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Based on 14.7 fb−1 of eþe− annihilation data collected with the BESIII detector at the BEPCII collider at
17 different center-of-mass energies between 3.7730 GeVand 4.5995 GeV, Born cross sections of the two
processes eþe− → pp̄η and eþe− → pp̄ω are measured for the first time. No indication of resonant
production through a vector state V is observed, and upper limits on the Born cross sections of eþe− →
V → pp̄η and eþe− → V → pp̄ω at the 90% confidence level are calculated for a large parameter space in
resonance masses and widths. For the current world average parameters of the ψð4230Þ of m ¼
4.2187 GeV=c2 and Γ ¼ 44 MeV, we find upper limits on resonant production of the pp̄η and pp̄ω
final states of 7.5 pb and 10.4 pb at the 90% CL, respectively.
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I. INTRODUCTION

In recent years, several unexpected states have been
discovered in the charmonium sector. Notable examples are
the χc1ð3872Þ discovered by Belle [1], the charged char-
moniumlike Zcð3900Þ discovered by BESIII [2] and the
vector states ψð4220Þ and ψð4390Þ, originally discovered
by BABAR [3] as a single broad resonance named Yð4260Þ
in the eþe− → γISRπ

þπ−J=ψ process, and later found
to be two distinct states by BESIII [4]. Charmoniumlike
vector states similar to the ψð4220Þ and ψð4390Þ were
observed by BESIII in the processes eþe− → πþπ−hc [5],
πþπ−ψð3686Þ [6], D0D�−πþ [7], ωχc0 [8] and ηJ=ψ
[9–11]. However, so far no observations have been made
of decays into light mesons or baryons for either the
ψð4220Þ or the ψð4390Þ. Cross sections have been deter-
mined for the processes eþe− → pp̄π0 [12], ϕϕϕ, ϕϕω
[13], pK0

Sn̄K
− [14], K0

SK
�π∓ [15], K0

SK
�π∓π0 and

K0
SK

�π∓η [16] without significant detection of resonant
production. Channels that include a proton antiproton pair
are especially interesting, since the partial width of decays
of the type V → pp̄h, where V is a vector-state in the
charmonium region and h is a light meson, can be related to
the production cross section pp̄ → Vh [17]. In light of the
upcoming PANDA experiment at the FAIR facility [18], it
is important to obtain the production cross sections of
potentially exotic resonances in the charmonium sector.
Multiple theoretical explanations have been offered

concerning the nature of the ψð4220Þ and ψð4390Þ states.
Possible interpretations include D1D̄ molecules, hybrid
charmonia or baryonium states, and their compatibility
with experimental data have recently been discussed in
detail in Ref. [19]. Additional information is needed from
experiments in order to discriminate between the different
hypotheses. Thus, the search for new decay modes of the
ψð4220Þ and ψð4390Þ is important.
In this work, we report measurements of the Born cross

sections of the processes eþe− → pp̄η and eþe− → pp̄ω
for data collected at 17 different center-of-mass (c.m.)
energies between

ffiffiffi
s

p ¼ 3.7730 GeV and 4.5995 GeV with
the BESIII detector. The center-of-mass energy dependence
of both cross sections is investigated for possible resonant
contributions V → pp̄η and V → pp̄ω.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATIONS

The BESIII detector is a magnetic spectrometer [20]
located at the Beijing Electron Positron Collider (BEPCII)
[21]. The cylindrical core of the BESIII detector consists of
a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(Tl)
electromagnetic 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 identifier

modules interleaved with steel. The acceptance of charged
particles and photons is 93% over the 4π solid angle.
The charged-particle momentum 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 [22]. This improvement affects data
at 11 of the 17 center-of-mass energy points.
A Monte Carlo (MC) simulation of the full BESIII

detector, based on GEANT4 [23], is used to optimize
selection requirements, determine the product of detector
acceptance and reconstruction efficiency and study and
estimate possible background contributions. These simu-
lations also account for the observed beam energy spread.
Dedicated simulations with 106 events per center-

of-mass energy of the signal processes eþe− → pp̄η
and eþe− → pp̄ω with subsequent decays η → γγ,
η → πþπ−π0, ω → πþπ−π0, and π0 → γγ are generated
with the ConExc [24] generator, accounting for initial state
radiation (ISR) and vacuum polarization (VP). The two
different decay modes of the η meson are weighted
according to their respective branching fraction as given
by the Particle Data Group (PDG) Ref. [25].
In addition, an inclusive MC sample at a center-of-mass

energy of
ffiffiffi
s

p ¼ 4.1784 GeV, corresponding to the dataset
with the largest integrated luminosity of L ¼ 3189 pb−1

