay- F
ers of the CTD are extended inwards and points are added
as wire layers of the CTD are crossed. The track param-
eters at each step are updated using the Kalman method.
In the second step a Kalman fit to the points found in the
pattern recognition phase is performed taking into account
non-linear corrections to the measured drift time. Follow-
ing the reconstructed CTD track inwards, CTD and VXD
hits are associated with the track. The VXD track segments
are merged with the CTD tracks using the Kalman filtering . ,
algorithm. 1o -

Multiple Coulomb scattering in the beam pipe and in 10 10 10 10 10 x
the walls of the VXD and CTD were taken into account
in the evaluation of the covariance matrix. The vertex fit is Fig. 1. Population of theQ?-z plane by the DIS events selected for this
performed with the fitted tracks using the perigee parameter_a”aWSiS- For the sake of clarity only 1/3 of the DIS event sample is shown

feati i ; n the scatter plot. Charged hadron distributions are investigated fet 10
L)S::;Orge[tze?l ;,gec\é%‘lz?;tggipﬁ?eI\S/ei;/ea)l(uamd and the traClez < 160GeV* and 75< W < 175 GeV (dashed lines). The approximate

kinematic region covered by the fixed target experiments is also indicated
Only tracks which are associated with the primary vertex
have been selected for this analysis. The tracks are required
to havep; ., > 0.2GeV and a polar angle in the HERA 75 < W < 175GeV, where the acceptance for charged
laboratory frame in the range of 25< # < 155. This  hadrons is larger than 60%.
is a region of the CTD, where the detector response and In Fig. 1 the distribution of the selected events in the

systematics are best understood. For tracks defined by the§&’-= plane is shown. For comparison the kinematic region
cuts the track reconstruction efficiency-s95%. which has been investigated in fixed target experiments is

The scattered electron was removed from the track sam"-’1ISO shown.

ple by rejecting those tracks which match the cluster in the
calorimeter assigned to the scattered electron by the electrog Acceptance correction
finding algorithm. Only tracks which reach at least the third P

superlayer and hence have a projected length in the plan
perpendicular to the beam axis of more than 30 cm are kep

to achieve the required transverse momentum resolution. FOfhe measured distributions are corrected for detector ef-
6 > 150" the efficiency for identifying the scattered elec- fects such as acceptance and resolution. For that purpose

tron by matching the CTD tracks to energy deposits in thethe hadronic final state from DIS was modelled using two

Calorimeter. decreases rapi_dly due to the limited acceptanChitarant sets of Monte Carlo generators, the first for the de-
and resolution of the CTD in the very rear part of thg detec—Scription of the non-rapidity-gap events and the second to
tor. Therefore the upper cut ¢hof the hadrons considered | 0o large-rapidity-gap events

in the analysis was further tightened to 150_ _ Events from NRG DIS processes were generated using
Due to the cuts irf andp; ;q, the analysis in they*p  two alternative Monte Carlo models: a) the combination of
cms is restricted to the range 10 Q? < 160GeV and  the LEPTO 6.1 [24] and the ARIADNE 4.0 Monte Carlo
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.1 Monte Carlo simulation



program [25, 26] (CDMBGF) and b) LEPTO 6.1 with the CDMBGF Monte Carlo program interfaced to HERACLES.
option of combined matrix element and parton shower calcuNote that the results are not corrected for the selection inef-
lation (MEPS). The fragmentation was simulated using theficiency of then,,,... cut.
LUND string model [27] as implemented in JETSET [28]
(see Table 2).

Both models were interfaced to the program HERACLES6.2 Data correction procedure
[29], which computes the electro-weak radiative corrections
for DIS events. In the case of hard QED Bremsstrahlung thel'he measured hadron multiplicity distributions are distorted
four-momentum vector of the virtual photon which probes With respect to those of the true hadronic final state due to
the proton is significantly different from the virtual photon trigger biases, event and track selection cuts and the accep-
momentum reconstructed from the momenta of the incidentance and resolution of the detector. The output of the trigger
and scattered lepton. In this case theandp; distributions ~ and detector simulation program together with the samples
are also distorted and have to be corrected for this effectproduced by the different event generators have been used
In this analysis, however, the virtual photon momentum waglo estimate the distortion of the distributions and to correct
reconstructed using the double angle method, which is inserfor them by multiplying the measured distributions by a cor-
sitive to radiative effects. Events with hard QED initial state rection functionc(v) in each bin of@? and W, wherew is
Bremsstrahlung photonsZ(,....s 2 7 GeV) are rejected by the hadron variable under study ae@) is calculated as a
the cut ond > 35GeV (see Sect.5.1). Monte Carlo calcula- bin-by-bin ratio:
tions show that the QED radiative corrections are 50%.

