
ar
X

iv
:2

11
2.

13
21

9v
1 

 [
he

p-
ex

] 
 2

5 
D

ec
 2

02
1

Measurement of cross section of e+e− → φπ+π− at center-of-mass energies√
s=2.0000-3.0800 GeV

M. Ablikim1, M. N. Achasov10,c, P. Adlarson67, S. Ahmed15, M. Albrecht4, R. Aliberti28, A. Amoroso66A,66C,

M. R. An32, Q. An63,49, X. H. Bai57, Y. Bai48, O. Bakina29, R. Baldini Ferroli23A, I. Balossino24A, Y. Ban38,j,

K. Begzsuren26, N. Berger28, M. Bertani23A, D. Bettoni24A, F. Bianchi66A,66C , J. Bloms60, A. Bortone66A,66C ,

I. Boyko29, R. A. Briere5, H. Cai68, X. Cai1,49, A. Calcaterra23A, G. F. Cao1,54, N. Cao1,54, S. A. Cetin53A,

J. F. Chang1,49, W. L. Chang1,54, G. Chelkov29,b, D. Y. Chen6, G. Chen1, H. S. Chen1,54, M. L. Chen1,49,
S. J. Chen35, X. R. Chen25, Y. B. Chen1,49, Z. J Chen20,k, W. S. Cheng66C , G. Cibinetto24A, F. Cossio66C ,

X. F. Cui36, H. L. Dai1,49, X. C. Dai1,54, A. Dbeyssi15, R. E. de Boer4, D. Dedovich29, Z. Y. Deng1, A. Denig28,

I. Denysenko29, M. Destefanis66A,66C , F. De Mori66A,66C , Y. Ding33, C. Dong36, J. Dong1,49, L. Y. Dong1,54,

M. Y. Dong1,49,54, X. Dong68, S. X. Du71, Y. L. Fan68, J. Fang1,49, S. S. Fang1,54, Y. Fang1, R. Farinelli24A,
L. Fava66B,66C , F. Feldbauer4, G. Felici23A, C. Q. Feng63,49, J. H. Feng50, M. Fritsch4, C. D. Fu1, Y. Gao64,

Y. Gao38,j, Y. Gao63,49, Y. G. Gao6, I. Garzia24A,24B, P. T. Ge68, C. Geng50, E. M. Gersabeck58, A Gilman61,

K. Goetzen11, L. Gong33, W. X. Gong1,49, W. Gradl28, M. Greco66A,66C , L. M. Gu35, M. H. Gu1,49, S. Gu2,

Y. T. Gu13, C. Y Guan1,54, A. Q. Guo22, L. B. Guo34, R. P. Guo40, Y. P. Guo9,h, A. Guskov29,b, T. T. Han41,

W. Y. Han32, X. Q. Hao16, F. A. Harris56, K. L. He1,54, F. H. Heinsius4, C. H. Heinz28, T. Held4, Y. K. Heng1,49,54,
C. Herold51, M. Himmelreich11,f , T. Holtmann4, G. Y. Hou1,54, Y. R. Hou54, Z. L. Hou1, H. M. Hu1,54,

J. F. Hu47,l, T. Hu1,49,54, Y. Hu1, G. S. Huang63,49, L. Q. Huang64, X. T. Huang41, Y. P. Huang1, Z. Huang38,j ,
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Using data corresponding to an integrated luminosity of 651 pb−1 accumulated at 22 center-of-
mass energy points between 2.0000 and 3.0800 GeV by the BESIII experiment, the process e+e− →
φπ+π− is studied. The Born cross sections for e+e− → φπ+π− are consistent with previous results,
but with improved precision. A fit to the cross section is performed, which reveals contributions
from two structures: the first one has a mass of M = (2158+30

−33 ± 4) MeV/c2 and a width of Γ =

(218+81

−64 ± 5) MeV, and the second one has a mass of M = (2298+60

−44 ± 6) MeV/c2 and a width of

Γ = (219+117

−112 ± 6) MeV, where the first uncertainties are statistical and the second systematic.

I. INTRODUCTION

The study of the hadron spectrum is important to un-
derstand the non-perturbative behavior of quantum chro-
modynamics (QCD). For the low-energy region, the vec-
tor mesons ρ, ω, φ and their low-lying excited states are
copiously produced in e+e− collision experiments. The
experimental results for these states have been tabulated
by the Particle Data Group (PDG) [1], but the higher
lying excitations are not fully identified yet, especially
in the region around 2 GeV. Further measurements are
needed to resolve the situation involving resonances such
as the ρ(2000), ρ(2150) and φ(2170) states.

The φ(2170) resonance was first observed by the
BABAR Collaboration via the initial-state-radiation
(ISR) process e+e− → γISRφf0(980) [2], and later con-
firmed by the Belle, BESII, and BESIII experiments [3–
7]. This observation stimulated speculation that the
φ(2170) resonance might be a strangeonium counterpart
of the charmonium resonance ψ(4260) due to similarities
in their production and decay pattern [8]. Considerable
efforts have been made theoretically to understand the
nature of the φ(2170) resonance and abundant interpre-
tations have been proposed, including a traditional ss̄
state [9–14], an ss̄g hybrid [8, 15], an sss̄s̄ tetra-quark
state [16–23], a ΛΛ̄ bound state [24–28] and an ordinary
φKK̄ or φf0(980) resonance produced by interactions be-
tween the final state particles [29, 30]. The model pre-
dictions differ in both mass and width of the resonance.
Further experimental studies are therefore crucial to clar-
ify its nature.

