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A semi-inclusive measurement of charged hadron multiplicities in deep inelastic muon scattering off an
isoscalar target was performed using data collected by the COMPASS Collaboration at CERN. The
following kinematic domain is covered by the data: photon virtuality Q> > 1 (GeV/c)?, invariant mass of
the hadronic system W > 5 GeV/c?, Bjorken scaling variable in the range 0.003 < x < 0.4, fraction of the
virtual photon energy carried by the hadron in the range 0.2 < z < 0.8, and square of the hadron transverse
momentum with respect to the virtual photon direction in the range 0.02 (GeV/c)? < Pi. <3 (GeV/c)>.
The multiplicities are presented as a function of P3; in three-dimensional bins of x, 0, z and compared to
previous semi-inclusive measurements. We explore the small-P2; region, i.e. P3p < 1 (GeV/c)?, where
hadron transverse momenta are expected to arise from nonperturbative effects, and also the domain of
larger P%;, where contributions from higher-order perturbative QCD are expected to dominate. The
multiplicities are fitted using a single-exponential function at small Py to study the dependence of the
average transverse momentum (PZ;) on x, O? and z. The power-law behavior of the multiplicities at large
P} is investigated using various functional forms. The fits describe the data reasonably well over the full
measured range.
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I. INTRODUCTION

A complete understanding of the three-dimensional
parton structure of a fast moving nucleon requires the
knowledge of the intrinsic motion of quarks in the plane
transverse to the direction of motion, in both momentum
and coordinate space. While the spatial distributions of
quarks in the transverse plane are described by generalized
parton distributions (GPDs), the momentum distributions
of quarks in the transverse plane are described by trans-
verse-momentum-dependent (TMD) parton distribution
functions (PDFs). A precise knowledge of TMD-PDFs is
found [1] to be crucial in the explanation of many single-
spin effects observed in hard scattering reactions [2—4], in
addition to the important role they play in spin-independent
processes. In a similar way, transverse-momentum-
dependent fragmentation functions (TMD-FFs) are crucial
for the description of hard scattering reactions involving
hadron production. Both PDFs and FFs are nonperturbative
quantities that are assumed to be process-independent. The
simplest examples are the spin-averaged TMD-PDF
f{(x.kr) and the spin-averaged TMD-FF D!(z, py,).
where x is the Bjorken scaling variable, k7 is the quark
intrinsic transverse momentum, z is the fractional energy of
the final-state hadron, and py, | is the transverse momentum
of the final-state hadron relative to the direction of the
fragmenting quark. After integration over kt and py, |, the
TMD-PDFs and TMD-FFs reduce to the standard spin-
averaged collinear PDFs and FFs, where collinear means
along the direction of the virtual photon. While the
knowledge of the collinear PDFs and FFs is quite advanced,
very little is presently known about the dependence of
TMD-PDFs and TMD-FFs on kt and p,, |, as only sparse
experimental data are available to date.

One of the most powerful tools to assess TMD-PDFs
and TMD-FFs is the semi-inclusive measurement of deep
inelastic scattering (SIDIS), ZN — ¢'hX, where one
hadron is detected in coincidence with the scattered lepton
in the final state. According to the QCD factorization
theorem [5,6] the deep inelastic scattering (DIS) process is
considered to proceed via two independent subprocesses;
i.e., the elementary QED process £q — ¢q is followed by
the hadronization of the struck quark. The outgoing
hadrons provide information about the original transverse
motion of the quark in the nucleon via their transverse
momentum vector Pyr. The latter is defined with respect to
the virtual photon direction. The SIDIS cross section can be
written as a convolution of a ‘hard’ scattering cross section,
which is calculable in perturbative QCD (pQCD), with the
nonperturbative TMD-PDFs and TMD-FFs. It depends on
five kinematic variables. Two variables describe inclusive
DIS, i.e. the negative square of the four-momentum transfer
Q?=—¢? and the Bjorken scaling variable x=—¢*/(2P-q),
where ¢ and P denote the four-momenta of the virtual
photon and the nucleon, respectively. Three more variables
describe the final-state hadrons, i.e. the fraction of the

virtual photon energy that is carried by a hadron, z =
(P-Py)/(P-q), the magnitude P,y of the transverse
momentum of a hadron and its azimuthal angle ¢ in the
system of virtual photon and nucleon. Here, P}, denotes
the four-momentum of the hadron. In the present analysis,
the dependence on ¢ is disregarded. When integrating it
over, the differential cross section for spin-independent
SIDIS reads as follows in twist two “TMD factorization
scheme” [7,8]:

d4afp—>f’hX B 271'2&2 [1 4 (1 _ y)Z]
dxdQ%dzdP%,  (xs)? y?
X Fyy(x, Q% z, Pip), (1)

with
Fyy(x, szZ’PﬁT)

= Zeé / d*krd®py, | 5@ (Pyr — 2k — 1)
q

x f1(x, Q% kr)Dj(z, Q. pny). (2)

Here, y is the lepton energy fraction that is carried by
the virtual photon and s is the center-of-mass energy, which
are related to x and Q? through Q? = xys. The hadron
transverse momentum is related to kt and py,; by Py =
zkt 4+ pn. [7]. An important consequence of the factori-
zation theorem is that the fragmentation function is
independent of x, and the parton distribution function is
independent of z, while both depend on Q2.

In addition to azimuthal asymmetries in spin-independent
SIDIS [9], the most relevant experimental observable to
investigate spin-averaged TMD-PDFs and TMD-FFs is the
differential hadron multiplicity as a function of P2}, which
is defined in Eq. (3) below. “Soft” nonperturbative proc-
esses are expected to generate relatively small values of Pyt
with an approximately Gaussian distribution in Py [10].
Hard QCD processes are expected to generate large non-
Gaussian tails for Py > 1 (GeV/c). They are expected to
play an important role in the interpretation of the results
reported here, which reach values of P32 up to 3 (GeV/c)>.

Transverse-momentum-dependent  distributions  of
charged hadrons in DIS were first measured by the
EMC collaboration [11] at CERN, followed by measure-
ments by ZEUS [12] and H1 [13,14] at HERA. These
measurements only provided data in a limited dimensional
space. Only new-generation experiments provided higher
statistics, thereby opening the way to analyze and present
the results in several dimensions simultaneously. Recent
results were obtained by several fixed-target experiments
using various targets and complementary energy regimes,
i.e. HERMES [15] at DESY and COMPASS [16] at CERN.

The present paper reports on a new COMPASS meas-
urement of transverse-momentum-dependent multiplicities
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of charged hadrons and extends the results of our earlier
publication on transverse-momentum-dependent distribu-
tions of charged hadrons [16]. The present measurement
enlarges the kinematic coverage in x up to 0.4 instead of
0.12,in Q?> up to 81 (GeV/c)? instead of 10 (GeV/c)? and
in P2 up to 3 (GeV/c)? instead of about 1 (GeV/c)?* with
significantly reduced systematic uncertainties on the nor-
malization of the PﬁT—integrated multiplicities [16]. The data
reported here represent the most precise results on differ-
ential charged hadron multiplicities available at this energy
scale. This measurement is unique as its high statistics
allows us to analyze the P2, dependence of charged-hadron
multiplicities in four variables simultaneously.

The paper is organized as follows. Section II briefly
describes the experimental apparatus. Details about the data
analysis are given in Sec. III. The measured charged-hadron
multiplicities are presented and compared to previous
measurements in Sec. IV. In Sec. V, fits to the results
are presented and discussed. The results are summarized
in Sec. VL

II. EXPERIMENTAL SETUP

The set-up of the COMPASS experiment is briefly
described in this section. A more detailed description
can be found in Ref. [17]. It is a fixed-target experiment,
which uses the CERN Super Proton Synchrotron M2 beam
line that is able to deliver high-energy hadron and muon
beams. The data were collected in 2006 using a naturally
polarized u* beam of 160 GeV /¢ with a momentum spread
of 5%. The intensity was 4 x 107 s~! with a spill length of
4.8 s and a cycle time of 16.8 s. The momentum of each
incoming muon was measured before the COMPASS
experiment with a precision of 0.3%. The trajectory of
each incoming muon was measured before the target in a
set of silicon and scintillating fibre detectors. The muons
were impinging on a longitudinally polarized solid-state
target located inside a superconducting magnet. The target
consisted of three cells that were located along the beam
one after the other. It was filled with °LiD beads immersed
in a liquid *He/*He mixture. The admixtures of H, *He and
"Li in the target led to an effective excess of neutrons of
about 0.2%. To first approximation, it can be regarded as an
isoscalar deuteron target and will be referred to as such in

the following. The polarization of the middle cell (60 cm
length) was opposite to that of the two outer cells (30 cm
long each), and the polarization was reversed once per day.
In order to obtain spin-independent results, the target
polarization was averaged by combining the data from
all three target cells. Since the data taking in the two
target polarization states was well balanced and remaining
polarization-dependent effects are very small, this pro-
cedure ensures that for the data analysis the target can be
considered as unpolarized.

