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Abstract

The hadronic final state has been investigated in inclusive neutral current deep

inelastic ep scattering with the ZEUS detector at HERA, using an integrated

luminosity of 38.6 pb−1. The mean charged multiplicity observed in the pseu-

dorapidity region |ηlab|≤1.75 has been measured as a function of its invariant

mass, Meff . This dependence has been also measured for the hadrons belonging

to the current and target regions of the Breit frame. For the current region of

the Breit frame the mean charged multiplicity multiplied by two is measured ver-

sus twice the total energy of the respective particles. The results are compared

to leading-logarithm parton-shower Monte Carlo predictions as well as to e+e−

measurements.





1 Introduction

The measurements of multiplicities of charged particles at colliders have yielded in-

sights into hadronization mechanisms. It has been found that charged particle mul-

tiplicities measured as a function of the centre-of-mass (cms) energy,
√

s, at e+e− [1]

colliders are the same as those measured at pp [2] colliders as a function of
√

qhad
tot =

√

[(qinc
1 − qleading

1 ) + (qinc
2 − qleading

2 )]2 , where qinc
1,2 and qleading

1,2 are the four-momenta of the

incoming protons and leading particles that escape down the beampipe, respectively. It

is therefore interesting to study charged particle multiplicited in ep collisions.

The measurement of the total number of particles produced in an ep collision as a function

of the γP cms energy, W , is experimentally difficult. The beam configuration is highly

asymmetric and a large part of the hadronic system falls outside the region of acceptance

of the detectors.

To perform studies similar to e+e− and pp also in ep collisions at HERA, only the visible

part of the hadronic system is used in this analysis. The mean charged multiplicity is

studied as a function of the respective invariant mass, Meff . The study is performed in

the laboratory frame and in the current and target regions of the Breit frame.

2 Experimental set-up

The data were collected with the ZEUS detector during the 1996 and 1997 running periods,

when HERA operated with protons of energy Ep = 820 GeV and positrons of energy

Ee = 27.5 GeV, and correspond to an integrated luminosity of 38.6 ± 0.6 pb−1.

The ZEUS detector is described in detail elsewhere [3]. The most important components

used in the current analysis are the central tracking detector (CTD), and the uranium-

scintillator calorimeter (CAL).

Charged particles are tracked in the central tracking detector (CTD) [4], which oper-

ates in a magnetic field of 1.43 T provided by a thin superconducting coil. The CTD

consists of 72 cylindrical drift chamber layers, organized in 9 superlayers covering the

polar-angle1 region 15◦ < θ < 164◦. The transverse-momentum resolution for full-length

tracks is σ(pT )/pT = 0.0058pT ⊕ 0.0065 ⊕ 0.0014/pT , with pT in GeV.

The high-resolution uranium–scintillator calorimeter (CAL) [5] consists of three parts:

the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part

1 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the

proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards

the centre of HERA. The coordinate origin is at the nominal interaction point.
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is subdivided transversely into towers and longitudinally into one electromagnetic sec-

tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections

(HAC). The smallest subdivision of the calorimeter is called a cell. The CAL energy res-

olutions, as measured under test-beam conditions, are σ(E)/E = 0.18/
√

E for electrons

and σ(E)/E = 0.35/
√

E for hadrons (E in GeV).

3 Data selection

Deep inelastic scattering (DIS) events were selected by requiring that the outgoing positron

was measured in the CAL. The scattered-positron identification is based on a neural-

network algorithm using the CAL information [6].

For the reconstruction of the photon virtuality, Q2, Bjorken x, and the γ∗P centre-of-mass

energy, W , the double angle method (DA) was chosen, in which the scattered-positron

angle, θe, and the angle γH are used [7]. In the naive quark-parton model, γH is the

angle of the scattered massless quark in the laboratory frame. Variables calculated by

electron method (e) [7] from the measurements of the energy, Ee′ , and angle, θe′, of the

scattered positron and by the Jacquet-Blondel (JB) method [8] from the hadronic system

measurements were used only in the event selection.

The event selection criteria were:

• Ee′ > 12 GeV, where (Ee′ is the corrected energy of the scattered positron), to select

neutral current DIS events;

• ye ≤ 0.95, where ye is the scaling variable y as determined from the energy and polar

angle of the scattered positron, to reduce the photoproduction background;

• yJB ≥ 0.04, where yJB =
∑

h(Eh − PZh
)/2Ee and the sum runs over all the observed

hadrons, Eh and PZh
are the energies and longitudinal momenta of these hadrons

correspondingly, to guarantee sufficient accuracy for the DA reconstruction method;

• 35≤ δ≤ 60 GeV, where δ =
∑

i(Ei −PZi
) and the sum runs over the energies and lon-

gitudinal momenta of all calorimeter cells. This cut removes photoproduction events

and events with large radiative corrections;

• events were accepted only if the impact position of the scattered positron on the CAL

satisfied
√

X2 + Y 2 > 25 cm to ensure that the positron is fully contained within the

detector and its position reconstructed with sufficient accuracy;

• |Zvertex| < 50 cm to reduce background events from non ep-collisions;

• events with ηmax > 3.2 were rejected to reduce diffractive contributions, where ηmax is

the pseudorapidity of the most forward energy deposit in the CAL.
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The track selection was as follows:

• the reconstructed tracks were associated with the primary event vertex;

• the tracks were required to have pT > 150 MeV to reduce errors due to misreconstruc-

tion;

• |ηlab| < 1.75, where η is the pseudorapidity of the measured track. This cut restricts

the analysis to a region of high CTD acceptance where the detector response and

systematics are best understood. It also excludes the region of the proton remnant.

