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Using data samples of e e~ collisions collected with the BESIII detector at eight center-of-mass energy
points between 3.49 and 3.67 GeV, corresponding to an integrated luminosity of 670 pb~!, we present the
upper limits of Born cross sections and the effective form factor for the process et e~ — Q~Q*. A fit to the
cross sections using a perturbative QCD-derived energy-dependent function shows no significant threshold
effect. The upper limit on the measured effective form factor is consistent with a theoretical prediction
within the uncertainty of lo. These results provide new experimental information on the production

mechanism of Q.

DOI: 10.1103/PhysRevD.107.052003

I. INTRODUCTION

The Q™ resonance, composed of three valence strange
quarks, is one of the most famous hyperons. Its discovery
was guided directly by the eightfold way [1] more than half
a century ago. Until now, its physical properties and inner
structure are still not well understood. One approach to
parametrize its inner structure is via electromagnetic form
factors which can be accessed experimentally with elec-
tron-positron annihilation into a virtual photon. For a spin-
S baryon, there are 25 + 1 form factors to describe the
y*-baryon-antibaryon vertex in the electron-positron anni-
hilation under the assumption of one photon exchange. For
baryons with § = % the two form factors are the magnetic
form factor |G, (¢*)| and the electric form factor |Gg(g?)|.
For baryons with § = %, like the ™ hyperon, there are four
form factors to describe the y*Q~Q* vertex, corresponding
to electric charge (|Ggg|), magnetic dipole (|G |), electric
quadrupole (|G g, |), and magnetic octupole (|G3)), respec-
tively [2]. The individual form factors can be determined
through the analysis of the angular distribution of the
hyperon in the electron-positron c.m. frame. Due to limited
statistics, most experiments have measured only a combi-
nation of the electromagnetic form factors, the so-called
effective form factor |G|, which can be extracted from the
total cross section of the pair production in electron-
positron annihilation [3-8]. A recent calculation of the
effective form factor has been performed for the Q~
hyperon using the covariant spectator quark model [9],
in which the data from the CLEO-c experiment [10] in the
timelike region were used to fix the free parameters.

In addition, many experimental studies determining the
cross section of baryon-antibaryon pairs observed an
unusual behavior near the threshold. The cross sections
for the production of neutron [11-13], proton [14-17], A
[18], and A, pairs [19] are approximately constant. The

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

only data for the process e*e~™ — Q~Q* were gathered by
the CLEO-c experiment at g> > 14.2 GeV? [10], which is
far from the threshold of Q~QF at g3 = 11.19 GeV?.

The nonvanishing cross section near threshold and the
wide-range plateau have attracted great interest and driven
a lot of theoretical studies. Some of the explanations put
forward include a BB bound state or unobserved meson
resonances [20], Coulomb final-state interactions or quark
electromagnetic interaction, and scenarios that take into
account the asymmetry between attractive and repulsive
Coulomb factors [21]. However, no obvious threshold
effect was observed in the reactions ete™ — XX, E-Et,
and E°Z° [22-24], indicating that the baryon antibaryon
pair production in eTe~ annihilation near the threshold
region is not fully understood.

In this article, we report a measurement of the Born cross
section and the effective form factor for the process
ete” — Q Q" based on data samples collected at eight
c.am. energies /s = 3.4900, 3.5080, 3.5097, 3.5104,
3.5146, 3.5815, 3.6500, and 3.6702 GeV with the
BESIII detector [25] at the BEPCII [26].

II. BESIII DETECTOR AND DATA SAMPLES

The BESII detector [25] records symmetric e'e”
collisions provided by the BEPCII storage ring [26] in
the center-of-mass energy range from 2.0 to 4.95 GeV [27],
with a peak luminosity of 1 x 10% ¢cm™2s~! achieved at
/s = 3.77 GeV. The cylindrical core of the BESIII detec-
tor covers 93% of the full solid angle and consists of a
helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight (TOF) system, and a CsI(TIl)
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 identi-
fication modules interleaved with steel [28]. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and the
specific energy loss (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
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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 multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [29].

To determine the selection efficiency, 200,000 ete™ —
Q~Q* signal MC events are generated evenly distributed in
the phase space (PHSP) for each of the eight energy
points using the generator CONEXC [30], which takes into
account the beam-energy spread and corrections from
initial-states radiation (ISR). The Q= (Q%) hyperon is
modeled with EvtGen [31] to decay inclusively according
to the branching fractions taken from the Particle Data
Group (PDG) [32]. The response of the BESIII detector is
modeled using a framework based on GEANT 4 [33]. Large
simulated samples of generic ete™ — hadrons events
(inclusive MC) are used to study possible background
reactions with a generic event type analysis tool,
TopoAna [34].

III. EVENT SELECTION

As the selection of ete™ — Q~QF events with a full
reconstruction of all six final-state particles suffers from a
low reconstruction efficiency, a single hyperon tag tech-
nique is applied and the events are reconstructed in one of
three categories: (1) Only the Q~ is reconstructed through
the decay chain of Q= - AK™ and A — pz~. The non-
reconstructed Q" is identified in the recoil against Q.
(2) Only the QT is reconstructed and the Q~ is missed.
(3) Both Q= and Q% are fully reconstructed. The three
categories are mutually exclusive and there is no double
counting for the reconstructed events.