Though many experiments have been carried out to
study the φ(2170) resonance [2–7, 31], the results of the
measurements vary substantially. For example, the mass
and width of the φ(2170) resonance obtained from the
process e+e− → γISRφπ

+π− [4] shows smaller values
than other experimental measurements. Recently, more
studies related to the φ(2170) resonance have been car-
ried out by the BESIII experiment. A partial-wave anal-
ysis of the e+e− → K+K−π0π0 process [32] found that

the partial widths of the φ(2170) resonance are sizable
for theK(1460)+K−, K1(1400)

+K−, andK1(1270)
+K−

decay channels, but much smaller forK∗(892)+K∗(892)−

and K∗(1410)+K−. Several theoretical expectations are
challenged by the results according to Ref. [9]. At-
tempts have also been made to study channels with sim-
pler topologies, including the processes e+e− → K+K−,
where a resonance with a mass of (2239.2 ± 7.1 ± 11.3)
MeV/c2 and a width of (139.8 ± 12.3 ± 20.6) MeV is
seen [33]; e+e− → φK+K− [34], where a sharp en-
hancement is observed in the Born cross section line-
shape at a center-of-mass (c.m.) energy of

√
s = 2.2324

GeV; e+e− → φη′ [35], where a resonance with a
mass of (2177.5 ± 5.1 ± 18.6) MeV/c2 and a width of
(149.0 ± 15.6 ± 8.9) MeV is seen; e+e− → ωη [38], a
resonance with a mass of (2179 ± 21 ± 3) MeV/c2 and
a width of (89 ± 28 ± 5) MeV is observed with a sig-
nificance of 6.1σ; e+e− → φη [36], a resonant struc-
ture is observed with parameters determined to be M
= (2163.5 ± 6.2 ± 3.0) MeV/c2 and Γ = (31.1+21.1

−11.6 ±
1.1) MeV; and e+e− → K0

SK
0
L [37], a resonant structure

around 2.2 GeV is observed, with a mass and width of
2273.7 ± 5.7 ± 19.3 MeV/c2 and 86 ± 44 ± 51 MeV re-
spectively. The Breit-Wigner parameters of φ(2170) are
not consistent between the different studies, especially
concerning the width.

In addition, a resonance-like structure called X(2400)
might exist around 2.4 GeV in the φπ+π− cross sec-
tion line-shape. The X(2400) was first studied by the
Belle [4] experiment. Later, Shen and Yuan [39] per-
formed a fit to the X(2400) structure using the combined
data of the Belle and BABAR experiments. The mass
and the width are determined to be (2436 ± 26) MeV/c2

and (121 ± 35) MeV, respectively. However, its statis-
tical significance is less than 3σ. An interpretation is
proposed for X(2400) as a partner state of the φ(2170)
resonance [40]. Therefore, a precise measurement of
e+e− → φπ+π− is desirable to establish the mass and
width of the φ(2170) resonance and to search for the pos-
sible structure near 2.4 GeV.

In this paper, we report the measurement of Born cross
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sections for the process e+e− → φπ+π− at 22 c.m. ener-
gies between 2.0000 and 3.0800 GeV.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [41] records symmetric e+e− col-
lisions provided by the BEPCII storage ring [42], which
operates with a peak luminosity of 1 × 1033 cm−2s−1 in
the c.m. energy range between 2.0000 and 4.9000 GeV.
BESIII has collected large data samples in this energy
region [43]. The cylindrical core of the BESIII detector
covers 93% of the full solid angle and consists of a helium-
based multilayer drift chamber (MDC), a plastic scintil-
lator time-of-flight system (TOF), and a CsI(Tl) electro-
magnetic calorimeter (EMC), which are all enclosed in
a superconducting solenoidal magnet providing a 1.0 T
magnetic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon iden-
tification modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end-cap)
region. The time resolution in the TOF barrel region is
68 ps, while that in the end-cap region is 110 ps. The
end-cap TOF system was upgraded in 2015 using multi-
gap resistive plate chamber technology, providing a time
resolution of 60 ps [44].

Simulated Monte Carlo (MC) samples of signal and
background processes are produced to optimize the event
selection criteria, determine the detection efficiency and
estimate the background contamination. The response
of the detector is reproduced using a geant4-based [46]
MC simulation software package, which includes the ge-
ometric and material description of the BESIII detector,
the detector response and digitization models.

Background samples of QED processes are produced
with the babayaga [47] generator and inclusive hadronic
processes are generated with the luarlw [48] generator.
Signal MC samples of the process e+e− → φπ+π− with
one million events are generated according to the result
of a Partial Wave Analysis (PWA) at each energy point
(detailed in Sec. V). The signal MC samples are used to
determine the reconstruction efficiency, and the correc-
tion factors for ISR and vacuum polarization (VP).

III. EVENT SELECTION AND BACKGROUND

ANALYSIS

Signal events of the e+e− → φπ+π− process are re-
constructed via the φ → K+K− decay. Charged track
candidates are reconstructed from hits in the MDC and
need to satisfy | cos θ| < 0.93, where θ is the polar an-
gle with respect to the symmetry axis of the MDC. The

closest approach to the interaction point is required to
be less than 10 cm along the symmetry axis and less
than 1 cm in the perpendicular plane. Combined TOF
and dE/dx information is used to perform the particle
identification (PID), obtaining probabilities for the π,K
and p hypotheses. The particle type with the largest
probability is assigned to each track. Since the tracking
efficiency decreases sharply in the low momentum region
below 0.5 GeV/c, and most kaon candidates are expected
to have a low momentum, one kaon is allowed to be miss-
ing in this study to increase the selection efficiency. A
candidate event is, therefore, expected to have two pions
and at least one kaon reconstructed.

