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Using data samples collected with the BESIII detector operating at the BEPCII storage ring, the
cross section of the inclusive process e+e− → η+X, normalized by the total cross section of e+e− →
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hadrons, is measured at eight center-of-mass energy points from 2.0000 GeV to 3.6710 GeV. These
are the first measurements with momentum dependence in this energy region. Our measurement
shows a significant discrepancy compared to the existing fragmentation functions. To address this
discrepancy, a new QCD analysis is performed at the next-to-next-to-leading order with hadron
mass corrections and higher twist effects, which can explain both the established high-energy data
and our measurements reasonably well.

Fragmentation Functions (FFs) describing the
hadronization of color-carrying partons into color-
neutral particles are a key non-perturbative ingredient
of the Quantum Chromodynamics (QCD) factorized
cross-section, which separate the perturbative hard part
of the cross section from the non-perturbative part.
Gaining precise knowledge of various FFs will help us to
understand the mechanism of hadron production, hence
improving our understanding of the color confinement
property of QCD at long distance. In addition, FFs
play indispensable roles in constraining the proton
spin configuration and the nuclear parton distribution
functions (PDFs), and probing the transport properties
of the hot and dense QCD medium created in relativistic
heavy-ion collisions [1–3].

Different from PDFs, FFs provide us with other rich
ingredients to explore the non-perturbative aspects of
QCD, due to the various hadrons produced in fixed
target and collider experiments, while PDFs are mainly
limited to protons [1]. In the state-of-the-art measure-
ments of FFs, most of the efforts are devoted to pions
and kaons owing to their more abundant production
yields [4]. Currently, there is still a lack of measurements
of η mesons. Compared to pions and kaons, η mesons
are expected to provide additional information about the
hadronization process as their wave function contains all
light quarks and antiquarks [5–7]. In addition, due to
the universality property of FFs, one can relate the η
production in e+e− collisions, pp collisions, and semi-
inclusive deep inelastic scatterings (SIDIS) [8, 9]. The
QCD analysis has shown good agreement with e+e−

and proton-proton collisions so far by including the only
available e+e− data at a center-of-mass (c.m.) energy
(
√
s) above 9 GeV [7]. This work tests the validity of a

factorized QCD framework at low energy region.
It is well known that the single inclusive e+e− annihi-

lation, e+e− → h + X, where h is an identified hadron
under investigation and X represents everything else,
provides an effective way to study collinear FFs [4]. A
widely measured experimental observable is

1

σ(e+e− → hadrons)

dσ(e+e− → h+X)

dph
, (1)

where σ(e+e− → hadrons) represents the total cross
section for e+e− annihilation to all possible hadronic final
states (referred to as inclusive hadronic events hereafter),
and ph denotes the momentum of the identified hadron h.
The observable can be interpreted, in terms of the leading
order of αs, as

∑
q e

2
q[D

h
q (z,

√
s) + Dh

q̄ (z,
√
s)], where eq

is the fractional charge of the quark q, and Dh
q/q̄(z,

√
s) is

the FF of quark q or antiquark q̄ at c.m. energy
√
s. The

variable z ≡ 2
√
p2hc

2 +M2
hc

4/
√
s denotes the relative

energy of the produced hadron h with mass Mh.
This Letter, for the first time, reports a measurement

of the process e+e− → η+X at eight c.m. energy points
from 2.0000 to 3.6710 GeV, with a z coverage from
0.3 to 0.9. Such a special energy coverage is expected
to be very sensitive to the initial parametrization of
FFs, and can test the convergence of fixed order pertur-
bative QCD (pQCD) calculations based on leading twist
factorization involving final state hadron production [10–
12]. In addition, a comprehensive QCD analysis is
performed by involving both experimental measurements
and theoretical calculations of η production in e+e−

annihilation. In the analysis, the data reported in this
Letter are implemented into the global study of η meson
FFs, after considering the highest precision pQCD calcu-
lation at next-to-next-to-leading order (NNLO) [13], the
mass corrections [14, 15], and the possible contributions
from higher twist [11, 12]. The analysis not only indicates
the importance of the BESIII measurement in exploring
the η meson hadronization mechanism, but also serves as
a testing ground for the validity of QCD factorization at
leading twist for inclusive hadron production and their
associated fixed order pQCD calculations.
The data sets used in this Letter were collected with

the BESIII detector [16] running at BEPCII [17]. Experi-
mentally, the normalized differential cross section charac-
terizing the inclusive production of identified hadron h,
as described in Eq. (1), can be determined with

