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Transverse momentum dependent production cross sections of charged
pions, kaons and protons produced in inclusive e*e~
annihilation at /s =10.58 GeV

R. Seid],” I. Adachi,'®" J. K. Ahn,”® H. Aihara,*® D. M. Asner,’ V. Aulchenko,"® T. Aushev,”” R. Ayad,** A. M. Bakich,*
V. Bansal,”® P. Behera,” C. Belefio,'* M. Berger,” V. Bhardwaj,”> T. Bilka,” J. Biswal,”> A. Bobrov,*® A. Bozek,”
M. Bragko,” L. Cao,** D. Cervenkov,” A. Chen,”’ B.G. Cheon,'® K. Chilikin,”” H. E. Cho,'® K. Cho,” Y. Choi,*
S. Choudhury,”* D. Cinabro,”® S. Cunliffe,® S. Di Carlo,*” Z. Dolezal,” T. V. Dong,'®"® Z. Drésal,” S. Eidelman,*****

D. Epifanov,*® J. E. Fast,”® T. Ferber,® B. G. Fulsom,” R. Garg,”” V. Gaur,”* N. Gabyshev,*®® A. Garmash,**® M. Gelb,*

A. Giri,24 P. Goldenzweig,34 B. Golob,44’33 0. Grzymkowska,6 K. Hayasaka,65 H. Hayashii,5 °W.-S. Hou,62 T. Iijima,57’56
K. Inami,”® A. Ishikawa,"® R. Ttoh,"®"> M. Iwasaki,”” Y. Iwasaki,'® W. W. Jacobs,? S. Jia,” Y. Jin,*® D. Joffe, K. K. Joo,’
T. Julius,” A. B. Kaliyar,” T. Kawasaki,”® H. Kichimi,'® C. Kiesling,® C. H. Kim,'® D. Y. Kim,”” H. J. Kim,* J. B. Kim,*®

S.H. Kim,16 P. Kody§,5 S. Korpar,49’3 *D. Kotchetkov,17 P. Kriian,44’3 R Kroeger,52 P. Krokovny,4’66 T. Kuhr,45
R. Kulasiri,”” A. Kuzmin,"*® Y.-J. Kwon,” K. Lalwani,”’ J. S. Lange,"* I S. Lee,'® J.K. Lee,” J. Y. Lee,” S.C. Lee,”
D. Levit,* C.H. Li,”” L.K. Li,”’ Y. B. Li,”° L. Li Gioi,” J. Libby,” D. Liventsev,”>'® M. Lubej,” T. Luo,"
J. MacNaughton,5 3 M. Masuda,87 T. Matsuda,53 D. Matvienko,“’“’42 M. Me:r0121,30’5 K. Miyabayashi, ’R. Mizuk,42’54’55
S. Mohant ,83’91 T. Mori,56 R. Mussa,3 'E. Nakano,67 T. Nakano,71 M. Nakao,lg’15 K.J. Nath,23 Z. Natkaniec,63
M. Nayak,”>'® S. Nishida,'""> K. Nishimura,"” S. Ogawa,*> H. Ono,”**> Y. Onuki,*® P. Pakhlov,*** G. Pakhlova,**™
B. Pal,3 S. Pardi,30 S.-H. Park,95 S. Patra,22 S. Paul,84 T. K. Pedlaur,46 R. Pestotnik,3 ’L.E. Piilonen,92 V. Popov,42’55
E. Prencipe,”® M. V. Purohit,”® A. Rostomyan,® G. Russo,”® Y. Sakai,'®"> M. Salehi,"** S. Sandilya,” L. Santelj,"®
T. Sanuki,*® O. Schneider," G. Schnell,"*' J. Schueler,'” C. Schwanda,”® Y. Seino,” K. Senyo,”* M. E. Sevior,”'

V. Shebalin,*®® C.P. Shen,” T.-A. Shibata,* J.-G. Shiu,”* B. Shwartz,*®® A. Sokolov,” E. Solovieva,"*>> M. Stari¢,”
Z.S. Stottler,”” M. Sumihama," T. Sumisyoshi,go W. Sutcliffe,** M. Takizawa, *'*""* U. Tamponi,”" K. Tanida,” Y. Tao,"
F. Tenchini,® M. Uchida,* S. Uehara,'®"” T. Uglov,"*** Y. Unno,'® S. Uno,'®"* P. Urquijo,” Y. Usov,**® R. Van Tonder,*
G. Varner,17 A. Vossen,9 E. Waheed,5 'B. Wang,7 C.H. Wang,61 M.-Z. Wang,62 P. Wang,27 X.L. Wang,ll M. Watanabe,65

