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Based on 22.7 fb−1 of eþe− annihilation data collected at 33 different center-of-mass energies between
3.7730 and 4.7008 GeV with the BESIII detector at the BEPCII collider, Born cross sections of the two
processes eþe− → ϕKþK− and eþe− → ϕK0

SK
0
S are measured for the first time. No indication of resonant

production through an intermediate vector state V is observed, and the upper limits on the product of the
electronic width Γeþe− and the branching fraction BrðV → ϕKK̄Þ of the processes eþe− → V → ϕKþK−

and eþe− → V → ϕK0
SK

0
S at the 90% confidence level are obtained for a large parameter space in

resonance masses and widths. For the current world average mass and width of the ψð4230Þ of
m ¼ 4.2187 GeV=c2 and Γ ¼ 44 MeV, we set upper limits on the ϕKþK− and ϕK0

SK
0
S final states of

1.75 and 0.47 eV at the 90% confidence level, respectively.

DOI: 10.1103/PhysRevD.108.032004

I. INTRODUCTION

In the past several years, many exotic candidates have
been discovered in the charmonium and charmoniumlike
spectrum. Notable examples are the χc1ð3872Þ discovered

by Belle [1], the charged charmoniumlike Zcð3900Þ dis-
covered by BESIII [2], and the Yð4260Þ originally observed
by BABAR [3] as a single broad peak in the eþe− →
γISRπ

þπ−J=ψ process, where ISR denotes initial state
radiation. BESIII later revealed that the broad Yð4260Þ
peak is asymmetric and fit it with two resonances, one [the
ψð4230Þ] with a slightly lower mass than the Yð4260Þ and
one [the ψð4360Þ] with a higher mass [4].
The ψð4230Þ has been clearly observed by BESIII

in prominent charmonium transitions to πþπ−J=ψ [4],
πþπ−hc [5], πþπ−ψð3686Þ [6], ωχc0 [7], and ηJ=ψ
[8–10]. However, decays into light hadrons have not been
so far observed, including pp̄π0 [11], ϕϕϕ, ϕϕω [12],
pK0

Sn̄K
− [13], K0

SK
�π∓ [14], K0

SK
�π∓π0, K0

SK
�π∓η [15],

2ðpp̄Þ [16], ϕΛΛ̄ [17], pp̄η, and pp̄ω [18].
While multiple theoretical approaches have attempted

to classify exotic states, e.g., as tetraquarks, hadronic
molecules or hybrid charmonia, there is still no full
understanding of the inner structure of, e.g., the
ψð4230Þ. Their compatibility with experimental data has
recently been discussed in detail in Ref. [19]. Additional
sources of information, including new decay modes of the
ψð4230Þ, are needed from experiments in order to dis-
criminate between the different hypotheses. In Ref. [20],
the ψð4230Þ is interpreted as a diquark antidiquark
state csc̄ s̄, which would lead to decays into final states
containing ss̄. In fact, this was supported by BESIII in a
spin-parity analysis of the Zcð3900Þ in the process eþe− →
ψð4230Þ → Zcð3900Þπ → πþπ−J=ψ [21], with one of the
dominant contributions coming from eþe− → ψð4230Þ →
f0ð980ÞJ=ψ . The f0ð980Þmeson is known to have large ss̄
contributions [22,23]. Assuming that the cc̄ component
of the csc̄ s̄ state annihilates while the ss̄ survives as a
meson with hidden strangeness, e.g., the ϕ, the decay
eþe− → ψð4230Þ → ϕKK̄ is expected to occur. Further
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analyses indicating ss̄ components of the ψð4230Þ can be
found in [24–26].
In this work, the measurements of the energy-dependent

Born cross sections of the processes eþe− → ϕKþK− and
eþe− → ϕK0

SK
0
S for data collected at 33 different center-of-

mass energies between 3.7730 and 4.7008 GeV with the
BESIII detector are reported. Possible resonant contribu-
tions V → ϕKþK− and V → ϕK0

SK
0
S are investigated.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATIONS

The BESIII detector is a magnetic spectrometer [27]
located at the Beijing Electron Positron Collider
(BEPCII) [28]. The cylindrical core of the BESIII detector
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),

TABLE I. Summary of the Born cross sections σB including (asymmetric) statistical and systematic uncertainties of the processes
eþe− → ϕKþK− (σB1