Nobs
h

Nobs
had

1

∆ph
fh, (2)

where Nobs
had represents the number of observed hadronic

events in the e+e− annihilation at a given c.m. energy,
and Nobs

h denotes the number of e+e− → h + X events
within a specific momentum range ∆ph. The factor fh,
described later in detail, is a correction factor accounting
for the global detection efficiency and the initial state
radiation (ISR) effects. Since both Nobs

had and Nobs
h are

obtained from the same data sample, the integrated
luminosity used in the cross section measurement cancels.
For the first step of this analysis, the hadronic

events are identified using the same selection criteria as
described in Ref. [18]. The Bhabha and e+e− → γγ
events are removed by applying dedicated requirements
on the electromagnetic calorimeter (EMC) shower infor-
mation. Subsequently, a series of criteria are applied to
select good charged tracks. Events with less than two
good charged tracks are removed to suppress background
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processes. For events with two or three good charged
tracks, further requirements are employed to suppress
the QED-related backgrounds. Events with more than
three good charged tracks are regarded as hadronic events
directly. Details of the selection of the inclusive hadronic
events can be found in Ref. [18].

Despite comprehensive selection criteria being applied
to identify the inclusive hadronic events, there are
still residual background events in the data. The
numbers of the QED-related backgrounds are estimated
by analyzing the corresponding Monte Carlo (MC)
simulation samples. The geant4-based [19] programs
are used to produce these MC samples, where the
geometric description of the BESIII detector [20] and the
interaction between secondary particles and the detector
material are included. The babayaga3.5 [21] package
is used to generate the e+e− → e+e−, µ+µ−, and γγ
processes, while kkmc [22] and evtgen [23] are utilized
for the e+e− → τ+τ− process. The two-photon processes
are simulated by dedicated MC generators [18]. The
beam-associated background events are estimated using a
sideband method [18]. Table I summarizes the integrated
luminosities, the number of total selected hadronic events
(N tot

had) and the total remaining backgrounds (Nbkg) at
each c.m. energy, where Nobs

had = N tot
had −Nbkg.

TABLE I. The integrated luminosities, the numbers of total
selected hadronic and residual background events at eight c.m.
energy points.

√
s (GeV) L (pb−1) N tot

had Nbkg

2.0000 10.074 350298 ± 591 8722 ± 93
2.2000 13.699 445019 ± 666 10737 ± 103
2.3960 66.869 1869906 ± 1365 47550 ± 218
2.6444 33.722 817528 ± 902 21042 ± 145
2.9000 105.253 2197328 ± 1478 56841 ± 238
3.0500 14.893 283822 ± 531 7719 ± 87
3.5000 3.633 62670 ± 249 1691 ± 41
3.6710 4.628 75253 ± 273 6461 ± 80

From the selected inclusive hadronic events, the η
candidates are reconstructed via the η → γγ decay.
Photons are required to have a deposited energy in
the EMC of more than 25 MeV in the barrel region
(| cos θ| < 0.80), and more than 50 MeV in the end
cap region (0.86 < | cos θ| < 0.92), where θ is defined
with respect to the z-axis, which is the symmetry axis of
the multi-layer drift chamber. To exclude showers that
originate from charged tracks, the angle subtended by
the EMC shower and the position of the closest charged
track at the EMC must be greater than 10 degrees
as measured from the interaction point. To suppress
electronic noise and showers unrelated to the event, the
difference between the EMC time and the event start
time is required to be within [0, 700] ns. Since the yield
of π0 mesons is much higher comparing to η in the
inclusive hadronic events [24], the photons originating
from π0 are excluded when reconstructing η. If a pair
of photons in one event has an invariant mass within