The selection cuts restrict the analysis to the range 25 < Q2 < 1200 GeV2 and 70 < W <

225 GeV. After all event selection 735007 DIS events remained for further analysis.

4 Analysis method

For this analysis, the CTD was used to measure the charged-particle multiplicity and

the CAL to measure the energy and momenta of the final-state hadrons (charged and

neutral) in the same geometrical region as used for the CTD. Calorimeter cells and the

track assigned to the scattered positron were not used in these measurements.

The invariant mass of the final state hadronic system, Meff , was reconstructed from the

energy and momenta of the hadrons as:

M2
eff = (

∑

i

Ei)
2 − (

∑

i

PXi
)2 − (

∑

i

PYi
)2 − (

∑

i

PZi
)2 , (1)

where the sum runs over the calorimeter energy flow objects [9] (EFOs) or hadrons of the

system, in the case of hadron level MC.

Measurements were performed in the laboratory and in the Breit [10] frames. In the

Breit frame, the exchanged virtual boson is purely spacelike, with three-momentum q =

(0,0,-Q). The particles produced in the interaction can be assigned to one of two regions:

the current region if their z-momentum in the Breit frame is negative, and the target

region if their z-momentum is positive. The main advantage of this frame is that it gives

maximal separation of the incoming and outgoing partons in the quark-parton model

(QPM). Another advantage of the Breit frame is that the hadronic system of the current

region used in this analysis is almost fully contained within the acceptance of the CTD.

The boost to the Breit frame was performed using the positron four-momentum as recon-

structed using the DA method. The total energy for the current frame particles, Ecurrent,

was calculated as the sum of the energies of the boosted particles in the current region.
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5 Monte Carlo models, acceptance corrections and

systematic errors

Samples of neutral current DIS events were generated using the Heracles 4.6.1 [11] MC

program with the Djangoh 1.1 [7] interface to the hadronisation programs. The QCD

cascade is simulated using the colour-dipole model as implemented in Ariadne 4.08 [12]

or with the MEPS model of Lepto 6.5 [13]. Both Ariadne and Lepto use the Lund

string model [14] for the hadronisation. Two samples of Lepto were generated, one of

which included contributions from soft-colour-interactions (SCI). All event samples were

generated using the CTEQ4D parameterisation of the parton distribution functions in the

proton.

The MC event samples were passed through reconstruction and selection procedures iden-

tical to those for the data. Monte Carlo studies were used to determine the event and

track acceptances as a function of Meff in the selected kinematic region of Q2 and W 2.

The corrections applied to the data accounted for the effects of acceptance and resolution

of the detector, event selection cuts, QED-radiative effects, track reconstruction, track

selection cuts, the decay products of K0
S and Λ which were assigned to the primary

vertex, and energy losses in the inactive material in front of the calorimeter in the case of

the Meff determination.

The average values of Meff and Ecurrent in each bin were corrected using a bin-by-bin

correction technique. Two correction procedures for the multiplicity distributions were

used. One of them is based on the matrix unfolding method as used in earlier studies [15].

The second is a bin-by-bin method. Both methods give similar results. The difference

between them is included as a systematic uncertainty.

The generated hadron distributions do not include charged particles produced from weak

decays with lifetimes below 3 · 10−10 seconds. For the measurements where the data are

compared to e+e− measurements (Fig. 1), the charged-particle decay products of K0
S and

Λ were also excluded. The exclusion of decay particles from K0
S and Λ causes a difference

of a few percent in the total number of charged hadrons.

The dominant sources of systematic uncertainties were investigated. They arise from (typ-

ical values of the uncertainties are shown in brackets): uncertainty in the CAL energy

scale (0.5− 1.1%), event reconstruction and selection (< 0.5%), track reconstruction and

selection (< 0.5%), MC model used in the correction procedure (< 0.5%), and method

of correction (matrix or modified bin-by-bin, 0.6− 1.3%). The contributions from photo-

production and diffractive events are negligible.
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6 Results

All data presented in this section have been corrected for detector and acceptance effects

according to the procedure described in Section 5.

6.1 Breit frame analysis and comparison to e+e−

The current region of the Breit frame is analogous to a single hemisphere of e+e− anni-

hilation. In e+e− → qq̄ the two quarks are produced with equal and opposite momenta,

±√
see/2. The fragmentation of these quarks can be compared to that of the quark struck

from the proton. This quark has an outgoing momentum −Q/2 in the Breit frame. Two

times the multiplicity of the current region of the Breit frame is expected to have a de-

pendence on Q similar to that of the total multiplicity in e+e− annihilation versus the

energy
√

see = Q. To take into account contributions from soft and hard QCD processes

that lead to decrease of the energy and the number of particles in the current region of

the Breit frame, in this analysis Ecurrent was used instead of Q/2, where Ecurrent is the

energy of all the particles in the current region of the Breit frame.