E. Won,”® S.B. Yang,*® H. Ye,® J. Yelton,'’ J.H. Yin,”’ C.Z. Yuan,”’ Z.P. Zhang,” V. Zhilich,**® and V. Zhukova*

(Belle Collaboration)

lUniversil‘y of the Basque Country UPV/EHU, 48080 Bilbao
2Beihang University, Beijing 100191
*Brookhaven National Laboratory, Upton, New York 11973
*Budker Institute of Nuclear Physics SB RAS, Novosibirsk 630090
5Facully of Mathematics and Physics, Charles University, 121 16 Prague
SChonnam National University, Kwangju 660-701
7University of Cincinnati, Cincinnati, Ohio 45221
8Deutsches Elektronen-Synchrotron, 22607 Hamburg
°Duke University, Durham, North Carolina 27708
1OUniversity of Florida, Gainesville, Florida 32611
”Key Laboratory of Nuclear Physics and lon-beam Application (MOE) and Institute of Modern Physics,
Fudan University, Shanghai 200443
12Justus—Liebig—Universitc'it Giefsen, 35392 Gieflen
BGifu University, Gifu 501-1193
/i Physikalisches Institut, Georg-August-Universitit Gottingen, 37073 Gottingen
SSOKENDAI (The Graduate University for Advanced Studies), Hayama 240-0193
16Hanyang University, Seoul 133-791
Y University of Hawaii, Honolulu, Hawaii 96822
lgHigh Energy Accelerator Research Organization (KEK), Tsukuba 305-0801
J-PARC Branch, KEK Theory Center, High Energy Accelerator Research Organization (KEK),
Tsukuba 305-0801
O Forschungszentrum Jiilich, 52425 Jiilich
2 IKERBASQUE, Basque Foundation for Science, 48013 Bilbao
2Indian Institute of Science Education and Research Mohali, Sahibzada Ajit Singh Nagar,
Punjab 140306, India
S Indian Institute of Technology Guwahati, Assam 781039

2470-0010/2019/99(11)/112006(15) 112006-1 Published by the American Physical Society



R. SEIDL et al. PHYS. REV. D 99, 112006 (2019)

A Indian Institute of Technology Hyderabad, Telangana 502285
S Indian Institute of Technology Madras, Chennai 600036
Indiana University, Bloomington, Indiana 47408
T Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049
Blnstitute of High Energy Physics, Vienna 1050
P Institute for High Energy Physics, Protvino 142281
OINFN-Sezione di Napoli, 80126 Napoli
3 INFN-Sezione di Torino, 10125 Torino
3Advanced Science Research Center, Japan Atomic Energy Agency, Naka 319-1195
33J. Stefan Institute, 1000 Ljubljana
HInstitut fiir Experimentelle Teilchenphysik, Karlsruher Institut fiir Technologie, 76131 Karlsruhe
¥ Kennesaw State University, Kennesaw, Georgia 30144
SKitasato University, Sagamihara 252-0373
Korea Institute of Science and Technology Information, Daejeon 305-806
®Korea University, Seoul 136-713
39Kylmgpook National University, Daegu 702-701
®LAL, Université Paris-Sud, CNRS/IN2P3, Université Paris-Saclay 91400, Orsay
“Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015
P N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991
43Liaoning Normal University, Dalian 116029
Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana
45Ludwig Maximilians University, 80539 Munich
®Luther College, Decorah, lowa 52101
47Malaviya National Institute of Technology Jaipur, Jaipur 302017
48University of Malaya, 50603 Kuala Lumpur
49University of Maribor, 2000 Maribor
Max-Planck-Institut fiir Physik, 80805 Miinchen
School of Physics, University of Melbourne, Victoria 3010
52University of Mississippi, University, Mississippi 38677
3 University of Miyazaki, Miyazaki 889-2192
Moscow Physical Engineering Institute, Moscow 115409
>Moscow Institute of Physics and Technology, Moscow Region 141700
*Graduate School of Science, Nagoya University, Nagoya 464-8602
57K0bayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602
BUniversita di Napoli Federico II, 80055 Napoli
PNara Women’s University, Nara 630-8506
“National Central University, Chung-li 32054
8 National United University, Miao Li 36003
62Department of Physics, National Taiwan University, Taipei 10617
H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342
64Nipp0n Dental University, Niigata 951-8580
65Niigata University, Niigata 950-2181
Novosibirsk State University, Novosibirsk 630090
0saka City University, Osaka 558-8585
68Paciﬁc Northwest National Laboratory, Richland, Washington 99352
®Panjab University, Chandigarh 160014
Peking University, Beijing 100871
"'Research Center for Nuclear Physics, Osaka University, Osaka 567-0047
Theoretical Research Division, Nishina Center, RIKEN, Saitama 351-0198
BRIKEN BNL Research Center, Upton, New York 11973
"University of Science and Technology of China, Hefei 230026
"Seoul National University, Seoul 151-742
"Showa Pharmaceutical University, Tokyo 194-8543
77Soongsil University, Seoul 156-743
78University of South Carolina, Columbia, South Carolina 29208
79Stefan Meyer Institute for Subatomic Physics, Vienna 1090
Y Sungkyunkwan University, Suwon 440-746
81School of Physics, University of Sydney, New South Wales 2006
82Department of Physics, Faculty of Science, University of Tabuk, Tabuk 71451
STata Institute of Fundamental Research, Mumbai 400005

112006-2



TRANSVERSE MOMENTUM DEPENDENT PRODUCTION ...