Charged tracks are required to be reconstructed within
the angular coverage of the MDC: |cos 6| < 0.93, where ¢
is the polar angle with respect to the direction of the
positron beam. The dE/dx information obtained from
MDC combined with the flight time in the TOF is used
to calculate the probability for the track being a pion, kaon,
or proton, respectively. Each track is assigned to the particle
type with the highest probability. Events with at least one
negatively charged pion, one negatively charged kaon, and
one proton are kept for further analysis.

The intermediate A candidate is reconstructed by
a secondary vertex fit [35] that is applied to all pa~
combinations. The pz~ invariant mass (M ,,-) of the
selected candidate is required to be within 4 MeV/c? of
the nominal A mass from the PDG [32], determined by 3¢
of the A peak from MC studies. To further suppress
background from non-A events, the A decay length is
required to be greater than zero. Here, the A decay length is
defined by the position vector from the primary to the
secondary vertex, taking into account the crossing angle of
the position vector with the momentum of A. After the
above mentioned selection criteria, it is possible that
multiple A candidates are reconstructed in one event; the

i , - 9
E F=o h Brplnn - o
g e 7
— r
17 s 6
% = 5
R .: ..................... - .
S NS g
Sk e : 3
- e | 2
1.6 [t s 1
F-_ -I ! ! ! ! ! |
1.1 1.12 1.14

M, (GeV/c?)

FIG. 1. Two-dimensional distribution of Mg-, versus M ,,-
from the sum of the eight energy points. The black solid lines
indicate the A window requirement, and the black dotted line
indicates the Q mass.

best candidate selection is performed simultaneously to the
Q reconstruction as described in the following.

The Q™ candidate is reconstructed by combining a A
candidate with a K~. Similar to the A reconstruction, a
secondary vertex fit is applied. In cases with more than one
A or Q candidate, the variable § = (M, —m,)* +
(Mg-p — mg-)? is minimized to choose the best combi-
nation, where Mg-,/,,~ is the invariant mass of the
K~A/pz~ pair, and my - is the mass of the A/Q~
hyperon taken from the PDG [32]. To suppress background
events, the decay length of Q7 is also required to
be larger than zero. Figure 1 shows the distribution
of Mg-, versus M- for the combined eight energy
points. A clear accumulation is observed around the mass
of the A.

To select Qt hyperon candidates, we use the
distribution of the mass recoiling against the selected
K~ A system,

RM-p = /(5 = Ex-p)* = B

2 (1)

where Eg-, and pg-, are the energy and momentum of the
selected K~ A candidate in the c.m. system.

To improve the resolution, a correction is performed with
M%"If“io“ = Mg-5 — M- + m,. Similarly, a correction is
performed to the recoil side with RMSEction — RM -\ +
M- —mgq-. Figure 2 shows the distributions of the
corrected recoil mass versus the corrected mass of € for
each energy point, the central red box indicates the signal
zone (zone S), while By, B,, B3, B, marked by dashed blue
boxes are for the considered sideband regions.
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FIG. 2. Distribution of RMSTUOM versus MSTeton for eight energy points from data and the signal MC sample at 3.490 GeV (lower
right plot). The red box denotes the Q™ signal region, while the dashed blue boxes denote the sideband regions.

IV. EXTRACTION OF SIGNAL YIELDS

The signal yield for each energy point is extracted by
counting the number of events in the signal and the
sideband regions as shown in Fig. 2. The signal and
background regions are defined as follows:

(i) S: Mk € [1.6665,1.6785], RM \x € [1.65,1.69].
(i) By: Mpg € [1.6485,1.6605], RM \x € [1.59,1.63].
(iii) By: Mpg € [1.6485,1.6605], RM \x € [1.71,1.75].
(iv) Bz: Mg € [1.6845,1.6965], RM \x € [1.71,1.75].
(V) By: Mg € [1.6845,1.6965], RM ¢ € [1.59,1.63].
Here, the window size for the tag and the recoil side are

chosen as 3¢ of the mass spectrum from MC studies. The
number of observed events in the signal region N, is
determined. The number of background events in the
sideband regions Ny, is obtained by Ny, = %Z?:l Ng,
where i runs over the four regions shown in Fig. 2. The
number of signal events is obtained by Ng = Ny — Ny
In Table I, the uncertainty of Ng is calculated using the
Feldman-Cousins method [36]. Note that negative Ng have
been set to be 0 to avoid an unphysical number of signal
events. Due to the low statistics, upper limits for these

measurements are provided. The NU is the upper limit at
the 90% confidence level, which is calculated with a profile
likelihood method [37,38]. To investigate the potential
background reactions, a study of the inclusive MC at
3.650 and 3.686 GeV is performed. Main background
events are from non-Q processes, such as e*e™ = AA¢p
with ¢ - KTK~. These background events can be esti-
mated using the sideband strategy.