The COMPASS two-stage spectrometer was designed to
reconstruct scattered muons and produced hadrons in a
wide range of momentum and polar angle, where the latter
reaches up to 180 mrad. Particle tracking is performed by a
variety of tracking detectors that are located before and
after the two spectrometer magnets. The direction of the
reconstructed tracks at the interaction point is determined
with a precision of 0.2 mrad. The momentum resolution is
1.2% in the first spectrometer stage and 0.5% in the second
one. The trigger is made by hodoscope systems supple-
mented by hadron calorimeters. Muons are identified
downstream of hadron absorbers.

III. MULTIPLICITY AND DATA ANALYSIS

A. Multiplicity extraction

The differential multiplicity M" for charged hadrons,
where h denotes a long-lived charged hadron (z*, 7, K™,
K=, p or p), is defined as the ratio between the differential
semi-inclusive cross section d*s" and the differential
inclusive cross section d>¢P'S:

d*M"(x,0%.2.PL;) dioh d?eP’s )
dzdP2; dxdQ?dzdP%, )/ \dxdQ?)

Hadron multiplicities are measured in the four-
dimensional (x, Q% z, P%;) space. The bin limits in the
four variables are presented in Table 1.

The data used in the present analysis were collected
during six weeks in 2006. The data analysis comprises
event and hadron selection, the correction for radiative
effects, the determination of and the correction for the
kinematic and geometric acceptance of the experimental
set-up as well as for detector inefficiencies, detector

TABLE L. Bin limits for the four-dimensional binning in x, 02, z and P};.

Bin limits

X 0.003 0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4

0? (GeV/c)2 1.0 1.7 3.0 7.0 16 81

z 0.2 0.3 0.4 0.6 0.8

PﬁT (GeV/c)2 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.17 0.196
0.23 0.27 0.30 0.35 0.40 0.46 0.52 0.60 0.68
0.76 0.87 1.00 1.12 1.24 1.38 1.52 1.68 1.85
2.05 2.35 2.65 3.00
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resolutions and bin migration, and the correction for
diffractive vector-meson production. Differential hadron
multiplicities are evaluated as the ratio of hadron yields
d*N" in every interval of (x, Q%, z, P2;) and the number of
DIS events d>NP'S in every interval of (x, Q%) corrected as
described above:

EM (2, Phy) 1 AN PRp) (0"
dzdPZ,  PNPS dzdPl, MES
" 1 C"(z, Pip) . @
ah(Z’Pﬁﬂ cPs

Here, #°™ and 5" denote the correction factors account-
ing for radiative effects in the inclusive and in the semi-
inclusive case, respectively, a” accounts for acceptance
effects, and CP'S(") denotes the correction factor accounting
for the diffractive vector-meson contribution in the case of
an inclusive (semi-inclusive) measurement. The (x, Q?)
dependence is omitted for simplicity as it enters all terms.
All corrections are evaluated in the four-dimensional
(x, Q% z, Pi;) bins except CPS, #PIS and 5", which are
evaluated only in bins of x and Q2. Further kinematic
dependences of #" upon z and P%. will be discussed in
Sec. I B.

B. Event and hadron selection

The present analysis uses events taken with “inclusive
triggers”; i.e., the trigger decision is based on scattered
muons only. The selected events are required to have a
reconstructed interaction vertex associated with an incident
and a scattered muon track. This vertex has to lie inside a
fiducial target volume. The incident muon energy is con-
strained to the range from 140 to 180 GeV. In addition
to the kinematic constraints given by the spectrometer
acceptance, the selected events are required to have
0?>1(GeV/c)*> and W > 5 GeV/c?. These require-
ments select the DIS regime and exclude the nucleon
resonance region. The relative virtual-photon energy is
constrained to the range 0.1 <y < 0.9 to exclude kin-
ematic regions where the momentum resolution degrades
and radiative effects are most pronounced [18]. In the range
0.003 < x < 0.4, the total number of inclusive DIS events
is 13 x 10°, which corresponds to an integrated luminosity
of 0.54 tb~!. The (x, Q?) distribution of this selected ‘DIS
sample’ is shown in Fig. 1, where a strong correlation
between x and Q? is observed as expected in fixed-target
experiments.

For a selected DIS event, all reconstructed tracks asso-
ciated with the primary interaction vertex are considered.
Hadron tracks must be detected in detectors located before
and after the magnet in the first stage of the spectrometer.
The fraction of the virtual-photon energy transferred to a
final-state hadron is constrained to 0.2 < z < 0.8. The

= 8
3 l :
© >
&) [Sa]
<)
102
10

FIG. 1. Distribution and kinematic range of the selected DIS
sample in the (x, Q%) plane.

lower limit excludes the target fragmentation region, while
the upper one removes muons wrongly identified as hadrons
and excludes the region with larger contributions from
diffractive p° production. This selection yields the ‘hadron
sample’ with a total of 4.3 x 10° and 3.4 x 10° positively
and negatively charged hadrons, respectively.

The corrections for QED higher-order effects are applied
on an event-by-event basis taking into account the target
composition. They are computed as a function of x and y
according to the scheme described in Ref. [19]. For the
hadron yields, the correction is calculated by excluding the
elastic and quasi-elastic tails. The correction factors " and
#P'S are evaluated in bins of x and Q2. They are found to be
smaller than 12% for x < 0.01 and are smaller than 5%
elsewhere. An attempt to evaluate the smearing due to
radiative effects as a function of z and P}, was performed
using a Monte Carlo (MC) simulation, where radiative
effects were simulated using the RADGEN generator [20].
A possible impact on the (z, P%;) dependence of the results
due to radiative effects is accounted for in the systematic
uncertainties of the P2, dependence of the multiplicities.

C. Acceptance correction

The hadron multiplicities must be corrected for
geometric and kinematic acceptances of the experimental
set-up as well as for detector inefficiencies and resolutions,
and for bin migration. The correction for a possible
misidentification of electrons as hadrons is included in
the acceptance correction. The full correction factor is
evaluated using a MC simulation of the muon-deuteron
deep inelastic scattering processes. Events are generated
using the LEPTO generator [21], where the parton hadro-
nization mechanism is simulated using the JETSET pack-
age [22] with the tuning from Ref. [23]. Secondary hadron
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interactions are simulated using the FLUKA package [24].
The experimental set-up is simulated using the GEANT3
toolkits [25] and the MC data are reconstructed using the
same software that was used for the experimental data [17].
The kinematic distributions of the experimental data are
fairly well reproduced by the MC simulation.

In order to minimize a possible dependence on the
physics generator used in the simulation and to exclude
kinematic regions with large acceptance corrections, a four-
dimensional evaluation of the acceptance correction factor
a" is performed in narrow kinematic bins. In each (x,, Q?)
kinematic bin, where r denotes the reconstructed values of
the variables, the acceptance correction is calculated as the
ratio of reconstructed (d*N?!) and generated (d*N%) hadron
yields, where both are evaluated using the simulated DIS
sample after reconstruction:

dZNh d2Nh
iz P2) = r g 5
@z Pir) (dZdPﬁT>/<dZdPﬁT) ®)

An advantage of this definition is that the correction for
muon acceptance cancels as it enters both numerator and
denominator. The generated values of kinematic variables
are used for the generated particles and the reconstructed
values of kinematic variables are used for the reconstructed
particles. All reconstructed MC events and particles are
subject to the same kinematic and geometric selection
criteria as the data, while the generated ones are subject to
kinematic requirements only. The acceptance correction
factor exhibits an almost flat behavior as a function of
z and P in most (x, Q) bins, except at high x for
Pl >1(GeV/c)?, where it remains larger than 0.4.
Elsewhere, its average value is above and close to 0.6
for P2, > 0.5 (GeV/c)? and is less than or equal to 0.6 for
Pi. < 0.5 (GeV/c)?. As an example, Fig. 2 shows the

acceptance as a function of P for positively charged
hadrons. The two panels show the two z bins between 0.4
and 0.8, with two bins in (x, Q?) in each case. The
acceptance correction factors for positively and negatively
charged hadrons are found to be very similar, with
differences on the level of 0.02-0.04.