PHYS. REV. D 99, 112006 (2019)

84Department of Physics, Technische Universitit Miinchen, 85748 Garching
8 Toho University, Funabashi 274-8510
86Department of Physics, Tohoku University, Sendai 980-8578
Y Earthquake Research Institute, University of Tokyo, Tokyo 113-0032
88Department of Physics, University of Tokyo, Tokyo 113-0033
89Tokyo Institute of Technology, Tokyo 152-8550
90Tokyo Metropolitan University, Tokyo 192-0397
NUtkal University, Bhubaneswar 751004
92Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
93Wayne State University, Detroit, Michigan 48202
94Yamagata University, Yamagata 990-8560
SYonsei University, Seoul 120-749

® (Received 5 February 2019; published 14 June 2019)

We report measurements of the production cross sections of charged pions, kaons, and protons as a
function of fractional energy, the event-shape variable called thrust, and the transverse momentum with
respect to the thrust axis. These measurements access the transverse momenta created in the fragmentation
process, which are of critical importance to the understanding of any transverse-momentum-dependent
distribution and fragmentation functions. The low transverse-momentum part of the cross sections can be well
described by Gaussians in transverse momentum as is generally assumed but the fractional-energy
dependence is nontrivial and different hadron types have varying Gaussian widths. The width of these
Gaussians decreases with thrust and shows an initially rising, then decreasing fractional-energy dependence.
The widths for pions and kaons are comparable within uncertainties, while those for protons are significantly
narrower. These single-hadron cross sections and Gaussian widths are obtained from a 558 fb~! data sample
collected at the Y(4S) resonance with the Belle detector at the KEKB asymmetric-energy ete™ collider.

DOI: 10.1103/PhysRevD.99.112006

I. INTRODUCTION

Transverse-momentum-dependent parton distribution
(PDF) and fragmentation functions (FF) have gained
substantial interest due to the emergence of transverse spin
dependent phenomena. The most well-known transverse-
momentum-dependent effects in semi-inclusive deeply
inelastic scattering (SIDIS) are related to the Sivers
function [1] and the Collins FF [2]. Both have been
measured, first at HERMES [3,4], and since confirmed
by COMPASS [5-7] as well as by Belle, BABAR and
BESIII in the case of the Collins FFs [8—11]. They will play
an important role in the future electron-ion collider to pin
down the transverse-momentum structure of the nucleon
and its transverse spin (see [12] for details on the planned
measurements). However, at present, for any transverse-
momentum-dependent distribution (TMD) the explicit
transverse-momentum dependence is only poorly measured
at best. The reason is that in most processes a convolution
of several transverse momenta is involved (such as in SIDIS
[13,14]), or that the statistical precision of several

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

measurements is not sufficient, yet. Some direct access
to the transverse-momentum dependence of the polarized
Collins FFs has been achieved by BABAR [10,15], but little
is known about the transverse-momentum dependence of
unpolarized fragmentation functions. Some old data for
inclusive, unidentified hadron cross sections from e™e~
annihilation does exist [16,17]. An attempt at fitting these
data was made, including the scale dependence [18], but the
precision of the data is very limited. Also the SIDIS data
has been fit by two groups [19,20], but the groups differ in
their conclusions while explicit information for only the
fragmentation part is necessary. Furthermore, in order to
relate the TMD effects in SIDIS and ete™ to the large
inclusive asymmetries measured in proton-proton colli-
sions [21-23], transverse-momentum integrals over the
TMDs are needed to arrive at the higher-twist functions
relevant there [24-26]. Another important aspect of TMDs
that is yet to be addressed in more detail is the scale
dependence, which is expected [27] to be different from the
collinear Dokshitzer, Gribov, Lipatov, Altarelli, Parisi
(DGLAP) [28-30] evolution but again lacks data.

In this paper we present the unpolarized cross sections
for single charged pion, kaon as well as proton production
as a function of fractional energy, transverse momentum,
and thrust where the reference axis is given by the thrust
axis. These measurements are then related to the unpolar-
ized single-hadron fragmentation functions D’f(z,kT, 0)

112006-3
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with fractional energy z =2E,/\/s, and transverse
momentum k; at the scale Q = \/s. Experimentally, the
transverse momentum of the hadron is calculated relative to
the thrust axis i which maximizes the event-shape variable
thrust 7 [31]:

o S0, PEVS
> lPS]

The sum extends over all detected particles, and P{MS
denotes the momentum of particle / in the center-of-mass
system, CMS.

As the thrust variable describes how collimated all
particles in an event are, the results are presented in bins
of this value.