) and eþe− → ϕK0
SK

0
S (σB2

) at different center-of-mass energies
ffiffiffi
s

p
, integrated luminosity L, number of observed

events N1;2, efficiency ϵ1;2, radiative corrections ð1þ δrÞ1;2 and the vacuum polarization correction 1
j1−Πj2.

ffiffiffi
s

p
(GeV) L (pb−1) N1 ε1 (%) ð1þ δrÞ1 N2 ε2 (%) ð1þ δrÞ2 1

j1−Πj2 σB1
(pb) σB2

(pb)

3.7730 2931.8 7329.2þ94.6
−92.9 35.8� 0.2 0.8295 360.8þ20.9

−19.2 18.0� 0.1 0.8281 1.0560 16.19þ0.24
−0.23 � 0.73 3.31þ0.19

−0.18 � 0.10

3.8695 224.0 452.5þ24.1
−22.4 34.7� 0.2 0.8889 27.1þ5.9

−4.3 17.6� 0.1 0.8864 1.0506 12.68þ0.68
−0.63 � 0.61 3.14þ0.69

−0.50 � 0.10

4.0076 482.0 825.3þ32.5
−30.8 33.7� 0.2 0.9390 56.6þ8.2

−6.6 16.2� 0.2 0.9346 1.0441 10.53þ0.43
−0.41 � 0.47 3.16þ0.46

−0.37 � 0.09
4.1285 401.5 590.3þ27.4

−25.7 32.4� 0.2 0.9675 34.7þ6.6
−5.0 15.8� 0.1 0.9611 1.0525 9.06þ0.43

−0.41 � 0.38 2.30þ0.44
−0.33 � 0.07

4.1574 408.7 633.9þ28.4
−26.7 32.4� 0.2 0.9739 27.1þ5.9

−4.3 15.2� 0.1 0.9667 1.0533 9.48þ0.44
−0.41 � 0.39 1.82þ0.40

−0.29 � 0.05

4.1784 3189.0 4572.5þ74.9
−73.2 32.6� 0.2 0.9783 289.6þ18.6

−16.9 15.9� 0.1 0.9710 1.0541 8.67þ0.17
−0.17 � 0.36 2.37þ0.16

−0.14 � 0.07

4.1888 524.6 754.9þ30.9
−29.2 32.6� 0.2 0.9801 49.9þ7.7

−6.1 16.1� 0.2 0.9727 1.0558 8.68þ0.37
−0.35 � 0.36 2.44þ0.38

−0.30 � 0.07

4.1989 526.0 785.2þ31.6
−29.9 32.3� 0.2 0.9823 42.3þ7.2

−5.6 15.9� 0.1 0.9746 1.0564 9.05þ0.38
−0.36 � 0.38 2.09þ0.35

−0.28 � 0.06

4.2091 518.0 694.2þ29.6
−27.9 31.6� 0.2 0.9846 47.1þ7.5

−5.9 16.2� 0.1 0.9765 1.0568 8.28þ0.37
−0.35 � 0.34 2.31þ0.37

−0.29 � 0.07

4.2187 514.6 673.6þ29.2
−27.5 32.1� 0.2 0.9866 48.0þ7.6

−6.0 16.0� 0.1 0.9784 1.0563 7.94þ0.36
−0.34 � 0.33 2.39þ0.38

−0.30 � 0.07

4.2263 1056.4 1390.2þ41.6
−39.9 33.1� 0.2 0.9882 79.4þ9.5

−7.9 16.0� 0.1 0.9798 1.0564 7.74þ0.25
−0.24 � 0.32 1.92þ0.23

−0.19 � 0.06

4.2357 530.3 715.6þ30.1
−28.4 32.2� 0.2 0.9902 51.8þ7.8

−6.3 16.5� 0.2 0.9820 1.0555 8.14þ0.35
−0.34 � 0.34 2.43þ0.37

−0.30 � 0.07

4.2438 538.1 659.4þ29.4
−27.7 32.1� 0.2 0.9919 35.7þ6.7

−5.1 15.8� 0.1 0.9832 1.0555 7.42þ0.34
−0.32 � 0.31 1.72þ0.32

−0.25 � 0.05

4.2580 828.4 978.9þ35.4
−33.6 32.9� 0.2 0.9951 69.9þ9.0

−7.4 16.1� 0.1 0.9867 1.0536 6.96þ0.26
−0.25 � 0.29 2.14þ0.28

−0.23 � 0.06
4.2666 531.1 697.3þ29.7

−28.0 32.7� 0.2 0.9970 33.8þ6.5
−4.9 16.0� 0.1 0.9882 1.0532 7.76þ0.34

−0.32 � 0.32 1.62þ0.31
−0.24 � 0.05

4.2776 175.7 241.6þ17.5
−15.8 31.4� 0.2 0.9990 13.8þ4.5

−2.9 17.0� 0.2 0.9898 1.0530 8.47þ0.62
−0.56 � 0.36 1.88þ0.61

−0.40 � 0.06

4.2879 502.4 577.7þ27.2
−25.5 31.4� 0.2 1.0010 37.6þ6.8

−5.2 15.7� 0.1 0.9918 1.0527 7.07þ0.34
−0.32 � 0.30 1.94þ0.35

−0.27 � 0.06

4.3121 501.2 583.1þ27.5
−25.7 31.9� 0.2 1.0056 35.7þ6.7

−5.1 15.8� 0.1 0.9955 1.0522 7.00þ0.34
−0.32 � 0.30 1.82þ0.34

−0.26 � 0.06

4.3374 505.0 556.2þ26.5
−24.8 31.0� 0.2 1.0105 25.2þ5.7

−4.2 14.9� 0.1 1.0001 1.0508 6.81þ0.33
−0.31 � 0.29 1.36þ0.31

−0.22 � 0.04

4.3583 543.9 604.6þ27.6
−25.9 33.1� 0.2 1.0141 45.2þ7.4