A vertex fit to the π+π−K± combination is then ap-
plied and required to have converged for an event to be
kept for further analysis. For events with four charged
tracks, both π+π−K+ and π+π−K− combinations are
tested. Under the hypothesis that one kaon is missing,
a one-constraint (1C) kinematic fit is performed to the
combinations that are kept after the vertex fit. For each
event, the π+π−K± combination with the smallest χ2

of the 1C kinematic fit (χ2
1C(π

+π−KKmiss)) is retained.
Finally, events with χ2

1C ≥ 10 are rejected. After ap-
plying the selection criteria, we use the momenta of the
particles obtained from the kinematic fit in the further
analysis.
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FIG. 1: Distribution of Mπ+π− versus MK+K− for the data
at

√
s = 2.1250 GeV.

Events passing the selection criteria described above
are shown in Fig. 1 for the data at

√
s = 2.1250 GeV.

The invariant mass of the K+K− pairs shows a clear sig-
nal band around the φ mass. The enhancement around
0.98 GeV/c2 in the π+π− invariant mass indicates a cor-
relation between f0(980) and φ production due to the
process e+e− → φf0(980).

The distribution of theK+K− invariant mass is shown
in Fig. 2. The range of |MK+K− −mφ| < 0.01 GeV/c2

is regarded as the signal region in the following study,
where mφ = 1019.461 MeV/c2 is the world average φ
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FIG. 2: Fit to the MK+K− distribution for the data at
√
s =

2.1250 GeV: the signal is described by a P-wave Breit-Wigner
(BW) function convolved with a Gaussian function, and the
background is described by a reversed ARGUS function. The
range between the two red vertical solid lines is regarded as
signal region, and the ranges between the two blue vertical
dashed lines on each side of the signal peak are regarded as
the sideband regions.

mass from the PDG [1]. The sideband regions, defined
as [0.995,1.005] and [1.035,1.045] GeV/c2, are used to
study non-φ background contributions.
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FIG. 3: Dalitz plot of Mφπ+ versus Mφπ− for the data at√
s = 2.1250 GeV.

An accumulation of events exists around the mass of
the ρ meson in Fig 1, which can also clearly be seen in
the Dalitz plot in Fig. 3. This indicates a non-negligible
background contribution from the e+e− → ρK+K− pro-
cess. In addition, the enhancement due to the f0(980)
can also clearly be seen in the Dalitz plot. Based on
a study of the φ sideband and an analysis of the inclu-
sive MC sample, the e+e− → K∗(892)K±π± process is

found to be the dominant background source. Peaking
background in the φ signal region is negligible.

IV. SIGNAL YIELDS

The e+e− → φπ+π− signal yields are obtained from
unbinned maximum likelihood fits to the K+K− invari-
ant mass in the region [2 · mK± , 1.08] GeV/c2. In the
fit, the φ peak is modeled as a P-wave BW function con-
volved with a Gaussian function to account for a differ-
ence in detector resolution and an offset in calibration
between data and the MC simulation [34]. The P-wave
BW function is defined in the form

f(m) = |A(m)|2 · p2l+1, (1)

A(m) =
1

m2 −m2
φ + imΓ(m)

B(p)

B(p′)
, (2)

Γ(m) =

(

p

p′

)2l+1
(mφ

m

)

Γφ

[

B(p)

B(p′)

]

, (3)

B(p) =
1

√

1 + (Rp)2
, (4)

where p is the momentum of the kaon in the rest frame of
theK+K− system, p′ is the momentum of the kaon at the
φ peak mass, and Γφ is the width of the φ resonance [1].
The angular momentum (l) is equal to one, B(p) is the
Blatt-Weisskopf form factor, and R = 3 GeV−1 is the
radius of the centrifugal barrier [49].

Since no peaking background is expected in the signal
area, the background is parameterized with a reversed
ARGUS function [50]. The parameters of the Gaussian
function and the reversed ARGUS function are deter-
mined in a fit to the data. The fit result for the c.m.
energy

√
s = 2.1250 GeV is shown in Fig. 2. We obtain

a similar fit quality for all c.m. energies.

V. CROSS-SECTION CALCULATION

The Born cross section is calculated by:

σB =
Nobs

L · (1 + δγ) · 1/|1−Π|2 · ǫ · B , (5)
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where Nobs is the signal yield; L is the integrated lumi-
nosity; (1 + δγ) is the initial-state radiation (ISR) cor-
rection factor and 1/|1− Π|2 is the vacuum-polarization
factor; ǫ is the detection efficiency; and B is the
branching fraction of the decay φ → K+K−, B(φ →
K+K−) = (49.2± 0.5)% [1].

In the following, we will refer to the combination of the
ISR and VP correction factors as the radiative-correction
factor. It is obtained in conexc [51] by parameterizing
the ISR production of a final state X using

σe+e−→γISRX(s) =

∫

d
√
s′
2
√
s′

s
W (s, x)

σB(s
′)

[1 −Π(s′)]2
,

(6)

where
√
s′ is the effective c.m. energy of the final state

with s′ = s(1 − x) and x is the effective fraction of the
beam energy carried by photons emitted from the ini-
tial state (x = 2Eγ/

√
s); and W (s, x) is the probability

density function for radiating an ISR photon with Eγ =
x
√
s/2. The VP effect including the contributions from

leptons and quarks, is described by Π(s′). Here σB(s
′)

is the input Born cross section. The radiative correction
factor is obtained through (1+δ) = σe+e−→γX(s)/σB(s).