The paper is organized as follows: the detector setup and
reconstruction criteria are detailed in Sec. II, in Sec. III the
various corrections to get from the raw spectra to the final
cross sections are discussed. In Sec. IV the results are shown
and compared to Monte Carlo (MC) tunes before we proceed
to study the transverse-momentum behavior via Gaussian fits
for small transverse momenta. We conclude with a summary
in Sec. V. (Note: Additional figures and data files are
available online in the Supplemental Material [32].)

(1)

II. BELLE DETECTOR AND DATA SELECTION

This single-hadron cross-section measurement is based on
adata sample of 558 fb~! collected with the Belle detector at
the KEKB asymmetric-energy e™e™ (3.5 GeV on 8 GeV)
collider [33,34] operating atthe Y'(4S) resonance (denoted as
on-resonance), as well as a smaller data set taken 60 MeV
below for comparison (denoted as continuum).

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector
(SVD), a 50-layer central drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement of
time-of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(TI) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux return located outside of the coil is
instrumented to detect K9 mesons and to identify muons.
The detector is described in detail elsewhere [35,36].
A 1.5 cm beampipe with 1 mm thickness and a four-layer
SVD and a small-cell inner drift chamber were used to
record 558 fb~! [37].

The primary light (uds)- and charm-quark simulations
used in this analysis were generated using PYTHIAG.2 [38],
embedded into the EVTGEN [39] framework, followed by a
GEANT3 [40] simulation of the detector response. The
various MC samples were produced separately for light
(uds) and charm quarks, and on the generator level several
JETSET [41] settings were produced in order to study their
impact. For generator level MC to data comparisons, long-
lived weak decays, which normally are handled in GEANT,
were allowed in EVTGEN. In addition, we generated

charged and neutral B meson pairs from Y(4S) decays
in EVTGEN, 7 pair events with the KKMC [42,43] generator
and the TAUOLA [44] decay package, and other events with
either PYTHIA or dedicated generators [45] such as for two-
photon processes.

A. Event and track selection

The goal of this analysis is to extract hadron cross
sections from uds and charm pair events. Therefore events
are required to have a visible energy of all detected charged
tracks and neutral clusters above 7 GeV (to remove 7 pair
events) and either a heavy-jet mass (the greater of the
invariant masses of all particles in a hemisphere as
generated by the plane perpendicular to the thrust axis)
above 1.8 GeV/c? or aratio of the heavy-jet mass to visible
energy above 0.25. Also, events need to have at least three
reconstructed charged tracks, which reduces two-photon
processes. The thrust value is calculated as described
above, where all detected particles and neutral clusters
are included. For the charged particles, the mass hypothesis
for the identified particle type is taken into account when
boosting into the CMS. The thrust axis is required to point
into the barrel part of the detector by having a z component
f1,| < 0.75 in order to reduce the amount of thrust-axis
smearing due to undetected particles in the forward/back-
ward regions. Tracks are required to be within 4 cm (2 cm)
of the interaction point along (perpendicular to) the
positron beam axis. Each track is required to have at least
three SVD hits and fall within the polar-angular acceptance
of —0.511 < cosfy, < 0.842 in order to have Particle
Identification (PID) information from all relevant PID
detectors. The fractional energy of each track is required
to exceed 0.1 and the transverse momentum with respect to
the thrust axis is then calculated in the CMS as illustrated in
Fig. 1. Also a minimum transverse momentum in the

FIG. 1. [Illustration of transverse-momentum-dependent single
hadron fragmentation where the final-state hadron is depicted as a
red arrow, the incoming leptons as blue arrows, and the event
plane—spanned by leptons (blue lines) and initial quarks/thrust
axis n (purple line)—is depicted as a light blue plane. The
transverse momentum P,7 is calculated relative to the thrust axis
and depicted by the red, dashed line.
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laboratory frame with respect to the beam axis of
100 MeV/c is imposed to ensure the particles traverse
the magnetic field.

B. PID selection

To apply the PID correction according to the PID
efficiency matrices used in previous results [46], the same
selection criteria are applied first to define a charged track
as a pion, kaon, proton, electron or muon. This information
is determined from normalized likelihood ratios that are
constructed from various detector responses. If the muon-
hadron likelihood ratio is above 0.9, the track is identified
as a muon. Otherwise, if the electron-hadron likelihood
ratio is above 0.85, the track is identified as an electron. If
neither of these applies, the track is identified as a kaon by a
kaon-pion likelihood ratio above 0.6 and a kaon-proton
likelihood ratio above 0.2. Pions are identified with the
kaon-pion likelihood ratio below 0.6 and a pion-proton
ratio above 0.2. Finally, protons are identified with kaon-
proton and pion-proton ratios below 0.2. Here, and in the
remaining sections of this presentation, protons will refer to
combinations of protons and antiprotons unless the charge
is explicitly mentioned. While neither muons nor electrons
are considered explicitly for the single hadron analysis,
they are retained as necessary contributors for the PID
correction, wherein a certain fraction enters the pion, kaon,
and proton samples under study.

