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Abstract

The multiplicities of positive and negative pions, kaons and unidentified hadrons produced in deep-
inelastic scattering are measured in bins of the Bjorken scaling variable x, the relative virtual-photon
energy y and the fraction of the virtual-photon energy transferred to the final-state hadron z. Data
were obtained by the COMPASS Collaboration using a 160 GeV muon beam of both electric charges
and a liquid hydrogen target. These measurements cover the kinematic domain with photon virtuality
Q2 > 1 (GeV/c)z, 0.004 <x<0.4,0.1 <y <0.7and 0.2 < z < 0.85, in accordance with the kinematic
domain used in earlier published COMPASS multiplicity measurements with an isoscalar target. The
calculation of radiative corrections was improved by using the Monte Carlo generator DJANGOH,
which results in up to 12% larger corrections in the low-x region.
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1 Introduction

The measurement of hadron production in deep-inelastic lepton—nucleon scattering (SIDIS), {N —
¢hX, is an important method for studying the structure and formation of hadrons. In the framework
of perturbative quantum chromodynamics (pQCD), the process of parton fragmentation into hadrons
is described by non-perturbative fragmentation functions (FFs), which are crucial in understanding the
transition from quarks to observable hadrons. As FFs cannot yet be predicted by theory, they must
presently be determined through measurements. They are believed to be universal across various high-
energy processes. Studying them in different experiments and exploring various kinematic regions leads
to a more comprehensive understanding of hadron formation in the context of pQCD.

In order to study FFs, the cleanest approach is to investigate hadron production in annihilation processes,
such as ete™ — hX. High-precision data were collected by various experiments, including ALEPH,
DELPHI and OPAL at LEP [1], SLD and BABAR at SLAC [2] and BELLE at KEK [3]. These
experiments cover a wide range of centre-of-mass energies from 10 GeV up to the Z-mass. However,
e*e” annihilation primarily provides information about the sum of quark and anti-quark FFs, and only
limited flavour separation is possible unless model-dependent algorithms for quark-flavour tagging are
employed. In contrast, in SIDIS analyses it is possible to access and separate quark and anti-quark
contributions. Here, FFs appear convoluted with parton distribution functions (PDFs) in the pQCD
description of the measurement, thus full flavour separation is in principle possible. Most SIDIS data
were collected in fixed-target experiments, such as HERMES at DESY [4], and EMC and COMPASS
at CERN [5-7]. Due to the limited range in centre-of-mass energy in these experiments, the ability to
access gluon FFs through the study of scaling violations is limited. The gluon FFs are indirectly probed
by hadron—hadron collisions, e.g. at RHIC [8], using for example single-inclusive hadron production
at high transverse momentum [9]. All these data sets have been analysed by several theoretical and
phenomenological groups to obtain FFs [10-16].

This paper presents the results of COMPASS measurements on multiplicities of positvie and negative
pions, kaons and unidentified hadrons produced in muon-proton interactions. These measurements
complement our earlier results on multiplicities obtained using an isoscalar target. The available centre-
of-mass energy allows COMPASS to cover a kinematic range larger than that of HERMES [4] and similar
to that of EMC [5].

2 Formalism
The multiplicity for a hadron of type h measured in SIDIS is defined as the differential hadron production

cross section o™ normalised to the inclusive deep inelastic scattering (DIS) cross section o™P!S:

dM"(x,0%,2)  dPol(x,0%2)/dxdQ%dz
dz ~ d20DS(x,02)/dxdQ?

ey

Here, x denotes the Bjorken scaling variable, Q2 the virtuality of the photon mediating the lepton—proton
scattering process and z the fraction of the virtual-photon energy carried by the produced hadron in the
target rest frame. When these multiplicities are integrated over the variable z, they represent the average
number of hadrons of type h produced per DIS event. Other variables used are the lepton energy fraction
carried by the virtual-photon y, the energy of the virtual-photon in the laboratory frame v and the invariant
mass of the final hadronic system W. For Lorentz-invariant definitions of the above variables see e.g.
Ref. [6].