(115, 155) MeV/c2, which covers five times the π0 mass
resolution, both photons in that pair are discarded. A
test using the control sample J/ψ → K+K−π+π−η
indicates that the exclusion of the π0 photons does not
introduce any bias to the invariant-mass distribution of η.
Moreover, a check using the MC sample of the inclusive
hadronic process demonstrates that the exclusion does
not induce any peaking background in the η invariant-
mass distribution. The remaining photons after veto
of π0 are paired to reconstruct the η candidates. To
suppress background due to photon mis-combinations,
the helicity variable of the η candidate, defined as |Eγ1−
Eγ2|/pγγ where Eγ1,2 represent the deposited energies of
photons and pγγ denotes the momentum of η candidate,
is required to be less than 0.8. In this analysis, the
inclusive hadronic events are simulated with the luarlw
generator [18, 25, 26], in which among others the signal
processes e+e− → η +X is contained.
The η candidates are divided into different momentum

intervals with the bin width ∆pη = 0.1 GeV/c, approx-
imately 6 times the momentum resolution of η. The
yield of η mesons in each momentum bin is determined
by an unbinned maximum likelihood fit. In the fit,
the signal is described by the signal shape of η, which
is extracted from the luarlw MC sample, convolved
with a Gaussian function corresponding to the difference
between data and MC. The background is modeled by
a second-order polynomial, except for a few momentum
bins where a third-order polynomial is used due to a
higher mis-combination background level. Figure 1 shows
the fit result of η candidates with pγγ ∈ (0.4, 0.5) GeV/c
at

√
s = 2.9000 GeV, where the higher background at

the low mass region is caused by the mis-combinations
involving the low energy photons. To extract the signal
shape of η from the luarlw MC sample, the truth-level
η mesons decaying to two photons are matched to the
reconstructed η candidates according to the momentum
direction. The reconstructed η candidate which has the
closest momentum direction relative to the truth-level
η is regarded as matched. In addition, the angle of
the momenta between truth-level η and its matched η
candidate is required to be less than 25 degrees. The
matched η candidates make up the signal sample of η and
their invariant-mass distributions are used as the signal
shapes in the fitting procedure. The obtained Nobs

η in
each momentum range of η at various c.m. energies are
summarized in the Supplemental Material [27].
The correction factor fh, which scales the observable

quantity Nobs
h /Nobs

had to determine the observable given
in Eq. (1) in each momentum bin, is extracted from the
inclusive hadronic MC sample and is expressed as:

fh =
N̄ tru

h (off)

N̄ tru
had(off)

/
N̄obs

h (on)

N̄obs
had(on)

. (3)

Here, N̄ denotes the number of events determined from
the inclusive hadronic MC sample, either at observable
level, similar to the experimental data, with superscript
“obs” or at truth level with superscript “tru”. The
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FIG. 1. The M(γγ) distributions for η candidates, with
pγγ ∈ (0.4, 0.5) GeV/c at

√
s = 2.9000 GeV. The fit results

are overlaid. The black points with error bars are data. The
red solid curve is the sum of fit functions, while the green solid
and blue dashed curves represent the signal and background,
respectively. The pull variable χ, defined as the residual
between data and total fit function, normalized by the uncer-
tainty of the data, is shown on the bottom of the figure.

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 ISR
process, respectively. In this Letter, N̄obs

η (on) is deter-
mined with a similar fit to the M(γγ) distribution of the
η candidates selected from the inclusive hadronic MC
sample.

Extensive comparisons between the luarlw generated
MC events and the experimental data show that the
luarlwmodel can reasonably reproduce the multiplicity
and kinematic quantity of the η mesons [27]. In addition,
good agreements are observed in terms of the invariant
mass spectra of η in different momentum bins between
experimental data and the inclusive hadronic MC sample.
Thus, the correction applied in this analysis is valid.
The calculated results of fη in the different η momentum
ranges are presented in the Supplemental Material [27].

The systematic uncertainties of the normalized differ-
ential cross section are mainly caused by the residual
deviations between the signal MC and data samples,
the reconstruction efficiency of the η candidates, the fit
scheme of theM(γγ) spectrum, and the simulation model
of the inclusive hadronic events.