III. HADRON ANALYSIS AND CORRECTIONS

In the following sections, the hadron yields are extracted
and, successively, the various corrections are applied and the
corresponding systematic uncertainties are determined to
arrive at the single hadron differential cross sections
d*c(ete” — hX)/dzdP,;dT depending on fractional
energy z, transverse momentum P,r, and thrust value 7'

A. Binning and cross-section extraction

For the hadron cross section, a (z, P,r) binning of 18
equidistant z bins from 0.1 to 1.0 and 20 equidistant Pz
bins from 0 to 2.5 GeV/c¢ is chosen. The thrust values are
separated into six bins with boundaries at 0.5, 0.7, 0.8,
0.85, 0.9, 0.95, and 1.0. Due to the correlation between
total hadron energy and transverse momentum, the range in
P, is kinematically limited at low z bins.

The distributions of thrust for the selected hadron samples
are displayed in Fig. 2, where the different processes are
depicted. It can be seen that uds and charm events peak at
high thrust values, which is why in the following most
corrections and results are displayed in the 0.85 < 7 < 0.9
thrust bin. The results of other bins are shown in the
Supplemental Material [32], as are logarithmic versions of
the thrust contributions.

B. PID correction

Following Ref. [46], particle misidentification is
addressed in a very fine binning of 17 laboratory momen-
tum and nine polar angular bins. In each bin the particle
misidentification matrix between true and detected particle
types is reconstructed using five particle hypotheses (pions,
kaons, protons, muons, and electrons) based on decays of
D*t, A, and J/y from data where the actual particle type
can be inferred from the decay chain. In the boundaries of
the acceptance, MC information needs to be included to
determine all matrix entries. These boundary bins are
extrapolated either directly from the MC or by following
the bins filled by data using only the behavior of the MC.
The particle yields are then corrected using the inverse
matrices and their uncertainties, and the uncertainties due to
these MC extrapolations are assigned as systematic uncer-
tainties. The corrections have a moderate effect on the
hadron yields, with slight increases of the pion yields and
reductions of kaon yields at low z, mostly due to pion-kaon
misidentification. At higher z, kaon yields increase at the
expense of proton yields with increasing transverse
momentum. The ratios relative to the uncorrected hadron
yields are shown in Fig. 3 for an intermediate thrust bin.
The behavior for other thrust bins is similar.

C. Non-qq background correction

Several processes that are not part of the fragmentation
function definitions need to be removed from the initial
yields. These include the two-photon processes e"e™ —
ete uin, ete™ > etedd, ete™ — etess, and ete™ —
ete cc, as well as 7 pair production and the Y'(4S) decays
via either charged or neutral B meson pairs. These con-
tributions are extracted from MC and are directly subtracted
from the luminosity-normalized yields. For all hadrons, the
contributions from these processes are minor and only
reach larger relative contributions in the higher transverse-
momentum tails where two-photon processes and, for the
pions also 7 decays, contribute to more than 10% of the
yields. A large amount of Y(4S) background has to be
removed for low thrust values, and in particular at lower z
values, but at high thrust and high z this contribution
becomes negligible as the thrust variable very effectively
discriminates against Y(4S) decays.

Apart from the uncertainties due to the MC statistics
used to determine these non-gg contributions, their relative
sizes are also varied by 4+-1.4% for z production [47] and a
factor of 5 for the two-photon contributions. The reason for
this large factor in the two-photon contributions originates
from the fact that not all possible diagrams are included in
the MC generator. Those uncertainties are then assigned as
systematic uncertainties for the non-gg removal. The total
relative background contributions for pions in an inter-
mediate thrust bin, 0.85 < T < 0.9, can be seen in Fig. 4.
For kaons, the Y(4S) decay contributions are even more
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FIG. 2. Contributions to the thrust distributions from various processes for the reconstructed pion (left), kaon (center), and proton
(right) yields at the Y'(4.5) resonance. From bottom to top, the stacked contributions from eec¢ (yellow), eess (dark blue), eeuit (purple),
77~ (light green), Y(4S) — B* B~ (violet), Y(4S) — B°B° (dark green), charm (blue), and uds (red) are shown. For comparison, the
data for continuum (turquoise, denoted as “data cont”) and on-resonance (orange, denoted as “data res”) are also shown. The black
vertical lines display the thrust bin boundaries used in this analysis.
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more than 80% of the yields before rapidly decreasing with ~ hadrons studied here increases their contribution at higher
z and thrust value. For protons, the Y(4S) contributions are ~ transverse momenta disproportionately. Also the initial
again less dominant. It should be noted that the large = momentum of the B mesons is small which enhances
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correction step.
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FIG. 4. Contributions to the pion cross sections for various processes as a function of the transverse momentum for bins in z for
positive pions in the thrust bin 0.85 < 7' < 0.9. From bottom to top, the stacked contributions from eecc (yellow), eess (dark blue),
eeuii (purple), 77~ (light green), Y(4S) — B* B~ (violet), Y (4S) — BB (dark green), charm (blue) and uds (red) are shown. For
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the possibility to find decay hadrons at high transverse
momenta.