Within the factorisation framework of pQCD, 0P can be expressed through a sum over parton flavours.
For each patron type a ={q, g, g} the corresponding PDF is convoluted with the lepton—parton hard-
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scattering cross section. In the cross section expression for the hadron production in the current frag-
mentation region, o, the sum over parton flavours involves additional convolutions of these PDFs with

fragmentation functions. In leading order (LO) the differential cross sections o and P can be
expressed as
d30'h(x,Q2,z) Zﬂagm(l"'(l_)’)z) 2 2y ~h s A2
deszdZ = Q4 Za:ea Qa(X,Q )Da(Q 72)’ (2)
o (x,0%) _ 2meg,(1+(1-y)%) v 5 2
a0’ o Zalea 9a(x,07). 3)

Here, @.n, is the fine structure constant, e, the fractional electric charge of quarks of species a, g, (x, Q2)
the quark PDF for the flavour a, and D" (Q?,z) the fragmentation function of the quark of flavour a to
the hadron of type h. In LO pQCD, FFs have a probability interpretation similar to PDFs, namely D"
denotes the number density of hadrons h produced in the hadronisation of quarks of species a. The
fragmentation of a quark of a given species into a final-state hadron is called favoured, Dy,y, if the quark
flavour corresponds to a valence quark in the hadron, otherwise the fragmentation is called unfavoured
Dype. The more complicated NLO pQCD formulas for the cross sections can be found e.g. in Ref. [17].

3 Experimental setup and data analysis

The data were collected in 2016 using muons of both electric charges from the M2 beamline at the CERN
SPS. The beam had a momentum of 160 GeV/c with a variation of + 5% and a typical root mean square
size at the target position of 7x7 mm?. The beam was naturally polarised, but the polarisation is not
affecting this analysis since we integrate over azimuthal angle and transverse momentum of the produced
hadrons, and we also sum the results of both beam charges. The beam was delivered in cycles typically
of 36 s, consisting of two spills, each lasting 4.8 s. The intensity of the beam was 1.6 x 107 s~!, which
is a factor of three lower than that of previous COMPASS measurements on the isoscalar target [6, 7],
leading to lower data statistics but a more stable spectrometer.

The incident muons were impinging on a liquid hydrogen target with a total length of 250 cm and a
diameter of approximately 4 cm. The 2016 configuration of the COMPASS spectrometer was optimised
for the precise measurement of exclusive processes, such as deeply virtual Compton scattering. The target
was surrounded by a time-of-flight detector, designed to measure and identify recoil protons. While, in
principle, this detector has the potential to assist in the exclusion of diffractive events, its data are not
used in the present analysis.

The two-stage COMPASS spectrometer has been designed to reconstruct scattered muons and produced
hadrons in a wide range of polar and azimuthal angles and momentum. For particle tracking various
detectors surrounding the two spectrometer magnets are employed. The direction of the reconstructed
tracks at the interaction point is determined with a precision of 0.2 mrad. The momentum resolution
is about 1.2% in the first spectrometer stage and is further improved to 0.5% in the second stage. The
identification of muons is performed using hadron absorbers.

In the first spectrometer stage, a Ring Imaging Cherenkov counter (RICH) is employed for the separation
of pions, kaons and protons [18]. This detector uses C4F as the radiator gas corresponding to momentum
thresholds of approximately 2.9 GeV/c for pions, 9 GeV/c for kaons and 18 GeV/c for protons. Within
the central region of the RICH, photon detection is accomplished using multi-anode photomultiplier
tubes known for their high photodetection efficiency and rapid response, ideal for operation in a high-rate
environment.
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The trigger system, based on four pairs of scintillator hodoscopes, was designed to select scattered
muons with a minimum scattering angle. In contrast to earlier measurements with an isoscalar target, an
additional trigger is employed covering the low-x and high-y domain. The existing trigger designed for
the large-x and large-Q? region is not used in the present analysis.

The data analysis includes several steps: event selection, particle identification, corrections for spectrom-
eter acceptance, as well as corrections for QED radiative effects and for contamination by diffractively
produced vector-mesons. The multiplicities denoted as M ‘ (x,y,2), for hadrons of type i = {n*, n~, K*,
K™, h*, h™}, where h*, h™ stand for unidentified hadrons, is given by:

dM'(x,y,2) _ 1 dN'(x,y,2) 1
dz ~ NDIS(x,y) dz Al(x,y,z)’

“

Here, NP denotes the number of DIS events, while N* and A’ denote the yield of particles of type i and
the respective acceptance correction factor. In the present analysis, similar as in earlier determinations of
multiplicities using COMPASS data taken with an isoscalar target, y is used as the third variable in order
to cope with the significant correlation between x and Q2 inherent in fixed-target measurements.