(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 [26] using
branching fractions taken from the PDG [25], whereas
unknown processes are modeled by the LUNDCHARMmodel
[27]. Final state radiation (FSR) from charged final state
particles is incorporated with the PHOTOS package [28]. The
inclusive MC sample at

ffiffiffi
s

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

III. EVENT SELECTION

Two different final states are studied in this work, namely
pp̄γγ (for eþe− → pp̄η with η → γγ) and pp̄πþπ−γγ (for
eþe− → pp̄η with η → πþπ−π0 and eþe− → pp̄ω with
ω → πþπ−π0, both with a subsequent π0 → γγ decay). In
the analysis, the invariant mass distributions mðγγÞ and
mðπþπ−π0Þ will be used to identify and quantify η and ω
contributions. The polar angle θ of each charged track
detected in the MDC has to satisfy j cos θj < 0.93, and its
point of closest approach to the interaction point must be
within�10 cm in the beam direction and within 1 cm in the
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plane perpendicular to the beam direction. For particle
identification (PID), the TOF information and the specific
energy deposit dE=dx in the MDC are combined to
calculate a probability PðhÞ for the particle hypotheses
h ¼ π, K, p. This probability corresponds to the p-value of
observing the sum of squared residuals χ2PID between
measured values and the expected values for the given
particle species. The particle type with the largest proba-
bility is assigned to each track. In addition, we require a
minimum probability of PðhÞ > 10−5 to suppress back-
ground from those tracks for which none of the possible
assignments has a high probability.
For photons, a minimum energy deposit in the calorim-

eter of 25 MeV in the barrel region (j cos θj < 0.80) or of
50 MeV in the end-cap regions (0.86 < j cos θj < 0.92) is
required. In addition, the time information from the shower
in the calorimeter relative to the event start time has to be
less than 700 ns. Showers within 10° of the impact point of
any charged track are discarded.
Only events containing exactly one good proton and one

good antiproton candidate (and exactly one good πþ and
one good π− candidate in the case of the pp̄πþπ−γγ final
state) and at least two good photon candidates are retained.
A four- (five-)constraint kinematic fit is performed to the

pp̄γγ (pp̄πþπ−π0 with π0 → γγ) hypothesis requiring four-
momentum conservation between initial and final states
and, if relevant, an additional mass constraint for the π0 →
γγ decay. If more than one γγ combination in an event
satisfies the above requirements, only the combination with
the lowest kinematic fit χ2 is kept for further analysis.
Multiple combinations satisfying all requirements happens
in about 12% (10%) in the case of the pp̄γγ and pp̄πþπ−γγ
final states, respectively. The resulting invariant mass
spectra for the decays η → γγ, η → πþπ−π0, and ω →
πþπ−π0 are displayed for the data at

ffiffiffi
s

p ¼ 4.1784 GeV in
Fig. 1. According to the inclusiveMC sample, backgrounds
containing tracks misidentified as (anti)proton candidates
are very rare and can be neglected. In the case of the pp̄γγ
final state, the main background channels are the processes
eþe− → pp̄, pp̄π0, pp̄ωwith a subsequent ω → π0γ decay
and eþe− → γISRJ=ψ with a subsequent J=ψ → pp̄ decay.
For the pp̄πþπ−γγ final state, the main background
channels are eþe− → ΔΔ̄π, eþe− → pΔ̄ρ, eþe− →
pΔ̄ππ and eþe− → pp̄ρπ (the various possible charges
of the Δ, Δ̄, ρ and π and overall charge conjugation are
taken into account), which can all lead to the signal final
state. No peaking backgrounds in the invariant mass
distributions mðγγÞ and mðπþπ−π0Þ are found.

TABLE I. Summary of the Born cross sections σB of the process eþe− → pp̄η for the datasets at different center-of-mass energies
ffiffiffi
s

p
,

integrated luminosity L, radiative corrections 1þ δr, vacuum polarization correction 1
j1−Πj2, number of observed events Ni, efficiency ϵi,

and cross section σi for the two different decays (1) η → γγ and (2) η → πþπ−π0.ffiffiffi
s

p
(GeV) L (pb−1) ð1þ δrÞ 1

j1−Πj2 N1 ε1 (%) σ1 (pb) N2 ε2 (%) σ2 (pb) σB (pb)