D. Momentum-smearing correction

The momentum-smearing correction takes into account
the momentum smearing in the detector as well as the
smearing of the hadron transverse momentum due to the
corresponding smearing of the thrust axis and its value.
While the thrust axis is a good proxy for the initial quark-
antiquark axis, the initial quark-antiquark axis itself is only
meaningful in a leading-order picture. As such, we do not
correct the axis smearing to the quark-antiquark axis but
only to the true thrust axis based on all generated stable
particle momenta. Examples of the thrust angular resolu-
tions are shown in the Supplemental Material [32]. The
unfolding is performed using a singular-value decomposi-
tion technique [48] as implemented in ROOT [49] taking
into account only the z x P,y x T bins kinematically
accessible. At small z, the diagonal elements dominate
the matrices, but at higher z the thrust algorithm biases the
thrust axis closer to the high-z hadron. The optimal
regularization parameter for this unfolding is chosen as

prescribed by the authors of the unfolding algorithm [48].
As the determination of the correct regularization parameter
is not simple for such large matrices, a variation of the rank
parameter of up to 300 units is assigned as a systematic
uncertainty. Additionally, the uncertainties due to the
unfolding itself and the corresponding MC statistics are
kept as systematic uncertainties. All previously extracted
uncertainties are also unfolded.

The final after-to-before ratio plots are displayed in
Fig. 5 as a function of z and P, bins, where one can see
that predominantly the ratios are around unity at moderate z
and transverse momenta and increase for larger transverse
momenta and higher z. The smearing correction is mostly
similar for all particle types except for the larger transverse-
momentum tails where differences are visible. The behav-
ior for other thrust ranges is similar.

E. Preselection and acceptance correction

As a next step, the reconstruction efficiencies and
acceptance efficiencies are corrected for. These corrections
are performed in two steps to better understand the effects
of the reconstruction and preselection, and the effects
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function of P, for the thrust bin 0.85 < T < 0.9. Each panel corresponds to one z bin for the corresponding hadrons. The error bars
represent the systematic uncertainties assigned for this correction step.

purely due to using only the barrel acceptance for this
analysis. At this correction stage, the restriction of the
thrust axis pointing into the central area of the detector is
lifted as well as the 100 MeV/c minimal laboratory
transverse-momentum requirement for tracks. Within the
barrel acceptance, the corrections are generally moderate
and only increase slightly with increasing transverse
momentum, except for high fractional energies where
the corrections appear to be falling slightly with increasing
Pr. With the exception of protons at lower z close to the
mass threshold, pions, kaons, and protons behave very
similarly. The corresponding figures for the ratios of yields
after acceptance corrections can be seen in Fig. 6 for pions,
kaons, and protons.

Correcting from the barrel acceptance to the full accep-
tance affects higher transverse momenta more, where the
angle between the thrust axis and the hadron gets large and
thus also the possibility to miss the barrel. Pions, kaons,
and protons again behave similarly with the exception of
the very lowest z bins, where the differences in actual
momentum are relevant. For both correction steps, the
statistical uncertainties of correction factors from the MC
samples are included as systematic uncertainties. In the

second acceptance correction, the variation of the correc-
tion factor with fragmentation tunes (JETSET settings
optimized for various collision systems and energies) is
included as systematic uncertainties. As the latter would
move the central values up or down for all bins, they are
considered correlated.

F. Weak decays

Weak decays are in principle not part of the fragmenta-
tion function definitions and might alter the applicability of
DGLAP [28-30] or other evolution schemes. However, in
practice, many weak decays cannot be experimentally
removed and one has to rely on information from MC.
Because of this additional uncertainty, weak decays are
often no longer removed from reported fragmentation
results. In this analysis we provide cross sections either
containing all weak decays or removing all of them based
on MC. The relative fraction of weak decays is different for
the various hadron types. For pions, light-quark production
via strong decays dominates, while charm decays provide
pions mostly through weak decays. These contributions
are not flat in transverse momentum and weak decays at
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intermediate z have a larger contribution at intermediate
transverse momenta around 1 GeV/c. In contrast, at even
higher transverse momenta, strong charm decays provide a
sizable contribution. For kaons, the transverse momentum
and z behavior is similar but the overall fraction of weak
decays is larger due to the preferred charm decays into
kaons. For protons, charm decays are generally less
pronounced while hyperon decays of light (including
strange) quarks provide many weak-decay channels. For
the weak-decay corrected results, systematic uncertainties
for this correction are assigned based on the statistical
uncertainties from the MC and the variation of the PYTHIA
fragmentation tune.

