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The Born cross sections and effective form factors for process e*e~™ — Z~E* are measured at eight
center-of-mass energies between 2.644 and 3.080 GeV, using a total integrated luminosity of 363.9 pb~!
et e collision data collected with the BESIII detector at BEPCII. After performing a fit to the Born cross
section of e*e~ — Z~E*, no significant threshold effect is observed.

DOI: 10.1103/PhysRevD.103.012005

Also at Bogazici University, Istanbul 34342, Turkey.
PAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
CAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
dAlso at the NRC “Kurchatov Institute,” PNPI, Gatchina 188300, Russia.
CAlso at Istanbul Arel University, Istanbul 34295, Turkey.
'Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
€Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for
Pamcle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.
"Also at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,
Sh_anghal 200443, People’s Republic of China.
'Also at Harvard University, Department of Physics, Cambridge, Massachusetts 02138, USA.
JPrese:nt address: Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia.
“Also at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.
'School of Physics and Electronics, Hunan University, Changsha 410082, China.
"Also at Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal University,
Guangzhou 510006, China.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
dlsmbunon of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP’.

012005-3


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.012005&domain=pdf&date_stamp=2021-01-08
https://doi.org/10.1103/PhysRevD.103.012005
https://doi.org/10.1103/PhysRevD.103.012005
https://doi.org/10.1103/PhysRevD.103.012005
https://doi.org/10.1103/PhysRevD.103.012005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

M. ABLIKIM et al.

PHYS. REV. D 103, 012005 (2021)

Electromagnetic form factors, which parametrize the
inner structure of hadrons, are important observables for
improving our understanding of quantum chromodynamics
(QCD). In the 1960s, Cabibbo and Gatto first proposed that
the timelike electromagnetic form factors can be studied in
electron-positron collisions by measuring hadron pair-
production cross sections [1]. Assuming that spin-1/2
baryon pair (BB) production is dominated by one-photon
exchange, the Born cross section for the process ete™ —
BB can be parametrized in terms of an electromagnetic, Gp,
and a magnetic, G, form factor [2] as

4 2
oB(s) = ﬂgsﬂC

2m3c

G ()] + Ge(s)P|. (1)

N

where « is the fine-structure constant, c is the speed of light,
s is the square of the center-of-mass (c.m.) energy, f =

/1 —4m%c* /s is a phase-space factor, and my is the mass of
the baryon. The Coulomb factor C, which accounts for the

electromagnetic interaction of pointlike fermions in the final
state [3], is unity for neutral baryon, and equal to y /(1 — ™)

for charged baryons, where y = wa\/1 — 2 /B.InRef. [4],C
is parametrized as an enhancement factor £ times a resum-
mation factor R, i.e., the so-called Sommerfeld-Schwinger-
Sakharv rescattering formula: C = £ x R where £ = na/p.
Thus in the limit of # — 0, the Coulomb factor tends to £, and
the factor of f# due to phase space is canceled, which results in
anonzero cross section at threshold. The effective form factor,
which is defined as a linear combination of the electromag-
netic form factors,

§)2 4 2mee Y
Gunls)| = [P+ IG P

1 Zm%; c*

and, through substitution of Eq. (1) into Eq. (2), is propor-
tional to the square root of the Born cross section:

% (s)

4ra?pC
”3sﬂ (1 +

|Getris)| = : (3)

s
2myc )
s

There have been many experimental studies on the
nucleon pair production cross sections over several deca-
des, and unusual behavior has been observed in the near-
threshold region. The measured cross section for ete™ —
pp is approximately constant in the energy ranging from
threshold to about 2 GeV [5-7], with an average value of
about 0.85 nb. Similar behavior in the near threshold region
was also observed in the ete™ — nii process [8], with an
average cross section of about 0.8 nb. The nonvanishing
cross section near threshold and the wide-range plateau
have attracted great interest and driven many theoretical
studies, including scenarios of invoking BB bound states or