−5.8 16.7� 0.2 1.0032 1.0511 6.41þ0.30
−0.28 � 0.27 2.01þ0.33

−0.26 � 0.06

4.3774 522.7 593.3þ27.5
−25.8 32.4� 0.2 1.0177 41.4þ7.1

−5.5 16.1� 0.1 1.0063 1.0513 6.65þ0.32
−0.30 � 0.28 1.98þ0.34

−0.27 � 0.06

4.3964 507.8 530.2þ26.1
−24.4 32.0� 0.2 1.0214 33.8þ6.5

−4.9 16.0� 0.1 1.0094 1.0510 6.17þ0.31
−0.29 � 0.26 1.67þ0.32

−0.24 � 0.05

4.4156 1043.9 1114.1þ37.3
−35.6 32.4� 0.2 1.0244 75.6þ9.3

−7.7 16.7� 0.1 1.0118 1.0524 6.21þ0.22
−0.21 � 0.26 1.72þ0.21

−0.18 � 0.05

4.4362 569.9 619.2þ28.2
−26.5 32.5� 0.2 1.0275 32.8þ6.4

−4.8 15.6� 0.1 1.0147 1.0537 6.27þ0.29
−0.28 � 0.27 1.47þ0.29

−0.22 � 0.04

4.4671 111.1 93.4þ11.6
−9.9 32.6� 0.2 1.0325 8.1þ3.7

−2.1 18.7� 0.2 1.0193 1.0548 4.81þ0.60
−0.51 � 0.22 1.55þ0.69

−0.40 � 0.05

4.5271 112.1 97.8þ11.5
−9.8 33.2� 0.2 1.0427 3.4þ2.7

−1.2 18.0� 0.2 1.0282 1.0545 4.86þ0.57
−0.49 � 0.23 0.66þ0.52

−0.22 � 0.02

4.5995 586.9 533.4þ26.0
−24.3 32.2� 0.2 1.0543 30.0þ6.2

−4.6 16.5� 0.1 1.0382 1.0546 5.16þ0.26
−0.24 � 0.22 1.20þ0.25

−0.18 � 0.04

4.6151 102.5 69.3þ9.9
−8.2 32.7� 0.2 1.0569 4.3þ2.9

−1.4 16.9� 0.1 1.0403 1.0545 3.77þ0.54
−0.45 � 0.18 0.97þ0.65

−0.31 � 0.03
4.6304 511.1 424.3þ23.5

−21.8 32.4� 0.2 1.0592 21.4þ5.4
−3.8 15.5� 0.1 1.0424 1.0544 4.66þ0.26

−0.24 � 0.20 1.04þ0.26
−0.18 � 0.03

4.6431 541.4 407.0þ23.0
−21.3 31.9� 0.2 1.0612 19.5þ5.2

−3.6 16.0� 0.1 1.0440 1.0544 4.28þ0.24
−0.23 � 0.18 0.87þ0.23

−0.16 � 0.03

4.6639 523.6 398.5þ22.7
−21.0 31.9� 0.2 1.0644 31.9þ6.3

−4.8 15.6� 0.1 1.0466 1.0544 4.32þ0.25
−0.23 � 0.18 1.50þ0.30

−0.23 � 0.05

4.6842 1631.7 1295.0þ40.5
−38.7 32.0� 0.2 1.0677 61.3þ8.5

−6.9 15.3� 0.1 1.0492 1.0545 4.48þ0.14
−0.14 � 0.19 0.94þ0.13

−0.11 � 0.03

4.7008 526.2 389.6þ22.7
−21.0 31.9� 0.2 1.0704 22.4þ5.5

−3.9 14.0� 0.1 1.0515 1.0545 4.18þ0.24
−0.23 � 0.18 1.16þ0.28

−0.20 � 0.04
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and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field [29]. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identifier modules interleaved with
steel. The acceptance for charged particles and photons is
93% over the 4π solid angle. The charged-particle momen-
tum resolution at 1 GeV=c is 0.5%, and the dE=dx
resolution is 6% for the 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 of the TOF barrel part is 68 ps, while that of the
end cap part is 110 ps. The end cap TOF system was
upgraded in 2015 with multigap resistive plate chamber
technology, providing a time resolution of 60 ps [30]. This
upgrade improves the data taken at 27 of the 33 center-of-
mass energy points.
A Monte Carlo (MC) simulation of the BESIII detector

including a realistic representation of the electronic read-
out, based on Geant4 [31], is used to optimize particle
selection requirements, to determine the product of detector
acceptance and reconstruction efficiency, and to study and
estimate possible background contributions. These simu-
lations also account for the observed beam energy spread.