To adequately describe the data in our MC simula-
tion, the PWA MC sample is generated at each energy
point. For a few low-statistic points, the PWA param-
eters obtained at the most adjacent high-statistic ener-
gies are applied. The quasi-two-body decay amplitudes
in the sequential decays are constructed using covari-
ant tensor amplitudes [52]. The e+e− → φπ+π− pro-
cess is found to be well described by four subprocesses:
e+e− → φf0(980), φσ, φf0(1370) and φf2(1270). The in-
termediate states are parametrized with relativistic BW
functions, except for the σ and f0(980), which are de-
scribed with using the model described in [54] and by a
Flatté formula [53], respectively. The resonance param-
eters of the f0(980) and the wide resonance σ in the fit
are fixed to those in Ref. [53] and Refs. [53, 54], respec-
tively, and those of other intermediate states are fixed
to the PDG values. The relative magnitudes and phases
of the individual intermediate processes are determined
by performing an unbinned maximum likelihood fit using
MINUIT [55]. To describe the background below the φ
peak, sideband events are added to the likelihood with
negative weights.

The signal MC simulation based on the PWA results
has reasonable agreement with the experimental data at
all the c.m. energies. The comparison of the MC simula-
tion and experimental data for the M(π+π−) distribution
at

√
s = 2.1250 GeV is shown in Fig. 4.

The efficiency ǫ and the correction factor (1 + δγ) de-
pend on the input cross section line-shape and need to be
determined using an iterative procedure. The BABAR
result [5] is used as the initial input cross section and
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FIG. 4: Invariant mass distribution of the π+π− candidates
for the data at

√
s = 2.1250 GeV. The black dots with un-

certainties are experimental data, the blue dashed line is the
signal MC distribution following the PWA solution, the green
dash-dotted line is the non-φ background estimated from the
φ sideband region and the red solid line is the sum of the
former two distributions.

the updated Born cross section is obtained through the
resulting MC simulation. We repeat this procedure, us-
ing the newly determined Born cross sections as the new
input, until the measured Born cross section converges.

The Born cross section for e+e− → φ π+π− at each
energy point is listed in Table I and shown in Fig. 5.

VI. SYSTEMATIC UNCERTAINTY

Systematic uncertainties in the cross section measure-
ment come from the luminosity measurement, tracking
efficiency, PID efficiency, kinematic fit, signal and back-
ground shape, fitting range, radiative correction, MC
sample size and the branching fraction of the decay
φ → K+K−.

1. The integrated luminosity is measured using large
angle Bhabha events, with an uncertainty of
1.0% [45].

2. The tracking efficiency uncertainty is estimated to
be 1.0% for each track [34]. Thus, 3.0% is taken
as the systematic uncertainty for the two pion and
one kaon tracks.

3. The PID efficiency uncertainty is estimated to be
1.0% per π± and 1.0% per K± [34]. So 3.0% is
taken as the systematic uncertainty on the PID ef-
ficiency.
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TABLE I: Cross sections of the process e+e− → φπ+π− at different c.m. energies. Nobs is the yield of signal events,
√
s is the

c.m. energy, L the integrated luminosity, 1+δγ the initial radiative correction factor, 1/[1−Π]2 the vacuum polarization factor,
ǫ the detection efficiency and σB the Born cross section. The first uncertainties are statistical and the second systematic.

√
s (GeV) L (pb−1) Nobs (1 + δγ) 1/|1−Π|2 ǫ σB(pb)
2.0000 10.1 577.0 ± 46.8 0.979 1.037 0.3358 341.2 ± 27.7 ± 24.4
2.0500 3.34 191.5 ± 24.6 0.962 1.038 0.3767 312.9 ± 40.2 ± 20.5
2.1000 12.2 1100.7 ± 51.1 0.949 1.039 0.3976 464.4 ± 21.6 ± 24.3
2.1250 108. 9372.1 ± 144.1 0.950 1.039 0.4166 431.1 ± 6.6 ± 23.3
2.1500 2.84 220.0 ± 20.0 0.964 1.040 0.3736 423.5 ± 38.5 ± 31.7
2.1750 10.6 760.8 ± 39.1 1.005 1.040 0.3742 379.3 ± 19.5 ± 24.4
2.2000 13.7 706.1 ± 38.3 1.077 1.040 0.3655 254.8 ± 13.8 ± 18.9
2.2324 11.9 435.2 ± 29.5 1.189 1.041 0.3344 176.6 ± 12.0 ± 14.6
2.3094 21.1 587.3 ± 37.7 1.187 1.041 0.3602 130.8 ± 8.4 ± 6.5
2.3864 22.5 697.3 ± 37.0 1.128 1.041 0.3890 138.8 ± 7.4 ± 8.4
2.3960 66.9 1977.7 ± 65.5 1.128 1.041 0.3910 132.0 ± 4.4 ± 7.6
2.5000 1.10 18.7 ± 5.2 1.212 1.040 0.3777 74.2 ± 20.6 ± 5.0
2.6444 33.7 501.0 ± 33.2 1.311 1.039 0.3376 66.6 ± 4.4 ± 4.6
2.6464 34.0 423.4 ± 29.8 1.312 1.039 0.3360 56.6 ± 4.0 ± 3.9
2.7000 1.03 22.0 ± 6.1 1.636 1.039 0.3292 83.3 ± 23.1 ± 5.9
2.8000 1.01 11.6 ± 4.1 1.446 1.037 0.3141 48.8 ± 17.2 ± 7.8
2.9000 105. 687.0 ± 37.7 1.452 1.033 0.3014 30.1 ± 1.6 ± 1.8
2.9500 15.9 114.4 ± 14.5 1.468 1.029 0.2958 33.9 ± 4.3 ± 2.3
2.9810 16.1 72.4 ± 15.2 1.478 1.025 0.2972 21.1 ± 4.4 ± 1.4
3.0000 15.9 74.6 ± 13.4 1.485 1.021 0.2899 22.4 ± 4.0 ± 1.8
3.0200 17.3 78.2 ± 12.2 1.494 1.014 0.2877 21.8 ± 3.4 ± 1.6
3.0800 126. 576.9 ± 34.8 1.586 0.915 0.2732 24.7 ± 1.5 ± 1.4