3.1 Event and hadron selection

Consistent with previous analyses, the present study is based on events selected by triggers that use
information related to scattered muons only. In order to be accepted, events are required to have a
reconstructed interaction vertex associated with both an incoming and a scattered muon track and with
a vertex positioned within the defined fiducial target volume. Furthermore, the incident muon momen-
tum, which is measured by a dedicated set of scintillating fibre detectors upstream of the COMPASS
spectrometer, is constrained to the interval between 140 GeV/c and 180 GeV/c. Events are accepted
if 02 > 1 (GeV/c)?, 0.004 < x < 0.4 and W > 5 GeV/c?. These requirements select the deep-inelastic
scattering regime, avoiding the nucleon resonance region. The relative virtual-photon energy is limited
to the interval 0.1 < y < 0.7. The lower bound is used to exclude kinematic regions where the momentum
resolution deteriorates, and the upper bound removes the kinematic range where radiative effects become
particularly pronounced. The analysis comprises 5.4 million selected inclusive DIS events. For these
events, the top panels of Fig. 1 show distributions and applied constraints in x, Q> and y, which are
hereafter referred to as ’inclusive variables’.

For a selected DIS event, a reconstructed track is considered to be a hadron, if it originates from the
interaction vertex and does not cross muon filters. The fraction of the virtual-photon energy transferred
to a final-state hadron is restricted to 0.2 < z < 0.85, where for an unidentified charged hadron the pion
mass is assumed. The lower limit avoids contamination from target remnant fragmentation, while the
upper one excludes muons wrongly identified as hadrons. For pion and unidentified hadrons the upper
limit also excludes the region with large diffractive contributions, while for kaons it removes the domain
where pQCD might not be applicable as suggested by previous COMPASS analyses [28, 29].

In order to take into account the acceptance and performance of the RICH detector, a hadron is accepted
only if it has a momentum between ppi, = 12 GeV/c and ppax =40 GeV/e, and a polar angle in the range

0.01 < Oricy < 0.12 with a vertical projection GI{ICH < 0.08. Moreover, to only consider (x, y) regions

where hadron detection is possible, the following constraint is imposed bin-by-bin:

2

2
pminc2 +m

i

ct Phaxc? +m*c*

<V ——
Zmin <max

Here, zmin and zmax correspond to the boundaries of a given bin in the z variable. It is worth mentioning

that these restrictions on v are crucial, as they serve to reduce a possible dependence of the analysis results
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Fig. 1: Top panels: inclusive variables x, Q7 and y; bottom panels: hadron variables p, Oricy and z. The selected
regions are marked as filled areas.

on the physics model embedded within the LEPTO generator, which is used for acceptance calculations.
The same restrictions were already used in previous COMPASS analyses [6, 7].

The bottom panels of Fig. 1 show distributions and applied constraints in p, Oricyg and z, which are
hereafter referred to as ’hadron variables’. The entire set of selected events comprises 1.7 million
unidentified hadrons, 1.3 million pions and 280 thousand kaons. The amount of kaons in this dataset is
about 50% of the one used in Ref. [7] L.

3.2 Particle identification

Hadron identification was accomplished using the RICH [18] detector, as detailed in Ref. [6]. A summary
of the most important aspects is given here. The method employed relies on a maximum likelihood
approach using the pattern of photons detected by the RICH detector. Likelihood values are computed
by comparing the observed photo-electron pattern with the expected patterns corresponding to different
mass hypotheses (m ,, mx, mp, me), also accounting for the distribution of background photons.

