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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 Q2 > 1 ðGeV=cÞ2, invariant mass of
the hadronic systemW > 5 GeV=c2, 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 ðGeV=cÞ2 < P2

hT < 3 ðGeV=cÞ2.
The multiplicities are presented as a function of P2

hT in three-dimensional bins of x, Q2, z and compared to
previous semi-inclusive measurements. We explore the small-P2

hT region, i.e. P2
hT < 1 ðGeV=cÞ2, where

hadron transverse momenta are expected to arise from nonperturbative effects, and also the domain of
larger P2

hT, where contributions from higher-order perturbative QCD are expected to dominate. The
multiplicities are fitted using a single-exponential function at small P2

hT to study the dependence of the
average transverse momentum hP2

hTi on x, Q2 and z. The power-law behavior of the multiplicities at large
P2
hT 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
fq1ðx; kTÞ and the spin-averaged TMD-FF Dh

qðz; ph⊥Þ,
where x is the Bjorken scaling variable, kT is the quark
intrinsic transverse momentum, z is the fractional energy of
the final-state hadron, and ph⊥ is the transverse momentum
of the final-state hadron relative to the direction of the
fragmenting quark. After integration over kT and ph⊥, 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 ph⊥, 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), lN → l0hX, 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 lq → lq 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 PhT. 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
Q2¼−q2 and the Bjorken scaling variable x¼−q2=ð2P·qÞ,
where q 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 ¼
ðP · PhÞ=ðP · qÞ, the magnitude PhT of the transverse
momentum of a hadron and its azimuthal angle ϕ in the
system of virtual photon and nucleon. Here, Ph denotes
the four-momentum of the hadron. In the present analysis,
the dependence on ϕ 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]:

d4σlp→l0hX

dxdQ2dzdP2
hT

¼ 2π2α2

ðxsÞ2
½1þ ð1 − yÞ2�

y2

× FUUðx;Q2; z; P2
hTÞ; ð1Þ

with

FUUðx;Q2; z; P2
hTÞ

¼
X
q

e2q

Z
d2kTd2ph⊥δð2ÞðPhT − zkT − ph⊥Þ

× fq1ðx;Q2; kTÞDh
qðz;Q2; ph⊥Þ: ð2Þ

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 Q2 through Q2 ¼ xys. The hadron
transverse momentum is related to kT and ph⊥ by PhT ¼
zkT þ ph⊥ [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

hT, which
is defined in Eq. (3) below. “Soft” nonperturbative proc-
esses are expected to generate relatively small values of PhT
with an approximately Gaussian distribution in PhT [10].
Hard QCD processes are expected to generate large non-
Gaussian tails for PhT > 1 ðGeV=cÞ. They are expected to
play an important role in the interpretation of the results
reported here, which reach values of P2

hT up to 3 ðGeV=cÞ2.
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 DESYand 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, inQ2 up to 81 ðGeV=cÞ2 instead of 10 ðGeV=cÞ2 and
in P2

hT up to 3 ðGeV=cÞ2 instead of about 1 ðGeV=cÞ2 with
significantly reduced systematic uncertainties on the nor-
malization of theP2

hT-integratedmultiplicities [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

hT 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. VI.

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 μþ beam of 160 GeV=cwith a momentum spread
of 5%. The intensity was 4 × 107 s−1 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 6LiD beads immersed
in a liquid 3He=4He mixture. The admixtures of H, 3He and
7Li 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 Mh for charged hadrons,
where h denotes a long-lived charged hadron (πþ, π−, Kþ,
K−, p or p̄), is defined as the ratio between the differential
semi-inclusive cross section d4σh and the differential
inclusive cross section d2σDIS:

d2Mhðx;Q2;z;P2
hTÞ

dzdP2
hT

¼
�

d4σh

dxdQ2dzdP2
hT

���
d2σDIS

dxdQ2

�
: ð3Þ

Hadron multiplicities are measured in the four-
dimensional (x, Q2, z, P2

hT) space. The bin limits in the
four variables are presented in Table I.
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 I. Bin limits for the four-dimensional binning in x, Q2, z and P2
hT.

Bin limits

x 0.003 0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4
Q2 ðGeV=cÞ2 1.0 1.7 3.0 7.0 16 81
z 0.2 0.3 0.4 0.6 0.8
P2
hT ðGeV=cÞ2 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

