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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 eþe− → ηþ X, normalized by the total cross section of eþe− → hadrons, is
measured at eight center-of-mass energy points from 2.0000 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.
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Fragmentation functions (FFs) describing the hadroni-
zation of color-carrying partons into color-neutral particles
are a key nonperturbative ingredient of the quantum
chromodynamics (QCD) factorized cross section, which
separates the perturbative hard part of the cross section
from the nonperturbative 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 distribu-
tion 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 nonperturbative 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 measurements 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 addi-
tional 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 eþe− collisions, pp colli-
sions, and semi-inclusive deep inelastic scatterings [8,9].

The QCD analysis has shown good agreement with eþe−
and proton-proton collisions so far by including the only
available eþe− data at a center-of-mass (c.m.) energy (

ffiffiffi

s
p

)
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 eþe− annihi-

lation, eþe− → hþ 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

σðeþe− → hadronsÞ
dσðeþe− → hþ XÞ

dph
; ð1Þ

where σðeþe− → hadronsÞ represents the total cross sec-
tion for eþe− 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
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denotes the relative
energy of the produced hadron h with mass Mh.
This Letter, for the first time, reports a measurement of

the process eþe− → ηþ 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 perturbative 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 calcula-
tions of η production in eþe− annihilation. In the analysis,
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the data reported in this Letter are implemented into the
global study of η meson FFs, after considering the highest
precision pQCD calculation 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 datasets 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

Δph
fh; ð2Þ

where Nobs
had represents the number of observed hadronic

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

h denotes the number of eþe− → hþ X events within a
specific momentum range Δph. The factor fh, described
later in detail, is a correction factor accounting for the
global detection efficiency and the initial state radiation
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 eþe− → γγ events are removed
by applying dedicated requirements on the electromagnetic
calorimeter (EMC) shower information. 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 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
eþe− → eþe−, μþμ−, and γγ processes, while KKMC [22]
and EvtGen [23] are utilized for the eþe− → τþτ− 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 (Ntot

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

had ¼ Ntot
had − Nbkg.

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
(j cos θj < 0.80), and more than 50 MeV in the end cap
region (0.86 < j cos θj < 0.92), where θ is defined with
respect to the z axis, which is the symmetry axis of the
multilayer 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° 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
compared to η in the inclusive hadronic events [24], the
photons originating from π0 are excluded when recon-
structing η. If a pair of photons in one event has an invariant
mass within ð115; 155Þ MeV=c2, which covers 5 times the
π0 mass resolution, both photons in that pair are discarded.
A test using the control sample J=ψ → KþK−πþπ−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 back-
ground due to photon miscombinations, the helicity vari-
able of the η candidate, defined as jEγ1 − Eγ2j=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

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

ffiffiffi

s
p

(GeV) L (pb−1) Ntot
had Nbkg

2.0000 10.074 350 298� 591 8722� 93
2.2000 13.699 445 019� 666 10 737� 103
2.3960 66.869 1 869 906� 1365 47 550� 218
2.6444 33.722 817 528� 902 21 042� 145
2.9000 105.253 2 197 328� 1478 56 841� 238
3.0500 14.893 283 822� 531 7719� 87
3.5000 3.633 62 670� 249 1691� 41
3.6710 4.628 75 253� 273 6461� 80
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among others the signal process eþe− → ηþ X is
contained.
The η candidates are divided into different momentum

intervals with the bin width Δpη ¼ 0.1 GeV=c, approxi-
mately 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 accounting for 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 ∈ ð0.4; 0.5Þ GeV=c at
ffiffiffi

s
p ¼ 2.9000 GeV, where the higher background at the
low mass region is caused by the miscombinations involv-
ing 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 that 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°.
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 sum-
marized 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 ¼
N̄tru

h ðoffÞ
N̄tru

hadðoffÞ =
N̄obs

h ðonÞ
N̄obs

hadðonÞ
: ð3Þ

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 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. In this Letter, N̄obs

η ðonÞ is determined
with a similar fit to the MðγγÞ 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 LUARLW

model 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 exper-
imental 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 the MðγγÞ 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 determination 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 ð111; 159Þ 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 → KþK−πþπ−η events are compared between
data and MC simulation. The average relative difference,
i.e., 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 MðγγÞ spectrum. For the signal, the crystal ball
function [53] is used as an alternative model. Moreover, the
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FIG. 1. The MðγγÞ distributions for η candidates, with
pγγ ∈ ð0.4; 0.5Þ GeV=c at

ffiffiffi

s
p ¼ 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 uncertainty of the
data, is shown on the bottom of the figure.

PHYSICAL REVIEW LETTERS 133, 021901 (2024)

021901-3



different requirements of the match angle, which are 20°
and 30°, 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 Chebyshev 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 generation
fractions of the exclusive processes containing the η
mesons, which make up the inclusive process eþe− →
ηþ 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 correc-
tion factors fη relative to the nominal ones are regarded as
systematic uncertainties.
All these individual systematic uncertainties are regarded

as uncorrelated with each other and therefore are summed
in quadrature. The normalized differential cross sections for
the inclusive η production in eþe− annihilation 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) parametriza-
tion at the next-to-leading order [7]. The AESSS FFs are

extracted using data of η production in eþe− annihilation
with

ffiffiffi

s
p

≂ 10, 30, and 90 GeV, and pp collisions with
ffiffiffi

s
p

≂ 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 frame-
work [55,56] for FF extractions. It consists of a pure next-
to-leading order analysis, based on leading-twist pQCD
factorization theorems for eþe− 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 datasets 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 new

extraction of η FFs [27,57] based on the available η
production data in eþe− annihilation experiments, namely
the datasets included in Ref. [7], except for the unpublished
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 eþe− annihilation data are considered. For the
first time, data at

ffiffiffi

s
p

< 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 contributions 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) that confirms the disagreement between the AESSS
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FIG. 2. Normalized differential cross sections of the eþe− → ηþ 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 eþe− 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
∝ logð1 − zÞ. The normalized differential cross section in terms of z is shown in the Supplemental Material [27].
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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 eþe− produc-
tion 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
datasets that have c.m. energy around 10.5 GeV. At last,
higher twist effects are commonly introduced in PDF
analysis when incorporating low-energy data, such as
JLab data in Ref. [61]. They are taken into account as
extra fit parameters that parametrize an additional 1=Q2

dependence to the leading twist expression of the observ-
able. 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 eþe− → ηþ X processes, using
data samples collected from

ffiffiffi

s
p ¼ 2.0000 to 3.6710 GeV.

The results obtained in this work fill this particular energy
region where no such kind of measurements 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 Neural Network Fragmentation
Functions (NNFF) [62] or Melbourne-Adelaide-Perugia
Fragmentation Functions (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.
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