The yields of identified hadrons denoted by Ny,

rue

are derived by applying an unfolding algorithm to the
yields Ny.. of reconstructed hadrons:

Ntirue = Z(P_l)ij 'Nr]é:c (5)
J

with 7, j = {n,K,p}. Here, the so-called purity—efficiency matrix P;; serves to correct hadron yields
by accounting for particle identification and misidentification. Its diagonal elements correspond to the
efficiency of identification, while its off-diagonal elements represent probabilities of misidentification.
The elements of this matrix are determined using data samples containing pions, kaons and protons
originating from two-charged-particle decays of KY, ¢ and A respectively. All these matrix elements
depend primarily on the values of p and Ogrjcy at the entrance point of the particle into the RICH detector.
In total, about 30 P;; matrices are extracted from data, forming a two-dimensional grid of p and rich.
The elements of P;; are found to be consistent for the two electric charges of the studied hadrons and are
averaged in the analysis.

INote that the number of 2.8 million kaons quoted in Ref. [7] is incorrect; the value after all selections was about 0.6 million.
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Fig. 2: Momentum dependence of the purity—efficiency matrix elements for 0.010 < 6ricg < 0.032.
Left panel: efficiency of 7%, K* identification, right panel: corresponding misidentification probabilities.

The efficiency for pion identification ranges from 94% to 99% with a median value of 98%. Misidentifi-
cation of pions as kaons is rare, remaining below 0.6% with a median of 0.3%. The efficiency for kaon
identification varies from 71% to 99% with a median of 95%. The misidentification of kaons as pions
is below 15% with a median of 2.4%. Examples of the momentum dependence for the purity—efficiency
matrix elements are presented in Fig. 2 for 0.010 < Oricy < 0.032.

3.3 Acceptance correction

The corrections for geometric and kinematic acceptance, including detector inefficiencies, resolutions and
bin migration within the COMPASS apparatus, are determined using a Monte Carlo (MC) simulation. This
simulation successfully reproduces within 20% the kinematic distributions observed in the experimental
data by use the following tools: i) LEPTO [19] for the generation of DIS events, ii) JETSET [20] for
hadronisation (tuned as in Ref. [21]), iii) GEANT4 [22] to describe the spectrometer and for modelling
secondary hadron interactions.

The acceptance correction is calculated within narrow regions of (x, y, z), thereby mitigating its sensitivity
to the specific choice of the used generator. It is given by the ratio of reconstructed to generated
multiplicities:

_ ANjee (x,.2) /NRE (x.)
AN{en(x,y,2) /N (x, y)

A(x,y,2) (6)

In this equation, the values of generated kinematic variables are employed for the generated events, while
the values of reconstructed kinematic variables are used for the reconstructed events. The reconstructed
hadrons in MC are subject to the same kinematic and geometric selection criteria as the actual data,
whereas the generated hadrons are subject solely to kinematic requirements. Events generated outside
the acceptance region and reconstructed inside are included in the calculations. The average value of
the acceptance is approximately 70% to 80%. It is nearly constant across different regions of x, y and z,
except for the high-x and low-y region, but it always exceeds 25%.

3.4 Vector-meson correction

A fraction of the mesons measured in SIDIS originates from diffractive production of vector-mesons
that subsequently decay into lighter hadrons. This fraction represents a higher-twist contribution to the
SIDIS cross section [4]. It cannot be adequately described by the QCD parton model with the independent
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Fig. 3: Example of COMPASS acceptance in two selected (x,y) bins as a function of z (for clarity staggered
horizontally)

fragmentation mechanism encapsulated in FFs. Hence, extracting FFs from data that includes this fraction
would introduce a bias, and undermine the universality of the model.

In order to correct the multiplicities for the vector-meson (VM) contribution, we estimate the fraction of
final-state hadrons originating from the diffractive decay of p° and ¢ mesons, while other vector-mesons
characterised by smaller production cross sections and multi-body decay channels are not considered.
In a given (x,y,z) bin, two fractions are obtained: one for the hadron sample and one for the DIS
sample. Their ratio, VML __(x,y,2)/VMDPI (x,y), where i = {n*,7~, K*, K, h*, h™ } represents the VM
contribution used to correct the multiplicity values given in Eq (4). The estimation of the correction
relies on two Monte Carlo simulations. To simulate SIDIS events the LEPTO 6.5 MC generator is
used with switched-off diffractive contributions. Additionally, the HEPGEN [23] generator is used to
simulate the diffractive production of p” and ¢ mesons. Unlike in previous COMPASS multiplicity
analyses, the spectra of missing energy obtained from HEPGEN and LEPTO are normalised to the data
to ensure a better description of data by Monte Carlo. This approach reduces our dependence on the
Goloskokov—Kroll model [24] for the cross section used in HEPGEN.