M. AGHASYAN et al. PHYS. REV. D 97, 032006 (2018)

032006-4



resolutions and bin migration, and the correction for
diffractive vector-meson production. Differential hadron
multiplicities are evaluated as the ratio of hadron yields
d4Nh in every interval of (x, Q2, z, P2

hT) and the number of
DIS events d2NDIS in every interval of (x, Q2) corrected as
described above:

d2Mhðz; P2
hTÞ

dzdP2
hT

¼ 1

d2NDIS

d4Nhðz; P2
hTÞ

dzdP2
hT

�
1 −

ηh

ηDIS

�

×
1

ahðz; P2
hTÞ

Chðz; P2
hTÞ

CDIS : ð4Þ

Here, ηDIS and ηh denote the correction factors account-
ing for radiative effects in the inclusive and in the semi-
inclusive case, respectively, ah accounts for acceptance
effects, andCDISðhÞ denotes the correction factor accounting
for the diffractive vector-meson contribution in the case of
an inclusive (semi-inclusive) measurement. The ðx;Q2Þ
dependence is omitted for simplicity as it enters all terms.
All corrections are evaluated in the four-dimensional
(x, Q2, z, P2

hT) bins except CDIS, ηDIS and ηh, which are
evaluated only in bins of x and Q2. Further kinematic
dependences of ηh upon z and P2

hT will be discussed in
Sec. III 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
Q2 > 1 ðGeV=cÞ2 and W > 5 GeV=c2. 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 × 106, which corresponds to an integrated luminosity
of 0.54 fb−1. The (x, Q2) distribution of this selected ‘DIS
sample’ is shown in Fig. 1, where a strong correlation
between x and Q2 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

lower limit excludes the target fragmentation region, while
the upper one removesmuonswrongly identified as hadrons
and excludes the region with larger contributions from
diffractive ρ0 production. This selection yields the ‘hadron
sample’ with a total of 4.3 × 106 and 3.4 × 106 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 ηh and
ηDIS are evaluated in bins of x andQ2. 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 P2

hT was performed
using a Monte Carlo (MC) simulation, where radiative
effects were simulated using the RADGEN generator [20].
A possible impact on the (z, P2

hT) dependence of the results
due to radiative effects is accounted for in the systematic
uncertainties of the P2

hT 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

x

2−10 1−10 1

2 )c/
G

eV
 (2

Q

1

10

1

10

210

E
ve

nt
s

FIG. 1. Distribution and kinematic range of the selected DIS
sample in the (x, Q2) plane.
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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
ah is performed in narrow kinematic bins. In each (xr, Q2

r )
kinematic bin, where r denotes the reconstructed values of
the variables, the acceptance correction is calculated as the
ratio of reconstructed (d2Nh

r ) and generated (d2Nh
g) hadron

yields, where both are evaluated using the simulated DIS
sample after reconstruction∶

ahðz; P2
hTÞ ¼

�
d2Nh

r

dzdP2
hT

���
d2Nh

g

dzdP2
hT

�
ð5Þ

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 P2

hT in most (x, Q2) bins, except at high x for
P2
hT > 1 ðGeV=cÞ2, where it remains larger than 0.4.

Elsewhere, its average value is above and close to 0.6
for P2

hT > 0.5 ðGeV=cÞ2 and is less than or equal to 0.6 for
P2
hT < 0.5 ðGeV=cÞ2. As an example, Fig. 2 shows the

acceptance as a function of P2
hT for positively charged

hadrons. The two panels show the two z bins between 0.4
and 0.8, with two bins in (x, Q2) 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 (ρ0, ϕ, ω) that decay into lighter hadrons (π, 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 ρ0 and ϕ 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 ρ0

decay to the hadron sample increases with z, and reaches up
to 40–50% for z close to 1. For kaons, the contribution from
ϕ 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:
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FIG. 2. (a) Acceptance for positively charged hadrons as a function of P2
hT for 0.4 < z < 0.6 in two typical (x, Q2) bins. (b) Same as

(a) for 0.6 < z < 0.8.
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CDISðx;Q2Þ ¼ 1 − fVMDISðx;Q2Þ; ð6Þ

Chðx;Q2; z;P2
hTÞ ¼ ½Fπð1−fρ

0

π ÞþFKð1−fϕKÞþFp�: ð7Þ

Here, fVMDIS denotes the fraction of diffractively produced

vector-mesons present in the DIS sample, while fρ
0

π and fϕK
denote the fraction of ρ0 and ϕ decay products in the hadron
sample, respectively. The fraction of pions, kaons, and
protons in the latter sample, which is denoted by Fπ;K;p,
amounts to about 75%, 20% and 5%. The fractions Fi

(i ¼ π, K, p) and fVMi (i ¼ π, K and VM ¼ ρ0, ϕ) are
evaluated as functions of x, Q2, z and P2

hT.
In the following, the general behavior of some of the

above discussed correction factors is illustrated. The
correction factor to account for diffractive ρ0 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 lowestQ2 bin. The correction factor for the contribution

of diffractively produced ρ0 mesons to the pion sample,

(1 − fρ
0

π ), is shown in Fig. 4(a) as a function of P2
hT in the

four z bins for the lowest Q2 bin, where it has the largest
value. It reaches a maximum value of about 25% for P2

hT ∼
0.12 ðGeV=cÞ2 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 ϕ mesons to
the kaon sample, (1 − fϕK), is shown in Fig. 4(b). In this
case, the maximum correction of about 35% is reached at
very small P2

hT 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 ρ0 calcu-

lated in HEPGEN is normalized to the phenomenological

x
2−10 1−10

D
IS

C

0.95

1

 <1.72)c(GeV/2Q1<

 <32)c(GeV/2Q1.7<

 <72)c(GeV/2Q3<

 <162)c(GeV/2Q7<

 <812)c(GeV/2Q16<

FIG. 3. Correction factor to the DIS yield due to diffractive ρ0

production as a function of x in the five Q2 bins.
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FIG. 4. (a) Correction factor due to pions originating from the decay of ρ0 mesons, shown as a function of P2
hT in the four z bins for