The approach described in Ref. [24] is applied here
to estimate the uncertainty caused by the imperfect
simulation of signal events. Systematic uncertainties of
the differential cross section introduced by the determi-
nation of Nbkg are found to be negligible.
For the uncertainty of reconstructing the η candidates,

several factors are considered, including the identification
of photons, the exclusion of the π0 photons, and the
helicity requirement. The uncertainty in the photon
identification is estimated to be 1% per photon [52],
resulting in 2% uncertainty for each η meson. The

uncertainty due to the exclusion of the π0 photons is
evaluated by varying the nominal invariant-mass range
of π0 to (111, 159) MeV/c2. The differences of the
differential cross section are found to be negligible (less
than 1%). To estimate the uncertainty due to the η
helicity requirement, the η helicity distributions of the
J/ψ → K+K−π+π−η events are compared between data
and MC simulation. The average relative difference of 2%
is taken as the uncertainty.

To evaluate the uncertainty of the fit scheme, different
signal and background description functions are applied
to fit the M(γγ) spectrum. For the signal, the Crystal
Ball function [53] is used as an alternative model.
Moreover, the different requirements of the match angle,
which are 20 and 30 degrees, are utilized to extract the
alternative signal shapes from the signal MC sample.
For the background, the alternative models are obtained
by varying the order of the Chebychev polynomial. All
the resulting relative differences in the differential cross
sections are combined in quadrature, and taken as the
systematic uncertainty.

In this Letter, the dominant systematic uncertainty is
introduced by the MC simulation model of the inclusive
hadronic events. According to Eq. (3), the gener-
ation fractions of the exclusive processes containing
the η mesons, which make up the inclusive process
e+e− → η +X, directly affect the correction factors fη.
To address the corresponding uncertainty, the hybrid
generator, which was developed in Ref. [54] and improved
in Ref. [18], is used as an alternative model to reproduce
the inclusive hadronic events. The discrepancies observed
in the correction factors fη relative to the nominal ones
are regarded as systematic uncertainties.

All these individual systematic uncertainties are
regarded as uncorrelated with each other therefore are
summed in quadrature. The normalized differential cross
sections for the inclusive η production in e+e− annihi-
lation at the eight c.m. energy points are tabulated in
the Supplemental Material [27] and shown in Fig. 2.

The blue dotted curve in Fig. 2 represents a
theoretical prediction performed using the η FF from
the Aidala-Ellinghaus-Sassot-Seele-Stratmann (AESSS)
parametrization at the next-to-leading order [7]. The
AESSS FFs are extracted using data of η production in
e+e− annihilation with

√
s ≂ 10, 30, and 90 GeV, and

pp collisions with
√
s ≂ 200 GeV whose energy scales are

higher than the typical BESIII c.m. energies. The AESSS
study is based on the well-established de Florian-Sassot-
Stratmann (DSS) framework [55, 56] for FF extractions.
It consists of a pure next-to-leading order analysis, based
on leading-twist pQCD factorization theorems for e+e−

annihilation and pp collision processes, where the mass of
the η-meson is considered to be negligible and set to be
zero. The fit in Ref. [7] reveals good agreement among
data sets taken at different energy scales. However,
according to Fig. 2, the AESSS fit cannot describe the
previous data and the BESIII data at the same time.

The gray line in Fig. 2 shows the calculation with a
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FIG. 2. Normalized differential cross sections of the e+e− → η + X process. The points with error bars are the measured
values. The blue dotted curves denote the predictions by using the AESSS FFs, while the curves in gray denote the calculations
by using the newly extracted FFs from our fit based on the available η production data in e+e− annihilation and our BESIII
data. Notice that an upper cut of z < 0.95, where theoretical curves stop, is employed in our global analysis to avoid large
enhancement from threshold logarithms ∝ log(1 − z). The normalized differential cross section in terms of z is shown in the
Supplemental Material [27].

new extraction of η FFs [27, 57] based on the available
η production data in e+e− annihilation experiments,
namely the data sets included in Ref. [7], except for the
un-published BaBar data, and the BESIII data presented
in this Letter. The ratio of χ2/Nd.o.f. for this fit is
1.52 [27, 57] which is comparable to that of the AESSS fit
(1.91 [7]) where only the existing e+e− annihilation data
are considered. For the first time, data at