Diffractive events are particularly prominent at low values of x and Q. Concerning pions and unidentified
hadrons, the primary contribution arises from the decay of p° into two charged pions. This contribution is
most significant at high values of z, where our simulations indicate that it exceeds the SIDIS cross section
itself. Concerning kaons, the primary contribution originates from the decay of ¢ into two charged kaons.
Given the relatively low ¢-mass in comparison to the threshold mass of two kaons, the resulting decay
products have very low momenta in the centre-of-mass of the ¢. Consequently, within the COMPASS
kinematics, these events are predominately observed in the 0.4 < z < 0.6 range. The maximum correction
is about 24% for z ~ 0.6 and Q% ~ 1 (GeV/c)?. The obtained corrections are shown in Fig. 4 in a selected
bin of (x,y) as a function of z, for different particle types and electric charges as well as for inclusive
DIS events. These corrections are comparable to those used in our earlier analysis of data taken with an
isoscalar target.
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Fig. 4: Values of VM, in a selected bin of (x,y) as a function of z (for clarity staggered horizontally) for pions
and DIS events (left), and kaons (right).

3.5 Radiative corrections

In previous COMPASS multiplicity analyses, corrections for higher-order QED effects were computed
using the program TERAD, based on the scheme described in Ref. [25]. This approach is strictly valid
only for inclusive DIS events. To estimate corrections to the yields of x, K, h, the TERAD calculations
were performed excluding the elastic and quasi-elastic radiative tails. This was an approximation, as
TERAD could not account for a z dependence in the cross section neither for different particle types and
electric charges.

For the present analysis, COMPASS uses the event generator DJANGOH [26], referred to as DJANGOH-
MC in the following. The DJANGOH-MC results agree well with those from TERAD for inclusive DIS.
They also reproduce reasonably well the measured data. In Fig. 5, examples of data distributions are
shown in comparison to DJANGOH-MC results with and without radiative effects. While most of the
radiation is produced along the directions of the incoming and outgoing muon, the non-negligible mass
of the muon induces as the third emission direction that of the virtual-photon. The top-left panel of
Fig. 5 shows distributions of the squared transverse momentum of hadron candidates with respect to the
real-photon direction pT e A clear peak is visible for very low values of pT . both in the data and in
the DJANGOH-MC distributions. In fact, the observed peak originates from real -photon conversion into
e*e” pairs and subsequent misidentification of electron or positron as charged hadron candidate. In the
top-right and bottom-left panels of Fig. 5, the same comparison is presented as in the top-left panel, but
the transverse momentum is measured with respect to the incoming muon (top-right panel) or outgoing
muon (bottom-left panel). In all three cases, a reasonable agreement between data and DJANGOH-MC
is observed.

In order to account for radiative effects in the multiplicity results, a correction factor denoted as RC is
calculated in bins of (x, y, z), using a two-step procedure. In the first step, the multiplicities are obtained
using DJANGOH-MC with and without radiative effects, yielding the RC value as their ratio. However, for
inclusive DIS the TERAD calculation yields a more complete description of radiative effects. Hence the
RC value obtained in the first step above is multiplied in the second step by the TERAD vs. DJANGOH-
MC ratio of radiative corrections for inclusive DIS events. The correction applied in the second step
typically remains below 2% within the kinematic range of the present analysis. An illustration of the
derived values of RC within a chosen (x,y) bin is shown as a function of z in the bottom-right panel of
Fig. 5 for 7* and K*. A distinct z dependence is evident with a slight variation of the RC values observed
for different particle types and electric charges.