D. Diffractive vector meson contribution

The final-state hadron(s) selected as described above
may also originate from diffractive production of vector
mesons (p°, ¢, w) that decay into lighter hadrons (7, K, p)
[4,26,27]. This process, which can be described by the
fluctuation of the virtual photon into a vector meson that
subsequently interacts diffractively with the nucleon
through multiple gluon exchange, is different from the
interaction of the virtual photon with a single quark in the
DIS process. The fraction of selected final-state hadrons
originating from diffractive vector-meson decays and their
contribution to the SIDIS yields are estimated in each
kinematic bin using two Monte Carlo simulations. The first
one uses the LEPTO generator to simulate SIDIS events,
and the other one uses the HEPGEN generator [28] to
simulate diffractively produced p° and ¢ events. Further
channels, which are characterized by smaller cross sections,
are not taken into account. Events with diffractive disso-
ciation of the target nucleon represent about 25% of those
with the nucleon staying intact and are also simulated. The
simulation of these events includes nuclear effects, i.e.
coherent production and nuclear absorption as described in
Ref. [28]. The contribution of pions originating from p°
decay to the hadron sample increases with z, and reaches up
to 40-50% for z close to 1. For kaons, the contribution from
¢ decay is concentrated in the z range 0.4-0.6, where it
reaches up to 15%. The correction factors are separately
evaluated for the DIS sample and the hadron sample:

= 1 =01
L S L
04<z<0.6 L 0.6<z<0.8
0.8 0.8
I . I
. o'!!agao B *
0.6 ;4'*++H'*4"’m'228008&) 0.6 }0——F+H“"‘“04“'.’:’;0028$‘$
P 0000000000009 L NN 000°°°°o°°°°°° )
oal  ° 1< Q(GeVicey < 1.7 oal  ° 1< Q(GeViey < 1.7
' 0.003 < x < 0.008 - 0.003 < x < 0.008
02 * 3<Q%GeVie) <7 02 & 3<QGeV/ey <7
: 0.020 < x < 0.032 L 0.020 < x < 0.032
0 - 0 —
107 1 10 1
Py (GeVicy P%.(GeV/c)
(a) (b)

FIG. 2. (a) Acceptance for positively charged hadrons as a function of PﬁT for 0.4 < z < 0.6 in two typical (x, Q%) bins. (b) Same as

(a) for 0.6 < z < 0.8.
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CPB(x, Q%) = 1 = fyi5(x. 0%), (6)

C(x, 02,2, P2y) = [F,(1—f2) + Fx(1 = &) + Fyl.  (7)

Here, fM denotes the fraction of diffractively produced

vector-mesons present in the DIS sample, while ff,o and f ﬁ
denote the fraction of p° and ¢ decay products in the hadron
sample, respectively. The fraction of pions, kaons, and
protons in the latter sample, which is denoted by F,x .
amounts to about 75%, 20% and 5%. The fractions F;
(i=mn K, p)and fYM (i=7, K and VM = p°, ¢) are
evaluated as functions of x, Q2, z and PﬁT.

In the following, the general behavior of some of the
above discussed correction factors is illustrated. The
correction factor to account for diffractive p° production
in the DIS yield is shown in Fig. 3 as a function of x in the
five Q2 bins. It reaches a maximum value of about 4% in
the lowest Q7 bin. The correction factor for the contribution

B ey J

[ == "]

0.9 + —_—
: ++'*'

082} ++ —0.2<7<03

L -+

L +H‘ -+
r +++ -—03<z<04

0.7 } 04<2<06
E —0.6< z<0.8

06— N R B T B
0 0.2 0.4 0.6 0.8 1

P2, (GeV/cy

(a)

of diffractively produced p° mesons to the pion sample,
(1- fﬁo), is shown in Fig. 4(a) as a function of PﬁT in the
four z bins for the lowest Q% bin, where it has the largest
value. It reaches a maximum value of about 25% for PﬁT ~
0.12 (GeV/c)? in the highest z bins, i.e. 0.6 < z < 0.8, and
decreases to few percent at small z. The correction factor
for the contribution of diffractively produced ¢ mesons to

the kaon sample, (1 — %), is shown in Fig. 4(b). In this
case, the maximum correction of about 35% is reached at
very small PZ; in the middle z bin, i.e. 0.4 < z < 0.6.

E. Systematic uncertainties

The dominant contributions to the systematic uncertain-
ties originate from the uncertainties on the determination of
the acceptance correction factor and those of the diffractive
vector-meson contribution. The uncertainty on the accep-
tance calculation is evaluated by varying in the MC
simulation both the PDF set and the JETSET parameters
describing the hadronization mechanism. The acceptance
correction is estimated for each MC sample and the largest
deviation with respect to the values obtained using the MC
simulation described in Sec. III C is quoted as a systematic
uncertainty. The validity of the correction for the electron
contamination is confirmed by comparing the simulated
and measured electron distributions for momenta below
8 GeV/c, where electrons are identified using the RICH
detector. In order to check a possible dependence on the
target cell, in which the event vertex is located, the
multiplicities are independently measured from the three
target cells. Results from upstream and downstream target
cells agree within 2-3%, while the agreement is better than
1% with the middle target cell. These differences are well
covered in the acceptance correction uncertainty. A total
uncertainty of 5% is estimated for the multiplicities.

The cross section for exclusive production of p° calcu-
lated in HEPGEN is normalized to the phenomenological

o M -
S | S——
:..0
i
0.9 ”
t
08} . -_(0.2< Z<043
- —03<z<04
0.7H 04<z7<06
—0.6<2z<08
06
0 0.2 0.4 0.6 0.8 1
P (GeV/cy

(b)

FIG. 4. (a) Correction factor due to pions originating from the decay of p° mesons, shown as a function of P2 in the four z bins for
1 (GeV/c)? < Q% < 1.7 (GeV/c)?. (b) Correction factor due to kaons originating from the decay of ¢ mesons.
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FIG. 5. Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a function of PZ in (x, Q?) bins for
0.2 < z < 0.3. Error bars on the points correspond to the statistical uncertainties. The systematic uncertainties (cgys/ M) are shown as

bands at the bottom.

model of Ref. [29]. The theoretical uncertainty on

the

predicted cross section in a kinematic region close to
COMPASS kinematics amounts to about 30%. This results
in an uncertainty on the diffractive vector-meson correction
factor, which amounts up to 5-6% mainly at small values of

x, Q% and P2, and large values of z.

Nuclear effects may be caused by the presence of
*He/*He and °Li in the target. The EMC Collaboration
has studied in detail such nuclear effects in a similar
kinematic range using carbon, copper and tin targets

[11]. A z-dependent decrease of 5% was observed
the multiplicities obtained using copper compared to

for
the

ones obtained using deuterium. While the effect was larger
for tin, no such effect was found for carbon, so that possible
nuclear effects in the present experiment are expected to be
very small and are hence neglected. When comparing the
results obtained from the data taken in six different weeks,

no difference is observed.

All contributions to the systematic uncertainties
are added in quadrature and yield a total systematic
uncertainty of 5-7%, except at large z and at large

P (>2.5 (GeV/c)?) where it reaches about 10%.

The

total systematic uncertainties are shown as bands in

Figs. 5-8. Systematic uncertainties in other figures
not shown.

are

IV. MEASURED HADRON MULTIPLICITIES
AND COMPARISON WITH
OTHER EXPERIMENTS

A. Results

The measured multiplicities of charged hadrons are
presented in the four z bins ranging from z = 0.2 to
z = 0.8 in Figs. 5-8 as a function of the hadron transverse
momentum P32 in bins of x and Q2. Error bars showing the
statistical uncertainties on the points are too small to be
visible. The systematic uncertainties are given as bands at
the bottom. All multiplicities presented in the following
figures are corrected for diffractive vector-meson produc-
tion. The results amount to a total of 4918 experimental
data points. Their numerical values are available on
HepData [30] with and without correction for diffractive
vector-meson production. It should be noted that a few
(x, Q) kinematic bins are discarded in the lowest (Fig. 5)
and the highest (Fig. 8) bins of z because of low statistical
precision as well as large acceptance correction factors
(Sec. I C). The average values of x and Q in the various
kinematic bins are evaluated using the DIS sample and are
given in Table II. The results obtained by integrating the
multiplicities presented here over PZ; are in very good
agreement with those of Ref. [26], where the multiplicities
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of charged pions are measured as a function of z in a
restricted momentum range based on an independent
analysis of the same data.

Multiplicities are larger for positively than for negatively
charged hadrons. This difference significantly increases as
x increases and shows a weak variation with Q2. It is
observed to also depend on z and it increases in the range of
large z, i.e. z > 0.4, which confirms the observations made
in Ref. [26]. Besides their magnitude, the P, dependence
of the multiplicities shows a significant variation with x at
fixed Q? (as well as with Q? at fixed x) for any interval of z.
These observations are separately illustrated in Figs. 9
and 10 and discussed in detail in the following.