3.7730 2931.8 0.8993 1.057 1521.9þ39.8
−38.2 36.3� 0.1 3.82þ0.10

−0.10 627.1þ28.8
−27.0 24.8� 0.1 4.00þ0.18

−0.17 4.09þ0.09
−0.08 � 0.15

3.8695 224.0 0.9290 1.051 106.8þ11.1
−9.5 34.0� 0.1 3.65þ0.38

−0.32 39.9þ7.8
−6.1 22.8� 0.1 3.53þ0.69

−0.54 3.62þ0.33
−0.28 � 0.15

4.0076 482.0 0.9553 1.044 191.7þ14.7
−13.1 33.1� 0.1 3.06þ0.23

−0.21 78.9þ10.3
−8.6 22.2� 0.1 3.27þ0.43

−0.36 3.10þ0.21
−0.18 � 0.13

4.1784 3189.0 1.0398 1.054 829.5þ29.6
−28.0 30.0� 0.1 2.01þ0.07

−0.07 282.8þ18.3
−16.7 19.8� 0.1 1.81þ0.12

−0.11 2.01þ0.06
−0.06 � 0.08

4.1888 524.6 1.0034 1.056 145.0þ13.0
−11.3 30.8� 0.1 2.15þ0.19

−0.17 58.2þ9.3
−7.5 20.3� 0.1 2.28þ0.36

−0.29 2.18þ0.17
−0.15 � 0.11

4.1989 526.0 1.0156 1.057 133.9þ12.6
−10.9 30.7� 0.1 1.96þ0.18

−0.16 62.8þ8.8
−7.2 20.4� 0.1 2.41þ0.34

−0.28 2.04þ0.16
−0.14 � 0.09

4.2092 518.0 1.0240 1.057 136.2þ12.4
−10.8 30.8� 0.1 2.00þ0.18

−0.16 47.3þ8.0
−6.4 20.1� 0.1 1.86þ0.31

−0.25 1.97þ0.16
−0.13 � 0.09

4.2187 514.6 1.1701 1.056 107.2þ11.5
−9.9 28.1� 0.1 1.52þ0.16

−0.14 38.4þ7.4
−5.7 18.8� 0.1 1.42þ0.27

−0.21 1.49þ0.14
−0.12 � 0.08

4.2263 1056.4 1.0228 1.056 255.1þ16.7
−15.1 30.7� 0.1 1.85þ0.12

−0.11 96.9þ11.1
−9.5 20.0� 0.1 1.88þ0.22

−0.18 1.85þ0.11
−0.09 � 0.08

4.2357 530.3 1.0569 1.055 121.2þ12.0
−10.4 29.9� 0.1 1.74þ0.17

−0.15 47.3þ7.9
−6.3 19.8� 0.1 1.78þ0.30

−0.24 1.75þ0.15
−0.13 � 0.08

4.2438 538.1 1.0464 1.056 120.2þ11.7
−10.1 29.5� 0.1 1.74þ0.17

−0.15 46.7þ8.0
−6.4 19.3� 0.1 1.80þ0.31

−0.25 1.75þ0.15
−0.13 � 0.09

4.2580 828.4 1.0536 1.053 189.0þ14.6
−13.0 30.7� 0.1 1.70þ0.13

−0.12 61.1þ9.0
−7.4 20.0� 0.1 1.47þ0.22

−0.18 1.64þ0.11
−0.10 � 0.07

4.2668 531.1 1.0238 1.053 132.4þ12.3
−10.7 29.9� 0.1 1.96þ0.18

−0.16 42.1þ7.7
−6.1 19.7� 0.1 1.65þ0.30

−0.24 1.88þ0.16
−0.13 � 0.08

4.2777 175.7 1.0463 1.053 39.1þ7.2
−5.6 30.1� 0.1 1.71þ0.31

−0.24 15.0þ4.9
−3.3 19.6� 0.1 1.75þ0.57

−0.38 1.71þ0.28
−0.21 � 0.10

4.3583 543.9 1.1749 1.051 80.7þ9.8
−8.2 26.4� 0.1 1.15þ0.14

−0.12 26.7þ6.2
−4.6 17.3� 0.1 1.02þ0.24

−0.18 1.12þ0.12
−0.10 � 0.05

4.4156 1043.9 1.0714 1.052 176.1þ14.3
−12.6 29.7� 0.1 1.28þ0.10

−0.09 57.7þ9.1
−7.4 18.6� 0.1 1.16þ0.18

−0.15 1.25þ0.09
−0.08 � 0.05

4.5995 586.9 1.1439 1.055 80.1þ9.8
−8.2 26.7� 0.1 1.07þ0.13

−0.11 15.5þ5.0
−3.4 16.2� 0.1 0.60þ0.19

−0.13 0.92þ0.11
−0.08 � 0.04

CROSS SECTION MEASUREMENT OF eþe− → pp̄η… PHYS. REV. D 104, 092008 (2021)