unobserved meson resonances [9], Coulomb final-state
interactions or the quark electromagnetic interaction and
the asymmetry between attractive and repulsive Coulomb
factors [10]. In the present context of QCD and our
understanding of the quark-gluon structure of hadrons, it
is particularly interesting to explore similar anomalous
phenomenon in the hyperon system [11-15]. Recently, the
BESIII collaboration has measured the Born cross sections
for the processes eTe™ — AA [13]and ete™ — AFAL [14]
with the energy scan technique. The unprecedented pre-
cision of these measurements allowed for an observation of
a threshold enhancement effect, i.e., nonvanishing cross
section at threshold, to be observed for the first time. The
cross sections of E baryon pair production have been
measured at a series of charmonium resonances [16] and
above the open charm threshold [17], but the threshold
effect of E pair production has never been investigated
before due to the limited sample sizes available.

In this paper, we present a measurement of Born cross
sections and effective form factors for the process ete™ —
E-ET at c.m. energies between 2.644 and 3.080 GeV and
perform a fit to the measured Born cross sections under
various hypotheses. The dataset used in this analysis
corresponds to a total of 363.9 pb~! e*e~ collision data
[18] collected with the BESIII detector [19] at BEPCII [20].

The BESIII detector is a magnetic spectrometer [19]. 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(TI) electromagnetic
calorimeter, 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 4z solid angle. The charged-particle
momentum resolution at 1 GeV/c is 0.5%, and the
dE/dx resolution is 6% for electrons from Bhabha scatter-
ing. The electromagnetic calorimeter 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.

To determine the detection efficiency, 100,000 eTe™ —
E-=* Monte Carlo (MC) events are generated for each
energy point by using the CONEXC generator [21], which
takes into account the beam-energy spread and the cor-
rection of initial-state radiation (ISR). The decay of the
E~ baryon and its antibaryon are simulated inclusively
via EvtGen [22]. The response of the BESIII detector is
modeled with a GEANT4-based [23] MC package. Generic
hadronic events from e*e™ collision are generated with
the CONEXC generator [21] for background studies [24].
The generic hadronic MC is generated according to the
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eTe™ — hadrons cross section, and the subsequent decays
are processed via EvtGen [22] according to the measured
branching fractions provided by the Particle Data Group
(PDG) [25].

As the full reconstruction method suffers from low
selection efficiency for the process ete™ — E~EF, a single
baryon-tag technique [16,17] is applied in this analysis. We
fully reconstruct the Z~ via its Az~ decay mode with
A — pzr~, and infer the presence of the antibaryon Z* from
the distribution of the recoiling mass against the recon-
structed system (unless otherwise noted, the charge-
conjugate state of the E~ mode is included implicitly
throughout the paper).

Charged tracks are required to be reconstructed in the
MDC with good helical fits and within the angular cover-
age of the MDC: |cos 8| < 0.93, where @ is the polar angle
with respect to the et beam direction. Information from the
specific energy deposition measured in the MDC, com-
bined with the information on flight time measured in the
TOF, are used to form particle identification confidence
levels for the 7/ K / p hypotheses. Each track is assigned the
particle type with the highest confidence level. Events with
at least two negatively charged pions and one proton are
kept for further analysis.

To reconstruct A candidates, a secondary vertex fit [26] is
applied to all pz~ combinations; the ones characterized by
% < 500 are kept for further analysis. The mass resolution
of the pz~ pairis 1 MeV/c?, and the invariant mass of the
pr pairis required to be within 5 MeV /¢? of the nominal A
mass from PDG [25], determined by optimizing the figure of
merit Ng/+/Ng + Np based on the MC simulation, where
N is the number of signal MC events and N is the number
of inclusive background events. Ng and Ny are normalized
according to the number of signal and background events in
data. To suppress background from non-A events further, the
decay length of the A candidate, i.e., the distance between its
production and decay positions, is required to be greater than
zero. The =~ candidates are reconstructed with a similar
strategy using a secondary vertex fit, and the candidate with
the minimum value of |M,,- —mgz-| among all Az~
combinations is selected, where M, ,- is the invariant mass
of the Az~ pair, and mz- is the nominal £~ mass from the
PDG [25]. The invariant mass of the Az~ pair is required to
be within 10 MeV/¢? of the nominal 2~ mass, and the decay
length of the E~ candidate is required to be greater than
Zero.