1 ðGeV=cÞ2 < Q2 < 1.7 ðGeV=cÞ2. (b) Correction factor due to kaons originating from the decay of ϕ mesons.
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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, Q2 and P2

hT, and large values of z.
Nuclear effects may be caused by the presence of

3He=4He and 6Li 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 for
the multiplicities obtained using copper compared to 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
P2
hT ð>2.5 ðGeV=cÞ2Þ where it reaches about 10%. The

total systematic uncertainties are shown as bands in
Figs. 5–8. Systematic uncertainties in other figures are
not shown.

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 ¼ 0.2 to
z ¼ 0.8 in Figs. 5–8 as a function of the hadron transverse
momentum P2

hT in bins of x andQ
2. 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, Q2) 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. III C). The average values of x and Q2 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 P2

hT are in very good
agreement with those of Ref. [26], where the multiplicities
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FIG. 5. Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a function of P2
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0.2 < z < 0.3. Error bars on the points correspond to the statistical uncertainties. The systematic uncertainties (σsys=Mh) are shown as
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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 PhT dependence
of the multiplicities shows a significant variation with x at
fixedQ2 (as well as withQ2 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.

The comparison between the multiplicities of positively
and negatively charged hadrons is illustrated as a function
of x andQ2 in Fig. 9 for hzi ¼ 0.35. On the top row, hþ and
h− multiplicities are presented at hQ2i≃ 1.3 ðGeV=cÞ2 in
the smallest and the largest x bins with average values
hxi ¼ 0.0062 and hxi ¼ 0.039, respectively. In the right
column, hþ and h− multiplicities are similarly presented at
hxi≃ 0.04 in the smallest and the largest Q2 bins with
average values 1.4 ðGeV=cÞ2 and 8.3 ðGeV=cÞ2, respec-
tively. At fixed Q2, the ratio of hþ 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
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FIG. 8. Same as Fig. 5 for 0.6 < z < 0.8.

TABLE II. Mean values of x (left) and Q2 ðGeV=cÞ2 (right) in all (x, Q2) kinematic bins defined in Tab. I. For each case, rows
correspond to the eight x bins and columns correspond to the five Q2 bins.

x bins Q2 ðGeV=cÞ2 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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dominance of scattering off u-quarks. At fixed x, the ratio
of hþ to h− multiplicities decreases from 1.3 in the first Q2

bin to about 1.2 in the last Q2 bin. While no significant
difference is observed in the P2

hT dependence of hþ and h−

multiplicities, the P2
hT dependence of the multiplicities is

observed to flatten at large values of P2
hT, 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 asQ2 increases
(at fixed x) and when x decreases (at fixed Q2).
In Figure 10, the comparison between hþ and h−

multiplicities is illustrated as a function of z. The multi-
plicities are presented as a function of P2

hT in the four z
intervals in a given (x, Q2) bin with average values hxi ¼
0.149 and hQ2i ¼ 9.78 ðGeV=cÞ2. A high x bin is chosen,
where the difference in the magnitude of the multiplicities
is most recognizable. The ratio of hþ 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
p̄) 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

hT dependence with increasing z for both
small and large values of P2

hT. In particular, the data show a

tendency to flatten at large PhT 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 ðGeV=cÞ2<Q2<1.7 ðGeV=cÞ2 and
0.6 < z < 0.8, in the range of small P2

hT. Charged hadron
multiplicities do not exhibit an exponential form in P2

hT
in this kinematic region and show an unexpected flat
dependence at very small values of P2

hT. This effect is
also present in the earlier published [16] distributions of
charged hadrons as a function of P2

hT. It is illustrated
in Fig. 11, which shows the multiplicity of positive hadrons
as a function of P2

hT up to 0.8 ðGeV=cÞ2 at hQ2i ¼
1.25 ðGeV=cÞ2 and hxi ¼ 0.0062 (left-hand side) and at
hQ2i ¼ 4.52 ðGeV=cÞ2 and hxi ¼ 0.043 (right-hand side).
It should be noted that this particular kinematic region
suffers from the highest contribution of the ρ0 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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FIG. 9. Top row: Upper panels: Multiplicities of positively (full squares) and negatively (full circles) charged hadrons as a function of
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TRANSVERSE-MOMENTUM-DEPENDENT MULTIPLICITIES … PHYS. REV. D 97, 032006 (2018)

032006-11



measurement considerably extends the kinematic range and
reduces the statistical and systematic uncertainties, in
particular the uncertainties on the normalization of the
P2
hT-integrated multiplicities.