For both Monte Carlo simulations thef RSD’_ param-  c(v) = <N1 ANZ”(U)> /<N1 ANzad(U)) - (4)
eterisation of the parton densities in the proton was chosen evt v gen evt v rec

[30], which gives a reasonable description of the structureThe subscriptgien andrec refer to the quantities as given
function measured at HERA [31, 32]. by the event generator programs and the reconstructed quan-
The properties of LRG events are characteristic of diffractities from the output of the detector simulation program,
tive interactions [10]. Two Monte Carlo event samples haverespectively. The number of events in a bin@f and W
been used to model the hadronic final state of LRG eventsis denoted byN,,;; AN.q is the number of hadrons in a
The first was generated using the POMPYT Monte Carlopin of v. The generated hadron distributions do not include
program [33], which is based on a factorisable model forthe charged particle decay productsiof’s and A’s and of
high energy diffractive processes. Within the PYTHIA [34] weakly decaying particles with a lifetime 10~8s. For the
framework, the incident proton emits a pomeron, whose conexpression in the numerator events and hadrons are sorted
stituents take part in a hard scattering process with the virtuah bins of the generated kinematic variables and for the de-
photon or its constituents. The structure of the pomeron isrominator in bins of the reconstructed variables. In this way
assumed to be described by either a hard or a soft quarke distributions have been corrected for losses of events and
density functionf(3), where 3 denotes the fraction of the hadrons as well as for the effects of event migration, finite
pomeron momentum carried by the quark. resolution and trigger biases.

The second sample was generated following the model  The bin size in the hadron variablesvas chosen to be
of Nikolaev and Zakharov (NZ) [35], which was interfaced comparable with the estimated resolution<nand it was
to the Lund fragmentation scheme [36]. In the NZ model it checked that the correction factor neither deviates by more
is assumed that the exchanged virtual photon fluctuates intethan 40% from unity nor depends strongly or[38]. For
a qq pair, which interacts with a colourless two-gluon sys- models which adequately describe the data, the dependence
tem emitted by the incident proton. Both diffractive Monte of the correction factors on the model input was found to

Carlo samples were generated with default parameter sepe small. The difference im(v) for different models was
tings. QED radiative processes were not simulated for thesghcluded in the systematic error.
events. With the event selection cuts described in Sect.5, The mean square gff (< p;? >) was corrected by:
however, the QED radiative corrections are expected to be o
of the same size as for the NRG events. %2 o #2 <Pt” >MC,gen 5
< pt >=< pt >m€as %2 9 ( )
Event samples produced by the Monte Carlo generators < Pi° >MC,rec

marked in Table 2 by an asterisk were also processed b%here< P2 is the mean value oft2 determined
t meas t

gé AZ|\IIE_Il_J ‘; 1d§ t[%(;t]o ;r?(ljmvw]?gr? ?nggorgga;?té\slvmzh d':tgngir?ghom the uncorrected data. The terms in the correction factor
' P are defined as in equation 4. This method of correction is

trigger simulation. Events fulfilling the trigger conditions : C 2
were then passed through the standard ZEUS offline recor?—rl;mirr:%ag)éC@g{:ﬂi@?&g?&;@edg ?rti%mgﬁst'omoﬁt >

struction program. ; . -

The predicted),,.. distribution for non-diffractive DIS Stuc;zg.followmg sources of systematic uncertainties were
events falls exponentially foy,,,.,, < 4, whereas for diffrac- )
tive events this distribution is approximately flat. Calcula- ¢ The model dependence of the correction facigtg was
tions with the CDMBGF Monte Carlo model show that the estimated using two different models for the NRG and
fraction of non-diffractive DIS events witlh),,,., < 1.5 is LRG event samples each. The CDMBGF and MEPS mod-
about 5% [10]. The distributions for the LRG event sample els were used to correct the NRG event sample and for the
defined byn,,.. < 1.5 have been corrected with POMPYT  LRG event sample the POMPYT model with a hard quark
and those for the NRG events have been corrected using the density function (see Table 2) and the NZ model were



Table 2. Acronyms for the DIS models used in this report. For those generators marked
by an asterisk, event samples have also been processed by the detector simulation and data
reconstruction program. In all models the LUND string fragmentation model is used [27, 28]