The antibaryon =* candidate can be inferred from the
system recoiling against the selected Az~ pair,

M?\C;Qil — \/(Ee+e‘ - EA}T_)2 - |I_5e+e‘ - I_iAr:‘|2C27 (4)

where E,,- and p,,- are the energy and momentum of the
Az~ system, and E,+, and p,, are the energy and
momentum of the eTe™ system. Figure 1 shows the

Y i o] 2ad . SN -
’ - . el S

2N

.

Ml (GeVi/c?)

M, (GeV/c?)

FIG. 1. Distribution of M%<l versus M,,- from data. The

dashed lines denote the =~ signal region.

distribution of M ,,- versus M%<! for the data integrated
over all eight energy points. The dashed lines denote the E~
signal region. A clear accumulation around the nominal
value of the = mass can be seen. Potential sources of
background are investigated by studying the generic
hadronic MC samples after imposing the signal-selection
criteria. It is found that e*e™ — X%27Z" is the dominant
background process, and is distributed smoothly through-
out the region of interest.

The signal yields for ee~ — Z~Z" at each energy point
are determined by performing an unbinned maximum
likelihood fit to the M%<°! spectrum in the range between
1.2 GeV/c? and 1.45 GeV/c?. The signal shape for the
decay eTe™ — E~ET at each energy point is represented by
the individual MC-simulated shape convoluted with a
Gaussian function. The background is described by a
second-order polynomial while for the two energy points
near threshold, 2.644 and 2.646 GeV, the background is
described by an Argus function [27]. All parameters of the
probability density functions are floated in the fit. Figure 2
shows the Ml distributions and the fit results for the
ete” — E"E" at each energy point.

The Born cross section for ete™ — Z~E7 is calculated as

B __ N obs

T L e (1+o) )
where N, is the number of the observed signal events, L is
the integrated luminosity, € is the detection efficiency of the
single baryon-tag technique, including the charge-conjugate
state as well as the branching fractions for the subsequent
decays of the A and E particles, and (1 + §) is the ISR
correction factor [28], including the vacuum-polarization
correction [29]. The product of the ISR correction factor and
the detection efficiency, ¢(1 4 &), is obtained via an iteration
method [30], i.e., feeding the measured Born cross section
[Eq. (6) is used to describe the Born cross section line shape
during the iteration] back into the MC simulation until the
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Vs = 2.6444 GeV

Vs = 2.6464 GeV

Vs =2.9000 GeV Vs =2.9500 GeV

0 u-....u&!-ﬁ-ﬁ&

Vs =2.9810 GeV Vs =3.0000 GeV

10 | F

Events / 0.007 GeV/c?

Vs = 3.0200 GeV

Vs =3.0800 GeV

Ml (GeV/c?)

FIG. 2. Fit of the recoil mass spectra of Az~ at each energy
point. Dots with error bars are data, the solid lines show the fit
result, the long dashed lines represent the signal contribution, and
the short dashed lines represent the smooth background.

result converges at the 1.0% level. The effective form factor
for the process e*e~™ — E"E" is calculated with Eq. (3).
Table I summarizes the measured Born cross sections and
effective form factors. For the two energy points near
threshold, no clear excess of the signal component is
observed and the corresponding upper limits are calculated
at 90% confidence level (C.L.) based on the profile
likelihood method [31]. Here the systematic uncertainties
in the efficiency are taken into account in the upper limit

TABLE L.

calculation. The single-baryon tag method leads to the
double counting effect of the Z~=* final state, which is
taken into account when calculating the statistical uncer-
tainties based on the study of MC simulation [32]. In this
analysis, the double-counting ratio is about 19%. The double
counting does not affect the central value of the final result
but does affect the statistical uncertainty. If the uncertainty is
determined by fitting, the relative statistical uncertainty is
underestimated by about 8%.