√
s < 5 GeV

are included in such a QCD-based analysis where the
analysis framework is extended to NNLO accuracy and
the hadron mass corrections and higher twist contribu-
tions are considered [27, 57]. The inclusion of BESIII
data in the original AESSS framework, namely a refit,
leads to a significantly large χ2/Nd.o.f. (12.79) which
confirms the disagreement between the AESSS fit and the
BESIII data. Each of the three major effects considered
in the new fit plays a fundamental role in achieving
the good agreement as shown in Fig. 2. Hadron mass
corrections are well known to be an important effect
in the fit of FFs of heavier hadron species, e.g., see
discussions in Refs. [14, 58, 59]. The extension to
NNLO has an important effect on the shape of the
observable in the lower-z region, as one can for example
explicitly see in the case of the NNLO parton-to-pion
FF fit for e+e− production in Fig. 4 of Ref. [60].
That analysis highlighted the importance of the higher
accuracy framework in order to perform a reasonable
fit including Belle and BaBar data sets which have

c.m. energy around 10.5 GeV. At last, higher twist effects
are commonly introduced in PDF analysis when incorpo-
rating low energy data, such as JLab data in Ref. [61].
They are taken into account as extra fit parameters
that parameterize an additional 1/Q2 dependence to
the leading twist expression of the observable. In this
analysis, both 1/Q2 and 1/Q4 dependence have to be
introduced in order to obtain a good fit. The analysis is
summarized in Supplemental Material [27] and detailed
in Ref. [57].

In summary, we have measured the normalized differ-
ential cross sections of the e+e− → η + X processes,
using data samples collected from

√
s = 2.0000 to

3.6710 GeV. The results obtained in this work fill this
particular energy region where no such kind of measure-
ments have been reported before. A QCD-based analysis
shows that in order to explain both high and low-energy
data, one needs to consider higher-order contributions
as well as higher twist effects. It would be interesting
to check if a more flexible approach, such as NNFF [62]
or MAPFF [63], could describe the data over the full
energy range. These new results in the relatively low
energy region provide special ingredients for FF studies,
moreover, they will help to enhance our understanding of
the QCD factorization theorem at the leading twist and
beyond.

The BESIII Collaboration thanks the staff of
BEPCII, the IHEP computing center and the



8

supercomputing center of USTC for their strong
support. This work is supported in part by National
Key R&D Program of China under Contracts Nos.
2020YFA0406400, 2020YFA0406300; National Natural
Science Foundation of China (NSFC) under Contracts
Nos. 11635010, 11735014, 11835012, 11935015,
11935016, 11935018, 11961141012, 12025502, 12035009,
12035013, 12061131003, 12192260, 12192261, 12192262,
12192263, 12192264, 12192265, 12221005, 12225509,
12235017, 12122509, 12105276, 11625523, 12205255,
12022512, 12035007, 12150410312; China Postdoctoral
Science Foundation under Contracts No. 2019M662152
and No. 2020T130636; the Fundamental Research
Funds for the Central Universities, University of
Science and Technology of China under Contract No.
WK2030000053; Guangdong Major Project of Basic
and Applied Basic Research No. 2020B0301030008;
the Chinese Academy of Sciences (CAS) Large-Scale
Scientific Facility Program; Joint Large-Scale Scientific
Facility Funds of the NSFC and CAS under Contract
Nos. U1832207, U1732263, U1832103, U2032111,
U2032105; CAS Key Research Program of Frontier

Sciences under Contracts Nos. QYZDJ-SSW-SLH003,
QYZDJ-SSW-SLH040; the CAS Center for Excellence in
Particle Physics (CCEPP); 100 Talents Program of CAS;
The Institute of Nuclear and Particle Physics (INPAC)
and Shanghai Key Laboratory for Particle Physics and
Cosmology; European Union’s Horizon 2020 research
and innovation programme under Marie Sklodowska-
Curie grant agreement under Contract No. 894790;
German Research Foundation DFG under Contracts
Nos. 455635585, Collaborative Research Center CRC
1044, FOR5327, GRK 2149; Istituto Nazionale di Fisica
Nucleare, Italy; Ministry of Development of Turkey
under Contract No. DPT2006K-120470; National
Research Foundation of Korea under Contract No. NRF-
2022R1A2C1092335; National Science and Technology
fund of Mongolia; National Science Research and
Innovation Fund (NSRF) via the Program Management
Unit for Human Resources & Institutional Development,
Research and Innovation of Thailand under Contract
No. B16F640076; Polish National Science Centre under
Contract No. 2019/35/O/ST2/02907; The Swedish
Research Council; U. S. Department of Energy under
Contract No. DE-FG02-05ER41374.