Acronym Description

QPM Quark parton model + string fragmentation only

CDM Colour dipole model [25, 26]

MEPS (*) Parton shower [24] matched to complétéa ) matrix element

calculation (ME)

CDMBGF (*)  Colour dipole model combined with complete(as) matrix element
calculation for the BGF process (ME)

POMPYT (*)  Model for diffractive DIS (assuming factorisation of the pomeron
flux and the pomeron structure function) [33] with
a hard quark density function for the pomeren[3(1 — 3)]
or a soft quark density function for the pomeren[(1 — 3)°]

NZ () Model for diffractive DIS (non factorisable ansatz) [35]

used. The relative systematic error ¢fV,,; - dNpqa/dx p ZEUS 1993
is ~ 3% and the one o&kp} 2> is ~ 7%.

=
o

e The analysis was done using two different strategies forgul'5 [ ® NRG a) § [ ® N\RrG b)
track finding and vertex fitting as described in Sect.5.2. 3 & ¢ -
The difference of the correctedr and p; distributions  $ 1 [ 5 1L
obtained with both programs is used as an estimate of; i z‘: i Lheo t t ¢
the systematic error from the track reconstruction. Thea Gete e 4 ¢ S i 3-'
relative systematic error of/N.y: - dNpaa/dzp is ~ 10% 505 Yy 4 % <05 f
and the one okp; 2> is ~ 4%. FR = |
e Systematic uncertainties in the determination of the four-§ ... o100 Do,
© o0 02 04 06 08 ¢ 0 1 2 3 4 5

momentum of the virtual photon may induce a systematic .
error in the hadron distributions measured as a function X P, [GeV]

of xr andp;. The size of this systematic error was es- & 2 \

timated from Monte Carlo events by using the generated.
four-momentum of the virtual photon rather than the re-"<1-°
constructed four-momentum. The Lorentz transformation Z
with the generated values was then used to calculate the
momenta of the reconstructed final state particles in the;AH
~*p cms and these values were compared to those ob-\zo.s
tained via the reconstructed virtual photon momentum. L
The relative systematic error of/N,,; - dNpqa/dxr is 02 04 06 08 1
~ 7% and the one o&p; 2> is ~ 5%. X

e The sensitivity of the measurements on the track selection
criteria has been investigated. The cut in the polar angldd- 2. Inverse of the correction functiongv) for a) the z;» andb) the
of the tracks was varied between®2and 33 and/or it  P: distribution in the range of 16< Q* < 160GeV and 75< W <

. ; 175 GeV, which are used to correct the NRG event sample (full points) and

was required that superlayer 5 instead _Of superlayer S,h_atﬁe LRG event sample (triangles). The inverse of the correction function
to be reached by the track. The requirement of @ mini-for < p*2 > as a function ofc - in the same range @92 and ¥ is shown
mum hadron momentum transverse to the beam directioin c)
in the laboratory framey; ;4, Was omitted. No significant
changes in the results<(1%) have been observed.

e The effect of a possible misestimation of the momentumeve”ts_- The size of the correction for both event classes is
resolution in the detector simulation program was studiedvey similar.
by evaluating the correction function with a resolution of
the measured transverse momentum artificially increased
by 100%. The size of this effect onp;2> andzr was 7 Results
smaller than 1%.

[y
0

® NRG

A LRG

O

F

7.1 zr andp; distributions in NRG events

The contributions of the above effects to the systematic
error have been added in quadrature and are shown togethglrst the z» and p; distributions of charged hadrons in
with the statistical errors of the results in the tables andNRG events are discussed. In Fig. 3a thedistribution at
figures. < W >=120GeV anck Q2 >= 28 GeV is compared with

The shape of the correction factors to be applied to thedifferent models for hadron production in DIS. The dis-
measured hadron distributions of andp; as well as to tribution falls steeply with increasingg. The results from
< pi? > is shown in Fig. 2 separately for NRG and LRG the H1 experiment [39] agree well with this measurements.