Several sources of systematic uncertainties are considered
in the Born cross section measurement. They are related to
the luminosity measurement, the = reconstruction effi-
ciency, the fit procedure, the angular distribution and the
ISR-correction factor. The integrated luminosity is mea-
sured with a 1.0% precision [18]. The systematic uncertainty
for the = reconstruction efficiency, including the tracking
and particle identification efficiencies, as well as the require-
ments on the mass window and decay length of the E/A, are
studied using the same method as described in Refs. [17,33].
For the two energy points near threshold, the uncertainty of
E reconstruction efficiency is studied with J/y — ZE"EF
events, and the momenta of pions in the final state are
required to be within the same range as at threshold. The
systematic uncertainty due to the fit of the M7 spectrum
includes considerations of the fitting range, signal shape,
and background shape. The systematic uncertainty associ-
ated with the fitting range is estimated by varying the mass
range in steps of 50 MeV/c?. The systematic uncertainty
associated with the signal shape is estimated by changing the
nominal signal shape to a Gaussian and its parameters are
fixed according to the fit of signal MC shape. For the
uncertainty due to the background shape, since the back-
ground distributes smoothly in the region of interest, it is
estimated by performing an alternative fit with a third-order
polynomial function. The systematic uncertainty associated
with the angular distribution is studied with the same method
as described in Ref. [17], by weighting the cos 8z difference
for each bin between data and the phase-space MC sample,
where 0z is the angle between E and the beam direction in
the e™e™ c.m. system. The uncertainty due to the iterative

——r

Summary of measured Born cross sections ¢” and effective form factors |G| for et e~ — Z~E+, where /s is the e e~

c.m. energy, L is the integrated luminosity [18], ¢(1 + &) is the product of the detection efficiency and the ISR correction factor, Ny is
the number of signal events, and S is the signal significance. The values between brackets represent the corresponding upper limit at the
90% confidence level. The first uncertainty is statistical and the second is systematic.

\/E(GCV) ﬁ(Pb_l) 6(1 + 5) Nobs GB (pb) |Geff‘ (X 10_2) S(G)
2.644 33.7 0.015 2.222(< 8.5) 44792 +0.4(< 16.8) 7.613% +0.4(< 15.0) 0.5
2.646 34.0 0.022 4.8774(< 12.8) 6.4730 £0.6(< 17.1) 7.6537 £0.4(< 12.4) 0.5
2.900 105 0.292 213.5+£215 7.0£0.8+0.5 34+£0240.1 17
2.950 15.9 0.287 30.5+63 6.7+ 15+04 32+04+0.1 6
2.981 16.1 0.304 34.0£59 6.9+1.3+£05 334+03£0.1 7
3.000 15.9 0.323 283 +5.6 55+12+04 294+03+0.1 7
3.020 17.3 0.335 23.1+65 40+12+03 2.5+04+0.1 5
3.080 126 0.323 70.5+11.3 1.74£03+0.1 1.6 +£0.1£0.1 8
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TABLE II. Summary of sources of the systematic uncertainty
on the Born cross section measurement (in %). The values in
parentheses represent the systematic uncertainty near threshold.

Source Value
Luminosity 1.0

E reconstruction 34 (7.4)
Fit range 3.8
Signal shape 0.5
Background shape 0.6
Angular distribution 3.6
ISR factor 1.3
Total 6.5 (9.3)

MC tuning procedure is assigned from the difference
between the final two iterations. Since the ISR-correction
factor is calculated with the measured cross section, the
correlations between energy points are also taken into
account by using the method described in Ref. [34]. The
various systematic uncertainties on the cross section mea-
surements are summarized in Table II, where the values
between brackets represent the corresponding sources of
systematic uncertainty for the two energy points near
threshold. Assuming all sources to be independent, the total
systematic uncertainty is obtained by summing over the
individual contributions in quadrature.