G. ISR correction

Initial-state radiation (ISR) is treated similarly to the
previous publication [50] by comparing the cross section in
MC with and without ISR effects. As shown in Fig. 7, at
low transverse momenta, these effects are very minor and
only the accessibility of higher z events creates increasingly
larger non-ISR cross sections. However, ISR changes
the boost of the hadronic system and its thrust axis, and
therefore accumulates hadrons at larger transverse

momenta which produces a very substantial fraction of
events at high transverse momenta. The origin of this
increase is confirmed by explicitly reconstructing the
boosted quark-antiquark system in the presence of ISR
photons and comparing it to the nominal transverse
momentum. Due to relying on MC to correct for ISR
effects, the variation between several fragmentation tunes is
taken as an additional systematic uncertainty and is in many
bins the dominant systematic uncertainty. The central value
of the ISR correction for various tunes has been used for the
correction. Especially at the higher z bins, the differences
between tunes become substantial in the transverse-momen-
tum tails. These uncertainties again affect all bins and are
treated as correlated uncertainties. The statistical uncertain-
ties of the MC sample used to calculate these ratios are also
assigned as uncorrelated systematic uncertainties.

H. Consistency checks and total
systematic uncertainties

In addition to the systematic uncertainties based on
the various corrections previously described, there are
two global uncertainties due to the luminosity evaluation
(1.4%) and the track reconstruction (0.35%). The overall
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bin-by-bin systematic uncertainties are summarized in
Fig. 8. It can be seen that generally the systematic
uncertainties dominate and all systematics increase with
increasing transverse momentum. The systematic uncer-
tainties in turn are generally dominated by the uncertainties
from the variation of PYTHIA fragmentation tunes in the
various correction steps. The uncertainties from the smear-
ing correction are also substantial, particularly at larger
transverse momenta. The bin-by-bin systematic uncertain-
ties are kept separate for all correlated and uncorrelated
uncertainties, as those need to be treated differently when
using the cross-section data to extract the widths of
Gaussian fits to the P,y dependence or perform global
fragmentation fits. In the cross-section result figures of the
next section, they are however displayed as the quadratic
sum.

Before combining opposite charges, their consistency
has been confirmed. Also a second data set taken below the
T(4S) resonance is found to be consistent such that no
additional systematic uncertainties need to be assigned. The
consistency with the previously published transverse-
momentum and thrust-integrated cross sections [51] is
confirmed after applying the same ISR correction method
to the previous analysis.

IV. RESULTS

The differential cross sections for pions, kaons, and
protons as a function of fractional energy and transverse
momentum are given in Fig. 9 for an intermediate thrust
bin. Due to the large uncertainties in them, z bins above
0.85 are not displayed. The behavior is generally quite
similar between hadron types. Only the proton cross
sections have a steeper transverse-momentum dependence
than the light mesons. At lower transverse momenta, the
behavior resembles a Gaussian which is also generally
assumed for TMD fragmentation functions, while the tails
extend further than the Gaussians. However, the systematic
uncertainties in the tails are generally too large to conclude
much about their behavior.

A. Widths of P,; dependence

Motivated by the dependence in the lower transverse-
momentum region, a Gaussian dependence is fit to the data
in this region as can be seen in Fig. 10 for pions as a
function of P%T (so the Gaussian distribution appears as a
straight line on a single logarithmic plot). The statistical
uncertainties are included in this fit while the systematic
uncertainties are assessed by varying the individual
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contributions according to their own uncertainties using a
sampling method with 70 000 iterations. The correlations
between transverse-momentum bins are taken into account
for the corresponding uncertainties since they are separated
into fully correlated and uncorrelated contributions. At
present the correlations are only considered between P
bins, not between z or thrust bins. It is expected that while
global variations of the latter could have a substantial
impact on the absolute magnitude of the cross sections, the
shape of the Gaussian behavior is less affected. After each
uncertainty-sampling iteration, the Gaussian width is fit
again. The mean value and 32 percentile ranges above and
below the mean are determined from the distributions over
all iterations. Their differences to the main fit are then
assigned as upper and lower systematic uncertainties on the
Gaussian widths. The inclusion of correlated systematic
uncertainties between different P, bins generally reduces
the uncertainties on the Gaussian widths as the variation of
points moves all points similarly up or down while the
shape stays more robust. The range in P,y used in the
Gaussian fit is varied and the resulting variation of the fit
results is assigned as an additional systematic uncertainty
on the Gaussian widths. At intermediate fractional energies,

the fit ranges were motivated by the nonperturbative range
of transverse momenta below 1 GeV. However, in particular
at very small and large fractional energies, the number of
points becomes limited, resulting in very large uncertainties
on these widths. Those z bins for which either the main fit
fails or the uncertainties on the widths covers zero or unity
are not shown.