TABLE II. Mean values of x (left) and Q% (GeV/c)? (right) in

The comparison between the multiplicities of positively
and negatively charged hadrons is illustrated as a function
of x and Q7 in Fig. 9 for (z) = 0.35. On the top row, h* and
h~ multiplicities are presented at (Q?) = 1.3 (GeV/c)? in
the smallest and the largest x bins with average values
(x) = 0.0062 and (x) = 0.039, respectively. In the right
column, h™ and h™ multiplicities are similarly presented at
(x) = 0.04 in the smallest and the largest Q* bins with
average values 1.4 (GeV/c)? and 8.3 (GeV/c)?, respec-
tively. At fixed Q?, the ratio of h* to h™ multiplicities
ranges from about 1 in the first x bin to about 1.3 in the last
x bin. This increase as a function of x confirms the
expectation from valence u-quark dominance, i.e. the

all (x, Q%) kinematic bins defined in Tab. I. For each case, rows

correspond to the eight x bins and columns correspond to the five O bins.

x bins 0? (GeV/c)? bins
1-1.7 1.7-3 3-7 7-16 16-81 1-1.7 1.7-3 3-7 7-16 16-81
0.003-0.008 0.0062 0.0074 1.25 1.82
0.008-0.013 0.010 0.011 1.32 2.12
0.013-0.02 0.016 0.016 0.017 1.30 2.28 3.51
0.02-0.032 0.025 0.025 0.026 1.29 2.29 4.10
0.032-0.055 0.039 0.042 0.043 0.045 1.39 2.29 4.52 8.33
0.055-0.1 0.068 0.075 0.077 2.47 4.65 9.30
0.1-0.21 0.133 0.149 0.157 5.29 9.78 19.9
0.21-0.4 0.254 0.291 11.04 22.1
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FIG. 9. Top row: Upper panels: Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a function of
P}, at fixed 0%, i.e. (Q?) = 1.3 (GeV/c)?, for lower (left) and higher (right) x bins. Lower panels: Ratio of multiplicities of positively
and negatively charged hadrons. Right column: Same at fixed x, i.e. (x) =0.04, for lower (top) and higher (bottom) Q? bins. All

measured at (z) = 0.35. Only statistical uncertainties are shown.

dominance of scattering off u-quarks. At fixed x, the ratio
of h* to h™ multiplicities decreases from 1.3 in the first Q>
bin to about 1.2 in the last Q% bin. While no significant
difference is observed in the P} dependence of h™ and h~
multiplicities, the PZ; dependence of the multiplicities is
observed to flatten at large values of PZ;, where contribu-
tions from higher-order QCD processes like QCD Compton
and photon-gluon fusion (PGF) are expected to dominate.
The data suggest that flattening occurs both as Q2 increases
(at fixed x) and when x decreases (at fixed Q?).

In Figure 10, the comparison between h™ and h~
multiplicities is illustrated as a function of z. The multi-
plicities are presented as a function of PZ; in the four z
intervals in a given (x, Q%) bin with average values (x) =
0.149 and (Q?) = 9.78 (GeV/c)?. A high x bin is chosen,
where the difference in the magnitude of the multiplicities
is most recognizable. The ratio of h™ to h™ ranges from
about 1.1 in the first z bin to about 2 in the last z bin,
reflecting the fact that part of the negative hadrons (K~ and
p) can not be produced by the favored fragmentation of a
nucleon valence quark, which enhances the expected flavor
dependence of TMD-FFs. Another feature of the data is the
variation of the P2} dependence with increasing z for both
small and large values of PZ;. In particular, the data show a

tendency to flatten at large P,r as z decreases, which
emphasizes a significant z dependence of the hadron
transverse momentum with respect to the transverse
momentum of the fragmenting quark, p .

Another intriguing effect is observed in the
kinematic domain 1(GeV/c)?<Q?*<1.7(GeV/c)? and
0.6 < z < 0.8, in the range of small PﬁT. Charged hadron
multiplicities do not exhibit an exponential form in P},
in this kinematic region and show an unexpected flat
dependence at very small values of Pj;. This effect is
also present in the earlier published [16] distributions of
charged hadrons as a function of PZ. It is illustrated
in Fig. 11, which shows the multiplicity of positive hadrons
as a function of P, up to 0.8 (GeV/c)? at (Q?) =
1.25 (GeV/c)? and (x) = 0.0062 (left-hand side) and at
(Q*) =4.52 (GeV/c)? and (x) = 0.043 (right-hand side).
It should be noted that this particular kinematic region
suffers from the highest contribution of the p° decay
products to the charged hadron sample (Fig. 4, blue curve)
evaluated using the MC simulation. This effect is further
discussed in Sec. V.

The multiplicities shown in Figs 5-11 agree with the
previous measurement of hadron distributions performed
by COMPASS [16]. However, as mentioned in Sec. I, this
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measurement considerably extends the kinematic range and
reduces the statistical and systematic uncertainties, in
particular the uncertainties on the normalization of the
P2 -integrated multiplicities.

B. Comparison with other measurements

The multiplicities presented above are compared in

measurements in similar kinematic regions. The experi-
ments are compared in Table III.

In order to compare the present COMPASS results on
TMD hadron multiplicities with the corresponding ones by
EMC [11], our data sample is reanalyzed in bins of z and
W? according to the binning given in Ref. [11]. The EMC
measurements are performed in slightly different kinematic
ranges in Q% and y, as shown in Table III. While for the

Figs. 12-14 to results from previous semi-inclusive
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FIG. 11. (a) Multiplicities of positively charged hadrons as a function of PZ; at (Q?) = 1.25 (GeV/c¢)? and (x) = 0.006 in two z bins:

0.4 <z<0.6and 0.6 < z < 0.8. (b) Same as (a) at (Q?) = 4.52 (GeV/c)? and (x) = 0.043. Statistical and systematic uncertainties are

added in quadrature and shown.
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measurement described in this paper a deuteron target was
used, EMC used proton and deuteron targets and also four
different beam energies, which led to four different kin-
ematic ranges. The comparison shown in Fig. 12, where the
sum of h* and h™ multiplicities is presented as a function of
P} in four W? bins in the range 0.2 < z < 0.4, demon-
strates good agreement between COMPASS and EMC
results. According to the study in Ref. [10], the PZ;

FIG. 13.

dependence of the EMC data could be explained in the
simple collinear parton model up to 8 (GeV/c)? in P2;.

In Figure 13, the

multiplicities of positively charged

hadrons are compared in the four bins of z to the
multiplicities of positively charged pions measured by
the HERMES Collaboration [15], where both were cor-
rected for diffractive vector-meson contribution. The
measurements by HERMES cover the kinematic range
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Multiplicities of positively charged hadrons from COMPASS (beam energy 160 GeV), compared in four z bins to the results
of HERMES (beam energy 27.6 GeV) on positively charged pions [15]. The multiplicities from COMPASS are obtained by integrating
the present results over x and Q. Only statistical uncertainties are shown.
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FIG. 14. Multiplicities M" of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section ¢” for positively charged pions as measured by experi-
ment E00-18 (beam energy 5.479 GeV) at Jefferson Lab [31].
Both results are not corrected for diffractive vector-meson
production. The Q? range is 2 (GeV/c)? < Q> <4 (GeV/c)?
for E00-18 and 7 (GeV/c)? < Q? < 16 (GeV/c)? for COM-
PASS. Only statistical uncertainties are shown.

0? > 1 (GeV/c)? and 0.023 < x < 0.6. For this compari-
son, the COMPASS /" multiplicities are integrated over x
in the closest possible range 0.02 < x < 0.4 and also over
Q2. It should be noted that the two experiments cover
different ranges in Q*. While the highest Q? value reached
by HERMES is 15 (GeV/c)?, COMPASS reaches
81 (GeV/c)?. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small PﬁT. Most likely due to the
differences in kinematic coverage, the agreement between
the two sets is rather modest, and the data sets exhibit
different dependences upon PﬁT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2 ~ 0.05 (GeV/c)?. This dip, which is not

TABLE III.
The subscript (min) in Q2 and W? refers to the lower limit.

observed in the shown Q’-integrated distribution, appears
to be very similar to the trend shown in Fig. 11 by the
COMPASS data at low Q2.

In Figure 14, the 4t multiplicities are compared to the
n" semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at (z) = 0.55 and (x) = 0.32 in the
range 2 (GeV/c)? < Q? < 4 (GeV/c)?. The COMPASS
results are given at similar (x, z) values, i.e. (z) = 0.5,
(x) =0.3, and span the range 7 (GeV/c)? < Q? <
16 (GeV/c)?. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different P, dependence could be due to the
different Q® values of the two measurements.

V. FITS OF THE MEASURED
HADRON MULTIPLICITIES

A. The range of small Pyt

The P,r dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the k1 and p;,; dependence of TMD-PDFs
and TMD-FFs in the range of small Pyg, ie. Py <
1 (GeV/c). This Gaussian parametrization leads to a
P2, dependence of the multiplicities of the form:

MM (x,0%z) N Py
5] T T NXP |\ T )
dzdPiy (Pir) (Pir)

where the normalization coefficient N and the average
transverse momentum (P, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
0? and z.

A fairly good description of SIDIS [1] data was reached
with the Gaussian parametrization without considering
either the z or the quark flavor dependence of TMD-
FFs. Recent semi-inclusive measurements of transverse-
momentum-dependent hadron multiplicities [15] and
distributions [16] aimed at an extraction of both (k2 )

(8)

Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.

EMC [11] HERMES [15] JLAB [31] COMPASS [16] COMPASS (This paper)
Target p/d p/d d d d
Beam energy (GeV) 100-280 27.6 5.479 160 160
Hadron type h* at, Kt t h* h*
Observable M M" o" M" M
Oin (GeV/c)? 2/3/4/5 1 2 1 1
W2, (GeV/c?)? : 10 4 25 25
y range [0.2,0.8] [0.1,0.85] [0.1,0.9] [0.1,0.9] [0.1,0.9]
X range [0.01,1] [0.023,0.6] [0.2,0.6] [0.004,0.12] [0.003,0.4]
P%T range (GE:V/C)2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]
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and ( pf_) These two observables, however, were found to
be too strongly anticorrelated to be disentangled [8,32,33].
In order to extract them, a combined analysis of both the
differential ~ transverse-momentum-dependent  hadron
multiplicities and the spin-independent azimuthal asym-
metries in SIDIS may be required. In the following we
will discuss separately fits in the region of small Py and in
the full range of Pi. accessible by COMPASS, i.e.
0.02 (GeV/c)? < P2 <3 (GeV/c)>.