B. Comparison with other measurements

The multiplicities presented above are compared in
Figs. 12–14 to results from previous semi-inclusive

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
W2 according to the binning given in Ref. [11]. The EMC
measurements are performed in slightly different kinematic
ranges in Q2 and y, as shown in Table III. While for the
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FIG. 11. (a) Multiplicities of positively charged hadrons as a function of P2
hT at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006 in two z bins:

0.4 < z < 0.6 and 0.6 < z < 0.8. (b) Same as (a) at hQ2i ¼ 4.52 ðGeV=cÞ2 and hxi ¼ 0.043. Statistical and systematic uncertainties are
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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 hþ and h− multiplicities is presented as a function of
P2
hT in four W2 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 P2

hT

dependence of the EMC data could be explained in the
simple collinear parton model up to 8 ðGeV=cÞ2 in P2

hT.
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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FIG. 12. Charged hadron multiplicities from COMPASS (beam energy 160 GeV) compared to EMC results (beam energies 100 GeV
to 280 GeV) [11], shown in four bins of W2, which have the following mean values in ðGeV=c2Þ2∶ 59.4, 113.8, 174.3 and 236. Only
statistical uncertainties are shown.
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Q2 > 1 ðGeV=cÞ2 and 0.023 < x < 0.6. For this compari-
son, the COMPASS hþ 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 Q2. While the highest Q2 value reached
by HERMES is 15 ðGeV=cÞ2, COMPASS reaches
81 ðGeV=cÞ2. Despite this difference, a reasonable agree-
ment in the magnitude of the measured multiplicities is
found for z < 0.6 and small P2

hT. 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 P2

hT. In addition, a dip is
observed in the HERMES data at very small transverse
momenta, i.e. P2

hT ∼ 0.05 ðGeV=cÞ2. This dip, which is not

observed in the shown Q2-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 hþ multiplicities are compared to the

πþ semi-inclusive cross section measured by the E00-18
experiment [31] at Jefferson Lab. The measurement by the
E00-18 was performed at hzi ¼ 0.55 and hxi ¼ 0.32 in the
range 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2. The COMPASS
results are given at similar (x, z) values, i.e. hzi ¼ 0.5,
hxi ¼ 0.3, and span the range 7 ðGeV=cÞ2 < Q2 <
16 ðGeV=cÞ2. Similar to the case of the comparison of
COMPASS and HERMES data shown in Fig. 13, here the
observed different PhT dependence could be due to the
different Q2 values of the two measurements.

V. FITS OF THE MEASURED
HADRON MULTIPLICITIES

A. The range of small PhT

The PhT dependence of the cross section for semi-
inclusive measurements of hadron leptoproduction was
empirically reasonably well described by a Gaussian para-
metrization for the kT and ph⊥ dependence of TMD-PDFs
and TMD-FFs in the range of small PhT, i.e. PhT <
1 ðGeV=cÞ. This Gaussian parametrization leads to a
P2
hT dependence of the multiplicities of the form:

d2Mhðx;Q2; zÞ
dzdP2

hT

¼ N
hP2

hTi
exp

�
−

P2
hT

hP2
hTi

�
; ð8Þ

where the normalization coefficient N and the average
transverse momentum hP2

hTi, i.e. the absolute value of the
inverse slope of the exponent in Eq. (8), are functions of x,
Q2 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 hk2⊥i

2)c (GeV/2
hTP

0 0.5

h σ,h
M

1−10

1

COMPASS

JLab, E00-18

FIG. 14. Multiplicities Mh of positively charged hadrons from
COMPASS (beam energy 160 GeV), compared to the cross
section σh 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 Q2 range is 2 ðGeV=cÞ2 < Q2 < 4 ðGeV=cÞ2
for E00-18 and 7 ðGeV=cÞ2 < Q2 < 16 ðGeV=cÞ2 for COM-
PASS. Only statistical uncertainties are shown.

TABLE III. Comparison of the main features of experiments that performed semi-inclusive measurements in deep inelastic scattering.
The subscript (min) in Q2 and W2 refers to the lower limit.

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� π�, K� π� h� h�
Observable Mhþþh− Mh σh Mh Mh

Q2
min ðGeV=cÞ2 2=3=4=5 1 2 1 1

W2
min ðGeV=c2Þ2 - 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]
P2
hT range ðGeV=cÞ2 [0.081, 15.8] [0.0047,0.9] [0.004,0.196] [0.02,0.72] [0.02,3]
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and hp2⊥i. 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 PhT and in
the full range of P2

hT accessible by COMPASS, i.e.
0.02 ðGeV=cÞ2 < P2

hT < 3 ðGeV=cÞ2.
The hadron multiplicities presented in Figs. 5–8 are

fitted in each (x, Q2, z) kinematic bin in the range
0.02 ðGeV=cÞ2 < P2

hT < 0.72 ðGeV=cÞ2 using the sin-
gle-exponential function given in Eq. (8). Using only
statistical uncertainties in the fit, reasonable values of χ2

per degree of freedom (χ2dof) are obtained in all (x,Q
2) bins,

except for low values of Q2 and small values of z, i.e.
z < 0.3, where the χ2dof 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 χ2dof , whereas the fitted
parameters remain unchanged. The z2 dependence of hP2

hTi
obtained from the fits is shown in Fig. 15 for hþ in the five
Q2 bins available in a given x bin. Numerical values are
given in Table IV. A nonlinear dependence of hP2