092008-5



The selection criteria with respect to the kinematic fit are
optimized according to sffiffiffiffiffiffi

sþb
p , where s and b are the number

of signal and background events in the inclusive MC
sample, that has been scaled to data, after requiring
χ2 < χ2sel. In the case of the pp̄γγ final state, χ2 < 30 is
found as an optimal selection condition, whereas for the
other two reactions the background is dominated by other
processes leading to the pp̄πþπ−π0 system so that no
requirement is made on the χ2 of the kinematic fit. This
procedure is repeated with s0 and b0 being signal and
background contributions determined directly from data
using the η (ω) signal- and sidebands. The resulting

selection condition agrees with the one determined from
the inclusive MC sample within statistical uncertainties. As
both the data and the inclusive MC samples at the other
center-of-mass energies are significantly smaller than those
at

ffiffiffi
s

p ¼ 4.1784 GeV, we do not repeat this optimization,
and the requirement χ2 < 30 for the pp̄γγ final state is
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). In the fit, the signal
is described by a shape determined from reconstructed
signal MC simulations convolved with a Gaussian function
in order to account for a possible underestimation of the
mass resolution in MC simulation. The η and ω mesons are
described by relativistic Breit-Wigner distributions in the
MC generator. The background is described by first- and
second-order polynomial functions in the case of η → γγ
and ηðωÞ → πþπ−π0, respectively. In the first step, we
perform a global binned maximum likelihood fit to the sum
of the data at all center-of-mass energies, determining a
width of the Gaussian smearing functions as well as a
background shape for each of the three processes under
study. A binned maximum likelihood fit is then performed
to each dataset and process individually, with only the
signal and background yields as free parameters. The signal
and background shape are fixed to the result of the global fit
in order to obtain reliable results from all sample sizes. We
repeat this procedure using different smaller subsets of the
data at different

ffiffiffi
s

p
and find no significant difference.

Thus, it is reasonable to assume that the background shape
does not change with s. The number of signal events in
process i for each

ffiffiffi
s

p
is then found by applying

Ni
sigðsÞ ¼ nsr − nbg;sr. Here, nsr is the number of events

in the signal region (defined as a symmetric region around
the nominal η (ω) mass containing 95% of the events
according to the signal shape), and nbg;sr is the number of
background events in the same region derived from the
polynomial function (see Fig. 1).

IV. EFFICIENCY DETERMINATION

We define the efficiency, ϵiðsÞ, according to

ϵiðsÞ ¼ Ni
accðsÞ

Ni
genðsÞ

; ð1Þ

where Ni
accðsÞ is the number of reconstructed signal events

and Ni
genðsÞ is the total size of the signal MC sample for the

process i at a center-of-mass energy
ffiffiffi
s

p
. If the efficiency is

not constant over the full n-particle phase-space, Eq. (1)
only holds if the signal MC sample properly reflects data in
all relevant coordinates x⃗ ¼ fpp; θp;ϕp; pp̄; θp̄;ϕp̄;…g.
Since the data distribution is a priori unknown, we will
perform a partial wave analysis of the data in order to
reweight our MC sample.
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FIG. 1. Fits to the invariant mass of the (a) η → γγ,
(b) η → πþπ−π0, and (c) ω → πþπ−π0 systems. Black points
represent data at the center-of-mass energy of

ffiffiffi
s

p ¼ 4.1784 GeV,
full (red) lines represent the total fit result and short-dashed
(green) lines show the background contribution. The gray
markers indicate signal and sideband regions.
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The isobar model [29] is used in the partial wave
analysis by decomposing the full eþe− → γ� → pp̄η and
eþe− → γ� → pp̄ω processes into a sequence of two-body
decays. Each two-body decay is described in the helicity
formalism [30], with a two-body decay amplitude for the
decay a → bc given as

AJa;λa
λb;λc

ða → bcÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ja þ 1

4π

r
DJa�

λa;λ
ðϕ; θ; 0ÞFJa

λb;λc
; ð2Þ

where Ja and λa are the spin and the helicity of mother
particle a, λb, and λc are the helicities of the two daughter
particles b and c, λ ¼ λb − λc,DJ

λa;λ
is Wigner’s D-function,

and ϕ and θ are the azimuthal and polar helicity angles of b
in the rest-frame of a. We expand the helicity amplitudes
FJa
λb;λc

into states with a defined set of JPC, L and S quantum
numbers using the transformation

FJa
λb;λc

¼
X
L;S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ1

2Jaþ1

s
·hL;0;S;λjJa;λi ·hJb;λb;Jc;−λcjS;λi;