Dedicated simulations with 2.5 × 105 events per center-

of-mass energy of the signal processes eþe− → ϕKþK− and
eþe− → ϕK0

SK
0
S with subsequent decays ϕ → KþK− and

K0
S → πþπ− are generated with the KKMC [32] generator,

accounting for ISR and vacuum polarization (VP).
In addition, an inclusive MC sample simulated for a

center-of-mass energy of 4.1784 GeV, corresponding to the
dataset with the largest integrated luminosity (see Table I),
is used to study potential background contributions. This
sample includes open charm processes, ISR production of
vector charmonium(-like) states and continuum qq̄ (where
q is a u, d, s quark) processes. Known decay modes are
modeled with EvtGen [33] using branching fractions taken
from the Particle Data Group (PDG) [34], whereas
unknown processes are modeled by the LUNDCHARM

model [35]. Final state radiation from charged final state
particles is incorporated with the PHOTOS package [36]. The
inclusive MC sample at

ffiffiffi
s

p ¼ 4.1784 GeV corresponds to
40 times the luminosity for the data taken at this center-of-
mass energy.

III. EVENT SELECTION

The final states KþK−KþK− (for eþe− → ϕKþK− with
ϕ → KþK−) and KþK−πþπ−πþπ− (for eþe− → ϕK0

SK
0
S

with ϕ → KþK− and K0
S → πþπ−) are studied in this work.

The polar angle θ of each charged kaon track detected in the
MDC has to satisfy j cos θj < 0.93, and its point of closest
approach to the nominal interaction point must be within
10 cm in the beam direction and within 1 cm in the plane
perpendicular to the beam direction. For the selection of the

KþK−πþπ−πþπ− final state, a secondary vertex fit is
performed, reconstructing two tracks of oppositely charged
pions to a common vertex. It is required that the flight
significance satisfy L=σL > 2, with flight length L of K0

S
mesons and its uncertainty σL. A particle identification
is performed combining the TOF and MDC information
to calculate a score PðhÞ for the particle hypotheses h ¼ π,
K, p. The particle type with the largest score is assigned to
each track. In addition, a minimum score of PðhÞ > 10−5 is
required to suppress background.
A four-(six-)constraint kinematic fit is performed to the

KþK−KþK− (KþK−K0
SK

0
S with K0

S → πþπ−) hypothesis
requiring four-momentum conservation between initial and
final states and two additional mass constraints for the
K0

S → πþπ− decays. The combination yielding the smallest
χ2 value is used for the analysis. The resulting invariant
mass spectra of ϕ meson candidates (the KþK− pair which
has the closest invariant mass to the ϕ mass) for ϕKþK−

and ϕK0
SK

0
S are displayed in Fig. 1 for data taken

at
ffiffiffi
s

p ¼ 4.1784 GeV. According to the inclusive MC
sample, the main background contributions are eþe− →
f2ð1270Þð→ KþK−ÞKþK− and eþe− → KþK−KþK−
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FIG. 1. Fits to the KþK− invariant mass distributions for the
candidates of (a) eþe− → KþK−KþK− and (b) eþe− →
KþK−K0