hTi on z2 is
observed in the range of small x and Q2, in contrast to the
range of large x and Q2 where it becomes linear. In
addition, hP2

hTi significantly increases with Q2 at fixed x
and z, especially at high z. The hþ multiplicities have larger
values of hP2

hTi than the h− 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
hP2

hTi was presented and discussed.
As mentioned earlier in Sec. IV B, the kinematic region

of small Q2 and large z, i.e. Q2 < 1.7 ðGeV=cÞ2 and
0.6 < z < 0.8, shows an intriguing effect in the range of
small P2

hT. As can be seen from Fig. 11, in this range hþ and
h− multiplicities do not exhibit an exponential form in P2

hT
and show an unexpected flat dependence at very small
values of P2

hT. Figure 16(a) shows the multiplicity of
positively charged hadrons as a function of P2

hT up to
0.8 ðGeV=cÞ2 at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006.
While a single-exponential function reasonably describes
the P2

hT dependence for 0.3 < z < 0.4, the experimental
data clearly deviate from this functional form as z increases,
with χ2dof values increasing from 1.8 in the smallest z bin to
4.6 in the largest one. As an example, Fig. 16(b) shows hþ

multiplicities at larger Q2, i.e. hQ2i ¼ 4.65 ðGeV=cÞ2 and
hxi ¼ 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 PhT, i.e. for PhT < 1 ðGeV=cÞ2, the
simple parametrization using a single-exponential function
describes the P2

hT dependence of the results quite well for
not too large values of Q2. For increasing Q2, the P2

hT
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 PhT range

Up to now, only one study [10] has been performed
to describe the full range in PhT using a Gaussian
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G
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/
〉
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0.6  < 0.055x0.032 < 

 < 0.013x0.008 < 

 < 72/(GeV/c)23 < Q

 < 162/(GeV/c)27 < Q

0.2 0.4 0.6

 < 0.1x0.055 < 

 < 0.02x0.013 < 

 < 812/(GeV/c)216 < Q
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 < 0.032x0.02 < 
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 < 0.4x0.21 < 

FIG. 15. Average transverse momentum hP2
hTi, as obtained from the fit of hþ 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 Q2

bins are shown. Error bars denote statistical uncertainties.
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TABLE IV. hP2
hTi vz z2 as shown in Fig. 15.

0.003 < x < 0.008

z2 1 < Q2=ðGeV=cÞ2 < 1.7 1.7 < Q2=ðGeV=cÞ2 < 3

0.062 0.2395� 0.0016 0.2481� 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

z2 1 < Q2=ðGeV=cÞ2 < 1.7 1.7 < Q2=ðGeV=cÞ2 < 3

0.062 0.2351� 0.0017 0.2415� 0.0020
0.122 0.2738� 0.0023 0.2902� 0.0032
0.250 0.3216� 0.0033 0.3497� 0.0051
0.490 0.3335� 0.0069 0.383� 0.011

0.013 < x < 0.02

z2 1 < Q2=ðGeV=cÞ2 < 1.7 1.7 < Q2=ðGeV=cÞ2 < 3 3 < Q2=ðGeV=cÞ2 < 7

0.062 0.2262� 0.0017 0.2399� 0.0020 0.2517� 0.0038
0.122 0.2567� 0.0024 0.2883� 0.0028 0.2967� 0.0055
0.250 0.3014� 0.0030 0.3483� 0.0044 0.3717� 0.0089
0.490 0.3177� 0.0062 0.387� 0.010 0.455� 0.024

0.02 < x < 0.032

z2 1 < Q2=ðGeV=cÞ2 < 1.7 1.7 < Q2=ðGeV=cÞ2 < 3 3 < Q2=ðGeV=cÞ2 < 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� 0.0081 0.440� 0.014

0.32 < x < 0.055

z2 1<Q2=ðGeV=cÞ2<1.7 1.7<Q2=ðGeV=cÞ2<3 3<Q2=ðGeV=cÞ2<7 7<Q2=ðGeV=cÞ2<16

0.062 0.2125� 0.0015 0.2368� 0.0018 0.2642� 0.0049
0.122 0.2350� 0.0024 0.2560� 0.0024 0.2899� 0.0027 0.3282� 0.0085
0.250 0.2855� 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� 0.042

0.055 < x < 0.1

z2 1.7 < Q2=ðGeV=cÞ2 < 3 3 < Q2=ðGeV=cÞ2 < 7 7 < Q2=ðGeV=cÞ2 < 16

0.062 0.2180� 0.0013 0.2487� 0.0030
0.122 0.2477� 0.0030 0.2668� 0.0020 0.3104� 0.0043
0.250 0.3037� 0.0037 0.3372� 0.0029 0.3989� 0.0073
0.490 0.3370� 0.0073 0.4141� 0.0072 0.505� 0.021

0.1 < x < 0.21

z2 3 < Q2=ðGeV=cÞ2 < 7 7 < Q2=ðGeV=cÞ2 < 16 16 < Q2=ðGeV=cÞ2 < 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� 0.0029 0.3511� 0.0038 0.422� 0.017
0.490 0.3796� 0.0068 0.453� 0.011