Figure 6 shows a comparison of the present RC values for pions with the ones used in the previous
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Fig. 5: Transverse momentum of hadron candidates with respect to the direction of virtual-photon (top-left), and
of incoming (top-right) and outgoing (bottom-left) muon. A clear peak from electrons (positrons) coming from y
conversion is seen. Experimental data are compared to DIANGOH-MC results with and without radiative effects.
In the bottom-right panel the RC values for 7* and K* are shown in a selected (x,y) bin as a function of z (for
clarity staggered horizontally)

multiplicity analyses of Refs [6] and [7] for the same bin as used in Fig. 5. The actual correction is seen
to be 3% to 6% larger than that used in Ref. [7], which itself was already about 4% larger than that used
in Ref. [6], with the two older corrections having almost no z-dependence. Within the kinematic domain
of the COMPASS multiplicity analysis, the earlier corrections appear underestimated by up to 12%. The
main reason for this change is a reduction of the radiative corrections for events with hadrons, if the
hadron phase space is properly taken into account. In Ref. [7] an approximation of this effect was applied,
leading to larger corrections. Updated radiative corrections for the results obtained with the isoscalar
target [6, 7] will be provided in a separate paper.

3.6 Systematic studies

The primary sources of systematic uncertainties in the multiplicity analysis are associated to the evaluation
of acceptance, RICH performance, diffractive vector-meson contributions and QED radiative effects.

Similar studies as described in Ref. [6] are done to estimate the acceptance uncertainty. Additional
studies, e.g. utilising DJANGOH-MC simulations with and without radiative effects are also performed.
The resulting relative uncertainty is 4% as in the previous multiplicity analyses.

In order to estimate the uncertainty related to the RICH identification and the unfolding procedure,
different RICH purity—efficiency matrices are constructed by varying the values of matrix elements
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Fig. 6: Comparison of radiative corrections for positive pions for 0.02 < x < 0.03 and 0.2 < y < 0.3 as a function
of z following various procedures i) using DJANGOH-MG, ii) as in Ref.[7], iii) as in Ref. [6].

within their statistical uncertainties. However, the statistical limitations in the 2016 data, including lower
integrated luminosity and the absence of a specific low Q2 trigger, lead to statistical uncertainties in the
extracted parameters higher than in Refs [6, 7]. Additionally, variations in the number of photons in the
RICH are observed, which depend on the radial distance of the track from the beam axis at the RICH
entrance. One reason is the length and position of the target, which was designed for deeply virtual
Compton scattering measurements. Altogether, the relative systematic uncertainty associated with the
RICH is higher than that for the 2006 data analysis and is estimated to be between 3% and 10%.

In the case of the vector-meson cross section uncertainty, the normalisation of the LEPTO and HEPGEN
MC simulations to real data distributions provides increased confidence in the obtained results. Conse-
quently, the relative uncertainties of vector-meson cross sections are reduced to about 20%. This leads to
a relative uncertainty of pion and unidentified hadron multiplicities, which in a few bins at low x, low Q>
and high z can reach up to 23%, while it is up to 5% for kaon multiplicities. All vector-meson corrections
and their uncertainties strongly depend on the kinematic region.

For the radiative correction uncertainty, the studies comparing data and Monte Carlo simulations suggest
an uncertainty of about 0.25|RC — 1|. In addition, a constant term of 2% is added in quadrature to account
for differences observed between DJANGOH-MC and TERAD for the inclusive DIS correction.

Combining in quadrature all individual contributions to the systematic uncertainty yields the total sys-
tematic uncertainty oys, which varies between 5% and 24% depending on the kinematic region, with a
median value around 6%. This systematic uncertainty is generally larger than the statistical one at low
values of z and low values of x, while at higher values of z or x the statistical uncertainty dominates. It
is worth noting that a large fraction (about 80%) of the total systematic uncertainty is estimated to be
bin-to-bin correlated, and the remaining fraction (V1 — 0.820'Sy5t) is uncorrelated.
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4 Results

The multiplicities of charged hadrons (h*), pions (7¥) and kaons (K*) presented in the following figures
were corrected for diffractive contributions and QED radiation effects unless otherwise specified. The
numerical values of these multiplicities can be found on HEPData [27], along with the corresponding
correction values. The same binning as in previous analyses [6, 7] is used for x, y and z, see Table 1.
The Q? values span from 1 (GeV/c)? at the lowest x to approximately 60 (GeV/c)? at the highest x with
an average value of about 3 (GeV/c)?. In total, this analysis yields about 300 data points for each hadron
species and electric charge.