4. The uncertainty from the kinematic fit comes from
the inconsistency between the data and MC simu-
lation of the helix parameters. Following the pro-
cedure described in Ref. [57], the helix parameters
for the charged tracks of MC samples are corrected
to eliminate the inconsistency during uncertainty
study. The agreement of χ2 distributions between
data and the MC simulation is significantly im-
proved. Half of the difference between the selection
efficiencies with and without the helix parameter
correction is taken as the systematic uncertainty.

5. Uncertainties due to the choice of signal shape,
background shape and fitting range are estimated
by introducing the changes below. The φ signal
is described by a P-wave BW function convolved
with a Gaussian function. To estimate the sig-
nal shape uncertainty, the signal shape is changed
to the shape from the signal MC simulation con-
volved with a Gaussian function and the result-
ing difference is taken as the uncertainty from the
signal model. To estimate the background model
uncertainty the background function is modified
from a reversed ARGUS function to the function of
f(M) = (M −Ma)

c(Mb −M)d, where Ma and Ma

are the lower and upper edges of the mass distribu-
tion while c and d are the parameters which were
determined in the fit. The fit range is extended
from [0.98, 1.08] GeV/c2 to [0.98, 1.10] GeV/c2 to

estimate the fit-range uncertainty. The differences
between the number of signal events before and af-
ter the changes are taken as the systematic uncer-
tainties.

6. Uncertainties in the possible distortions of the cross
section line-shape introduce systematic uncertain-
ties in the radiative correction factor and the ef-
ficiency. These are estimated by using the cross
section line-shape function σ = σ(

√
s; p1, p2, ...) ob-

tained from the iteration described in Sec. V, where
pi(i = 1, 2, ...) are the parameters which are de-
termined in the fit. All parameters are randomly
varied within their uncertainties and the resulting
parametrization of the line-shape is used to recal-
culate (1 + δ), ǫ and the corresponding cross sec-
tions. This procedure is repeated 1000 times and
the standard deviation of the resulting cross sec-
tions is taken as a systematic uncertainty.

7. The uncertainty from the MC sample size is esti-
mated by the number of generated events.

8. The uncertainty in B(φ → K+K−) is taken from
the PDG [1].

We list the systematic uncertainty sources and their
contributions for all c.m. energies in Table II. All system-
atic uncertainty sources are assumed independent and
summed in quadrature.
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TABLE II: Relative systematic uncertainties (in %) associated with the integrated luminosity (L), the tracking efficiency (ǫtr),
the PID efficiency (PID), the kinematic fit (KF), φ signal shape (Sig), background shape (Bkg), fit range (FR), the initial state
radiation and the vacuum polarization correction factor (1+δ), the MC statistics (∆MC) and the branching fraction (B). The
total uncertainty is obtained by summing the individual contributions in quadrature.

√
s(GeV) L ǫtr PID KF Sig Bkg FR (1+δ) ∆MC B Total
2.0000 1.0 3.0 3.0 2.1 5.0 0.4 1.5 0.1 0.4 1.0 7.2
2.0500 1.0 3.0 3.0 2.2 3.7 0.8 1.6 1.2 0.4 1.0 6.6
2.1000 1.0 3.0 3.0 2.2 1.0 0.1 0.1 0.5 0.4 1.0 5.2
2.1250 1.0 3.0 3.0 1.9 2.1 0.8 0.3 0.2 0.1 1.0 5.4
2.1500 1.0 3.0 3.0 2.0 4.9 0.7 2.9 0.0 0.4 1.0 7.6
2.1750 1.0 3.0 3.0 2.1 3.5 0.7 2.0 0.2 0.4 1.0 6.4
2.2000 1.0 3.0 3.0 2.1 5.8 0.0 0.2 0.1 0.4 1.0 7.7
2.2324 1.0 3.0 3.0 2.3 6.1 0.3 2.1 0.4 0.5 1.0 8.2
2.3094 1.0 3.0 3.0 1.8 1.6 0.6 0.5 0.2 0.4 1.0 5.2
2.3864 1.0 3.0 3.0 1.9 0.1 0.5 3.4 0.1 0.4 1.0 6.0
2.3960 1.0 3.0 3.0 1.8 3.2 0.7 0.8 0.4 0.4 1.0 5.9
2.5000 1.0 3.0 3.0 1.8 4.4 0.5 0.6 0.0 0.4 1.0 6.6
2.6444 1.0 3.0 3.0 1.8 5.4 0.4 0.5 0.0 0.4 1.0 7.3
2.6464 1.0 3.0 3.0 1.8 5.3 0.0 0.5 0.6 0.4 1.0 7.3
2.7000 1.0 3.0 3.0 1.9 5.0 0.5 0.5 0.6 0.4 1.0 7.1
2.8000 1.0 3.0 3.0 1.8 3.3 0.7 0.7 0.2 0.5 1.0 6.0
2.9000 1.0 3.0 3.0 1.7 3.7 0.3 0.3 0.4 0.4 1.0 6.1
2.9500 1.0 3.0 3.0 1.6 5.8 0.3 0.8 0.4 0.4 1.0 7.6
2.9810 1.0 3.0 3.0 1.8 4.0 0.7 3.7 0.6 0.5 1.0 7.4
3.0000 1.0 3.0 3.0 1.5 6.9 0.4 2.1 0.2 0.5 1.0 8.7
3.0200 1.0 3.0 3.0 1.6 5.6 1.2 1.1 0.2 0.5 1.0 7.6
3.0800 1.0 3.0 3.0 1.7 3.7 0.9 0.3 0.6 0.6 1.0 6.2