The hadron multiplicities presented in Figs. 5-8 are
fitted in each (x, Q7 z) kinematic bin in the range
0.02 (GeV/c)? < P2 < 0.72 (GeV/c)* using the sin-
gle-exponential function given in Eq. (8). Using only
statistical uncertainties in the fit, reasonable values of y?
per degree of freedom (y3 ;) are obtained in all (x, Q%) bins,
except for low values of Q% and small values of z, i.e.
z < 0.3, where the y3 ; values are significantly larger than 3
in most of the x bins. Including the systematic uncertainties
in the fit by adding them in quadrature to the statistical ones
significantly improves the values of y3 ;, whereas the fitted
parameters remain unchanged. The z> dependence of <PﬁT)
obtained from the fits is shown in Fig. 15 for h' in the five
Q? bins available in a given x bin. Numerical values are
given in Table IV. A nonlinear dependence of (PZ;) on z? is
observed in the range of small x and QZ, in contrast to the
range of large x and Q® where it becomes linear. In
addition, (P};) significantly increases with Q? at fixed x
and z, especially at high z. The A" multiplicities have larger
values of (P%;) than the i~ ones at large z, while no
significant difference is observed at small z. This con-
clusion confirms the one made in our previous publication

[16], where a detailed study of the kinematic dependence of
(PZ;) was presented and discussed.

As mentioned earlier in Sec. IV B, the kinematic region
of small Q% and large z, ie. 0? < 1.7 (GeV/c)? and
0.6 < z < 0.8, shows an intriguing effect in the range of
small Pj;. As can be seen from Fig. 11, in this range h™ and
h~ multiplicities do not exhibit an exponential form in P2
and show an unexpected flat dependence at very small
values of PJ;. Figure 16(a) shows the multiplicity of
positively charged hadrons as a function of P} up to
0.8 (GeV/c)? at (Q?) = 1.25 (GeV/c)? and (x) = 0.006.
While a single-exponential function reasonably describes
the P2, dependence for 0.3 < z < 0.4, the experimental
data clearly deviate from this functional form as z increases,
with 2 ; values increasing from 1.8 in the smallest z bin to
4.6 in the largest one. As an example, Fig. 16(b) shows h™
multiplicities at larger Q2, i.e. (Q?) = 4.65 (GeV/c)? and
(x) = 0.075, where the single-exponential function fits the
data well in all z bins.

The measured charged-hadron multiplicities show that in
the range of small Py, ie. for Pyr < 1 (GeV/c)?, the
simple parametrization using a single-exponential function
describes the P2 dependence of the results quite well for
not too large values of Q2. For increasing Q?, the P},
dependence of the multiplicities changes as can be seen in
Fig. 9. A more complex parametrization appears to be
necessary to fit the data, as shown in Ref. [34].

B. The full measured P,y range

Up to now, only one study [10] has been performed
to describe the full range in Pyr using a Gaussian

‘\’.\G 0 6_0003 <x<0.008 [0008<x<0.013 | 0013<x<0.02 | 0.02<x<0.032
s 0
@ 1< QAGeVIe < 17 *3 < QUGeVIeY <7 | 16 o4Gevier’ < 81
e ©1.7 < QAGeVie)* < 31 Y7 < Q/GeV/c)’ < 16
A 0.4+
~ 0. o &
s . o & v
] ° ® A ° °
¢ L] o ] N ‘.’ <.>
$ A
0.2 - - e
1 L 1 1 Il 1 1 Il 1 1 Il 1
0.6_0.032<x<0.055 Il 0.055<x<0.1 I 0.1<x<0.21 021 <x<04
Y ¥
v
o4 T v ¢ \
] dh v ¢
v f ° vV o M v
\ A A ¢
] v $ W
0.2t% F - F
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FIG. 15. Average transverse momentum (P2}, as obtained from the fit of 4™ multiplicities using the single Gaussian parametrization,
shown as a function of z2. The eight panels correspond to the eight x-bins as indicated, where in each panel data points from all five Q>
bins are shown. Error bars denote statistical uncertainties.
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TABLE 1V. (Pj;) vz z* as shown in Fig. 15.
0.003 < x < 0.008
7 1 < Q% (GeV/c)? < 1.7 1.7 < Q%*/(GeV/c)?> <3
0.062 0.2395 £+ 0.0016 0.2481 4 0.0054
0.122 0.2771 £+ 0.0024 0.274 £ 0.010
0.250 0.3170 £ 0.0036 0.303 £ 0.013
0.490 0.3069 £ 0.0065
0.008 < x < 0.013
7 1 <Q%/(GeV/e)? < 1.7 1.7 < 0*/(GeV/c)? < 3
0.062 0.2351 +0.0017 0.2415 4 0.0020
0.122 0.2738 £ 0.0023 0.2902 £ 0.0032
0.250 0.3216 4 0.0033 0.3497 4 0.0051
0.490 0.3335 4 0.0069 0.383 £0.011
0.013 < x <0.02
z 1 <0?/(GeV/c)? < 1.7 1.7 < 0?/(GeV/c)* <3 3< Q% (GeV/e)? <7
0.062 0.2262 £ 0.0017 0.2399 £ 0.0020 0.2517 +0.0038
0.122 0.2567 £ 0.0024 0.2883 4 0.0028 0.2967 £ 0.0055
0.250 0.3014 £ 0.0030 0.3483 £ 0.0044 0.3717 £+ 0.0089
0.490 0.3177 4+ 0.0062 0.387 £ 0.010 0.455 +0.024
0.02 < x <0.032
a 1 <Q?/(GeV/c)? < 1.7 1.7 < 0?/(GeV/c)* <3 3<Q%/(GeV/e)r <7
0.062 0.2147 £ 0.0015 0.2302 +0.0018 0.2500 £ 0.0023
0.122 0.2456 £ 0.0020 0.2714 £+ 0.0027 0.3036 £ 0.0034
0.250 0.2954 £+ 0.0026 0.3332 £ 0.0038 0.3852 £ 0.0060
0.490 0.3161 £ 0.0054 0.3632 4 0.0081 0.440 +0.014
0.32 < x < 0.055
z 1<Q?/(GeV/e)>< 1.7  1.7<0?/(GeV/c)*<3 3<0?/(GeV/c)?<T T<0Q*/(GeV/c)?<16
0.062 0.2125 +0.0015 0.2368 £ 0.0018 0.2642 4 0.0049
0.122 0.2350 4 0.0024 0.2560 £ 0.0024 0.2899 £ 0.0027 0.3282 4+ 0.0085
0.250 0.2855 4 0.0029 0.3253 +0.0033 0.3684 £ 0.0040 0.426 +0.015
0.490 0.2998 £ 0.0056 0.3450 + 0.0063 0.426 £ 0.009 0.505 4 0.042
0.055 <x < 0.1
z 1.7 < 0%?/(GeV/c)> <3 3<0%/(GeV/e): <7 7 < 0%/(GeV/c)? < 16
0.062 0.2180 £ 0.0013 0.2487 £ 0.0030
0.122 0.2477 £ 0.0030 0.2668 £ 0.0020 0.3104 4 0.0043
0.250 0.3037 4 0.0037 0.3372 4+ 0.0029 0.3989 4+ 0.0073
0.490 0.3370 & 0.0073 0.4141 4+ 0.0072 0.505 +0.021
0.1 <x<0.21
7 3< Q% (GeV/e)?r <7 7 < Q%/(GeV/c)? < 16 16 < Q*/(GeV/c)? < 81
0.062 0.2216 £+ 0.0016 0.2450 £ 0.0053
0.122 0.2475 £+ 0.0021 0.2739 £ 0.0025 0.333 £0.010
0.250 0.3122 4 0.0029 0.3511 4+ 0.0038 0.422 £ 0.017
0.490 0.3796 £ 0.0068 0.453 £0.011
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TABLE 1V. (Continued)

021 <x <04
2 7< 0?/(GeV/c)? < 16 16 < 0?/(GeV/c)? < 81
0.062 0.2186 4 0.0039
0.122 0.2367 + 0.0032 0.2766 + 0.0065
0.250 0.3048 + 0.0048 0.348 +0.010
0.490 0.410 +0.014

parametrization for the kt and py; dependence of
TMD-PDFs and TMD-FFs in the range P, < 1 GeV/c,
and calculating pQCD higher order collinear contributions
in the range Pyr > 1 GeV/c. A reasonable description
of semi-inclusive hadron multiplicities and cross sections
measured by the EMC [11] and ZEUS [12] Collaborations,
respectively, was achieved. As mentioned in Sec. IV A the
observed flattening of the P, dependence of the multi-
plicities, which is observed at large values of Py, is usually
interpreted as due to the onset of gluon radiation processes
like QCD Compton and PGF. An attempt to describe the
observed Pt dependence of the multiplicities in terms of
QCD is clearly beyond this paper, while we think it useful
for future studies to provide parametrizations of the
observed behavior. Below, we attempt to describe the
P%. dependence of the above presented charged-hadron
multiplicities over the full Py range explored by

ko (0)) = 1.25 (GeV/ec)?
>
(2]
<)
e
A
<]
s ap
o L
| A
A 03<z<04 "4
107 .
r ® 04<z<06 u
o (0.6<z<08
--------- fit *
1 L1 1 \\‘ 1 L1 1 \\‘

Prp (GeVie)
(a)

FIG. 16. (a) h™ multiplicities as a function of Py up to 1 (GeV/c)? for three z bins at (Q?)