ð3Þ

where h…i. denote Clebsch-Gordan coefficients and S
and L are limited by S⃗ ¼ J⃗b þ J⃗c and J⃗a ¼ L⃗þ S⃗ as well
as conservation of parity and C-parity. The η meson is
treated as a stable particle in the amplitude analysis,
whereas the three-body decay of the ω meson is described
by a three-body amplitude according to Ref. [31]. Blatt-
Weisskopf barrier factors [30] are used for both the
production γ� → ad and the two-body decay a → bc
according to Ref. [31]. The dynamical part of the
amplitude is described by relativistic Breit-Wigner ampli-
tudes of the form

BWðmÞ¼ m0ΓBLðq;q0Þ
m2

0−m2− i ρðmÞ
ρðm0Þm0ΓB2

Lðq;q0Þ
with

ρðmÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1−

�
mbþmc

m

�
2
�
·

�
1−

�
mb−mc

m

�
2
�s
:

ð4Þ

Here, m0 and Γ are mass and width of the resonance a

decaying to daughter-particles b and c. BLðq; q0Þ ¼ bLðqÞ
bLðq0Þ

is the ratio of the Blatt-Weisskopf barrier factors bLðqÞ at
the linear momentum q of particle b in the rest-frame of a
(q0 is the momentum at m ¼ m0) and ρðmÞ is the phase-
space factor. Only the line shape of the η and ω mesons is
not described in this way. Here we employ the signal
MC simulations that are used for normalization in the

partial wave analysis for the line-shapes. For the eþe− →
pp̄η process, we include the J=ψ resonance (using a Voigt
distribution) and other possible JPC ¼ 1−− and JPC ¼ 3−−

contributions in the pp̄ system. We also include one
JP ¼ 1

2
−ðþÞ and one JP ¼ 3

2
þð−Þ resonance contribution for

the ηpðp̄Þ system. For the eþe− → pp̄ω process, only
intermediate states that decay to the pp̄ system are
included. For each of the three possible quantum numbers
JPC ¼ 0−þ; 0þþ; 2þþ we include a phase-space contribu-
tion that is constant as a function of mðpp̄Þ as well as two
resonant contributions. All masses and widths of inter-
mediate states are free parameters in the fit, apart from the
J=ψ contribution, where mass and width are fixed to the
values given in the PDG [25]. Note that the aim of this
partial wave analysis is only to describe the data accu-
rately enough to enable an accurate determination of the
efficiency.
The partial wave analysis is performed as an unbinned

maximum likelihood fit using the software package
PAWIAN [32]. Details on likelihood construction in
PAWIAN can be found in Refs. [31–33]. The remaining
background events underneath the η (ω) peaks are
accounted for in the partial wave analysis by adding
the sidebands defined in Fig. 1 to the likelihood with
negative weights in such a way that the combined side-
band weight is equal to the integral of the background
function in the signal region.
The data for the two decays η → γγ and η → πþπ−π0 are

fitted simultaneously with all amplitudes fully constrained
between the two processes apart from an overall scaling
factor. The results of the partial wave analysis for
the different processes are displayed in Fig. 2 for the
high statistics data at a center-of-mass energy offfiffiffi
s

p ¼ 4.1784 GeV. In general, the fits have a similar
quality for all center-of-mass energies. As the efficiency
only varies slowly over the Dalitz plot, the remaining small
differences between the data and the fit solution are not
important in the determination of the average efficiency.
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 event weights correspond to
the absolute squared of the full amplitude, normalized such

that
PNi

accðsÞ
j¼0 wðx⃗jÞ corresponds to the number of observed

signal events. These event weights are used to determine
the efficiency ϵiðsÞ as

ϵiðsÞ ¼
PNi

accðsÞ
j¼0 wðx⃗jÞPNi
genðsÞ

j¼0 wðx⃗jÞ
: ð5Þ

The efficiencies obtained in this way are summarized in
Tables I and II.
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V. DETERMINATIONOF BORNCROSS SECTIONS

The Born cross section of each signal process is
determined by

σBðsÞ ¼
NðsÞ

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

; ð6Þ

where NðsÞ is the number of signal events observed in the
data sample at center-of-mass energy

ffiffiffi
s

p
, LðsÞ is the

corresponding integrated luminosity determined using

Bhabha scattering [34], δrðsÞ and 1
j1−Πj2 are corrections

accounting for initial state radiation and vacuum polariza-
tion, ϵðsÞ is the efficiency and B is the product of branching
ratios involved in the decay. The correction 1