VII. LINE-SHAPE FITTING OF e+e−

→ φπ+π−

The measured Born cross sections are shown in Fig. 5
together with results from the BABAR and Belle exper-
iments. A clear structure and an enhancement can be
seen at around 2.1 and 2.4 GeV, respectively, where the
first is identified as the φ(2170) resonance and the second
is denoted as X(2400).

A least χ2 fit, incorporating the correlated and uncor-
related uncertainties, is performed on the cross sections
measured in this work to determine the parameters of
these resonances. The fit function used here is

σB = |BW1 +BW2 · ei·θ2 +BW3 · ei·θ3 |2, (7)

where BWi takes the form [39]

BW (
√
s) =

√

M2

s

√

12πΓe+e−B(R→ f)Γtot

s−M2 + iMΓtot

· ps, (8)

as the BW function for the resonances φ(1680), φ(2170)
and X(2400). Here φ(1680) denotes a resonance ob-
served by BABAR and Belle around 1.7 GeV, which is

clearly visible in Fig. 5; φ(2170) and X(2400) denote
structures around 2.1 GeV and 2.4 GeV, respectively;
and θi in Eq.(7) is the phase between the φ(1680) and
the other two resonances. In Eq.(8), M is the mass
of the resonance, Γtot and Γe+e− are the total width
and electronic width, respectively, B(R → f) is the
branching fraction of R decays into final state f , and

ps =
√

PS(
√
s)/PS(M), where PS(

√
s) is the three-

body decay phase space factor of R→ φπ+π−. Here, the
total width is a constant.

In the fit to the cross section line-shape, both statisti-
cal and systematic uncertainties are taken into account.
Uncertainties from the luminosity, the tracking and PID
efficiency, the kinematic fit, the radiative correction fac-
tor, the MC simulation sample size and the branching
fraction are assumed to be fully correlated across the
whole range in

√
s, and the remaining uncertainties are

treated as uncorrelated. In this fit, the parameters of
φ(1680) are fixed to be M(φ(1680)) = 1681 MeV/c2 and
Γ(φ(1680)) = 221 MeV, which are obtained by a fit on
combined e+e− → φπ+π− cross section data of Belle and
BABAR [39].

The resulting fit curve is shown in Fig. 5. It has a
goodness-of-fit of χ2/ndf = 19/(22-9), where ndf is the
number of degrees of freedom. The statistical significance
of the third Breit-Wigner used to describe the structure
at 2.4 GeV is estimated to be 8.5σ from the change in
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FIG. 5: Born cross section of the e+e− → φπ+π− process as a function of the c.m. energy. The light blue triangles and green
squares with uncertainties show the results from BABAR and Belle respectively. The black dots with error bars are results
from this work. The dark blue curve shows the result of the fit to the black data points using Eq.(7). Comparing with the red
dashed line, which comes from a fit excluding the X(2400) contribution, the result with three resonances describes the cross
section line-shape much better.

the χ2 values when this contribution is removed. We
obtain four ambiguous solutions with equal fit quality.
The parameters of all four are shown in Table III.

The systematic uncertainties of the resonance param-
eters mainly come from the cross section fitting. The
uncertainties associated with the fit procedure include
effects from the choice of φ(1680) model. To estimate
the uncertainty from the choice of φ(1680) model, the
mass and width of φ(1680) are fixed to the PDG average
parameters [1]. The difference of the fit result is consid-
ered as the systematic uncertainty. The systematic un-
certainties of the φ(2170) resonance mass and width are
obtained to be 4 MeV/c2 and 5 MeV, while for X(2400)
mass and width we find 6 MeV/c2 and 6 MeV, respec-
tively.

VIII. CONCLUSION

In summary, we have measured the Born cross section
of the e+e− → φπ+π− process using data samples col-
lected with the BESIII detector at 22 c.m. energies from
2.0000 GeV to 3.0800 GeV. The measured cross section
is consistent with previous results from the BABAR [5],
Belle [4] and BESIII [56] experiments, but with improved
precision.

For the cross section line-shape, a least χ2 fit is
performed to study possible resonant contributions.
The φ(2170) resonance is observed, with a mass of
(2158+30

−33 ± 4) MeV/c2 and a width of (218+81
−64 ± 5) MeV,

where the first uncertainties are statistical and the sec-
ond systematic. The central value of the φ(2170) width
obtained in this work is the largest among all existing re-
sults [3–7]. Our result is close to that found in Ref. [39],
but as we fix the φ(1680) mass and width to the fit result
of that study, the obtained parameters are correlated. An
independent data sample in the φ(1680) mass region is
necessary to further elucidate this question.