ZEUS 1993 Table 3. Differential multiplicities for charged hadrons as a function of A)
zr and B)p} (zr > 0.05) and C)< p; 2> as a function ot for DIS
1102 — 10 ¢ events Withn,,.. > 1.5 (NRG) in the range of 1& Q2 < 160 Ge\? and
é a) % Fa b) 75 < W < 175 GeV. Statistical and systematic errors are given separately
2210 E ® ZEUS O 1 . ® ZEUS
T g F A
F1e J1o7L o <ar> W, ke
a 4f S E 0.03 - 0.05 0.04 64.96 + 0.78 + 10.53
10 ¢ <1070 0.05 - 0.10 0.07 27.92+£ 034 +£4.27
-25 § 0.10 - 0.15 0.12 12.89+ 0.23 + 1.97
10 E 10'37‘mmummmmuu 0.15 - 0.22 0.18 6.67 + 0.13 + 0.97
0 02 04 06 08 1 0O 1 2 3 4 5 0.22 - 0.32 0.27 2.86 + 0.07 +0.45
Xe pt* [GeV] 0.32 - 0.45 0.38 1.154+40.04 + 0.15
—10 - 0.45 - 0.65 0.52 0.36 +£ 0.02 + 0.08
S F ) ® ZEUS 0.65 - 0.90 0.73 0.07 + 0.006 =+ 0.02
8 r O HL B
| ) p; GeV  <p;>Gev 1 dfj;;fd Gev—?
S 1L 0.00 - 0.10 0.07 1.05+ 0.05 + 0.18
v E 0.10 - 0.20 0.15 2.84+0.08 +0.51
fD 0.20 - 0.40 0.30 3.89+ 0.07 + 0.60
r 0.40 - 0.60 0.49 3.34+ 0.06 + 047
I 0.60 - 0.80 0.69 224+ 0.05 +0.33
20 e 0.80 - 1.20 0.96 110+ 0.02 +0.18
0 02 04 06 08 1 1.20 - 1.50 1.33 0.47 + 0.02 + 0.07
Xe 1.50 - 2.00 171 0.23+0.01 +0.03
2.00 - 2.75 2.30 0.08 + 0.004 + 0.01
Fig. 3. Differential charged hadron multiplicities for NRG DIS events nor- 2.75 - 3.50 3.07 0.03+ 0.002 + 0.004
malised by the number of events as a functionapfz » andb) p; for 3.50 - 5.00 4.04 0.01 + 0.001 + 0.001
zp > 0.05.¢) < p*2> as a function ofc . For all plots the events are C
in a range 10< Q5 < 160GeV and 75< W < 175GeV. The predic- Tp <ap> <pi2> Ge?
tions of two DIS Monte Carlo models including QCD processes are shown: .05 - 0.10 0.07 0.47 + 0.01 + 0.02
the MEPS model (solid curve) and the CDMBGF model (dashed curve). .10 - 0.15 0.12 0.63+ 0.02 + 0.04
The prediction of the QPM is given by the dotted curve. The results of .15 - 0.22 0.18 0.85+ 0.04 + 0.03
this analysis ina) and c) are also compared to measurements of the H1 .22 - 0.32 0.27 1.19+ 0.06 =+ 0.06
collaboration [39] 0.32 - 0.45 0.38 150+ 0.09 + 0.13
0.45 - 0.65 0.52 230+ 0.19 +£0.33
5 - 0.90 0.73 2.09 £ 0.33 £ 0.66

The data agree with those models, in which higher order 0
QCD processes are included, such as MEPS (solid line) and
CDMBGF (dashed line), but not with the naive quark parton
model (QPM) (dotted line).

In Fig. 3b thep; spectrum, which is integrated over
xp > 0.05 for the study of the current jet fragmentation
is compared with the same model calculations. The QP

for the samples of LRG and NRG events. The values for the
LRG events are tabulated in Table 4. The value<ofV" >

is similar for both event samples, whereasQ? > for the
i\/ILRG events is lower by 30% than for the NRG events. The
. I xp distribution for the LRG events is falling less steeply
model predicts a much steepgf distribution than the data when compared to that of the NRG events. The LRG data

show, whereas the MEPS. mo.del'agrees well with the dataih Fig. 4 are reasonably well described by the POMPYT
However, for closer investigation it is advantageous to take

; S solid line) and the NZ (dashed line) models for diffractive
the mean square of", < p;? >, a quantity which is more ( . . o
” . : o DIS with then,,.. cut applied. The QPM prediction for the
sen;:tl\l/;reet%(t:hghl())wsaﬁ]o;r ,?; i‘%gl@;;gﬁ ;S'S;”ﬁjurfg;%n xp distribution of DIS events, shown by the dotted line in
of :chfor zp > 0.05. In ]gny model. which allows for a Fig. 4a, is slightly steeper than the- distribution for LRG