j1−Πj2 is

calculated with the alphaQED software package [35] with
an accuracy of 0.5%. Initial state radiation depends on the
shape of the cross section and can, in general, have an
effect on the efficiency. This is treated in an iterative
procedure starting from a flat energy dependence of the
Born cross section σBðsÞ. We consider two successive
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FIG. 2. Results of the partial wave analysis of the eþe− → pp̄η process with subsequent η → γγ (a, b) and η → πþπ−π0 decays (c, d)
and the eþe− → pp̄ω process (e, f) for the data at a center-of-mass energy of

ffiffiffi
s

p ¼ 4.1784 GeV. The left column shows the invariant
mass of the pp̄ system, the right column the invariant mass of the pη (pω) system. Black points correspond to data, full (red) lines show
the result of the amplitude analysis.
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iterations converged if κi=κi−1 ¼ 1 within statistical uncer-
tainties, where κðsÞ ¼ ϵðsÞ · ð1þ δrðsÞÞ is the product of
the efficiency and a radiative correction factor 1þ δrðsÞ
obtained from the ConExc MC generator. The product
of branching fractions is given by B ¼ Brðη → γγÞ for
the eþe− → pp̄ηð→ γγÞ process, B ¼ Brðη → πþπ−π0Þ ·
Brðπ0 → γγÞ for the eþe− → pp̄ηð→ πþπ−π0Þ process and
B ¼ Brðω → πþπ−π0Þ · Brðπ0 → γγÞ for the eþe− →
pp̄ωð→ πþπ−π0Þ process. A combined Born cross section
σB is determined for the two different η decay modes
by using a weighted least squares method [36]. The
resulting cross sections are displayed in Fig. 3 and all
necessary values for their calculation are summarized in
Tables I and II.

VI. SYSTEMATIC UNCERTAINTIES

Various sources of systematic uncertainties contributing
to the measurement of the eþe− → pp̄η and eþe− → pp̄ω
Born cross sections have been considered.
The uncertainty of the integrated luminosity determined

using Bhabha scattering is 1% [34]. The systematic
uncertainty of the tracking efficiency has been determined
using a J=ψ → pp̄πþπ− control sample in Ref. [37] as 1%
per track. Similarly, systematic uncertainties of photon
detection efficiencies have been studied using a J=ψ → ρπ
control sample [38] and were found to be 1% per photon.

For PID efficiency, a systematic uncertainty of 1% per
proton and 1% per pion are taken from Ref. [12,39]. For
multiple particles, each of the track-finding, PID, and
photon efficiency uncertainties are added linearly
[12,37–39]. Uncertainties on the branching fractions are
taken from the PDG [25]. With regard to possible
differences between data and MC concerning the kinematic
fit, where a selection condition of χ2 < 30 is applied in the
case of the eþe− → pp̄ηð→ γγÞ mode, this selection
condition is varied between χ2 < 5 and χ2 < 55 in steps
of δχ2 ¼ 5. The resulting Born cross section is determined
and compared with the nominal value R ¼ σstep

σnom
. We take the

standard deviation of a weighted sample of the ratio R as
the systematic uncertainty due to potential differences in
the χ2 distributions between data and MC simulation. Here,
1=δR is used as the weight, where δR is the uncertainty
taking into account the sizable correlation between the
event samples. The nominal symmetric signal region
containing 95% of the total signal is altered to a set of
both smaller and larger signal regions and we determine the
resulting Born cross sections. As outlined above, we take
the standard deviation of a sample of ratios R weighted by
the inverse of the statistical uncertainty as the systematic
uncertainty resulting from possible deviations in the tails of
the signal distribution between data and MC simulation.
For the background description, the polynomial shapes

TABLE II. Summary of the Born cross sections σB of the process eþe− → pp̄ω for the datasets at different center-of-mass energiesffiffiffi
s

p
, integrated luminosity L, radiative corrections 1þ δr, vacuum polarization correction 1

j1−Πj2, number of observed events N, and the

efficiency ϵ.ffiffiffi
s

p
(GeV) L (pb−1) ð1þ δrÞ 1

j1−Πj2 N ε (%) σB (pb)

