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Using data samples with a total integrated luminosity of 253 pb~! collected by the BESIII detector
operating at the BEPCII collider, the differential cross sections of inclusive z* and K* production, as a
function of the momentum and normalized by the total hadronic cross section, are measured at center-of-
mass energies from 2.000 to 3.671 GeV. The measured z* cross sections are consistent with the previously
reported 7° cross sections by BESIIL, while the K= cross sections are systematically higher than the K
cross sections by a factor of approximately 1.4. These new results are in agreement with state-of-the-art
QCD analyses at next-to-next-to-leading-order accuracy, particularly in the large hadron momentum region
at energy scales down to 3 GeV. These findings support the validity of isospin symmetry in parton

fragmentation processes.
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Single inclusive hadron production in electron-positron
annihilation (SIA) provides direct insights into the hadro-
nization process in a controlled and clean environment. It
enhances our understanding of how quarks and gluons
fragment into hadrons, which is crucial for advancing our
knowledge of quantum chromodynamics (QCD) and for
accurately modeling hadron production in various high-
energy processes. The typical experimental observable in
SIA is

1 do(ete” - h+X)
o(eTe™ — hadrons) dpy,

N

where o(eTe™ — hadrons) is the cross section for ete™
annihilation to all possible hadronic final states (referred to
as inclusive hadronic events hereafter), p, represents the
momentum of the identified hadron A, X refers to every-
thing else. This observable in high-energy collisions can be
factorized using the QCD factorization theorem [1], which
allows it to be expressed as a convolution of perturbative
hard-part coefficients and nonperturbative fragmentation
functions (FFs). At leading order in ay, this observable can
be interpreted as £, e3[D(z, u) + DA(z, )], where e, is the
fractional charge of the quark ¢, and DZ /q(z, u) is the FF
presenting the probability density that an outgoing
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parton (quark ¢ or antiquark g) produces a hadron #A.
The parameter y is the factorization scale, typically chosen
to be the center-of-mass (c.m.) energy +/s. The dimension-

less variable z = 24/ p3c? + Mic*/\/s denotes the relative

energy of hadron i with mass M.

In eTe™ collisions, a broad range of measurements is
available for the single inclusive production of identified
light charged hadrons, including z*, K*, p/p, as well as
unidentified charged hadrons, which have been summa-
rized comprehensively, e.g., in Table IV of Ref. [2]. These
measurements are primarily concentrated in the higher-
energy region. The Belle [3,4] and BABAR [5] Collabo-
rations have performed precision measurements at around
10.5 GeV. In the energy region below 10 GeV, the only
available measurements of inclusive z*/K* production
come from the DASP experiment [6] conducted in 1978,
mainly focusing on the contribution of charm to charged
hadron production near the charm threshold. However,
there is a gap in measurements at lower-energy scales,
especially in the continuum region 2-3 GeV. In this Letter,
we present a study of the processes ete™ — 7t /K* + X
using datasets collected at eight c.m. energies from 2.000 to
3.671 GeV, with z coverage from 0.13 to 0.95 and from
0.30 to 0.95 for z* and K=, respectively. The results
provide a unique opportunity to test QCD factorization at
low-energy scales and to assess the consistency of charged
hadron production between e'e~ collisions and semi-
inclusive deep inelastic scattering measurements from
COMPASS [7], HERMES [8], and Jefferson Lab [9].
Furthermore, with a variety of identified final-state
hadrons, it allows for the exploration of intriguing QCD
phenomena, such as testing isospin symmetry. In particular,
recent comparisons of the yields of Kg and K* in
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high-energy nuclear collisions suggest potential violations
of isospin symmetry, which contradicts the conclusions
derived from mass measurements of these particles [10]. The
SIA process, as the cleanest process to detect particle pro-
ductions, provides a unique and precise probe for inves-
tigating such fundamental effects and clarifying the role of
isospin symmetry in the parton fragmentation processes.

The datasets used in this Letter were collected with the
BESIHI detector [11] running at BEPCII [12]. Experi-
mentally, the normalized differential cross section for the
inclusive production of the identified z*/K* in Eq. (1) is
determined with

NOlis 1
xt K+
L )
Nl aptr
where N;ﬁs/Ki is the number of ete™ — 7t/K* +X

events within a certain momentum range Ap (referred to
as the momentum bin hereafter), N2 represents the num-
ber of observed hadronic events in the e ¢~ annihilation at
a given c.m. energy, and f, g+ is the correction factor
accounting for the detection efficiency and initial-state
radiation effects.