. ) events.
transverse momentum of the partons, the rise<op; < > . o
with increasingzr is expected because a hadron with a The pi spectrum of LRG events is S|gn|f|cantly less
higher value of: - carries also a larger fraction of the trans- 2road than that for the rest of the DIS events (Fig. 4b).
verse momentum of the primary parton. Again the MEPS his effect is highlighted in Fig. 4c. The mean values of

and CDMBGF models describe the data while the QPMp;fk2 in events with a large rapidity gap are smaller_than f_or
strongly underestimates the value 0f 2 >. the NRG events by a factor of 2-5. From a comparison with

In Fig. 3a,c the results from the H1 experiment are aIsoDlS model calculations with and without simulating QCD

L L .2
shown [39]. The differential hadron multiplicities measured radiation processes, it is found that thep; >_values for
by ZEUS are listed in Table 3. LRG events resemble those for DIS events with only a small

amount of gluon radiation. This observation is in good agree-
ment with ZEUS results from the analysis of the energy flow
7.2 xr andp; spectra in LRG events [21]. Howgver,< pr2 > in LRG events is som_ewhat Iarggr
than predicted by the QPM (see dotted line in Fig. 4c), in-
Thezr andp; distributions from charged hadrons as well as dicating that there is a non-zero contribution of higher order
<p;?> as a function ofrr are shown in Fig. 4 separately QCD processes in this class of events, too. This is confirmed
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ZEUS 1993 Table 4. Differential multiplicities for charged hadrons as a function of A)
zp and B)p; (zr > 0.05) and C)<pj;2> as a function ofcr for DIS

w 102; E events withnee < 1.5 (LRG) in the range of 1& Q2 < 160 GeV? and
§c 8 I b) 75 < W < 175GeV. Statistical and systematic errors are given separately
of
Z 10 E E
T i A
' 3 TP <Tp> Now
I g 0.03 - 0.05 0.04 26.97+ 1.88 + 2.55
10 ¢ L 0.05 - 0.10 0.07 19.704+ 1.24 + 0.94
of 0.10 - 0.15 0.12 12.164+ 1.02 + 1.51
00 102 , 0.15 - 0.22 0.18 6.49+ 0.59 + 1.01
0 02 04 06 08 1 0O 1 2 3 4 5 0.22 - 0.32 0.27 4.024+ 045 +0.82
“ o [GeV] 0.32 - 0.45 0.38 1.41+0.20 =+ 0.46
_10 . F ! 0.45 - 0.65 0.54 0.68+0.12 +0.10
Lk c) 0.65 - 0.90 0.75 0.31+ 0.07 + 0.07
S B
< pr GeV  <pi> GeV N d{j;fd Gev1!
gL 0.00 - 0.10 0.07 1.36+ 0.05 =+ 0.50
v T OE 0.10 - 0.20 0.15 4314011 +1.11
F 0.20 - 0.40 0.30 491+ 0.05 + 0.41
- 0.40 - 0.60 0.49 3.44+0.04 +0.34
i 0.60 - 0.80 0.68 1454 0.02 +0.55
20 0.80 - 1.20 0.93 0.64 + 0.01 + 0.045
0 02 04 06 08 1 1.20 - 2.00 1.41 0.09 + 0.003 =+ 0.02
X 2.00 - 5.00 3.86 0.001+ 0.001 + 0.004
c
Fig. 4. Charged hardon distributions for 0 Q2 < 160 Ge\? and 75< Zp <zp> <pi?> GeW
W < 175GeV K Q? >= 28GeV and < W >= 120GeV).a) The 0.05 - 0.10 0.07 0.1940.02 +0.01
z distribution, b) the p} distribution for zr > 0.05 andc) < p;?2 > 0.10 - 0.15 0.12 0.24 + 0.05 + 0.03
as a function ofzr are presented separately for NRG and LRG events. .15 - 0.22 0.18 0.35+ 0.08 + 0.04
In all three figures the curves represent the results of the following model .22 - 0.32 0.27 0.41+ 0.11 + 0.16
predictions: solid curve: POMPYT with a hard pomeron structure function (.32 - 0.45 0.38 0.38+ 0.07 + 0.11
(see Table 2); dashed curve: model of Nikolaev and Zakharov; dotted curve: g 45 - 0.65 0.54 0.50+ 0.10 + 0.12
QPM 0.65 - 0.90 0.75 0.37+0.13 + 0.60
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by the observation of DIS events with a large rapidity gap
which exhibit a two-jet structure [40]. The model calcula- — 10 ¢ v Lro N lOZ; v Lre
tions for diffractiveep scattering slightly underestimate the > a) o up EMC =3 £ © up EMC )
measured values of p;? >. ot F10 ?ﬁﬁxﬁﬁ
The inclusive distributions of LRG events have been” T 4}%%
found to have the properties of a diffractive interaction of a s L F & % Z?% E Foo ¥
highly virtual photon with a proton [10]. Diffractive interac- V F : # ““? fl ‘# =10 '1; i
tions in hadron-hadron reactions and photoproduction have jyf@ oF ’ﬁ\;
been successfully described in the framework of Regge the- -1« | | 10 £ L
ory by the exchange of a pomeron [41]. Several models have 10 0 02 04 0.6 08 1 0 02 04 06 08 1
been developed to describe this reaction in terms of parton X X