SK
0
S. Black points represent data at the center-of-mass

energy of 4.1784 GeV, full (red) curves represent the total fit
result and, if relevant, short-dashed (green) curves show the
background contribution. The gray markers indicate the signal
region from which the number of observed events is obtained.
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(continuum production) for the KþK−KþK−, and eþe− →
f02ð→ KþK−ÞK0

SK
0
S, eþe− → f02ð→ K0

SK
0
SÞKþK−, and

eþe− → KþK−K0
SK

0
S (continuum production) for the

KþK−πþπ−πþπ− final state. No peaking background is
found in the KþK− invariant mass distribution in the
vicinity of the ϕ mass.
A requirement is placed on the value of the χ2 of the

kinematic fit with N constraints, χ2NC. The threshold for this
requirement is optimized according to S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S

and B are the numbers of signal and background events
in the inclusive MC sample, which have been scaled
to data after applying the selection criterion. For the
identification of the KþK−KþK− final state, a χ24C < 93

is found as an optimal selection condition, whereas for the
KþK−πþπ−πþπ− final state a χ26C < 227 is chosen. Since
the optimum choice in χ2NC cuts is found to be energy-
independent, the requirements on the χ2NC value are applied
for all center-of-mass energies. The number of signal events
is determined from a fit to the invariant mass spectra (see
Fig. 1). The signal part is described by a relativistic Breit-
Wigner function, taking into account the asymmetric line
shape of the ϕ meson due to its proximity to the KþK−

threshold [37], convolved with a Gaussian function to
account for the expected experimental mass resolution
obtained from MC simulation. In the fit to events in the
KþK−KþK− final state, the background is described by a
first-order polynomial function, while no significant
increase in the fit quality has been observed when intro-
ducing a background component into the corresponding fit
to the KþK−πþπ−πþπ− final state. A binned maximum
likelihood fit is performed to each dataset and final state
individually, with the width of the ϕ meson fixed to the
world average value taken from the PDG [34]. The number
of signal events in final state i (KþK−KþK− or
KþK−πþπ−πþπ−) at the center-of-mass energy

ffiffiffi
s

p
is

determined by integrating the signal function in the signal
region. It is defined as the symmetric region around the
nominal ϕ meson mass containing 95% of all signal events
according to the signal shape. Asymmetric statistical errors
due to Poisson statistics for low statistics datasets are
obtained via a fit to a likelihood scan of the number of
signal events. These likelihood scans are parametrized by
asymmetric Gaussian distributions

LiðNÞ ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πσ2k

q · e
−ðN−μÞ2

2σ2
k ;

with σk ¼
�
σL; N ≤ μ

σR; N > μ
; ð1Þ

μ being the number of observed signal events in the
maximum likelihood case and σL and σR being the lower
and upper statistical uncertainty of μ for data set i,
respectively. Results are listed in Table I.

IV. EFFICIENCY DETERMINATION

The efficiency ϵiðsÞ in final state i for a center-of-mass
energy

ffiffiffi
s

p
is defined according to

ϵiðsÞ ¼ Ni
accðsÞ

Ni
genðsÞ

; ð2Þ

with Ni
accðsÞ being the number of reconstructed signal

events and Ni
genðsÞ being the total size of the signal MC

sample. Equation (2) only provides a good representation
of the efficiency if the signal MC sample properly reflects
data in all relevant coordinates x⃗ ¼ fpϕ; θϕ;φϕ; pK;
θK;φK;…g, with pi, θi, and φi being the momentum,
polar angle and azimuthal angle, respectively. Since the
data distribution is not constant over the full n-particle
phase space and, in fact, is a priori unknown, a partial wave
analysis of the data is performed in order to reweight the
MC sample.
The isobar model [38] is used in the partial wave analysis

by decomposing the full eþe− → γ� → ϕKþK− and
eþe− → γ� → ϕK0

SK
0
S processes into a sequence of two-

body decays. Each two-body decay is described in the
helicity formalism [39]. The K0

S meson is treated as a stable
particle in the amplitude analysis. Signal MC simulations
are employed to derive the line shape of the ϕmeson that is
used for normalization in the partial wave analysis.
Blatt-Weisskopf barrier factors [39] are used for both the
production γ� → aþ d and the two-body decay a → bþ c
according to Ref. [40]. The final model only includes
processes of the type eþe− → ϕfJ, with fJ → KþK− or
fJ → K0

