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Hadron multiplicity ratios in semi-inclusive deep-inelastic scattering have been measured on

neon, krypton and xenon targets relative to deuterium usinga 27.6 GeV positron or electron

beam at the HERMES experiment. They are presented for pions(π+, π−), kaons(K+, K−) and

protons(p, p̄) as a function of the virtual photon energyν , its virtuality Q2, the fractional hadron

energyz and the square of transverse hadron momentump2
t with respect to the direction of the

virtual photon. Dependencies are presented in a two-dimensional representation, in the form of

detailed binning over one variable and three slices over theother variable. These results may help

to understand some aspects of the hadronization process.
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Figure 1: A simple illustration of the hadronization process( left diagram ) and it’s space-time development(
right diagram ) in semi-inclusive deep-inelastic scattering reaction.

1. Introduction

Semi-inclusive deep-inelastic scattering (SIDIS) of leptons from nuclei provides the tool to
investigate a quark hadronization or fragmentation into hadrons[1][2]. In such a process, lepton
transfers a certain amount of energy(ν ) to the "struck" quark which then propagates through the
nuclear medium, losing it’s energy by emiting a gluon. The time (length) is needed for this propa-
gation is called the production time(tp, figure 1 ). After this time a colorless pre-hadron is formed,
which evolves to the final hadron during the formation time(t f , figure 1 ). In order to investigate a
space-time evolution of this process, nuclei with different mass (size) canbe used. The experimen-
tal observable is the nuclear attenuation ratio, which is a ratio between hadron multiplicities from
nuclear target with atomic mass (A) to those on the deuterium[3][4][5].

Rh
A(ν ,Q,z, pt ) =

(Nh(ν ,Q,z,pt )
Ne(ν ,Q) )A

(Nh(ν ,Q,z,pt )
Ne(ν ,Q) )D

(1)

whereNh is the number of semi-inclusive hadrons in a given (ν ,Q2,z,p2
t ) bin andNe is the number

of inclusive deep-inelastic scattered leptons in the same (ν ,Q2) bin.
This ratio depends on two leptonic variables: the energy of virtual photonν and it’s virtualityQ2

and on two hadronic variables: the fractionz of the virtual-photon energy carried by the hadron
and the square of the hadron momentum componentp2

t transverse to the virtual-photon direction.
The attenuation ratio, in general, depends also on azimuthal angleφ, which is an angle between
the lepton-scattering plane and the hadron-production plane. In this measurement noφ dependence
was observed within statistical accuracy. Thus the integration overφ was performed.
The dependencies ofRh

A were presented in a two-dimensional form, which means the detailed
binning over one variable and and a coarser binning in another variable.The other variables are in-
tegrated over within the acceptance of the experiment. This allows to study the nuclear attenuation
effect in more detail.
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2. Data Extraction

The data were collected with the HERMES spectrometer using 27.6GeV electron or positron
beams stored in HERA at DESY[6]. To select deep-inelastic scattered (DIS) lepton the following
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Figure 2: TheHERMES spectrometer.

requirements were used for it’s kinematics:Q2 > 1 GeV 2, W 2 > 4 GeV 2 andy = ν/E < 0.85,
whereW is the invariant mass of virtual photon-nucleon system andE is the beam energy. The cut
on the invariant mass imposed to suppress the resonance contribution into data and constrain ony
limits the magnitude of radiative corrections.
For charged hadron identification, dual-radiator ring-imagingČerenkov detector (RICH) was used[7],
which allows to identify pions, kaons and (anti)proton. They were selectedwithin the following
kinematical conditions: 2< ph < 15.0 GeV , xF > 0 andz > 0.2, whereph is the hadron momentum
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Figure 3: Momentum dependence of theČerenkov angle for different hadron types and radiators. The upper
band corresponds to the aerogel and the lower band to the C4F10 gas respectively.

andxF is the Feynman variable which is defined as a ratio of the longitudinal momentum transferred
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to the hadron in the photon-nucleon centre-of-mass system to it’s maximum possible value. In order
to select hadrons coming from current fragmentation region the constraints onxF andz applied,
which reduce the contribution of target fragmentation into data.