interactions (e.g. [42, 43]). In this context it is interesting F

to test the hypothesis that the diffractive DIS process carrig. 5. Comparison ofa) < p;2 > as a function ofzx andb) the z

be viewed as the ‘emission’ of a pomeron from the pro-distribution for the LRG event sample (ZEUS) and DIS at low energy
ton, which carries the fractiom,,,,, of the proton momen- (EMC, < W >= 14GeV). The mean value oty for the LRG event
tum, and a subsequent deep inelastigomeron scattering, ~Sample is< Mx >=8GeV

which occurs at a higher value of = _* . In this picture

the relevant scale for the invariant mass of the hadronic fi- ; ; i
nal state should be given by/y and not bylV. In Fig. 5a scale of the invariant mass is given Byx rather than by
<p;?> as a function ofrr from the LRG events is com-

pared with the results of a fixed target DIS experiment [5],

where the invariant mass of the total hadronic final state )

(< W >= 14GeV) is only slightly higher than the invariant 7-3 W andQ dependence of » andp; spectra

mass of the hadronic final state observed in the LRG events

(< Mx >=8GeV). The values ok p; 2> and thez dis- In Fig. 6a thex  distribution from the NRG events is com-
tribution for both event samples agree reasonably well. Thigpared with that frome*e~ annihilation events on the°
result supports the hypothesis that the transverse momentumesonance [44], where the value of thiee~ centre-of-mass
space for the particle production is similar to DIS, where theenergy is comparable to the value Bf in the kinematic



ZEUS 1993 Table 5. Differential multiplicities for charged hadrons as a function of
A) zp and B) p} (zp > 0.05) and C)< p;? > as a function ofzp

L1022 for DIS events (combined NRG + LRG event sample) in the range of
P g‘%%% a) 10 < Q% < 160GeV? and 75< W < 175GeV. Statistical and systematic
\‘510 i %O ® NRG/ZEUS ,<W>=120 GeV errors are given separately
Zz E % 0 e'e IDELPHI, <W>=91 GeV
N R A

S o zr <wp> N !

% F ¢ *, 0.03 - 0.05 0.04 62.99+4+ 0.75 + 9.59

10 17 o 0.05 - 0.10 0.07 27.48+ 0.33 + 4.03

E ¥, 0.10 - 0.15 0.12 12.86 + 0.22 + 1.99

2F 0.15 - 0.22 0.18 6.67 + 0.13 + 0.98
0 - e 0.22 - 0.32 0.27 2,90+ 0.07 + 0.46
0 0.2 0.4 0.6 0.8 1 0.32 - 0.45 0.38 1.18 + 0.04 + 0.17

X 0.45 - 0.65 0.52 0.37+ 0.02 + 0.08

L102¢ F 0.65 - 0.90 0.73 0.08 + 0.007 =+ 0.03
< E B
E(Elo R ® ep DIS/IZEUS <W>=120 GeV bt Gev <pi> GeV Nl t d};;;gd Gev-1
27 0.00 - 0.10 0.07 110+ 005 +0.18
°s 1L 0.10 - 0.20 0.15 292+ 0.08 +0.52
= 0.20 - 0.40 0.30 3.98+ 0.07 + 0.60
= _1f »A}% . 0.40 - 0.60 0.49 3.35+ 0.06 + 0.47