SK
0
S. Due to limited statistics, we restrict ourselves

to JPC ¼ 0þþ and JPC ¼ 2þþ quantum numbers for the fJ
resonances, which leads to a sufficiently good description
of the data. The dynamics of the JPC ¼ 0þþ contributions
are described by a K-matrix approach up to mðKK̄Þ ≤
1.9 GeV, incorporating the five channels ππ, KK̄, ηη, ηη0,
and 4π with the five fixed poles f0ð980Þ, f0ð1300Þ,
f0ð1500Þ, and f0ð1750Þ [41]. An additional JPC ¼ 0þþ
resonance is included for respective states at higher
invariant masses, while the JPC ¼ 2þþ contributions are
described by four resonances. These single resonances are
parametrized as relativistic Breit-Wigner amplitudes and
their masses and widths are free parameters in the fit. This
is justified by the fact that the aim of this partial wave
analysis is only to better describe the data so as to enable an
accurate determination of the efficiency. In further model
tests, no significant contribution of eþe− → KK� with
K� → ϕK is found.
The partial wave analysis is performed as an unbinned

maximum likelihood fit using the software package
PAWIAN [42]. Details on the likelihood construction
in PAWIAN can be found in Refs. [40,42,43]. The few
remaining background events underneath the ϕ peak
(jmϕ;PDG −mðKþK−Þj < 0.01 GeV=c2) are neglected in
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the partial wave analysis. Due to the limited statistics, the
data for the KþK−πþπ−πþπ− final state are fitted simulta-
neously over the whole energy range with all amplitudes
fully constrained between the datasets apart from an overall
scaling factor. The results of the partial wave analysis for
the different final states are displayed in Fig. 2 for the
high statistics data taken at a center-of-mass energy of
4.1784 GeV. For each energy point, we obtain event
weights, wðx⃗Þ, from the partial wave analysis as a function
of the coordinates in the n-particle phase space. The
efficiency ϵiðsÞ is then determined as

ϵiðsÞ ¼
PNi

accðsÞ
j¼0 wðx⃗jÞPNi
genðsÞ

j¼0 wðx⃗jÞ
: ð3Þ

The efficiencies obtained in this way are summarized in
Table I.

V. DETERMINATIONOF BORNCROSS SECTIONS

The Born cross sections of the processes eþe− →
ϕKþK− and eþe− → ϕK0

SK
0
S are determined by

σBðsÞ ¼
NðsÞ

LðsÞ · ð1þ δrðsÞÞ · 1
j1−Πj2 · ϵðsÞ · Br

; ð4Þ

withNðsÞ denoting the number of signal events observed in
the data at the center-of-mass energy

ffiffiffi
s

p
, LðsÞ being the

corresponding integrated luminosity determined using
Bhabha scattering [44], δrðsÞ and 1

j1−Πj2 being corrections

accounting for ISR and VP, ϵðsÞ being the efficiency and
Br corresponding to the product of branching ratios
involved in the decay [Br ¼ Brðϕ → KþK−Þ for eþe− →
ϕKþK− and Br ¼ Brðϕ → KþK−Þ × BrðK0

S → πþπ−Þ2
for eþe− → ϕK0

SK
0
S]. The correction 1

j1−Πj2 is calculated

with the alphaQED software package [45] with an accuracy
of 0.5%. The ISR effect is treated in an iterative procedure
starting from a flat energy dependence of the Born cross
section σBðsÞ. It depends on the shape of the cross section
and can, in general, have an effect on the efficiency. The
procedure is considered converged once two successive
iterations i and i − 1 give κi=κi−1 ¼ 1 within statistical
uncertainties, where κðsÞ ¼ ϵðsÞ · ð1þ δrðsÞÞ is the prod-
uct of the efficiency and the corresponding radiative
correction factor 1þ δrðsÞ obtained from the KKMC MC
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FIG. 2. Results of the partial wave analysis of the (a),(b) eþe− → ϕKþK− and (c),(d) eþe− → ϕK0
SK

0
S processes for the data taken at a

center-of-mass energy of 4.1784 GeV. The left column shows the invariant mass of the KþK−ðK0
SK

0
SÞ system recoiling off the ϕmeson,

the right column the invariant mass of the ϕKþ=ϕK− (ϕK0
S) system. Black points correspond to data and full (red) curves show the result

of the amplitude analysis. Note: For the eþe− → ϕK0
SK

0
S process, the solution of the fit to data from all energy points is applied to data at

this center-of-mass energy as an example.
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generator for each iteration [46]. The resulting Born cross
sections are shown in Fig. 3. Table I summarizes the Born
cross sections together with the relevant values that are used
for the calculation. In the case of continuum production of
the two final states, a value of two is expected for the
quotient of the Born cross section if isospin conservation
holds.