3.7730 2931.8 0.8978 1.057 4623.7þ79.2
−77.4 30.9� 0.1 6.11þ0.10

−0.10 � 0.41

3.8695 224.0 0.9417 1.051 285.7þ19.9
−18.2 30.7� 0.1 4.76þ0.33

−0.30 � 0.32

4.0076 482.0 0.9832 1.044 485.4þ25.0
−23.3 30.8� 0.1 3.71þ0.19

−0.17 � 0.26

4.1784 3189.0 1.0220 1.054 2357.9þ53.9
−52.2 29.0� 0.1 2.68þ0.06

−0.06 � 0.18

4.1888 524.6 1.0406 1.056 370.4þ22.4
−20.7 28.2� 0.1 2.58þ0.16

−0.14 � 0.18

4.1989 526.0 1.0217 1.057 380.3þ22.1
−20.5 27.6� 0.1 2.76þ0.16

−0.15 � 0.19
4.2092 518.0 1.0393 1.057 355.7þ21.3

−19.6 28.3� 0.1 2.51þ0.15
−0.14 � 0.17

4.2187 514.6 1.0869 1.056 319.3þ20.4
−18.7 27.0� 0.1 2.27þ0.14

−0.13 � 0.16
4.2263 1056.4 1.0145 1.056 733.8þ30.9

−29.2 28.6� 0.1 2.57þ0.11
−0.10 � 0.18

4.2357 530.3 1.0189 1.055 371.0þ22.0
−20.3 28.6� 0.1 2.57þ0.15

−0.14 � 0.18

4.2438 538.1 1.0463 1.056 353.4þ21.5
−19.8 28.7� 0.1 2.36þ0.14

−0.13 � 0.17

4.2580 828.4 1.0424 1.053 539.1þ26.4
−24.7 28.8� 0.1 2.34þ0.11

−0.11 � 0.16

4.2668 531.1 1.0287 1.053 347.0þ21.3
−19.6 26.3� 0.1 2.60þ0.16

−0.15 � 0.18

4.2777 175.7 1.0823 1.053 106.4þ12.8
−11.0 25.4� 0.1 2.37þ0.29

−0.25 � 0.17

4.3583 543.9 1.0569 1.051 300.3þ19.7
−18.0 26.2� 0.1 2.15þ0.14

−0.13 � 0.15
4.4156 1043.9 1.0554 1.052 540.0þ26.0

−24.4 26.9� 0.1 1.96þ0.09
−0.09 � 0.14

4.5995 586.9 1.1230 1.055 210.4þ16.5
−14.8 25.1� 0.1 1.37þ0.11

−0.10 � 0.10
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were increased by one order from the nominal first order
polynomial used for the η → γγ invariant mass spectrum,
and the second order polynomial in the case of the η →
πþπ−π0 and ω → πþπ−π0 invariant mass spectra. The fits
are then repeated and the difference to the nominal results is
taken as a systematic uncertainty. For the radiative correc-
tion factor, we performed five additional iterations and
found no difference beyond the statistical uncertainty. This
contribution to the systematic uncertainty is therefore
neglected. In addition, the radiative correction factor
depends on how the cross section is modeled in the MC
simulation. In our nominal approach, we use our discrete
set of measurements as an input and cross sections at
intermediate values of the c.m. energy are interpolated
using splines. In an alternative approach, we use our fit to
the Born cross sections as an input in the simulations
instead. We take the average difference between the two
outcomes of 2.5% and 0.7% for the pp̄η and pp̄ω

reactions, respectively, as systematic uncertainties with
respect to the choice of cross section model. Concerning
the efficiency as a result of the amplitude analysis, we
determine sets of efficiencies by replacing the fit solution at
a given c.m. energy with the solution at neighboring
energies (wherever these are reasonably close) as well
as with a solution that is obtained when the data sets at
4.1888, 4.1989, 4.2092, 4.2187, and 4.2263 GeV are
combined in a single fit. The average difference of the
efficiencies of 1.0% and 2.5% for the pp̄η and pp̄ω
reactions are taken as the systematic uncertainties on the
efficiency due to the uncertainty in the PWA parameters.
The systematic uncertainties are summarized in

Table III for the data at a center-of-mass energy offfiffiffi
s

p ¼ 4.1784 GeV. The total systematic uncertainty is
obtained by adding each contribution in quadrature. Corre-
lated systematic uncertainties in the two eþe− → pp̄η
processes are accounted for in the calculation of the
combined Born cross section following Ref. [36].

VII. SEARCH FOR RESONANT CONTRIBUTIONS

The final Born cross sections for the eþe− → pp̄η
and eþe− → pp̄ω processes are displayed in Fig. 3. In
order to search for possible eþe− → V → pp̄η (eþe− →
V → pp̄ω) resonant contributions, we perform two differ-
ent fits. In the first fit, only a nonresonant contribution of
the type

σnrðsÞ ¼
�

Cffiffiffi
s

p
�

λ

ð7Þ

defined in Ref. [12] is used. Here, C and λ are free
parameters in the fit. The second fit includes a single
Breit-Wigner amplitude of the form

AresðsÞ ¼ AV

�
mΓ

s2 −m2 þ imΓ

�
ð8Þ

that is coherently added to the nonresonant term.
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FIG. 3. Born cross sections of the eþe− → pp̄η (a) and eþe− →
pp̄ω (b) processes as a function of the center-of-mass energy.
Black points represent our result including both statistical and
systematic uncertainties. The full (red) and long-dashed (blue)
lines represent the fits using a continuum contribution 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 [25].