3. Results

The results ofRh
A are presented for neon (Ne), krypton (Kr) and xenon (Xe) for charge sepa-

rated pions, kaons and protons using a fine binning in one of the kinematicalvariables and three
slices in a second variable.

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

z = 0.2-0.4
z = 0.4-0.7
z > 0.7

0.4

0.6

1.0

0.8

RA
h

Ne Kr

π+

Xe

0.5

1.0

1.5

K+

0.5

1.0

1.5

10 20 10 20 2010

p

ν [GeV]

0.5

1

1.5

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.2

0.4

0.6

0.8

1

1.2

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

0.5

1

1.5

10 20

z = 0.2-0.4
z = 0.4-0.7
z > 0.7

0.4

0.6

1.0

0.8

RA
h

Ne Kr

π-

Xe

0.5

1.0

1.5

K-

0.5

1.0

1.5

10 20 10 20 2010

p
–

ν [GeV]

0.5

1

1.5

10 20

Figure 4: Dependence ofRh
A onν for three slices inz.

In figure 4, theν dependence ofRh
A is shown in threez slices. The scale uncertainties are estimated

to be 3%, 5%, 4%, and 10% for pions, kaons, protons and atiprotons, respectively. With the increas-
ing of ν the enhancement ofRh

A was observed for pions(π+, π−) and negatively charged kaons(K−)
which is consistent with fragmentation models, explaining such a behaviour as aresult of Lorentz
dilation and/or a modification of the fragmentation function[8]. In contrast to negatively charged
kaons (K−), theν dependence ofRh

A for positively charged kaons (K+) shows an enhancement for
the lowestz-slice and it seems flatter for the highz values. For protons the behaviour ofRh

A is very
different from those for the other hadrons. Particularly for the lowestz-slice it exceeds the unity at
largeν values. This phenomena might be caused by the fact that protons apart from hadronization
could be knocked out off the nucleus while other hadrons are the resultof hadronization only. This
effect is stronger for heavy nuclei which is consistent with the assumptionof large contribution
from knock-out processes. Despite a lack of statistics, antiprotons, unlike protons, show a similar
behaviour as mesons.
In figure 5, the dependence ofRh

A on z for three slices inν is presented. TheRh
A shows a slight

change in differentν slices forπ+ andπ− and a strong dependence for protons on krypton and
xenon targets. This behaviour for protons can be explained by a large contribution from final-state
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interaction at lowz values.
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Figure 5: Dependence ofRh
A on z for three slices inν .

The dependence ofRh
A on p2

t is shown in figure 6 for three slices inz. An increasing behaviour ofRh
A

was observed at highp2
t (the Cronin effect) which is larger for protons compared with mesons. For

the highestz slice the Cronin effect is suppressed for mesons while the protons show asignificant
rise with p2

t .
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Figure 6: Dependence ofRh
A on p2

t for three slices inz.

Thez dependence ofRh
A for three slices inp2

t is presented in figure 7. The overall reduction ofRh
A
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with z was observed. At small values ofz a strong dependence ofRh
A on p2

t was found while for
high z values there is almost nop2

t dependence forπ+, π− andK+.
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Figure 7: Dependence ofRh
A on z for three slices inp2

t .

4. Conclusions

The first two dimensional kinematic dependencies for hadron multiplicity ratioRh
A have been

presented for pions(π+, π−), kaons(K+, K−) and protons(p, p̄) on neon, krypton and xenon targets
relative to deuterium. Forπ+ andπ− the behaviour ofRh

A was about the same within the experi-
mental uncertainties. The dependence ofRK+

A on ν for positevely charged kaons was found to be
different fromRπ+

A , Rπ−

A andRK−

A at high values ofz which might be the result of final-state inter-
actions. Proton data show a significant difference from the other hadrons which can be explained
by a contribution of knock-out processes, in addition to the fragmentation process.
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