In addition, another structure X(2400) is observed at
around 2.4 GeV. Comparing our fit with and without a
Breit-Wigner to account for the X(2400), we find a sta-
tistical significance of 8.5σ in favor of including the third
Breit-Wigner resonance. We obtained a mass of (2298+60

−44

± 6) MeV/c2 and a width of (219+117
−112 ± 6) MeV for the

X(2400) structure, where the first uncertainties are sta-
tistical and the second systematic. The uncertainties of
the X(2400) parameters are large in this work. This is a
result of the lack of energy points in the 2.4 GeV region.
Collecting additional data samples in this region will help
to reduce these uncertainties. Moreover, since the struc-
ture at 2.4 GeV has also been seen in the K+K−f0(980)
mode with f0(980) → π+π− and π0π0 [2], a future study
of this channel with a more robust amplitude analysis will
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TABLE III: Results of fit to the e+e− → φπ+π− cross section measured in this work. The uncertainties are statistical only.
M, Γtot, and B · Γe+e− are the mass (in MeV/c2), total width (in MeV) and the product of the branching fraction to φπ+π−

and the e+e− partial width (in eV), respectively. φ is the relative phase (in radians).

Parameters Solution I Solution II Solution III Solution IV

B · Γe+e−(φ(1680)) 25.4 +31.6
−13.6 44.3 +14.1

−31.1 29.0 +29.4
−15.8 48.1 +10.3

−34.9

M(φ(2170)) 2158 +30
−33

Γtot(φ(2170)) 218 +81
−64

B · Γe+e−(φ(2170)) 15.4 +1116.0
−11.3 77.4 +1056.4

−70.9 56.5 +1077.3
−50.0 244.2 +889.6

−237.7

φ1 1.87 +1.34
−0.57 −1.88 +0.92

−0.50 2.32 +0.93
−0.98 −1.47 +0.51

−0.91

M(X(2400)) 2298 +60
−44

Γtot(X(2400)) 219 +117
−112

B · Γe+e−(X(2400)) 4.2 +983.4
−3.5 13.0 +976.9

−11.5 64.2 +924.2
−62.7 167.6 +820.8

−166.1

φ2 0.07 +1.02
−1.18 −3.03 +1.34

−1.40 −0.59 +0.45
−0.57 2.61 +1.98

−0.76

be helpful to improve knowledge of the X(2400) state.

Acknowledgments

The BESIII collaboration thanks the staff of BEPCII,
the IHEP computing center and the super comput-
ing center of USTC for their strong support. This
work is supported in part by National Key Basic
Research Program of China under Contracts Nos.
2020YFA0406400, 2020YFA0406300; National Natu-
ral Science Foundation of China (NSFC) under Con-
tracts Nos. 11625523, 11635010, 11735014, 11822506,
11835012, 11935015, 11935016, 11935018, 11961141012,
12022510, 12025502, 12035009, 12035013, 12061131003,
11705192, 11950410506, 12061131003; the Chinese
Academy of Sciences (CAS) Large-Scale Scientific Facil-
ity Program; Joint Large-Scale Scientific Facility Funds
of the NSFC and CAS under Contracts Nos. U1732263,
U1832207, U1832103, U2032111; CAS Key Research Pro-

gram of Frontier Sciences under Contract No. QYZDJ-
SSW-SLH040; 100 Talents Program of CAS; INPAC
and Shanghai Key Laboratory for Particle Physics and
Cosmology; ERC under Contract No. 758462; Euro-
pean Union Horizon 2020 research and innovation pro-
gramme under Contract No. Marie Sklodowska-Curie
grant agreement No 894790; German Research Foun-
dation DFG under Contracts Nos. 443159800, Collab-
orative Research Center CRC 1044, FOR 2359, FOR
2359, GRK 214; Istituto Nazionale di Fisica Nucleare,
Italy; Ministry of Development of Turkey under Contract
No. DPT2006K-120470; National Science and Technol-
ogy fund; Olle Engkvist Foundation under Contract No.
200-0605; STFC (United Kingdom); The Knut and Al-
ice Wallenberg Foundation (Sweden) under Contract No.
2016.0157; The Royal Society, UK under Contracts Nos.
DH140054, DH160214; The Swedish Research Council;
U. S. Department of Energy under Contracts Nos. DE-
FG02-05ER41374, DE-SC-0012069

[1] P.A. Zyla et al. (Particle Data Group),
Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[2] B. Aubert et al. (BABAR Collaboration),
Phys. Rev. D 74, 091103(R) (2006); 76, 012008 (2007).

[3] M. Ablikim et al. (BES Collaboration),
Phys. Rev. Lett. 100, 102003 (2008).

[4] C. P. Shen et al. (Belle Collaboration),

Phys. Rev. D 80, 031101(R) (2009).
[5] J. P. Lees et al. (BABAR Collaboration),

Phys. Rev. D 86, 012008 (2012).
[6] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 91, 052017 (2015).
[7] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 99, 012014 (2019).

https://academic.oup.com/ptep/article/2020/8/083C01/5891211
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.74.091103/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.012008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.102003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.031101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.012008
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.052017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012014


12

[8] G. J. Ding and M. L. Yan,
Phys. Lett. B 650, 390 (2007).

[9] G. J. Ding and M. L. Yan, Phys. Lett. B 657, 49 (2007).
[10] X. Wang et al., Phys. Rev. D 85, 074024 (2012).
[11] S. S. Afonin and I. V. Pusenkov,

Phys. Rev. D 90, 094020 (2014).
[12] C. Q. Pang, Phys. Rev. D 99, 074015 (2019).
[13] C. G. Zhao et al., Phys. Rev. D 99, 114014 (2019).
[14] Q. Li et al., arXiv:2004.05786.
[15] J. Ho, R. Berg, T.G. Steele, W. Chen, and D. Harnett,

Phys. Rev. D 100, 034012 (2019).
[16] Z. G. Wang, Nucl. Phys. A 791, 106 (2007).
[17] H. X. Chen et al., Phys. Rev. D 78, 034012 (2008).
[18] N. V. Drenska, R. Faccini and A. D. Polosa,