[1] A. Metz and A. Vossen, Prog. Part. Nucl. Phys. 91, 136-
202 (2016).

[2] K. M. Burke et al. [JET Collaboration], Phys. Rev. C
90, 014909 (2014).

[3] D. Everett et al. [JETSCAPE Collaboration], Phys. Rev.
C 103, 054904 (2021).

[4] R. L. Workman et al. [Particle Data Group], PTEP 2022,
083C01 (2022).

[5] J. Collins and T. C. Rogers, Phys. Rev. D 109, 016006
(2024).

[6] J. Gao, C. Liu, X. Shen, H. Xing and Y. Zhao,
arXiv:2401.02781 [hep-ph].

[7] C. A. Aidala et al., Phys. Rev. D 83, 034002 (2011).
[8] J. C. Collins, D. E. Soper and G. F. Sterman, Adv. Ser.

Direct. High Energy Phys. 5, 1-91 (1989).
[9] R. Brock et al. [CTEQ Collaboration], Rev. Mod. Phys.

67, 157-248 (1995).
[10] A. Deur, S. J. Brodsky and G. F. de Teramond, Nucl.

Phys. 90, 1 (2016).
[11] T. Liu and J. W. Qiu, Phys. Rev. D 101, 014008 (2020).
[12] E. L. Berger, T. Gottschalk and D. W. Sivers, Phys. Rev.

D 23, 99 (1981).
[13] A. Mitov and S. O. Moch, Nucl. Phys. B 751, 18-52

(2006).
[14] A. Accardi, D. P. Anderle and F. Ringer, Phys. Rev. D

91, 034008 (2015).
[15] S. M. Moosavi Nejad, M. Soleymaninia and

A. Maktoubian, Eur. Phys. J. A 52, 316 (2016).
[16] M. Ablikim et al. [BESIII Collaboration], Nucl. Instrum.

Meth. A 614, 345-399 (2010).
[17] C. Yu et al. Proceedings of IPAC2016, Busan, Korea,

2016.
[18] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.

Lett. 128, 062004 (2022).

[19] S. Agostinelli et al. [GEANT4 Collaboration], Nucl.
Instrum. Meth. A 506, 250-303 (2003).

[20] K. X. Huang et al., Nucl. Sci. Tech. 33, no.11, 142 (2022).
[21] C. M. Carloni Calame et al., Nucl. Phys. B 584, 459-479

(2000).
[22] S. Jadach, B. F. L. Ward and Z. Was, Comput. Phys.

Commun. 130, 260-325 (2000).
[23] D. J. Lange, Nucl. Instrum. Meth. A 462, 152-155 (2001).
[24] M. Ablikim et al. [BESIII Collaboration], Phys. Rev.

Lett. 130, 231901 (2023).
[25] B. Andersson, The Lund model (Cambridge University

Press, Cambridge, England, 1998).
[26] B. Andersson and H. M. Hu, arXiv:hep-ph/9910285 [hep-

ph].
[27] See the Supplemental Material at the link to be inserted

by the editor for more details of this analysis, which
includes Refs. [28–51].

[28] K. G. Chetyrkin, A. L. Kataev and F. V. Tkachov, Phys.
Lett. B 85, 277-279 (1979).

[29] P. J. Rijken and W. L. van Neerven, Phys. Lett. B 386,
422-428 (1996).

[30] P. J. Rijken and W. L. van Neerven, Nucl. Phys. B 487,
233-282 (1997).

[31] J. Blumlein and V. Ravindran, Nucl. Phys. B 749, 1-24
(2006).

[32] H. Albrecht et al. [ARGUS Collaboration], Z. Phys. C
46, 15 (1990).

[33] S. Abachi et al. [HRS Collaboration], Phys. Lett. B 205,
111-114 (1988).