(Table continued)
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parametrization for the kT and ph⊥ dependence of
TMD-PDFs and TMD-FFs in the range PhT < 1 GeV=c,
and calculating pQCD higher order collinear contributions
in the range PhT > 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. IVA the
observed flattening of the PhT dependence of the multi-
plicities, which is observed at large values of PhT, is usually
interpreted as due to the onset of gluon radiation processes
like QCD Compton and PGF. An attempt to describe the
observed PhT 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
P2
hT dependence of the above presented charged-hadron

multiplicities over the full PhT range explored by

COMPASS, i.e. 0.02 ðGeV=cÞ2 < P2
hT < 3 ðGeV=cÞ2,

using the following two parametrizations:

F1 ¼
N1

α1
exp

�
−
P2
hT

α1

�
þ N0

1

α01
exp

�
−
P2
hT

α01

�
; ð9Þ

F2 ¼ N2

�
1 − ð1 − qÞP

2
hT

T

� 1
1−q
: ð10Þ

The first function (F1) is defined as the sum of two
single-exponential functions [Eq. (9)]. While N1 and N0

1

denote the normalization coefficients, α1 and α01 denote the
inverse slope coefficients of the first and the second
exponential function, respectively. All coefficients depend
on x, Q2 and z. Figure 17 shows in a typical (x, Q2, z) bin

TABLE IV. (Continued)

0.21 < x < 0.4

z2 7 < Q2=ðGeV=cÞ2 < 16 16 < Q2=ðGeV=cÞ2 < 81

0.062 0.2186� 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
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FIG. 16. (a) hþ multiplicities as a function of P2
hT up to 1 ðGeV=cÞ2 for three z bins at hQ2i ¼ 1.25 ðGeV=cÞ2 and hxi ¼ 0.006. The

curves correspond to the fits using Eq. (8). (b) Same as (a) for hQ2i ¼ 4.65 ðGeV=cÞ2 and hxi ¼ 0.075.
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the multiplicities of positively charged hadrons as a
function of P2

hT fitted using F1. 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 F1 can be attributed to two completely different
underlying physics mechanisms that overlap in the region
P2
hT ≃ 1 ðGeV=cÞ2. Figure 18 shows, as an example,

multiplicities of positively charged hadrons as a function
of P2

hT, measured at hQ2i ∼ 1.25 ðGeV=cÞ2 for two bins of
x with average values hxi ¼ 0.006 and hxi ¼ 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 χ2dof of about 1 are obtained in all (x,Q

2, 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 N1 and N0

1 are found to have a
strong variation with x and z and a rather weak variation
with Q2, reflecting the (x, Q2) dependence of collinear
PDFs and the z dependence of collinear FFs. The inverse
slope α1 has an average value of about 0.23 ðGeV=cÞ2 for
Q2 < 3 ðGeV=cÞ2 and about 0.28 ðGeV=cÞ2 for larger
values of Q2. Its dependence on z2 is discussed below
using Fig. 19. The inverse slope α01 has an average value of
about 0.6 ðGeV=cÞ2 and shows a rather weak variation
with x and Q2.
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1
f

FIG. 17. Multiplicities of positively chargedhadrons as a function
of P2

hT for hQ2i ¼ 1.25 ðGeV=cÞ2, hxi ¼ 0.006 and hzi ¼ 0.25.
The black dotted curve represents the first exponential function
f1¼ðN1=α1Þexpð−P2

hT=α1Þ, the blue dashed curve represents the
second exponential function f2¼ðN0

1=α
0
1Þexpð−P2

hT=α
0
1Þ, and the

red curve represents the sum (f1 þ f2) as in Eq. (9). Only statistical
uncertainties are shown and used in the fit.

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

0.003 < x < 0.008 and 1 < Q2=ðGeV=cÞ2 < 1.7

F1

z range N1 α1 N0
1 α01

0.20 < z < 0.30 1.47� 0.02 0.197� 0.003 0.46� 0.02 0.62� 0.02
0.30 < z < 0.40 0.73� 0.02 0.237� 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 < Q2=ðGeV=cÞ2 < 1.7

F1

z range N1 α1 N0
1 α01

0.20 < z < 0.30 1.74� 0.03 0.189� 0.004 0.43� 0.03 0.55� 0.02
0.30 < z < 0.40 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 < Q2=ðGeV=cÞ2 < 3

F1

z range N1 α1 N0
1 α01

0.30 < z < 0.40 0.76� 0.03 0.259� 0.007 0.20� 0.03 0.76� 0.06
F2

z range N2 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
hT in four z bins at hQ2i ¼ 1.25 ðGeV=cÞ2 for hxi ¼ 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 hxi ¼ 0.016.