Figure 1 shows twice the measured mean charged multiplicity, 2〈nch〉, in the current region

of the Breit frame plotted versus 2Ecurrent. Also shown are the prediction of Ariadne and

the measurements from e+e− and hadron-hadron experiments together with a previous

ZEUS measurement in the current region of the Breit frame. For the previous ZEUS

measurement [16], 2 · 〈nch〉 is measured as a function of Q. Both ZEUS measurements

agree with the e+e− measurement for values of energy above 10 GeV. At low values

of energy, the measurement as a function of 2Ecurrent agrees better with e+e− than the

measurement as a function of Q. The migrations of final state particles out of the current

region are larger at the low values of energy and they are properly taken into account

in Ecurrent.

Similarly to
√

s, 2Ecurrent constitutes not only the energy but also the invariant mass of

the system. It is natural to use the invariant mass as a scale for comparison of the mean

charged multiplicities in the current and target region of the Breit frame. But while almost

95% of the hadronic system of the current region is measured in the ZEUS detector, only

∼ 25% is detected in the case of the target region. The measurement here are performed

for the visible charged multiplicity as a function of the visible invariant mass Meff in the

way explained in section 4.

For the target region, the invisible part of the system belongs mainly to the region close

to the proton remnant. MC studies with Ariadne showed a significant decrease in the

number of charged particles as a function of Meff if the pseudorapidity range was increased
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to include regions close to the proton. Such an effect cannot unfortunately be confirmed

experimentally because of the acceptance restrictions of the detector.

Figure 2 shows the measured 〈nch〉 for the visible part of the current and target regions

of the Breit frame versus the respective Meff . The measurement shows approximately the

same number of particles produced for the same Meff in the visible part of the current

and target regions. Because of the energy restrictions, the highest achievable Meff in the

current region is smaller than that for the target region. The laboratory frame measure-

ment (combined current+target) is also shown as well as the predictions for each region

of the Breit frame. Ariadne describes the measurements for both the current and target

regions of the Breit frame.

Since both the number of particles and Meff are Lorentz boost invariant, the study of the

total visible multiplicities is continued in the laboratory frame.

6.2 Multiplicity distributions in the laboratory frame

Figure 3 shows the measured charge multiplicity, 〈nch〉, for the visible part of the labora-

tory frame as a function of the respective Meff . The predictions from Ariadne, Lepto,

and Lepto including SCI are also shown. Ariadne describes the data better, while

Lepto and Lepto with the SCI are above the data. Similar behaviour of Ariadne and

Lepto has been observed in previous measurements [16].

Figure 4 shows 〈nch〉 as a function of Meff in the laboratory frame for different x regions

together with predictions from Ariadne. A weak x dependence is observed both in data

and MC.

Figure 5 shows 〈nch〉 as a function of Meff in the laboratory frame for different Q2 and

x regions together with Ariadne and Lepto predictions for those (x, Q2) regions. Also

the prediction of Ariadne for the total phase space (the Ariadne prediction of Fig. 3)

is shown in each (x, Q2) region. No Q2 dependence is observed.

7 Summary and conclusions

The hadronic final state has been investigated in inclusive neutral current deep inelastic

ep scattering in terms of the mean charged multiplicity and the respective invariant mass

of the charged and neutral particles Meff .

Measurements in the current region of the Breit frame showed the same dependence as in

the case of e+e− measurements if 2Ecurrent was used as the scale.
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Similar dependence was observed in the charged current multiplicities for the visible parts

of current and target regions of the Breit frame as a function of their respective effective

masses.

The measurement in the laboratory frame showed no strong dependence versus x and Q2.
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Figure 1: Mean charged multiplicity, 〈nch〉, in the current region of the Breit frame
multiplied by 2 plotted versus 2Ecurrent, where Ecurrent is the sum of the energies of
the particles in the current region (charged hadrons and neutrals). Also shown are
the prediction from Ariadne and other measurements from hadron-hadron, e+e−,
and ep.
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Figure 2: 〈nch〉 in the current and target regions of the Breit frame versus the
Meff of the respective (charged + neutral) particles together with the laboratory
frame measurement (combined current+target). The predictions from Ariadne

for both regions of the Breit frame are also shown.
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Figure 3: 〈nch〉 in the laboratory frame versus the Meff of the respective (charged +
neutral) particles. The predictions from Ariadne, Lepto, and Lepto including
SCI are also shown.
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Figure 5: Figure 5 shows 〈nch〉 as a function of Meff in the laboratory frame
for different Q2 and x regions together with Ariadne and Lepto predictions for
those (x, Q2) regions. Also the prediction of Ariadne for the total phase space
(solid line) is shown in each (x, Q2) region.
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