[34] G. Wormser et al. Phys. Rev. Lett. 61, 1057 (1988).
[35] W. Bartel et al. [JADE Collaboration], Z. Phys. C 28,

343 (1985).
[36] D. D. Pitzl et al. [JADE Collaboration], Z. Phys. C 46,

1-7 (1990), [erratum: Z. Phys. C 47, 676 (1990)].

https://doi.org/10.1016/j.ppnp.2016.08.003
https://doi.org/10.1016/j.ppnp.2016.08.003
https://doi.org/10.1103/PhysRevC.90.014909
https://doi.org/10.1103/PhysRevC.90.014909
https://doi.org/10.1103/PhysRevC.103.054904
https://doi.org/10.1103/PhysRevC.103.054904
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.109.016006
https://doi.org/10.1103/PhysRevD.109.016006
https://arxiv.org/abs/2401.02781
https://doi.org/10.1103/PhysRevD.83.034002
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1103/RevModPhys.67.157
https://doi.org/10.1103/RevModPhys.67.157
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1016/j.ppnp.2016.04.003
https://doi.org/10.1103/PhysRevD.101.014008
https://doi.org/10.1103/PhysRevD.23.99
https://doi.org/10.1103/PhysRevD.23.99
https://doi.org/10.1016/j.nuclphysb.2006.05.018
https://doi.org/10.1016/j.nuclphysb.2006.05.018
https://doi.org/10.1103/PhysRevD.91.034008
https://doi.org/10.1103/PhysRevD.91.034008
https://doi.org/10.1140/epja/i2016-16316-6
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://doi.org/10.18429/JACoW-IPAC2016-TUYA01
https://doi.org/10.1103/PhysRevLett.128.062004
https://doi.org/10.1103/PhysRevLett.128.062004
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1007/s41365-022-01133-8
https://doi.org/10.1016/S0550-3213(00)00356-4
https://doi.org/10.1016/S0550-3213(00)00356-4
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1103/PhysRevLett.130.231901
https://doi.org/10.1103/PhysRevLett.130.231901
https://doi.org/10.1017/CBO9780511524363
https://arxiv.org/abs/hep-ph/9910285
https://arxiv.org/abs/hep-ph/9910285
https://doi.org/10.1016/0370-2693(79)90596-3
https://doi.org/10.1016/0370-2693(79)90596-3
https://doi.org/10.1016/0370-2693(96)00898-2
https://doi.org/10.1016/0370-2693(96)00898-2
https://doi.org/10.1016/S0550-3213(96)00669-4
https://doi.org/10.1016/S0550-3213(96)00669-4
https://doi.org/10.1016/j.nuclphysb.2006.04.032
https://doi.org/10.1016/j.nuclphysb.2006.04.032
https://doi.org/10.1007/BF02440829
https://doi.org/10.1007/BF02440829
https://doi.org/10.1016/0370-2693(88)90408-X
https://doi.org/10.1016/0370-2693(88)90408-X
https://doi.org/10.1103/PhysRevLett.61.1057
https://doi.org/10.1007/BF01413597
https://doi.org/10.1007/BF01413597
https://doi.org/10.1007/BF02440827
https://doi.org/10.1007/BF02440827


9

[37] H. J. Behrend et al. [CELLO Collaboration], Z. Phys. C
47, 1-10 (1990).

[38] D. Buskulic et al. [ALEPH Collaboration], Phys. Lett. B
292, 210-220 (1992).

[39] R. Barate et al. [ALEPH Collaboration], Eur. Phys. J. C
16, 613 (2000).

[40] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B
528, 19-33 (2002).

[41] O. Adriani et al. [L3 Collaboration], Phys. Lett. B 286,
403-412 (1992).

[42] M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 328,
223-233 (1994).

[43] K. Ackerstaff et al. [OPAL Collaboration], Eur. Phys. J.
C 5, 411-437 (1998).

[44] D. P. Anderle et al., Phys. Rev. D 96, no.3, 034028
(2017).

[45] V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phys. 15,
438-450 (1972).

[46] L. N. Lipatov, Yad. Fiz. 20, 181-198 (1974).
[47] G. Altarelli and G. Parisi, Nucl. Phys. B 126, 298-318

(1977).
[48] Y. L. Dokshitzer, Sov. Phys. JETP 46, 641-653 (1977).
[49] D. P. Anderle, F. Ringer and M. Stratmann, Phys. Rev.