  1

1.7

  3

  7

 16

 81

0.003 0.008 0.013 0.020 0.032 0.055 0.1 0.21 0.4

2)c(GeV/2Q

x

0.2

0.4

0.6

0 0.5

0.2

0.4

0.6

0 0.5

0.2

0.4

0.6

0 0.5

0.2

0.4

0.6

0 0.5

0 0.5

0.2

0.4

0.6

0 0.5 0 0.5 0 0.5 0 0.5

2z

,2)c (GeV/〉2
hT

P〈
, Tα

single exponential

double exponential

Tsallis

FIG. 19. Average transverse momentum obtained from the fit of hþ multiplicities using the three fit functions given in Eqs. (8), (9),
(10): hP2

hTi, α1, and T as a function of z2 in (x, Q2) bins.
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TABLE VI. hP2
hTi vz z2 as shown in Fig. 19.

z2 Double Exponential Tsallis Single Exponential Double Exponential Tsallis Single Exponential

1 < Q2=ðGeV=cÞ2 < 1.7
0.003 < x < 0.008 0.008 < x < 0.013

0.062 0.197� 0.003 0.163� 0.002 0.239� 0.002 0.195� 0.003 0.155� 0.003 0.235� 0.002
0.122 0.237� 0.005 0.214� 0.003 0.277� 0.002 0.237� 0.005 0.220� 0.003 0.274� 0.002
0.250 0.246� 0.008 0.250� 0.004 0.317� 0.004 0.289� 0.007 0.267� 0.004 0.322� 0.003
0.490 0.18� 0.01 0.24� 0.01 0.31� 0.01 0.21� 0.02 0.27� 0.01 0.33� 0.01

0.013 < x < 0.020 0.020 < x < 0.032
0.062 0.189� 0.004 0.152� 0.003 0.226� 0.002 0.178� 0.004 0.156� 0.003 0.215� 0.001
0.122 0.222� 0.005 0.200� 0.003 0.257� 0.002 0.213� 0.005 0.198� 0.003 0.246� 0.002
0.250 0.268� 0.007 0.257� 0.004 0.301� 0.003 0.279� 0.005 0.258� 0.004 0.295� 0.003
0.490 0.18� 0.02 0.27� 0.01 0.32� 0.01 0.20� 0.02 0.28� 0.01 0.32� 0.01

0.032 < x < 0.055
0.122 0.207� 0.006 0.197� 0.004 0.235� 0.002
0.250 0.265� 0.007 0.261� 0.004 0.286� 0.003
0.490 0.18� 0.02 0.27� 0.01 0.30� 0.01

1.7 < Q2=ðGeV=cÞ2 < 3
0.003 < x < 0.008 0.008 < x < 0.013

0.062 0.21� 0.01 0.19� 0.01 0.25� 0.01 0.201� 0.004 0.165� 0.003 0.241� 0.002
0.122 0.19� 0.02 0.21� 0.01 0.27� 0.01 0.259� 0.007 0.234� 0.004 0.290� 0.003
0.250 0.22� 0.03 0.23� 0.02 0.30� 0.01 0.29� 0.01 0.29� 0.01 0.35� 0.01
0.490 0.29� 0.03 0.33� 0.01 0.38� 0.01

0.013 < x < 0.020 0.020 < x < 0.032
0.062 0.199� 0.004 0.160� 0.003 0.240� 0.002 0.192� 0.004 0.154� 0.003 0.230� 0.002
0.122 0.262� 0.005 0.232� 0.004 0.288� 0.003 0.245� 0.005 0.213� 0.004 0.271� 0.003
0.250 0.30� 0.01 0.29� 0.01 0.35� 0.00 0.302� 0.009 0.287� 0.005 0.333� 0.004
0.490 0.21� 0.03 0.34� 0.01 0.39� 0.01 0.22� 0.03 0.32� 0.01 0.36� 0.01

0.032 < x < 0.055 0.055 < x < 0.100
0.062 0.179� 0.004 0.150� 0.003 0.212� 0.002
0.122 0.231� 0.005 0.209� 0.004 0.256� 0.002 0.237� 0.005 0.219� 0.005 0.248� 0.003
0.250 0.305� 0.003 0.292� 0.004 0.325� 0.003 0.290� 0.007 0.278� 0.005 0.304� 0.004
0.490 0.21� 0.03 0.31� 0.01 0.34� 0.01 0.20� 0.05 0.32� 0.01 0.34� 0.01

3 < Q2=ðGeV=cÞ2 < 7
0.013 < x < 0.020 0.020 < x < 0.032

0.062 0.206� 0.007 0.170� 0.005 0.252� 0.004 0.210� 0.004 0.171� 0.003 0.250� 0.002
0.122 0.26� 0.01 0.24� 0.01 0.30� 0.01 0.274� 0.007 0.248� 0.004 0.304� 0.003
0.250 0.33� 0.02 0.31� 0.01 0.37� 0.01 0.36� 0.01 0.33� 0.01 0.39� 0.01
0.490 0.39� 0.05 0.38� 0.02 0.46� 0.02 0.32� 0.06 0.40� 0.02 0.44� 0.01