VI. SYSTEMATIC UNCERTAINTIES

The integrated luminosity has been determined using
Bhabha scattering and its uncertainty is found to be 1%
[44]. The systematic uncertainty of the tracking efficiency
has been determined using a J=ψ → pp̄πþπ− control
sample [47] and estimated to be 1% per track.

For multiple final state charged particles per event, the
corresponding uncertainties of each track are added lin-
early. Uncertainties on the quoted branching fractions are
taken from the PDG [34].
Additional uncertainties due to selection conditions are

investigated by varying each selection condition around its
default value. The resulting Born cross section is deter-
mined and compared with the nominal value using the ratio
R ¼ σstep

σnom
. The systematic uncertainty is estimated as a

standard deviation of a weighted sample of R. Here,
1=δR is used as the weight, where δR is the uncertainty
taking the sizeable correlation between the event samples
into account. With regard to the kinematic fit, where a
selection condition of χ2 < 93 (χ2 < 227) is applied in case
of the KþK−KþK− (KþK−πþπ−πþπ−) final state, the
selection condition is varied between χ2 < 43 (χ2 < 177)
and χ2 < 143 (χ2 < 277) in steps of δχ2 ¼ 5. For the
background description, the polynomial shapes are
increased by one and two orders from the nominal first-
order polynomial used to fit the KþK− invariant mass
spectrum in case of theKþK−KþK− final state. For the ISR
correction factor, we perform two additional iterations and
found no significant difference and therefore neglected it as
a source for systematic uncertainty. The uncertainty asso-
ciated with the K0

S reconstruction is determined based on
studies of the control samples J=ψ → K�ð892Þ∓K� and
J=ψ → ϕK0

SK
∓π� [48]. The nominal symmetric signal

region containing 95% of the total signal is altered to a set
of both smaller and larger signal regions. No systematic
effect is observed here. To estimate a systematic uncertainty
arising from the choice of the partial wave analysis (PWA)
model, an additional JPC ¼ 0þþ as well as JPC ¼ 2þþ
resonance is added. The deviation in the efficiency and
hence Born cross section is used as the systematic uncer-
tainty. Its value of 1% is found to be energy independent.
The systematic uncertainties are summarized in Table II for
the data taken at a center-of-mass energy of 4.1784 GeV.
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FIG. 3. Born cross sections of the (a) eþe− → ϕKþK− and
(b) eþe− → ϕK0

SK
0
S processes as a function of the center-of-mass

energy. Black points represent our results including both stat-
istical and systematic uncertainties. The full (red) and dashed
(blue) curves represent the fits using a continuum contribution
[with C ¼ ð5.95� 0.09Þ GeV pb−1=λ, λ ¼ 6.06� 0.28 for
eþe− → ϕKþK− and C ¼ ð4.82� 0.06Þ GeVpb−λ, λ ¼ 5.35�
0.47 for eþe− → ϕK0

SK
0
S] and a Breit-Wigner coherently added

to the continuum contribution, respectively. The fits displayed
(m ¼ 4.2187 GeV=c2 and Γ ¼ 44 MeV) are those for the current
world average parameters of the ψð4230Þ [34].

TABLE II. Summary of relative systematic uncertainties of the
Born cross section measurement in percent for the data atffiffiffi
s

p ¼ 4.1784 GeV.

KþK−KþK− KþK−πþπ−πþπ−

Luminosity 1.0 1.0
Tracking efficiency 4.0 2.0
Branching fraction 1.0 1.0
χ2 cut 0.1 0.2
Background description 0.4
K0

S reconstruction 2.0
PWA model 1.0 1.0

Total 4.4 3.3
Range over all energies 4.3–5.0 3.2–3.4
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The total systematic uncertainty is obtained by adding each
contribution in quadrature. The systematic uncertainties are
obtained for various datasets individually.