Phys. Lett. B 669, 160 (2008).
[19] C. R. Deng, J. L. Ping, and T. Goldman,

Phys. Rev. D 82, 074001 (2010).
[20] H. W. Ke and X. Q. Li, Phys. Rev. D 99, 036014 (2019).
[21] S. S. Agaev, K. Azizi, and H. Sundu,

Phys. Rev. D 101, 074012 (2020).
[22] R. R. Dong et al., Eur. Phys. J. C 80, 749 (2020).
[23] F. X. Liu et al., arXiv:2008.01372.
[24] E. Klempt and A. Zaitsev, Phys. Rep. 454, 1 (2007).
[25] L. Zhao et al., Phys. Rev. D 87, 054034 (2013).
[26] C. Deng et al., Phys. Rev. D 88, 074007 (2013).
[27] Y. B. Dong et al., Phys. Rev. D 96, 074027 (2017).
[28] Y. L. Yang, D. Y. Chen, and Z. Lu,

Phys. Rev. D 100, 073007 (2019).
[29] A. Martinez Torres et al.,

Phys. Rev. D 78, 074031 (2008).
[30] S. Gomez-Avila, M. Napsuciale and E.Oset,

Phys. Rev. D 79, 034018 (2009).
[31] B. Aubert et al., Phys. Rev. D 77, 092002 (2008).
[32] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. Lett. 124, 112001 (2020).
[33] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 99, 032001 (2019).
[34] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 100, 032009 (2019).
[35] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 102, 012008 (2020).
[36] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 104, 032007 (2021).
[37] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 104, 092014 (2021).
[38] M. Ablikim et al. (BESIII Collaboration),

arXiv:2009.08099.
[39] C. P. Shen and C. Z. Yuan,

Chin. Phys. C 34, 1045 (2010).
[40] H. X. Chen, C. P. Shen and S. L. Zhu,

Phys. Rev. D 98, 014011 (2018).
[41] M. Ablikim et al. (BESIII Collaboration),

Nucl. Instrum. Meth. A 614, 345 (2010).
[42] C. H. Yu et al., Proceedings of IPAC2016, Busan, Korea, 2016, doi:10.18429/JACoW-IPAC2016-TUYA01.
[43] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C

44, 040001 (2020).
[44] X. Li et al., Rad. Det. Tech. Meth. 1, 13 (2017);

Y. X. Guo et al., Radiat. Detect. Technol. Methods 1,
15 (2017); P. Cao et al., Nucl. Instrum. Meth. A 953,
163053 (2020).

[45] M. Ablikim et al. (BESIII Collaboration),
Chin. Phys. C 41, 063001 (2017).

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

[47] G. Balossini, C. M. C. Calame, G. Montagna, O. N. F.
Phiccinini, Nucl. Phys. B 758, 227 (2006).

[48] B. Andersson and H. M. Hu, arXiv:hep-ph/9910285.
[49] F. V. Hippel and C. Quigg, Phys. Rev. D 5, 624 (1972)
[50] H. Albrecht et al. (ARGUS Collaboration),

Phys. Lett. B 340, 217 (1994).
[51] R. G. Ping et al., Chin. Phys. C 40, 113002 (2016).
[52] B.S. Zou and D.V. Bugg, Phys. J. A 16, 537 (2003).
[53] M. Ablikim et al. (BES Collaboration),

Phys. Lett. B 598, 149 (2004).
[54] M. Ablikim et al. (BES Collaboration),

Phys. Lett. B 645, 19 (2004).
[55] F. James and M. Roos,

Comput. Phys. Commun. 10, 343 (1975).
[56] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 99, 011101(R) (2019).
[57] M. Ablikim et al. (BESIII Collaboration),

Phys. Rev. D 87, 012002 (2013).

https://www.sciencedirect.com/science/article/abs/pii/S0370269307006107
https://www.sciencedirect.com/science/article/abs/pii/S0370269307012245
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.074024
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.094020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.074015
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.114014
https://arxiv.org/abs/2004.05786
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.034012
https://www.sciencedirect.com/science/article/abs/pii/S0375947407004629
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.034012
https://www.sciencedirect.com/science/article/pii/S0370269308011830
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.074001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036014
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.074012
https://link.springer.com/article/10.1140/epjc/s10052-020-8340-9
https://arxiv.org/abs/2008.01372
https://www.sciencedirect.com/science/article/pii/S0370157307003560
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.054034
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.074007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.074027
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.073007
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.074031
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.034018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.092002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.112001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.032001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.012008
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.032007
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.092014
https://arxiv.org/abs/2009.08099
https://iopscience.iop.org/article/10.1088/1674-1137/34/8/002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.014011
https://www.sciencedirect.com/science/article/pii/S0168900209023870?via%3Dihub
https://accelconf.web.cern.ch/ipac2016/doi/JACoW-IPAC2016-TUYA01.html
https://iopscience.iop.org/article/10.1088/1674-1137/41/6/063001/meta
https://inspirehep.net/literature/593382
https://www.sciencedirect.com/science/article/pii/S0550321306007851?via%3Dihub
https://arxiv.org/abs/hep-ph/9910285
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.5.624
https://doi.org/10.1016/0370-2693(94)01302-0
https://iopscience.iop.org/article/10.1088/1674-1137/40/11/113002
https://link.springer.com/article/10.1140/epja/i2002-10135-4
https://www.sciencedirect.com/science/article/pii/S0370269304011384
https://www.sciencedirect.com/science/article/pii/S0370269306015103
https://doi.org/10.1016/0010-4655(75)90039-9
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.011101
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.012002