TABLE III. Summary of systematic uncertainties in percent for
the data at

ffiffiffi
s

p ¼ 4.1784 GeV.

η → γγ η → πþπ−π0 ω → πþπ−π0

Luminosity 1.0 1.0 1.0
Tracking efficiency 2.0 4.0 4.0
Photon detection 2.0 2.0 2.0
Particle identification 2.0 4.0 4.0
Branching fraction 0.5 1.2 0.8
Cross section model 2.5 2.5 0.7
PWA efficiency 1.0 1.0 2.5
χ2 cut 1.9
Signal region 0.6 0.8 0.8
Background description 0.7 1.5 0.3

Total 5.0 7.0 6.7
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Unbinned maximum likelihood fits are performed where
the likelihood Lðx;ΘÞ given the data x and the fit
parameters Θ ¼ ðC; λ;ReðAVÞ; ImðAVÞ; m;ΓÞ is defined
as the product Lðx;ΘÞ ¼ Q

i;j LijðΘÞ, where Lij is a set
of likelihood functions, one each for each dataset i and
decay mode j. These likelihood functions are transformed
such that they only depend on the expected number of
signal events N ≡ NijðΘÞ which can be calculated for
each dataset according to Eq. (6). The likelihood LijðNÞ is
then obtained from data via a likelihood scan of the number
of signal events in the invariant mass distributions
of the meson decay systems. These likelihood scans are
parametrized by asymmetric Gaussian distributions.
Incorporating the systematic uncertainties of dataset i
and process j, the likelihood is

LijðNÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πððσL;ijþσR;ij

2
Þ2 þ σ2sys;ijÞ

q · e
−

ðNij−μijÞ2
2ðσ2

k
þσ2

sys;ij
Þ

with σk ¼
�
σL;ij; Nij ≤ μij

σR;ij; Nij > μij
: ð9Þ

In the fit, all systematic uncertainties apart from the one on
the branching ratio of the meson decays are considered
uncorrelated between the different c.m. energies. While
there will be some unknown correlation of the remaining
systematic uncertainty between two c.m. energies, our
assumption of a vanishing correlation leads to the most
conservative upper limit estimation. We find no evidence
for a resonant contribution from the fits and set upper limits
at the 90% confidence level. As the resonant contribution
is added coherently, the fit finds two ambiguous solutions
for constructive and destructive interference by construc-
tion. The upper limits are obtained by integrating
Lðx;ΘÞ ¼ Q

i;j LijðΘÞ according to

R σULV
−∞ Lðx;ΘÞπðΘÞdσVR∞
−∞ Lðx;ΘÞπðΘÞdσV

¼ 0.90; ð10Þ

where the prior πðΘÞ is given by

πðΘÞ ¼
�
1; σV ≥ 0

0; σV < 0
: ð11Þ

The procedure outlined above is repeated with a step size of
1 MeV for different masses m in the range 4 GeV=c2 <
m < 4.4 GeV=c2 and widths Γ in the range 40 MeV <
Γ < 300 MeV for a potential resonant contribution. The
results are shown in Fig. 4.
The most stringent upper limits are found for resonant

contributions with mass m ¼ 4.390 GeV=c2 (m ¼
4.399 GeV=c2) and width Γ ¼ 40 MeV (Γ ¼ 297 MeV)
in the pp̄η (pp̄ω) channel with values of 4.56 pb and

7.69 pb at the 90% CL, respectively. 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) [25] are 7.5 pb and 10.4 pb at the 90% CL,
respectively.

VIII. SUMMARY

The processes eþe− → pp̄η and eþe− → pp̄ω have
been studied using 14.7 fb−1 of electron-positron annihi-
lation data at 17 different center-of-mass energies between
3.7730 GeV and 4.5995 GeV. Both processes are clearly
identified at all center-of-mass energies and Born cross
sections are determined. We find no evidence for a resonant
contribution from a fit to the eþe− → pp̄η and eþe− →
pp̄ω Born cross sections, and set upper limits at the
90% confidence level for a wide range of resonance
parameters m and Γ. Using the approach outlined in
Ref. [17], these upper limits will serve as valuable input
for model calculations of the processes pp̄ → Vη and
pp̄ → Vω for the upcoming PANDA experiment.
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FIG. 4. Upper limits on a possible resonant contribution with
massm and width Γ for the two processes eþe− → pp̄η (top) and
eþe− → pp̄ω (bottom). All values displayed here are tabulated in
the Supplemental Material [40].
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