A search for a threshold effect is made by performing a
least-y? fit to the Born cross section of e*e™ — Z~E+ with
a series of alternative assumed functions. The first of these
is a perturbative QCD-driven energy power function [35]
which was successfully applied in the e*e~ — AA [13] and
ete™ — ITFET [36] processes,

co-p-C
(\/E_Cl)lo’

where ¢, and c; are free parameters. The blue dash-dotted
line in Fig. 3 shows the fit result with a y? divided by the
number of degrees of freedom (y?/d.o.f) equal to 11.87/6.
It is seen that this fit does not describe the data points
between 2.981 and 3.020 GeV well. To accommodate a hint
of a structure in this region, fits are made by assuming a
coherent sum of a perturbative QCD-driven energy power
function and a Breit-Wigner (BW) function,

2
UBM):‘\/MHWBWW ff(ﬁ; e

where P(4/s) is the two-body phase space factor, ¢ is the
relative phase angle, taken as a free parameter, and

V1270, BI'

TS My iMT’

oP(Vs) = (6)

BW(Vs) (8)

25

i I —4— BESIII data
0E | — . Fit (Eq. (6))
Co / BN —— Fit (Eq. (7))
suisf | N — — Fit (Eq. (9))
= [ :
g Cob — = Threshold
%o 10 -
5
0 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i
2.7 28 29 3 3.1
Vs (GeV)
FIG. 3. Fit to the measured Born cross section with different

assumptions. The dots with the error bars are the measured Born
cross sections at c.m. energies between 2.644 and 3.080 GeV. The
dash-dotted line denotes the fit results using Eq. (6). The solid
line denotes the fit results using Eq. (7). The dashed line denotes
the fit results using Eq. (9), The vertical dashed line denotes the
production threshold for e*e™ — E"E7,

with mass M, width I, dielectron partial width of T,,, and B
is the branching fraction for the decay into the Z~Z* final
state. This fit has y?/d.o.f = 0.03/2 and is given by the red
solid line in Fig. 3. The statistical significance for this
possible structure is estimated to be 2.4, when including the
systematic uncertainties described above. The fitted mass
and width are (2993 + 28) MeV/c? and (88 & 79) MeV,
respectively, with ¢ =2.4+ 0.6 (4.3 £0.3) rad for con-
structive (destructive) interference condition [37], where the
uncertainties are statistical only. The upper limit on the product
I, Bisestimated to be 0.1 (1.0) eV at the 90% C.L. with mass
and width of the structure fixed to the fitted value, using a
Bayesian approach [38] and taking into account the systematic
uncertainties described above. The final function thatis used to
model the et e~ — E~E7 process is inspired by the measured
nucleon-pair production cross section [30], and therefore
assumes a plateau near threshold. By taking into account
the strong interaction near threshold instead of the Coulomb
factor, the Born cross section can be expressed as

ay 2.3
O'B(\/E) = ;mse a —, (9)
s[l —e 71+ (\/};—12’”3) 2]

where a,, a;, a, are fit parameters, a is the normalization
constant, a; is the QCD parameter near threshold, a, is the
power law related to the number of valence quarks and «; is the
running strong-coupling constant,

a, = [%(Im%)+:”1n<}:%)]_l. (10)

Here m, = 91.1876 GeV/c? is the mass of Z boson and
a;(m%) = 0.11856 is the strong coupling constant at the Z
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pole. The fithas y?/d.o.f. = 1.15/5 and is shown as the green
dashed line in Fig. 3. The inflection point of the plateau is
around 3.0 GeV, which is about 350 MeV above threshold. The
last two assumptions are seen to model the data better than the
simple perturbative QCD-driven energy power function.

In summary, using a total integrated luminosity of
363.9 pb~! eTe™ collision data collected with the BESIII
detector at BEPCII, the Born cross sections and effective
form factors for the process eTe™ — E~E* are measured
for the first time at c.m. energies between 2.644 and
3.08 GeV. A fit to the Born cross section of eTe™ —
E-E" is performed with several alternative assumptions: a
QCD-driven energy power function, a variant of this that
allows for a resonant structure at higher energies, and a
variant that allows for a plateau near threshold. All three
approaches are compatible with the data, with the latter two
providing somewhat better fits, although there is no
significant evidence for either a resonance structure, or
an unusual threshold behavior. A resonant structure accom-
modated by the second assumption occurs at 3.0 GeV with
a statistical significance of 2.4¢. The results of this analysis
provide new and useful experimental information to under-
stand the production mechanism for baryons with strange-
ness S = 2.
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