COMPASS, ie. 0.02 (GeV/c)? < Pip <3 (GeV/c)?,
using the following two parametrizations:

N, Pir\ | N Pir
Fy=— ATy 4 L ——T) (9
: alexp< o) TGP\ Ty ®)

(10)

The first function (F,) is defined as the sum of two
single-exponential functions [Eq. (9)]. While N and N/
denote the normalization coefficients, @ and o) denote the
inverse slope coefficients of the first and the second
exponential function, respectively. All coefficients depend
on x, Q7 and z. Figure 17 shows in a typical (x, O, z) bin

i) (0% = 4.65 (GeV/c)?
E (x) = 0.075

ol E

a¥)

g | me

S b

el L

A 03<z<04
m 04<z<0.6
o (06<2z<0.8

107

PL. (GeVic)
(b)

.25 (GeV/c)? and (x) = 0.006. The

=1
curves correspond to the fits using Eq. (8). (b) Same as (a) for (Q?) = 4.65 (GeV/c)? and {x) = 0.075.
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Q)

> (0» =125 (GeV/c)
< (x) = 0.006

£ ()=0.25

MY /dzdP
I

1072F

PL.(GeV/c)

FIG. 17. Multiplicities of positively charged hadrons as a function
of P for (Q?) = 1.25 (GeV/c)?, (x) = 0.006 and (z) = 0.25.
The black dotted curve represents the first exponential function
f1=(Ny/a;)exp(—P%;/a;), the blue dashed curve represents the
second exponential function f, = (N’ /a})exp(—P}y/a}), and the
red curve represents the sum (f| + f>) as in Eq. (9). Only statistical
uncertainties are shown and used in the fit.

TABLE V. Fitted parameters of Figs. 17, 18, and 20.

the multiplicities of positively charged hadrons as a
function of P2 fitted using F,. The values of the fitted
parameters are given in Table V. As described above for
Ref. [10], the two exponential functions in our paramet-
rization F; can be attributed to two completely different
underlying physics mechanisms that overlap in the region
Plr =1 (GeV/c)*. Figure 18 shows, as an example,
multiplicities of positively charged hadrons as a function
of P%;, measured at (Q%) ~ 1.25 (GeV/c)? for two bins of
x with average values (x) = 0.006 and (x) = 0.016, in the
four z bins. The values of the fitted parameters are given in
Table V. Only statistical uncertainties are shown and used in
the fit. Values of y3  of about 1 are obtained in all (x, Q% z)
bins, except for a few (6 out of 81) bins, where values as
small as 0.52 and as large as 2.52 are obtained. The
normalization coefficients Ny and N/ are found to have a
strong variation with x and z and a rather weak variation
with Q?, reflecting the (x, Q) dependence of collinear
PDFs and the z dependence of collinear FFs. The inverse
slope a; has an average value of about 0.23 (GeV/c)? for
Q? <3 (GeV/c)? and about 0.28 (GeV/c)? for larger
values of Q2. Its dependence on z* is discussed below
using Fig. 19. The inverse slope @ has an average value of
about 0.6 (GeV/c)? and shows a rather weak variation
with x and Q.

0.003 < x < 0.008 and 1 < Q%/(GeV/c)? < 1.7

F
Z range N, a N a
0.20 <z < 0.30 1.47 £0.02 0.197 £ 0.003 0.46 £0.02 0.62 £0.02
0.30 <z <040 0.73 £0.02 0.237 4+ 0.005 0.23 £0.02 0.72£0.03
0.40 < z < 0.60 0.26 £0.01 0.246 £+ 0.008 0.16 £0.01 0.69 £0.03
0.60 < z < 0.80 0.063 + 0.005 0.18 £0.01 0.086 +£ 0.005 0.62 £0.02
0.013 <x < 0.020 and 1 < Q%/(GeV/c)? < 1.7

Fy
Z range N, a N a
0.20 <z < 0.30 1.74 £0.03 0.189 + 0.004 0.43 £0.03 0.55£0.02
0.30 <z <040 0.91 +£0.03 0.222 £+ 0.005 0.24 £0.03 0.59 £0.03
0.40 < z < 0.60 0.38 £0.02 0.268 £ 0.007 0.11 £0.02 0.67 +£0.04
0.60 < z < 0.80 0.07 £0.01 0.18 £0.02 0.12 £0.01 0.51 £0.02
0.008 < x < 0.013 and 1.7 < Q%/(GeV/c)* < 3

Fy
Z range N, a N a
0.30 <z <040 0.76 £ 0.03 0.259 £ 0.007 0.20 £0.03 0.76 £ 0.06

£
z range N, q T
0.30 < z < 0.40 3.39+£0.05 1.180 £ 0.007 0.234 £ 0.004
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FIG. 18. (a) Multiplicities of positively charged hadrons as a function of P2 in four z bins at (Q?) = 1.25 (GeV/c)? for (x) = 0.006.
The curves correspond to the fits using the sum of two exponentials [Eq. (9)]. Only statistical uncertainties are shown and used in the fit.
(b) Same as (a) for (x) = 0.016.
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FIG. 19. Average transverse momentum obtained from the fit of 2™ multiplicities using the three fit functions given in Egs. (8), (9),
(10): (P%), a;, and T as a function of z* in (x, Q%) bins.
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TABLE VL

(P%.) vz z* as shown in Fig. 19.