10 & up DIS/EMC , <W>=14 GeV % 54 0.60 - 0.80 0.69 222+ 0.05 +0.32

F [Tk 0.80 - 1.20 0.96 1.07+0.02 +0.18
2| * upDIS/EG65,W>=18 Gev (AL 1.20 - 1.50 1.33 045+ 0.02 +0.08

e S R SRR BT 1.50 - 2.00 1.71 0.22+0.01 +0.03

0 0.2 0.4 0.6 0.8 1 2.00 - 2.75 2.30 0.07 + 0.004 =+ 0.01
Xe 2.75 - 3.50 3.07 0.02 +£ 0.002 + 0.004
3.50 - 5.00 4.04 0.01 £ 0.001 + 0.001
Fig. 6. a)zp distribution from this analysis (NRG events) compared to re- Cc
sults frome*e~ annihilation on theZ® resonancely/ = 91 GeV) [44].b) TpF <zp> <p§2> GeV?
z distribution from this analysis (NRG + LRG events) compared with re- 0.05 - 0.10 0.07 0.46 £ 0.01 =+ 0.02
sults fromup DIS at< W >= 14 GeV [46] and ak W >= 18 GeV [47]. 0.10 - 0.15 0.12 0.61+ 0.02 £ 0.04
In b) the solid curve shows the prediction of the MEPS model calculation 0.15 - 0.22 0.18 0.82 £ 0.04 =+ 0.03
and the dotted curve that of the QPM at HERA energies 0.22 - 0.32 0.27 1.14+ 0.06 + 0.06
0.32 - 045 0.38 140+ 0.08 +0.11
0.45 - 0.65 0.52 2.134+0.18 +0.39
5 - 0.90 0.73 1.82+ 0.28 + 0.56

0.6
range analysed here. The differential rates for hadron pro-
duction ine*e~ annihilation were divided by two so that

they correspond to a single hemisphere and can be directlydrget experiments [7, 46, 47] but is very different from the
compared with the results from DIS. The differential hadron reg it at HERA energies (dotted line in Fig. 6b). The effects
multiplicity distribution in DIS at HERA energies agrees qf gcaling violation in the:  distributions of hadrons, which
with that observed ire"e™ collision events forzr20.1.  haye peen found to be small when measured in a limited in-
This confirms the approximate independence of the hadrogsryal of W and Q2 [3, 5], become evident when studied
formation process from the type of the primary scatteringqyer 5 large range of and Q2. Models in which higher
objects, which most of the models assume [27, 45]. ordera, processes are considered (e.g. the MEPS model in-
The zr and < p;? > distributions from this analysis dicated by the full line in Fig. 6b) agree reasonably with the
are compared with those of DIS events at lower valuesZzZEUS data.
of W [46, 47]. Since in fixed target experiments the DIS  The mean value op} ? as a function ofcr is shown in
event sample has not been separated into NRG and LR®ig. 7 for < W >= 120 GeV (this analysis) and fet W >=
events, the NRG and LRG event samples have been comt4 GeV from the EMC collaboration [46]. Comparing the
bined for the comparison. The- andp; distribution as well  results at lowl? and highW there is a strong increase of
as <p;2> as a function ofrr for the NRG+LRG event <p*2> by a factor of about three over the whole range of
sample are given in Table 5. The distributions have been:; > 0.05 going froml¥’ = 14 to 120 GeV. The comparison
corrected using a combination of Monte Carlo event sam-of the prediction from the QPM and the models including
ples generated by the POMPYT and the CDMBGF Montehigher order QCD processes shows that QCD effects are
Carlo generator. The relative normalisation of the Montemuch larger at HERA energies than at energies reached in
Carlo samples has been fixed by fitting the sum of the refixed target experiments.
constructedn,,,.,. distribution from the POMPYT and the For a further analysis of th&/ and Q? dependence,
CDMBGF Monte Carlo sample to the measurggl., dis- < p;2? > was determined for two intervals in; and four
tribution [21]. bins of IV at an average value f@p? of 28 Ge\? (Fig. 8a)
Figure 6b shows that the distribution becomes sig- and four bins ofQ? keepingl¥ fixed at an average value of
nificantly softer with increasingV. The prediction of the 120 GeV (Fig. 8b). The value af p; 2> increases both with
QPM, where no scale breaking effects due to QCD radiation? and with Q?. The results are tabulated in the Tables 6
are included, almost agrees with the result from the fixedand 7.
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Table 6. <p; 2> as a function of¥ in two intervals ofz . Statistical and systematic
errors are given separately

0l<azp <02 02<zp <04
W GeV <W> GeV <pi?> GeV? <p}?> GeV?
77 - 95 86 0.59 + 0.03 +0.07 1.08 +0.08 =+ 0.13
95 - 122 108 0.67 £ 0.03 +£0.04 119 +0.08 =+0.10
122 - 141 132 0.74 £0.05 +0.04 1.07 +0.09 =+ 0.18
141 - 173 157 0.78 £0.05 4 0.09 1.44 + 0.10 =+ 0.12