To identify the signal events, the inclusive hadronic
events are first selected [13]. The dominant background
processes ete™ — eTe~ (Bhabha scattering) and ete™ —
yy are rejected by applying dedicated requirements on the
showers recorded by the electromagnetic calorimeter. In the
remaining events, a set of selection criteria are implemented
to identify the good charged tracks (prongs). Events with
zero or one prong are removed to suppress the contribution
of quantum-electrodynamics (QED) related and beam-
associated backgrounds. For events with two or three
prongs, further requirements are employed to suppress
QED-related backgrounds. Events with more than three
prongs are regarded as hadronic events directly. More
details of the selection of inclusive hadronic events are
described in Ref. [13].

Although comprehensive selection criteria have been
used to select the inclusive hadronic events, residual
background still exists in the data. The yields of residual
QED-related background events are estimated by analyzing
the corresponding Monte Carlo (MC) simulation samples,
which are produced based on the Geant4 software [14]. In
these simulations, the geometric description of the BESIII
detector and its interaction with particles are implemented.
The background processes ete™ — ete™, utu~, and yy
are generated by the BABAYAGA3.5 tool [15]. At
/s =3.671 GeV, which is above the threshold of 7tz
pair production, the e"e™ — 777~ process is simulated
with the KKMC program [16], and the decay of the 7 lepton
is modeled by EvtGen [17,18]. The two-photon processes
ete” > ete™X with X=-eTe (uTu), n(y), and
atx~(KTK™) are simulated using the generators DIAG36

[19], EKHARA [20], and GALUGA20 [21], respectively.
In addition, the beam-associated background is estimated
with a sideband method developed in Ref. [13]. A variable
V' representing the average vertex position along the
beam direction of all charged tracks is used to estimate the
beam-associated background, with events in the sideband
region of V¢ assumed to be beam associated.

Table I summarizes the integrated luminosities, the
number of total selected inclusive hadronic events
(NPY), and the total remaining background events
(Npg) at each c.m. energy, where Nioj = Ni% — Nyjg.

From the inclusive hadronic events, the 7*/K* mesons
are selected with the particle identification (PID), which
combines the measurements of the specific ionization
energy loss in the multilayer drift chamber (MDC) and
the flight time from interaction point to the time-of-flight
counter to form the probability P(h)(h = =, K, p) under
each hadron hypothesis. The charged track is identified as
the hadron species resulting in the highest probability.
Because of the misidentification effect, the raw counts
(N}EY) obtained after applying the PID requirements and
subtracting the normalized numbers of remaining back-
ground tracks in each momentum bin are written as

> €N, (3)

g=n.K.p

N =

where N;ES is the number of hadron ¢g* free of misidenti-

fication. The €:_,+ terms stand for the particle identi-
fication (¢ = h) or misidentification (g # h) efficiencies,
which constitute a PID efficiency matrix. Accordingly, the
transition from the raw counts to the observed counts
requires the inversion of the PID efficiency matrix. In our
Letter, the contamination of the electron or muon to z/K
sample is strongly suppressed due to the selection criteria
of hadronic events and is therefore neglected. Nevertheless,
these contributions are considered in the systematic uncer-
tainty study. In addition, the misidentifications from the
oppositely charged hadrons are ignored due to the corre-
sponding low efficiencies.

The PID efficiencies are studied using the z= control
sample via J/y — n*7n~2% K* via J/y - KYK*x T, and

+

TABLEI. The integrated luminosities and the numbers of total
selected hadronic and residual background events in different
c.m. energies.

Vs (GeV) L (pb~" Ny Nyke
2.0000 10.074 350298 £ 592 8722 £ 94
2.2000 13.699 445019 £ 668 10737 £ 104
2.3960 66.869 1869906 + 1368 47550 £219
2.6444 33.722 817528 £905 21042 £ 146
2.9000 105.253 2197328 £ 1483 56841 £ 239
3.0500 14.893 283822 £ 533 7719 £ 88
3.5000 3.633 62670 £ 251 1691 £42
3.6710 4.628 75253 £275 6461 + 81
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the proton via J/y,y(3686) - pprtz~. To avoid pos-
sible bias introduced by the difference between the signal
and control samples, the PID efficiencies are evaluated, and
the corresponding NZES are extracted in each momentum

versus ten bins in cos € bin (p, cos 6), where 0 is the polar
angle with respect to the symmetry axis of the MDC. The
contributions to ;aiw/ - from the residual QED-related and
beam-associated backgrounds are subtracted. The domi-
nant background contribution is from Bhabha events,
which is at most 10% in a few bins [22] and negligible
in the other bins. The number of observed z/K® in each
momentum bin is obtained by summing over all the cos 6
bins, i.e.,

10
N (i) = D N (0. )). (4)

J=1

where N;lf/ «- () is the number of observed z* /K~ in the

ith momentum bin, and N;ZS/Ki(i, J) is that in the ith
momentum and jth cos @ bin.