Z2 Double Exponential

Tsallis

Single Exponential

Double Exponential

Tsallis

Single Exponential

0.062
0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.122
0.250
0.490

0.062
0.122
0.250
0.490

0.197 £ 0.003

0.237 £ 0.005

0.246 + 0.008
0.18 £0.01

0.189 + 0.004

0.222 + 0.005

0.268 + 0.007
0.18 £0.02

0.207 £ 0.006
0.265 £ 0.007
0.18 £0.02

0.21 £0.01
0.19 +£0.02
0.22 £0.03

0.199 + 0.004
0.262 £ 0.005
0.30 £ 0.01
0.21 +£0.03

0.179 £ 0.004

0.231 £0.005

0.305 £ 0.003
0.21 +£0.03

0.206 + 0.007
0.26 +0.01
0.33+0.02
0.39 +£0.05

0.206 £ 0.003
0.267 £ 0.005
0.31 £0.01
0.27 £0.03

0.239 £0.003
0.29 £ 0.01
0.19 £ 0.06

0.232 £ 0.008
0.29 £ 0.01
0.38 +0.03
0.16 =0.10

0.003 < x < 0.008
0.163 + 0.002
0.214 +£0.003
0.250 + 0.004

0.24 +£0.01

0.013 < x < 0.020
0.152 £ 0.003
0.200 £ 0.003
0.257 £ 0.004

0.27 £0.01

0.032 < x < 0.055
0.197 £ 0.004
0.261 + 0.004

0.27 £0.01

0.003 < x < 0.008
0.19 +£0.01
0.21+£0.01
0.23 £0.02

0.013 < x < 0.020
0.160 £ 0.003
0.232 + 0.004

0.29 +£0.01
0.34+£0.01

0.032 < x < 0.055
0.150 £ 0.003
0.209 £ 0.004
0.292 + 0.004

0.31 +£0.01

0.013 < x < 0.020
0.170 £ 0.005
0.24 +0.01
0.31+£0.01
0.38 £0.02

0.032 < x < 0.055
0.154 +0.003
0.231 + 0.004
0.320 £ 0.005

0.39 +£0.01

0.100 < x < 0.210
0.222 + 0.004
0.287 + 0.004

0.38 £0.01

0.032 < x < 0.055
0.181 £ 0.007
0.26 £0.01
0.36 +£0.02
0.48 £0.05

1<Q%/(GeV/c)? < 1.7

0.239 +£0.002

0.277 £ 0.002

0.317 £ 0.004
0.31+£0.01

0.226 + 0.002

0.257 £0.002

0.301 £ 0.003
0.32+0.01

0.235 £0.002
0.286 £ 0.003
0.30 £0.01

0.195 £ 0.003

0.237 £ 0.005

0.289 £+ 0.007
0.21 £0.02

0.178 £ 0.004

0.213 £ 0.005

0.279 £ 0.005
0.20 £0.02

1.7 < Q%*/(GeV/c)?> <3

0.25 £ 0.01
0.27 £0.01
0.30 £ 0.01

0.240 = 0.002
0.288 £ 0.003
0.35 +£0.00
0.39 +£0.01

0.212 £ 0.002

0.256 + 0.002

0.325 £ 0.003
0.34 £0.01

0.201 £ 0.004
0.259 + 0.007
0.29 £ 0.01
0.29 £ 0.03

0.192 + 0.004

0.245 £ 0.005

0.302 + 0.009
0.22 +£0.03

0.237 £ 0.005
0.290 £ 0.007
0.20 £ 0.05

3<0%/(GeV/e)r <7

0.252 + 0.004
0.30 +:0.01
0.37£0.01
0.46 +£0.02

0.237 £ 0.002

0.290 £ 0.003

0.368 £ 0.004
0.43+£0.01

0.247 £ 0.002
0.312 £ 0.003
0.38 £0.01

0.210 £ 0.004
0.274 £ 0.007
0.36 +0.01
0.32+£0.06

0.194 + 0.002
0.247 £0.003
0.30+0.01
0.32 +£0.05

7 < Q%/(GeV/c)?* < 16

0.264 £ 0.005
0.33 +£0.01
0.43 £0.02
0.51 +£0.04

0.214 £ 0.005
0.289 £+ 0.007
0.36 +£0.02
0.33 +£0.09

0.008 < x < 0.013
0.155 £ 0.003
0.220 £ 0.003
0.267 £ 0.004

0.27 £0.01

0.020 < x < 0.032
0.156 £+ 0.003
0.198 £ 0.003
0.258 £ 0.004

0.28 £0.01

0.008 < x < 0.013
0.165 £+ 0.003
0.234 = 0.004

0.29 £0.01
0.33 +£0.01

0.020 < x < 0.032
0.154 £ 0.003
0.213 £ 0.004
0.287 £ 0.005

0.32+0.01

0.055 < x < 0.100

0.219 £ 0.005
0.278 £ 0.005
0.32+0.01

0.020 < x < 0.032
0.171 £ 0.003
0.248 £+ 0.004

0.33 £0.01
0.40 £0.02

0.055 < x < 0.100
0.157 £ 0.002
0.219 £ 0.003
0.302 + 0.004

0.39 +£0.01

0.055 < x < 0.100
0.163 £ 0.005
0.251 £ 0.006

0.35 +£0.01
0.46 +£0.02

0.235 £0.002
0.274 £ 0.002
0.322 £ 0.003

0.33 £0.01

0.215 £ 0.001
0.246 £ 0.002
0.295 £0.003

0.32 +£0.01

0.241 £ 0.002
0.290 £ 0.003

0.35+0.01
0.38£0.01

0.230 £ 0.002
0.271 £0.003
0.333 £ 0.004

0.36 £ 0.01

0.248 £ 0.003
0.304 £ 0.004

0.34 £ 0.01

0.250 £ 0.002
0.304 £ 0.003

0.39+£0.01
0.44 £0.01

0.218 £ 0.001
0.267 £ 0.002
0.337 £ 0.004

0.41 £0.01

0.249 £ 0.003
0.310 £ 0.004

0.40 £ 0.01
0.51+0.02
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TABLE V1. (Continued)

22 Double Exponential Tsallis Single Exponential ~ Double Exponential Tsallis Single Exponential
0.100 < x < 0.210 0.210 < x < 0.400
0.062 0.200 £ 0.003 0.168 £ 0.003 0.222 £ 0.002
0.122 0.254 £ 0.005 0.233 £ 0.004 0.274 £ 0.003 0.222 £ 0.007 0.209 £ 0.005 0.237 £0.003
0.250 0.31£0.01 0.315 £ 0.005 0.351 £0.004 0.29+0.01 0.28 £0.01 0.305 £ 0.005
0.490 0.37 +£0.06 0.42 +£0.01 0.45 £ 0.01 0.29 £0.21 0.39 £0.02 041 £0.01
16 < 0*/(GeV/c)? < 81
0.100 < x < 0.210 0.210 < x < 0.400
0.062 0.21 £0.01 0.19+£0.01 0.25 +£0.01 0.200 £ 0.008 0.179 £ 0.006 0.219 £ 0.004
0.122 0.324+0.02 0.29 +£0.01 0.33+£0.01 0.27 £0.01 0.24 +£0.01 0.28 £0.01
0.250 0.41 +£0.02 0.36 £0.02 0.42£0.02 0.31+£0.03 0.31 £0.01 0.35+0.01

The so-called Tsallis function F, [35], see Eq. (10),
describes the two different kinds of power-law behavior in
the two regions of Pyr through a single function. The
advantage of this function is that it provides both the
inverse slope parameter 7 that characterizes the small-Pyr
range and the exponent 1/(1 — ¢) that parametrizes the
power-law tail at large Pyt. The charged-hadron multiplic-
ities (Figs. 5-8) are fitted in each (x, Q?, z) bin using only
statistical uncertainties. Reasonable values of 3 . are
obtained in most bins except for 11 out of 81 bins where
they are larger than 2 reaching up to 3.65. The exponent
parameter g has an average value of about 1.2. The
exponent 1/(1 — g) strongly depends on x with a weaker

(0* =2.12 (GeV/c)
(x)=0.011

F (2)=035
. e h*
[
102 —
F 4t
L Ll
= 12F b °
§ [ —— .”or!oowﬁé 3%
0.8F

107! 1
P2, (GeV/c)
(@)

dependence on z and no variation with 0?, while its z
dependence is observed to increase with x. The inverse
slope parameter T ranges between 0.15 (GeV/c)? and
0.4 (GeV/c)? and shows a significant nonlinear depend-
ence on z2 over the full z range.

The inverse slopes (P%;), a; and T, which were obtained
using the fitting functions given in equations (8), (9) and
(10) respectively, are presented and compared to each other
as a function of z2 in (x, Q?) bins in Fig. 19. The numerical
values are given in Table VI. A weak nonlinear dependence
on 72 is observed at small x and Q?, which becomes more
pronounced at larger values of Q. The inverse slope T
reproduces the same z> dependence as that of (PZ;)

% [
1E
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R
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FIG. 20. (a) Upper panel: Multiplicities of positively charged hadrons as a function of P2 for (Q?) = 2.12 (GeV/c)?, (x) = 0.011
and (z) = 0.35. The black dotted curve represents the first exponential function of Eq. (9), the blue dashed curved represents the second
exponential function of Eq. (9), and the red curve represents the sum. Only statistical uncertainties are shown and used in the fit. Lower
panel: The ratio of the experimental points to the fit as a function of Pj;. (b) Comparison between the fits obtained using F, [Eq. (9)] and

F, [Eq. (10)] in the same kinematic bin as in (a).
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described in Fig. (8). It is observed to be in fair agreement
with a; except for z > 0.6.

A comparison between the data and the fit function F is
shown in Fig. 20(a) in a typical kinematic bin with (Q?) =
2.12 (GeV/c)? and (x) = 0.011. The upper panel shows
the multiplicities of positive hadrons as a function of P%;
and the corresponding fit function, and the lower panel
shows the ratio between the data and the fit. A comparison
between the two fitting functions F; and F, is shown in
Fig. 20(b) for the same (x, Q?, z) bin. The numerical values
of the fitted parameters are given in Table V. The P,
dependence of A" multiplicities is equally well described
by the two functions F; and F,, as can be seen from the
ratio in Fig. 20(b). The same agreement is obtained for
negatively charged hadrons.

VI. SUMMARY

We have measured differential multiplicities of charge-
separated hadrons in semi-inclusive measurements using
muons of 160 GeV/c impinging on an isoscalar (deuteron)
target. Using a high-statistics data set collected in 2006,
the measurement covers a wide kinematic domain of
0> >1(GeV/c)?, W>5GeV/c?, 0.003 <x <04,
0.2 <z<0.8 and 0.02 (GeV/c)? < Pi. <3 (GeV/c)>.
The results are presented as a function of the square of the
hadron transverse momentum P, in three-dimensional
bins of x, Q% and z, which leads to a total of 4918
experimental data points. The numerical values are avail-
able on HepData [30] with and without subtraction of the
estimated contribution of diffractive vector-meson produc-
tion in SIDIS.

The h™ multiplicities are only slightly larger than the h~
ones in most of the bins, while for large x and z this
difference increases. No significant difference between h™
and h~ is observed in the shape of the PZ; dependence of
the multiplicity. Both h™ and h™ multiplicities are observed
to flatten at very small values of P} in the kinematic region
of low x and Q? and large z, where contributions from
diffractive vector-meson production are the highest. Our
results are compared to earlier measurements of hadron
multiplicities and cross sections by EMC, HERMES and
JLab. Good agreement was found with EMC for
W? < 150 (GeV/c)?, although the EMC data were col-
lected at different beam energies and with different targets.
In order to compare with HERMES, we have integrated our

multiplicities over the phase space that is common to both
experiments. While reasonable agreement is obtained at
small z and P%;, differences are observed for large z and
Py where neither magnitudes nor PZ; dependences agree.
The 7™ semi-inclusive cross section measured by the E00-
18 experiment at JLab shows fair agreement with
COMPASS h™* multiplicities, albeit with some discrepancy
in the P,r dependence that might be explained by the
difference in the kinematic ranges of the measurements.