Table 7. <pj 2> as a function of? in two intervals ofz ;. Statistical and systematic
errors are given separately

Ol<ap <02 02<zp <04
Q2% GeV? <@?> GeV? <pr?> GeV? <pi?> GeV?
10 - 20 14 0.59 4+ 0.02 4+ 0.03 1.05 +0.05 + 0.07
20 - 40 28 0.77 £ 0.05 4+ 0.03 127 +0.09 + 0.04
40 - 80 54 0.86 +0.08 +0.10 146 +0.16 + 0.17
80 - 160 110 0.96 + 011 +0.15 212 +0.34 +0.77
ZEUS 1993 the explicit treatment of the BGF process as well in the
_10. simulation.
S F ® ep DIS/ZEUS ,<W>=120 GeV
8 ¢ pp DIS/EMC , <W>=14 GeV
e 8 Conclusions
.
v Measurements of differential charged hadron multiplicity
e distributions in DIS events have been presented in the centre-
of-mass system of the virtual photon and the proton at a
centre-of-mass energy of 296 GeV for 20Q? < 160 Ge\
and 75< W < 175GeV.
4 The transverse momentupy,, andz  distributions have
10 05 03 0 0 0 e es e 1 been investigated separately for events with (LRG) and with-

out a large rapidity gap (NRG) between the proton direction

F and the observed hadronic final state. In the whole range of

Fig. 7. < pf2 > as a function ofzx from this analysis (NRG + LRG ~ LF =~ 0.05 the values ok p; > > for NRG events are mUCh_

events) compared to results fromp DIS at< W >= 14GeV [46]. The  larger than those for the LRG events. These results confirm

curves show results from model calculations at HERA energy with thethat gluon radiation in LRG events is strongly suppressed

MEPS model (solid curve), the COMBGF model (dashed curve) and theas compared to ‘standard’ DIS events at comparable

QPM (dotted curve) A comparison of the data with the prediction of the QPM
shows, however, that some QCD radiation is present also in
LRG events.

These results are compared with those from a fixed tar-  The value of< p;2 > in the LRG events is similar to
get experiment at lower energies [5, 48]. The rise<gf >>  that observed in deep inelasfip scattering experiments on
with W, which had been observed already in the fixed tar-fixed targets at lowV (< W >= 14 GeV). This indicates
get DIS experiments, continues in the rangeli6fseen at  that the multi-particle production in LRG events is similar
HERA. However, the)?-dependence in these two ranges of to that in DIS at a scale of the final state invariant mass
W is different. There is a large overlap of tgg intervals W = Mx, where My is the invariant mass of the observed
covered. At HERA energies a rise ef p;? > with Q% is  hadronic final stateX, excluding the proton.
observed, while at loWw!” almost no dependence 6)f was The comparison of the:r distributions ine*e~ anni-
found [3]. hilation and in DIS events confirms the hypothesis that the

The results from the ZEUS experiment and the fixedhadron formation process in the current jet region is approx-
target experiment are compared with model calculations irimately independent of the type of the primary interacting
Fig. 9. TheW-dependence is reasonably described by theparticles.

MEPS (solid line) and CDMBGF models (dashed line). Also  The comparison of results presented here with those of
the colour dipole model without including the BGF pro- DIS at low W from fixed target experiments allows a study
cess (dotted line) qualitatively reproduces Wiedependence of the development of QCD effects in the- and p; dis-

of < pf2 > but overestimates the absolute value. The tributions over a large range i and Q2. A significant
dependence is also described by the MEPS and CDMBGHncrease of< p;? > with T is found. At HERA energies,
model but not by the colour dipole model (CDM) alone. The the mean value of; 2 also rises with increasing? at fixed
colour dipole model simulates higher order gluon radiationV. This can be understood in terms of the increase of the
processes but the BGF process is not considered.(he momentum space allowing the formation of more multi-jet
dependence ofp; 2> shows that it is necessary to include events.

X
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ZEUS 1993
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> r ZEUS O 0.1<x< 0.2
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o L ® 02<x<04
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Fig. 8. <pZ2 > in two intervals ofz g as a function ofa) W andb),c)
Q? compared with results fromp DIS experiments (EMC [5] and E665

with the results of this analysis (solid curve) and of [5] (dashed curve)
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