The inclusive hadronic events are simulated with the
LUARLW generator [13,23,24], in which, among others, the
signal processes eTe” — 7t/K* + X are included. A
detailed comparison between the MC sample and the
experimental data shows that the LUARLW model can
reasonably describe the kinematic distributions of signal
events in the data. The correction factor f - g+ can be

written as

ATtru A70bs
Srtjge = Nfi/Ki(Off) N’_[i/Ki (on) (5)
" Niza(off) * Npzs(on)

where the variable N denotes the number of events
determined from the inclusive hadronic MC sample, either
after the detector reconstruction, similar to the experimental
data, with superscript “obs” or at truth level with super-
script “tru.” The terms “on” and “off” in the parentheses
indicate that the corresponding quantities are extracted
from the inclusive hadronic MC sample with or without
simulating the initial-state radiation process, respectively.
To avoid misidentification in the determination of
N;Es/ <= (on), a match between the reconstructed at/K*
candidates and truth-level z*/K* mesons is performed
instead of applying the PID on the MC sample. The
reconstructed 7% /K* candidate is matched with a truth-
level 7t/K* meson if the opening angle (match angle)
between their momenta is the smallest and less than 5°.
The sources of the systematic uncertainty in this analysis
are categorized into two groups: those associated with the
correction factor f,« JK*> such as the MC model and the
requirement of the match angle, and those related to the

experimental observable N9 . /N, including the PID

efficiency matrix, the misidentification from electrons and
muons, and the hadronic event selection.

The dominant systematic uncertainty in this analysis is
introduced by the MC simulation model of the inclusive
hadronic events. The generated fractions of the exclusive
processes containing z* and K*, which make up the signal
processes eTe” — 7t /K* + X, directly affect the correc-
tion factors f,+ and f-. To investigate the corresponding
uncertainty, the HYBRID model [13,25,26] is used as an
alternative to simulate the inclusive hadronic events and
reevaluate the correction factors. In the HYBRID model, by
taking the corresponding measured cross sections and
production mechanisms into account, much knowledge
of the allowed exclusive processes in the BESIII energy
region is implemented. The relative differences of the
correction factors obtained with the nominal and alternative
MC models are regarded as systematic uncertainties.
Higher uncertainties in the higher-momentum region are
observed, which are due to the different production cross
sections and intermediate kinematics of some few-body
exclusive channels containing #* and K* between the two
models. The systematic uncertainty due to the match angle
requirement is estimated by varying the acceptance thresh-
old from 5° to 10°.

To estimate the systematic uncertainty arising from the
PID efficiency matrix, a MC sampling method is applied.
Since electrons and muons could also be produced in the
decay of some unstable intermediate hadrons, their con-
tributions to the raw counts through misidentification
should be considered. To evaluate this contribution, we
first employ the same angle match method, as used in the
extraction of N ff/ P determine the number of observed
e* /u* in the LUARLW MC sample. Then, the PID require-
ments are applied on the observed e* /u* to determine their
contributions to N;aiw/ Kt After normalization based on the
luminosity of the data, these contributions are subtracted

from the nominal N]rfi“; K+ and the resulting relative devia-

tions in Ni'f/ g+ are taken as the systematic uncertainties.
The uncertainty due to the imperfect simulation of various
kinematic variables for the signal events is estimated by
independently varying each selection criterion, increasing
or decreasing it by 1 standard deviation of its resolution
from the nominal value. The maximum changes of the
normalized differential cross sections are regarded as the
systematic uncertainties. All these individual systematic
uncertainties are regarded as uncorrelated with each other
and therefore are summed in quadrature. The numbers are
summarized in Supplemental Material [27].

The normalized differential cross section for the inclu-
sive 7 and K* production in e e~ annihilation at eight
c.m. energies are shown in Fig. 1 and tabulated in
Supplemental Material [27]. A new global data fit is
performed for #* and K* FFs at next-to-next-to-leading
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FIG. 1. Normalized differential cross sections of ete™ — zt +

X and eTe” — K* + X. The points with error bars are the
measured values, where the uncertainties are the quadrature sum of
the corresponding statistical and systematic uncertainties. Note that
the observable has been scaled by an artificial factor in the plots, and
the line through the bin center is to group the points according to
their center-of-mass energy. The cross section of the process
ete™ — K* + X exhibits enhancements in the high-momentum
regions. These enhancements may be attributed to contribu-
tions from the process ete” — K3¥(1430)K¥, K7 (1400)KT,
Ki{(1270)K7F [31,32].