In the range of small PZ, i.e. Pi; <1 (GeV/c)?, the
measured multiplicities were successfully fitted using a
single Gaussian parametrization. A nonlinear z> depend-
ence of the average transverse momentum is observed in
the range of small x and Q% which confirms the con-
clusions of Ref. [16], while it is almost linear for large
values of x and Q2. In order to fit the multiplicities over the
full Pyp-range measured by COMPASS, a more complex
functional form is required, i.e. either a sum of two
Gaussian functions or the so-called Tsallis function. All
fits reproduce the data well and their inverse slopes agree
well with one another already when using only statistical
uncertainties in the fits.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of the CERN
(European Organization for Nuclear Research) manage-
ment and staff and the skill and effort of the technicians of
our collaborating institutes. This work was made possible
by the financial support of our funding agencies: MEYS
(Czech  Republic) Grant No. LGI13031; FP7
HadronPhysics3 Grant No. 283286 (European Union);
CEA, P2I and ANR (France); BMBF, DFG Cluster of
Excellence Origin and Structure of the Universe, DFG
Research Training Group Programmes 1102 and 2044
(Germany); B. Sen Fund (India); Academy of Sciences
and Humanities (Israel); INFN (Italy); MEXT and JSPS,
Grants No. 8002006, No. 20540299, and No. 18540281,
Daiko and Yamada Foundations (Japan); NCN Grant
No. 2015/18/M/ST2/00550 (Poland); FCT COMPETE
and QREN, Grants No. CERN/FP 116376/ 2010,
No. 123600/2011, and No. CERN/FIS-NUC/0017/ 2015
(Portugal); CERN-RFBR Grant No. 12-02-91500,
Presidential Grant No. NSh-999.2014.2 (Russia); MST
(Taiwan); and NSF (USA).

032006-22



TRANSVERSE-MOMENTUM-DEPENDENT MULTIPLICITIES ...

PHYS. REV. D 97, 032006 (2018)

[1] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F.
Murgia, and A. Prokudin, Phys. Rev. D 71, 074006 (2005).
[2] D.L. Adams et al. (E581 and E704 Collaborations), Phys.
Lett. B 261, 201 (1991).
[3] J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 92,
171801 (2004).
[4] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D
64, 097101 (2001).
[5] J. C. Collins, L. Frankfurt, and M. Strikman, Phys. Rev. D
56, 2982 (1997).
[6] X.d.Ji,J. P.Ma, and F. Yuan, Phys. Lett. B 597,299 (2004).
[7] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P. J. Mulders,
and M. Schlegel, J. High Energy Phys. 02 (2007) 093.
[8] M. Anselmino, M. Boglione, J. O. Gonzalez Hernandez, S.
Melis, and A. Prokudin, J. High Energy Phys. 04 (2014)
005.
[9] C. Adolph et al. (COMPASS Collaboration), Nucl. Phys.
B886, 1078 (2014).
[10] M. Anselmino, M. Boglione, A. Prokudin, and C. Turk, Eur.
Phys. J. A 31, 373 (2007).
[11] J. Ashman et al. (European Muon Collaboration), Z. Phys.
C 52, 361 (1991).
[12] M. Derrick et al. (ZEUS Collaboration), Z. Phys. C 70, 1
(1996).
[13] C. Adloff et al. (H1 Collaboration), Nucl. Phys. B485, 3
(1997).
[14] F. D. Aaron et al. (H1 Collaboration), Phys. Lett. B 665, 139
(2008).
[15] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D
87, 074029 (2013).
[16] C. Adolph et al. (COMPASS Collaboration), Eur. Phys. J. C
73, 2531 (2013); 75, 94(E) (2015).

[17] P. Abbon et al. (COMPASS Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 577, 455 (2007).

[18] N. Makke, Report No. CERN-THESIS-2011-279.

[19] A.A. Akhundov, D.Y. Bardin, L. Kalinovskaya, and T.
Riemann, Fortschr. Phys. 44, 373 (1996).

[20] I. Akushevich, H. Bottcher, and D. Ryckbosch, in Hamburg
1998/1999, Monte Carlo Generators for HERA Physics,
arXiv:hep-ph/9906408, p. 554.

[21] G. Ingelman, A. Edin, and J. Rathsman, Comput. Phys.
Commun. 101, 108 (1997).

[22] T. Sjostrand, arXiv:hep-ph/9508391.

[23] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B
718, 922 (2013).

[24] A. Ferrari, P.R. Sala, A. Fasso, and J. Ranft, Report
Nos. CERN-2005-010, SLAC-R-773, INFN-TC-05-11.

[25] R. Brun, M. Caillat, M. Maire, G. N. Patrick, and L. Urban,
Report No. CERN-DD-85-1.

[26] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B
764, 1 (2017).

[27] C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B
767, 133 (2017).

[28] A. Sandacz and P. Sznajder, arXiv:1207.0333.

[29] S. V. Goloskokov and P. Kroll, Eur. Phys. J. C 53, 367
(2008).

[30] The Durham HepData Project, http://durpdf.dur.ac.uk/.

[31] R. Asaturyan et al., Phys. Rev. C 85, 015202 (2012).

[32] A. Signori, A. Bacchetta, M. Radici, and G. Schnell, J. High
Energy Phys. 11 (2013) 194.

[33] M. Radici, Int. J. Mod. Phys. Conf. Ser. 37, 1560024 (2015).

[34] C. A. Aidala, B. Field, L. P. Gamberg, and T.C. Rogers,
Phys. Rev. D 89, 094002 (2014).

[35] G. Wilk and Z. Wlodarczyk, Eur. Phys. J. A 40, 299 (2009).

032006-23


https://doi.org/10.1103/PhysRevD.71.074006
https://doi.org/10.1016/0370-2693(91)91351-U
https://doi.org/10.1016/0370-2693(91)91351-U
https://doi.org/10.1103/PhysRevLett.92.171801
https://doi.org/10.1103/PhysRevLett.92.171801
https://doi.org/10.1103/PhysRevD.64.097101
https://doi.org/10.1103/PhysRevD.64.097101
https://doi.org/10.1103/PhysRevD.56.2982
https://doi.org/10.1103/PhysRevD.56.2982
https://doi.org/10.1016/j.physletb.2004.07.026
https://doi.org/10.1088/1126-6708/2007/02/093
https://doi.org/10.1007/JHEP04(2014)005
https://doi.org/10.1007/JHEP04(2014)005
https://doi.org/10.1016/j.nuclphysb.2014.07.020
https://doi.org/10.1016/j.nuclphysb.2014.07.020
https://doi.org/10.1140/epja/i2007-10003-9
https://doi.org/10.1140/epja/i2007-10003-9
https://doi.org/10.1007/BF01559431
https://doi.org/10.1007/BF01559431
https://doi.org/10.1007/s002880050075
https://doi.org/10.1007/s002880050075
https://doi.org/10.1016/S0550-3213(96)00675-X
https://doi.org/10.1016/S0550-3213(96)00675-X
https://doi.org/10.1016/j.physletb.2008.05.070
https://doi.org/10.1016/j.physletb.2008.05.070
https://doi.org/10.1103/PhysRevD.87.074029
https://doi.org/10.1103/PhysRevD.87.074029
https://doi.org/10.1140/epjc/s10052-013-2531-6
https://doi.org/10.1140/epjc/s10052-013-2531-6
https://doi.org/10.1140/epjc/s10052-014-3255-y
https://doi.org/10.1016/j.nima.2007.03.026
https://doi.org/10.1016/j.nima.2007.03.026
https://doi.org/10.1002/prop.2190440502
http://arXiv.org/abs/hep-ph/9906408
https://doi.org/10.1016/S0010-4655(96)00157-9
https://doi.org/10.1016/S0010-4655(96)00157-9
http://arXiv.org/abs/hep-ph/9508391
https://doi.org/10.1016/j.physletb.2012.11.056
https://doi.org/10.1016/j.physletb.2012.11.056
https://doi.org/10.1016/j.physletb.2016.09.042
https://doi.org/10.1016/j.physletb.2016.09.042
https://doi.org/10.1016/j.physletb.2017.01.053
https://doi.org/10.1016/j.physletb.2017.01.053
http://arXiv.org/abs/1207.0333
https://doi.org/10.1140/epjc/s10052-007-0466-5
https://doi.org/10.1140/epjc/s10052-007-0466-5
http://durpdf.dur.ac.uk/
http://durpdf.dur.ac.uk/
http://durpdf.dur.ac.uk/
http://durpdf.dur.ac.uk/
https://doi.org/10.1103/PhysRevC.85.015202
https://doi.org/10.1007/JHEP11(2013)194
https://doi.org/10.1007/JHEP11(2013)194
https://doi.org/10.1103/PhysRevD.89.094002
https://doi.org/10.1140/epja/i2009-10803-9