0.032 < x < 0.055 0.055 < x < 0.100
0.062 0.206� 0.003 0.154� 0.003 0.237� 0.002 0.194� 0.002 0.157� 0.002 0.218� 0.001
0.122 0.267� 0.005 0.231� 0.004 0.290� 0.003 0.247� 0.003 0.219� 0.003 0.267� 0.002
0.250 0.31� 0.01 0.320� 0.005 0.368� 0.004 0.30� 0.01 0.302� 0.004 0.337� 0.004
0.490 0.27� 0.03 0.39� 0.01 0.43� 0.01 0.32� 0.05 0.39� 0.01 0.41� 0.01

0.100 < x < 0.210
0.122 0.239� 0.003 0.222� 0.004 0.247� 0.002
0.250 0.29� 0.01 0.287� 0.004 0.312� 0.003
0.490 0.19� 0.06 0.38� 0.01 0.38� 0.01

7 < Q2=ðGeV=cÞ2 < 16
0.032 < x < 0.055 0.055 < x < 0.100

0.062 0.232� 0.008 0.181� 0.007 0.264� 0.005 0.214� 0.005 0.163� 0.005 0.249� 0.003
0.122 0.29� 0.01 0.26� 0.01 0.33� 0.01 0.289� 0.007 0.251� 0.006 0.310� 0.004
0.250 0.38� 0.03 0.36� 0.02 0.43� 0.02 0.36� 0.02 0.35� 0.01 0.40� 0.01
0.490 0.16� 0.10 0.48� 0.05 0.51� 0.04 0.33� 0.09 0.46� 0.02 0.51� 0.02

(Table continued)
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The so-called Tsallis function F2 [35], see Eq. (10),
describes the two different kinds of power-law behavior in
the two regions of PhT through a single function. The
advantage of this function is that it provides both the
inverse slope parameter T that characterizes the small-PhT
range and the exponent 1=ð1 − qÞ that parametrizes the
power-law tail at large PhT. The charged-hadron multiplic-
ities (Figs. 5–8) are fitted in each (x, Q2, z) bin using only
statistical uncertainties. Reasonable values of χ2dof 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 q has an average value of about 1.2. The
exponent 1=ð1 − qÞ strongly depends on x with a weaker

dependence on z and no variation with Q2, while its z
dependence is observed to increase with x. The inverse
slope parameter T ranges between 0.15 ðGeV=cÞ2 and
0.4 ðGeV=cÞ2 and shows a significant nonlinear depend-
ence on z2 over the full z range.
The inverse slopes hP2

hTi, α1 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 ðx;Q2Þ bins in Fig. 19. The numerical
values are given in Table VI. Aweak nonlinear dependence
on z2 is observed at small x and Q2, which becomes more
pronounced at larger values of Q2. The inverse slope T
reproduces the same z2 dependence as that of hP2

hTi
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FIG. 20. (a) Upper panel: Multiplicities of positively charged hadrons as a function of P2
hT for hQ2i ¼ 2.12 ðGeV=cÞ2, hxi ¼ 0.011

and hzi ¼ 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 P2

hT. (b) Comparison between the fits obtained using F1 [Eq. (9)] and
F2 [Eq. (10)] in the same kinematic bin as in (a).

TABLE VI. (Continued)

z2 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 0.41� 0.01

16 < Q2=ðGeV=cÞ2 < 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 0.32� 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
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described in Fig. (8). It is observed to be in fair agreement
with α1 except for z > 0.6.
A comparison between the data and the fit function F1 is

shown in Fig. 20(a) in a typical kinematic bin with hQ2i ¼
2.12 ðGeV=cÞ2 and hxi ¼ 0.011. The upper panel shows
the multiplicities of positive hadrons as a function of P2

hT
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 F1 and F2 is shown in
Fig. 20(b) for the same (x,Q2, z) bin. The numerical values
of the fitted parameters are given in Table V. The P2

hT
dependence of hþ multiplicities is equally well described
by the two functions F1 and F2, 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
Q2 > 1 ðGeV=cÞ2, W > 5 GeV=c2, 0.003 < x < 0.4,
0.2 < z < 0.8 and 0.02 ðGeV=cÞ2 < P2

hT < 3 ðGeV=cÞ2.
The results are presented as a function of the square of the
hadron transverse momentum P2

hT in three-dimensional
bins of x, Q2 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 hþ 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 hþ

and h− is observed in the shape of the P2
hT dependence of

the multiplicity. Both hþ and h− multiplicities are observed
to flatten at very small values of P2

hT in the kinematic region
of low x and Q2 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
W2 < 150 ðGeV=cÞ2, 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 P2

hT, differences are observed for large z and
PhT where neither magnitudes nor P2

hT dependences agree.
The πþ semi-inclusive cross section measured by the E00-
18 experiment at JLab shows fair agreement with
COMPASS hþ multiplicities, albeit with some discrepancy
in the PhT dependence that might be explained by the
difference in the kinematic ranges of the measurements.
In the range of small P2

hT, i.e. P
2
hT < 1 ðGeV=cÞ2, the

measured multiplicities were successfully fitted using a
single Gaussian parametrization. A nonlinear z2 depend-
ence of the average transverse momentum is observed in
the range of small x and Q2, 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 PhT-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.
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