order (NNLO) under the Nonperturbative Physics
Collaboration (NPC) framework [2,28] by incorporating
existing SIA world data [2] and our new results. The same
parametrizations for FFs as in Ref. [2] are adopted. We have

symmetries among favored (unfavored) quark FFs as in
Ref. [2]. Taking z* FFs as examples, we have assumed the
charge conjugation symmetry D7 (z, Q) = D% (z,Q) for
all scale Q, and flavor symmetries at the starting scale Q,

among favored quark FFs D% (z,Q,) = D’; (z,0p) and
unfavored  quark  FFs D% (z,Q0) = D% (z,Qy),
D% (z,Q0) = D¥ (z.Qy). Because of the limitation of
pure SIA data, we have applied an additional constraint
that the s quark FF shares the same shape as the # quark FF
at the starting scale Q. This results in a total of 26 and 24
free parameters for 7+ and K* FFs, respectively. To ensure
the validity of factorization and perturbative QCD (pQCD)
calculations, only the results satisfying /s > 3 GeV and
E;, > 0.8 GeV for BESIII measurements are employed in
the fit. Figure 2 illustrates the comparison between the
experimental results and the fit at 3.050 and 3.671 GeV.
The overall ;(2/Np, values are 294.5/365 = 0.81 and
230.5/343 = 0.67 for n*, K, respectively, while those
for BESII z* and K* data are 73.4/76 = 0.97 and
67.2/76 = 0.88, respectively. As shown by the green
and red bands for z* and K*, respectively, the fitting
results based on the newly extracted FFs can reasonably
well explain the data in regions where BESIII data are
included in the global analysis. This indicates the validity

assumed charge conjugation symmetry and flavor  of QCD factorization and fixed-order pQCD calculations at
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FIG. 2. Normalized differential cross sections of e*e™ — 7z + X and e*e~ — K* + X. The points with error bars are the measured
values, where the uncertainties are the quadrature sum of the corresponding statistical and systematic uncertainties. The 7° and K9
results at the same center-of-mass energies from previous measurements at BESIII [33] are also shown. The green and red bands denote
the “NPC” NNLO calculations [2,28] with 16 limits, based on new global analyses by including SIA world data [2] and our new results.
The blue band is the “NPC” NNLO calculation for K by using K* fragmentation functions via isospin symmetry. Only the
measurements on the right of the dotted lines are employed in the fit.
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energy scales /s down to 3 GeV. In the low-momentum
region, however, the data exhibit discrepancies compa-
red to theoretical predictions from fixed-order pQCD
calculations. This discrepancy arises primarily due to small
z-logarithmic enhancements and higher-twist contribu-
tions, which become increasingly relevant in this regime
[29,30] and are not included in the NPC fits based on
NNLO calculations. Our results in this region provide
valuable new inputs for advancing theoretical investiga-
tions in QCD.

The combination of the new z*, K* and the previous z°,
Kg measurements at BESIII [33] allows for a test of the
isospin symmetry. The measurements of the neutral pion
and kaon were conducted independently, strategically
taking advantage of 7° —yy and K% — ztz~ decay
processes, thereby avoiding misidentification of signals.
As shown in Fig. 2, the measured 7z~ cross sections are
consistent with those of 7, indicating isospin symmetry in
the hadronization process of pion production, which can be
expressed in terms of the FFs as D* = %(D;’+ + D7) for
any parton i. However, the measured K* cross sections are
systematically higher than those of K. To understand the
yield difference between K* and K9, we start with the new
K* FFs extraction mentioned above, from which we form a
new set of Kg FFs via SU(2) isospin symmetry. The isospin
symmetry of K% and K* FFs has been used in global

analyses of kaon FFs [29,34], and reads D;(g = % (fo—f—
D(I;f), with ¢’ =u, d if g=d, u, otherwise ¢ = ¢ .
Utilizing the derived Kg FFs, theoretical predictions on
the Kg yield are made, as illustrated by the blue band in
Fig. 2, and show consistency with the BESIII K results in
kinematic regions where the K= FFs fit is performed. This
provides the first support for isospin symmetry at energy
scales below 10 GeV in z* /7 and K* /K% fragmentation
processes. The yield difference between K* and K9 is
mainly due to the exchange of u and d quark FFs while
applying the isospin symmetry, in contrast with the
pion case.

In summary, we have measured the normalized differ-
ential cross sections of the e*e™ — 7% /K* + X processes
using data samples collected from +/s =2.000 to
3.671 GeV, with z coverage from 0.13 to 0.95 and from
0.30 t0 0.95 for #* and K+, respectively. The data precision
can reach around 1(2)% at z ~ 0.3-0.5 for z* (K*). The
QCD-based analyses at NNLO under the NPC framework
show that, in particular momentum regions, the data can be
described reasonably well by pQCD calculations at energy
scales down to 3 GeV using extracted FFs. The z* yield
aligns well with a set of independent z° measurements at
BESIII [33]. At E, > 0.8 GeV, although a higher K*
production cross section is observed compared to that of K g

production, our Letter supports the isospin symmetry in
parton fragmentation processes. Our results fill a parti-
cular energy region where sparse inclusive charged hadron
SIA data have been reported before. They provide new
ingredients for future FF global data fits, thereby enhancing
our understanding of hadronization in the relatively low-
energy region.
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