Table 1: Lower and upper bin limits for the (x,y, z) binning

bin limits
x 0.004 0.01 0.02 0.03 0.04 0.06 0.10 0.14 0.18 0.40
y 0.10 0.15 020 030 0.50 0.70
Z 0.20 0.25 030 035 040 045 050 055 060 0.65 070 0.75 0.85

The results for unidentified hadrons and pions, which exhibit similar characteristics, are discussed together,
while the discussion of kaon results follows below. In Figs 7 and 8 multiplicity results for unidentified
hadrons of both electric charges are presented. These figures illustrate the multiplicity values as a function
of z in nine x-bins. In each panel, the results from five y-bins are displayed in a staggered manner. The
uncertainties in these figures are statistical ones, which are often smaller than the size of the data points.
As expected, the multiplicities of h* are larger than those of h~, mainly due to u-quark dominance in
the interaction. This difference becomes more pronounced for higher x values. With increasing z, the
multiplicities decrease, and the distinction between h* and h™ becomes more evident. This phenomenon
is related to the fact that D¢ is expected to decrease more rapidly with growing z than Dy, see e.g.
Ref. [9].

The results for pion multiplicities are presented in Figs 9 and 10 in the same staggered way as for the
unidentified hadrons discussed above. In addition, in Fig. 11 the pion multiplicities are shown as a
function of z in nine x-bins averaged over y. The data points in Fig.11 are shown together with statistical
uncertainties, and the shaded bands represent the total systematic ones; the data for negative electric
charge are staggered by 0.01 in z. The distinction between positive and negative pions is less pronounced
compared to the results for hadrons.

The results presented in Fig. 11 can be further integrated over z for both electric charges. This integration
yields the quantity M™ +M7 . This sum of multiplicities, integrated over z and averaged over y,
has several interesting features. For instance, in LO pQCD following Eqs.(1)-(2) one obtains that:
MTEM™ = Dray+Dunt + Scorr-  Here D represents the z-integrated value of D, sqorr 1S associated
with the strange quark contribution and anticipated to be small. As FFs do not depend on x, we do
not expect any M”™ +M7” dependence on x. However, there is a correlation between x and Q2 in
fixed-target kinematics. Since FFs depend on Q2, this (x, Q) correlation may indirectly introduce a weak
x-dependence. Furthermore, the same leading-order pQCD calculations performed for the isoscalar target
yield nearly identical results, namely M”™ M & Dray+Dunt + S corr» s€€ [6]. Thus, in LO pQCD this
sum of multiplicities is expected to be nearly the same for the proton and isoscalar target measurements
as the difference between s.or and s’y is anticipated to be below 1%.

The left panel of Fig. 12 compares M™ +M?7 for the present data on the proton target with the results on
an isoscalar target [6]. Additionally, the results of the present analysis using the same radiative correction
procedure as in Ref. [6] (previous RC) are presented. In the case of the two latter results, the data points
are shown with total uncertainties. As expected in pQCD, only a weak x-dependence is observed in all the
COMPASS multiplicity results. Within the depicted total uncertainties, the results published in Ref. [6]
and those from the present analysis with previous RC agree within one standard deviation. This takes into
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Fig. 7: Positive hadron multiplicities versus z for nine x bins and five y bins (for clarity staggered vertically by a).

Only statistical uncertainties are shown.
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Fig. 8: Same as Fig. 7 for negative hadrons.
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Fig. 10: Same as Fig. 7 for negative pions.
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account the correlation across different bins, as discussed in Section 3.6. In the right panel of Fig. 12, a
comparison of the sum of M™ + M7 versus x is shown for the present COMPASS analysis of 160 GeV
u*p interactions and the HERMES [4] 27.5 GeV e*p interactions for the so called x-z representation
of their data. The COMPASS results exhibit significant differences compared to the HERMES ones,
although smaller than those in Ref. [6]. With increasing energy, more particles of various types per
interaction are produced in COMPASS than in HERMES. This means that the average (z) of hadrons in
COMPASS is lower than in HERMES. Thus, it is expected that in COMPASS M7 +M” is lower, as
the integration over z starts at z = (0.2. While this may explain the lower values, it does not explain the
difference in shape?.