D 92, no.11, 114017 (2015).

[50] D. de Florian et al., Phys. Rev. D 95, no.9, 094019
(2017).

[51] A. Accardi et al., Phys. Rev. D 93, no.11, 114017 (2016).
[52] M. Ablikim et al. [BESIII Collaboration], Phys. Rev. D

99, 011101 (2019).
[53] T. Skwarnicki, Ph.D. thesis Cracow, INP (1986).
[54] R. G. Ping et al., Chin. Phys. C 40, 113002 (2016).
[55] D. de Florian, R. Sassot and M. Stratmann, Phys. Rev.

D 76, 074033 (2007).
[56] D. de Florian, R. Sassot and M. Stratmann, Phys. Rev.

D 75, 114010 (2007).
[57] M. Li, D. P. Anderle, H. Xing and Y. Zhao,

arXiv:2404.11527 [hep-ph].
[58] S. Albino, B. A. Kniehl and G. Kramer, Nucl. Phys. B

803, 42-104 (2008).
[59] S. Albino et al., Phys. Rev. D 73, 054020 (2006).
[60] D. P. Anderle et al., Phys. Rev. D 95, 054003 (2017).
[61] J. F. Owens, A. Accardi and W. Melnitchouk, Phys. Rev.

D 87, 094012 (2013).
[62] V. Bertone et al. [NNPDF Collaboration], Eur. Phys. J.

C 77, no.8, 516 (2017).
[63] R. Abdul Khalek et al. [MAP (Multi-dimensional

Analyses of Partonic distributions)], Phys. Lett. B 834,
137456 (2022).

https://doi.org/10.1007/BF01551905
https://doi.org/10.1007/BF01551905
https://doi.org/10.1016/0370-2693(92)90633-F
https://doi.org/10.1016/0370-2693(92)90633-F
https://doi.org/10.1007/s100520000443
https://doi.org/10.1007/s100520000443
https://doi.org/10.1016/S0370-2693(02)01220-0
https://doi.org/10.1016/S0370-2693(02)01220-0
https://doi.org/10.1016/0370-2693(92)91795-B
https://doi.org/10.1016/0370-2693(92)91795-B
https://doi.org/10.1016/0370-2693(94)90453-7
https://doi.org/10.1016/0370-2693(94)90453-7
https://doi.org/10.1007/s100520050286
https://doi.org/10.1007/s100520050286
https://doi.org/10.1103/PhysRevD.96.034028
https://doi.org/10.1103/PhysRevD.96.034028
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1016/0550-3213(77)90384-4
https://doi.org/10.1103/PhysRevD.92.114017
https://doi.org/10.1103/PhysRevD.92.114017
https://doi.org/10.1103/PhysRevD.95.094019
https://doi.org/10.1103/PhysRevD.95.094019
https://doi.org/10.1103/PhysRevD.93.114017
https://doi.org/10.1103/PhysRevD.99.011101
https://doi.org/10.1103/PhysRevD.99.011101
https://doi.org/10.1088/1674-1137/40/11/113002
https://doi.org/10.1103/PhysRevD.76.074033
https://doi.org/10.1103/PhysRevD.76.074033
https://doi.org/10.1103/PhysRevD.75.114010
https://doi.org/10.1103/PhysRevD.75.114010
https://arxiv.org/abs/2404.11527
https://doi.org/10.1016/j.nuclphysb.2008.05.017
https://doi.org/10.1016/j.nuclphysb.2008.05.017
https://doi.org/10.1103/PhysRevD.73.054020
https://doi.org/10.1103/PhysRevD.95.054003
https://doi.org/10.1103/PhysRevD.87.094012
https://doi.org/10.1103/PhysRevD.87.094012
https://doi.org/10.1140/epjc/s10052-017-5088-y
https://doi.org/10.1140/epjc/s10052-017-5088-y
https://doi.org/10.1016/j.physletb.2022.137456
https://doi.org/10.1016/j.physletb.2022.137456

	Measurements of Normalized Differential Cross Sections of Inclusive  Production in e+e- Annihilation at Energy from 2.0000 to 3.6710 GeV
	Abstract
	References