VII. SEARCH FOR RESONANT CONTRIBUTIONS

In order to search for possible eþe− → V → ϕKþK−

(eþe− → V → ϕK0
SK

0
S) resonant contributions, two differ-

ent fits are performed. In the first fit, only a nonresonant
contribution of the type [11]

σnrðsÞ ¼
�

Cffiffiffi
s

p
�

λ

ð5Þ

is used. The second fit includes a single Breit-Wigner
amplitude of the form [49]

AresðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−BrðV → ϕKK̄ÞΓ

p
s −m2 þ imΓ

; ð6Þ

with ℏ2c2=GeV2 ¼ 0.3894 mb that is coherently added to
the nonresonant term, where m and Γ denote the mass
and width of the resonance, respectively. The product
ζV ¼ Γeþe−BrðV → ϕKK̄Þ of the electronic width Γeþe−

and the branching fraction BrðV → ϕKK̄Þ of the resonance
V is a free parameter in the fit and is associated with the
amplitude’s strength. Maximum likelihood fits are per-
formed where the likelihood Lðx;ΘÞ with the given data x
and the fit parameters Θ is defined as the product
Lðx;ΘÞ ¼ Q

i LiðΘÞ, with Li being the likelihood function
for dataset i. These likelihood functions are transformed
such that they only depend on the expected number of
signal events N ≡ NiðΘÞ which can be calculated for each
dataset according to Eq. (4). The likelihoods LiðNÞ
obtained from data in Eq. (1) are modified to incorporate
the systematic uncertainties of dataset i. In the fit, all
systematic uncertainties apart from the one on the branch-
ing ratio of the meson decays are considered uncorrelated
between the different center-of-mass energies. While a
correlation of a systematic uncertainty between two center-
of-mass energies cannot in general be ruled out, our
assumption of a vanishing correlation leads to the most
conservative signal estimate.
No evidence for a resonant contribution from the fits is

found and the upper limit for a wide range of resonance
parameters m and Γ at the 90% confidence level are set. As
the resonant contribution is added coherently according to

σcoh ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffi
σnrðsÞ

p
þ AresðsÞ · eiϕj2 ð7Þ

with phase ϕ, the fit finds two ambiguous solutions for
constructive and destructive interference [50]. The upper
limits are obtained by integrating Lðx;ΘÞ ¼ Q

i LiðΘÞ
according to

R ζULV
−∞ Lðx;ΘÞπðΘÞdζVR∞
−∞ Lðx;ΘÞπðΘÞdζV

¼ 0.90; ð8Þ

where the prior πðΘÞ is given by

πðΘÞ ¼
�
1; ζV ≥ 0

0; ζV < 0
: ð9Þ

The procedure outlined above is repeated with a step size of
1 MeV for different masses m in the range 4.15 GeV=c2 <
m < 4.45 GeV=c2 and widths Γ in the range 40 MeV <
Γ < 240 MeV for a potential resonant contribution. The
results are shown in Fig. 4. The dependence of the upper
limits on the mass and widths of a resonant contribution V
is observed to be flat. The upper limits for a resonant
contribution of the ψð4230Þ, using current world average
values for mass (m ¼ 4.2187 GeV=c2) and width
(Γ ¼ 44 MeV) [34] are ζULV;coh ¼ 1.75 eV and ζULV;incoh ¼
0.019 eV for ϕKþK− and ζULV;coh ¼ 0.47 eV and ζULV;incoh ¼
0.025 eV for ϕK0

SK
0
S at the 90% confidence level.
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FIG. 4. Upper limits on a possible resonant contribution with
mass m and width Γ added coherently to the continuum
contribution for eþe− → ϕKþK− (top) and eþe− → ϕK0

SK
0
S

(bottom).
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VIII. SUMMARY

The processes eþe− → ϕKþK− and eþe− → ϕK0
SK

0
S

have been studied for the first time using 22.7 fb−1 of
electron-positron annihilation data taken at 33 different
center-of-mass energies between 3.7730 and 4.7008 GeV.
The decay of the ϕ meson is clearly identified in both
processes for all center-of-mass energies, and Born cross
sections are determined with a precision of 8–20%. No
evidence for a resonant contribution is found from a fit
to the eþe− → ϕKþK− and eþe− → ϕK0

SK
0
S Born cross

sections. This indicates that the ψð4230Þ strongly prefers to
preserve its charm content in decays. The upper limits at the
90% confidence level for a wide range of resonance
parameters m and Γ are set.
Since the continuum contributions to the Born cross

sections for both processes eþe− → ϕKþK− and eþe− →
ϕK0

SK
0
S are similar in shape, a constant fit is performed to its

ratio yielding a proportionality factor of 3.85� 0.01. This
result differs significantly from the value of two, thereby,
revealing an isospin symmetry breaking effect. Since the
continuum production of the final states investigated goes
through a virtual photon, isospin is a priori not conserved.
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