2]t is worth noting that the unusual shape of the HERMES data as a function of x can be represented as a straight line as
a function of (y). The observed slope can be influenced by radiative corrections. Since the values of RC in Ref. [4] are not
provided, we cannot compare them to those we can currently obtain using DJANGOH-MC for HERMES kinematics.
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In Figs 13 and 14, we present multiplicity results for kaons of both electric charges, in the same manner as
for unidentified hadrons in Figs 7 and 8. The multiplicities for kaons are approximately five times lower
than those for pions and a larger difference between positive and negative kaons is observed at high x.
This difference is easily noticeable when comparing the results in Fig. 15, where y-averaged kaon results
are presented, to those of pions in Fig. 11. This is attributed to the dominance of u-quarks and the fact
that the valence d-quark in the proton target is also a valence quark of negative pions but not of negative
kaons.

In the left panel of Fig.16, we provide a comparison of MX+MX™ as a function of x for the present
analysis and for the results in Ref. [7]. For the isoscalar analysis, the total uncertainty is shown, while
for the present analysis, statistical and systematic uncertainties are separated. A very good agreement
between the two sets is observed. This is mostly due to the use of a more conservative estimate of RC
in Ref. [7] compared to Ref. [6], as shown in Fig.6. Particularly in the low z region, which yields the
dominant contribution to MK+ MX" | the present RC and those used in Ref. [7] are similar. We observe
a weak x-dependence of ME LMK which might help to investigate the role of strange quarks in pQCD.

In the right panel of Fig. 16, we compare MX '+ MX  as a function of x for the present analysis and
the HERMES data [4]. Notably, the COMPASS results are higher than the HERMES results, especially
at larger values of x. It is important to mention that the COMPASS results for the multiplicity ratio of
negative to positive kaons at high z fall below the lower limit expected from pQCD [28]. This strong
disagreement is more pronounced at the lower centre-of-mass energy of the y*p system. Given that the
energy in the centre-of-mass for any z in HERMES is lower than in COMPASS, the observed difference
may have a physics origin.

In Fig. 17, we present the ratio of K~ to K™ multiplicities as a function of z in nine bins of x for data
averaged over y. In this multiplicity ratio, all correlated systematic effects cancel, resulting in reduced
relative systematic uncertainties compared to standard multiplicities. A clear and steep downward slope
as a function of z is evident. While the analysis of data in the high-z region is beyond the scope of
the present paper, within the observed region there appears to be no contradiction with the conclusions
reached in Refs [28, 29] that for high-z in the COMPASS kinematics the lower limit of (N)LO pQCD
is violated. For completeness, the results for the ratio of 7~ to 7" multiplicities are also presented in
Fig. 17. For pion data, the observed z dependence appears to be weaker compared to that of kaons. It is
worth mentioning that, especially for high-z and low-x values, the systematic uncertainties are relatively
large, mostly due to large uncertainties associated with the VM correction in this region.
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Fig. 13: Positive kaon multiplicities versus z for nine x bins and five y bins (for clarity staggered vertically by ).

Only statistical uncertainties are shown.
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Fig. 14: Same as Fig. 14 for negative kaons.
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S Summary

Differential multiplicities of charge-separated pions, kaons and unidentified hadrons in deep inelastic
scattering of muons on a proton target are presented. They are provided in three-dimensional bins of
x, y and z, covering the kinematic range Q% > 1 (GeV/c)?, 0.004 < x < 0.4 and 0.2 < z < 0.85. The
numerical results of these measurements are available in HEPData, both with and without the subtraction
of the contribution from diffractive vector-meson production to SIDIS. Furthermore, radiative correction
factors are also given, as they were for the first time determined in COMPASS using the DIANGOH
Monte-Carlo generator. Our high-precision, multi-dimensional data provides valuable input for future
pQCD fits of fragmentation functions, complementing earlier COMPASS isoscalar measurements. The
update of the published results on isoscalar targets with new radiative corrections is in preparation.

Considering the different radiative corrections, the results of the present analysis and the earlier isoscalar
measurements are in good agreement. A significant discrepancy between the results of COMPASS (using
a 160 GeV muon beam) and HERMES (using a 27.5 GeV electron beam) is observed, particularly for the
sum of K* and K™ multiplicities when averaged over y and integrated over z. The observed discrepancy
may have an origin beyond the scope of perturbative quantum chromodynamics. Consequently, it becomes
crucial to conduct similar measurements at the Jefferson laboratory using a 12 GeV electron beam and at
the future Electron-Ion Collider.
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