The extracted Gaussian variances for pions, kaons, and
protons are then summarized in Fig. 11 as a function of z in
the 0.85 < T < 0.9 thrust bin. At very low z the phase
space is very limited and consequently the Gaussian widths
are not very well constrained. A similar behavior is also
relevant at very large fractional energies. In the intermedi-
ate z range, the widths are mostly similar for pions and
kaons but those for pions are generally slightly smaller.
Protons, however, have substantially narrower widths at
intermediate fractional energies while being closer to pions
and kaons at low and high z. This might point to the
differences in production mechanisms for mesons and
baryons, as for the latter the production of di-quark pairs
is additionally needed. In all cases the Gaussian widths are
increasing with z until around 0.6 before decreasing again
at higher fractional energies.
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FIG. 13. Gaussian widths as a function of z for kaons and thrust

0.7 < T < 0.8 (black circles and boxes), thrust 0.8 < 7' < 0.85
(blue squared and boxes), thrust 0.85 < T < 0.9 (green triangles
and boxes), thrust 0.9 < T < 0.95 (magenta triangles and boxes)
and 095 < T < 1.0 (red circles and boxes). The error boxes
represent the corresponding systematic uncertainties.

It is also interesting to study the behavior of the Gaussian
widths for the different thrust ranges. These are shown for
pions in Fig. 12. At very low thrust, any reference direction
is as good as any other, resulting in a nearly flat distribution
of transverse momenta. Consequently, the Gaussian widths
cannot be well extracted or become very large. For all other
thrust ranges, the widths show the same general behavior:
increasing toward intermediate z before decreasing again.
They are ordered according to the thrust ranges with the
lowest thrust having the largest widths and vice versa. This
correlation can be understood by the high-thrust limit,
where the event is very collimated along the thrust axis and
therefore little transverse momentum with respect to this

N§ 1j E‘ p/p070<T < o.soE] p/F0.80<T< 0.85|:’ p/F 0.85<T <0.90
O, : Dp/§0.90<T<0.QSBp/§O.95<T<1.00
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z

FIG. 14. Gaussian widths as a function of z for protons and

thrust 0.7 < T < 0.8 (black circles and boxes), thrust 0.8 < T <
0.85 (blue squared and boxes), thrust 0.85 < 7 < 0.9 (green
triangles and boxes), thrust 0.9 < 7' < 0.95 (magenta triangles
and boxes) and 0.95 < T < 1.0 (red circles and boxes). The error
boxes represent the corresponding systematic uncertainties.

axis is available. The behavior of the Gaussian widths for
different thrust bin values is also shown for kaons and
protons in Figs. 13 and 14, respectively. For kaons, the
same narrowing of the widths with increasing thrust can be
seen as observed for the pions. Also for the protons, the
thrust dependence is similar but the uncertainties start to
overlap in many z bins, making the effect less pronounced.

B. MC generator comparison

One can study the behavior of various PYTHIA tunes on
the transverse-momentum dependence. It should be noted
that the overall z dependence has already been discussed in
previous publications [50,51], showing that only a few
tunes are reasonably close to the actual data, while others
either largely overshoot or undershoot them, particularly at
high z. The Gaussian widths, however, are not sensitive to
either the z behavior nor the overall normalization. In
PYTHIA they are very directly related to the variable ParJ
(21), which ranges between 0.28 and 0.4 in these tunes and
describes the Gaussian widths for primary hadrons within
the LUND string model [41]. The Gaussian widths are
partially also sensitive to the variable ParJ(42), which
ranges from 0.54 to 0.80 and describes the inverse of
the width of the transverse mass in the LUND string model.
With the exception of the old Belle tune [ParJ(21) = 0.28],
all tunes have very similar Gaussian widths and reproduce
both the small and larger fractional energies well. At
intermediate z, the PYTHIA default tune and the tunes with
larger ParJ(21) seem to get closest to the data but fail to
fully describe the maximum widths. The comparison for
intermediate thrust values can be seen in Fig. 15.

The individual pion, kaon and proton cross sections as a
function of fractional energy, thrust value and transverse
momentum as well as the extracted Gaussian widths are
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FIG. 15. Gaussian widths as a function of z for charged pions

(black circles and boxes) in comparison to various PYTHIA tunes.
The error boxes represent the corresponding systematic uncer-
tainties. Fit statistical and range uncertainties for the MC samples
are representatively visualized for the PYTHIA default setting only
as the filled area.

provided online in the Supplemental Material [32] together
with cross section and Gaussian width figures for other
thrust bins.

V. SUMMARY

We provide the first direct transverse-momentum-
dependent single-hadron production cross sections in
ete™ collisions at /s = 10.58 GeV for pions, kaons, and
protons as a function of fractional energy z and the thrust
value. In addition, it is found that a Gaussian functional form
describes well the transverse-momentum dependence at
small transverse momenta. The Gaussian widths vary with
z and thrust. This data will help to understand the intrinsic
transverse-momentum dependence generated in the frag-
mentation process. Such input is needed to obtain a better
theoretical description of the various transverse-momentum-
dependent and related higher-twist effects visible in trans-
verse spin asymmetries in semi-inclusive deep inelastic
scattering, proton-proton collisions and electron-positron
annihilation. This information also leads the way toward
high-precision measurements of TMD effects at the electron-
ion collider. In addition, these results provide the unpolarized
baseline for any polarized, transverse-momentum-dependent
fragmentation functions such as the Collins FF.
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