V. DETERMINATION OF BORN CROSS SECTION
The Born cross section is calculated by

Ns

)= 0 s),

(2)

] 9
m-np €

where L is the integrated luminosity, (1 + &) is the ISR
correction factor, —— is the vacuum polarization (VP)

[1-11)*
correction factor, and ¢ is the selection efficiency. The VP
correction factor is obtained using the calculation described
in Ref. [41]. The ISR correction and efficiency ¢ are
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TABLE L

The numerical results for ete™ — Q~Q. £ is the integrated luminosity [39,40]

, W is the VP correction factor, 1 + & is

the ISR correction factor, € is the selection efficiency, Ny denotes the number of observed events in the signal region, Ny, denotes the
number of background events estimated with the sideband regions, Ng (NY") is the number (upper limit) of signal events, ¢® represents
the Born cross section, and G (s) is the effective form factor. For the cross section and form factor, the first uncertainty is statistical and

the second is systematic.

1+6

Vs (GeV) L (pbh W € Nobs  Nokg Ng (N§") o (fb) |Gege (5)](x107%)
3.4900 12.11 0.88 0.071 0 0 0.0713 (< 2.0) 07,78 £ 0 (< 2738) 0734 +0 (< 30)
3.5080 181.79 0.89  0.075 5 0.5 45733 (<9.6)  3711R:+£16(<797) 1153 +1 (< 16)
3.5097 39.29 0.89  0.078 2 075 13153 (<53) 458155 £20 (< 1947) 1218 +1 (< 25)
3.5104 183.64 0.89  0.077 1 L5 0013 (<26) 0439 £ 0 (< 231) 055 +0 (<9

3.5146 40.92 0.89  0.080 0 0 0.0103 (< 2.0) 015" +£0 (< 682) 0132+ 0 (< 14)
3.5815 85.28 0.92 0.100 1 075 0348 (<3.6) 32*225 +1 (< 469) 30+ 1 (<11
3.6500 44.49 092  0.120 0 0.25  0.0%9 (< 2.0) 0t2‘4 40 (< 408) 077 +£0 (< 10)
3.6702 83.61 0.90  0.120 1 075 0344 (<3.6) 291200 £ 1 (< 417) 355 +£1 (< 10)

determined using an iterative approach where a flat cross
section line shape is adopted as an initial input and is
iterated to obtain a stable result. In this analysis, the last two
iterations have a difference of 0.03% on the cross section.
The measured Born cross sections of the eight energy
points are listed in Table I.

VI. DETERMINATION OF EFFECTIVE
FORM FACTOR

For the spin—% Q~ hyperon, the effective form factor
|Ggr(s)| can be defined by a combination of the four form
factors: |GE0‘? ‘GMll’ |GE2|’ and |GM3| [2,9]

|Gﬂ“M_ﬂ¢2xz%KﬁA)I+WGE®H' -

2x4mo+1

Here, m is the Q™ mass, and |G(s)| and |Gj,(s)| are
defined as follows [9]:

N

8 2
IG5 (5)]> = 2|Grol* + < 5 |Gea |,
9 \4m

32/ s \?
S 16l (o) 16wl @)

The total cross section of ete™ — Q- QT is related to the
form factors as

|Gi(9)]? =

dna®CP [, . 2m* .
)= 2L Gy + 260 )
where « is the fine structure constant, f = /1 — % is the

velocity, and C = y/(1 — ™) is the Coulomb factor para-
metrizing the electromagnetic interaction between the out-

going baryon and antibaryon withy = 7 - a - /(1 — %) /p.

Using Eqgs. (3) and (5), the effective form factor can be
determined from the total cross section by

IMN—¢“#%ﬁmﬂy (©)

s 3s

For the eight energy points in this analysis, the corre-
sponding effective form factors are listed in Table I. The
upper limits on the cross sections and form factors are
determined using the profile likelihood method incorpo-
rating the systematic uncertainties, where the systematic
uncertainties are also included in the profile likelihood
method.

VII. FIT TO BORN CROSS SECTION

A least-y? fit to the Born cross section of eTe™ — Q- QF
is performed with a perturbative QCD (pQCD) driven
energy power law function,

Co'ﬁ‘c

o (\/E) :(\/E_cl)l()’

(7)

where ¢, and c¢; are free parameters. This model has
been applied in studies of eTe™ — AA [18], E°Z0 [23],
and E"Z' [24] production. The fit returns c, =
(74.8731951) pb - GeV~'? and ¢, = (2.65+£0.17) GeV,
where both statistical and systematic contributions of the
measured cross section have been included in the fit
without considering the correlation between different
energy points. Figure 3 shows the fit result with quality

y*/nd.o.f.=42/6.0. The data can be well described by

the pQCD driven energy power function, which indicates
no obvious threshold enhancement.
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FIG. 3. Fit to the measured Born cross section with a pQCD
driven energy power function. The dots with the error bars are the
measured Born cross section at c.m. energies between 3.49 and
3.67 GeV. The blue line denotes the fit results. The bottom plot
shows the residual distribution.

VIII. SYSTEMATIC UNCERTAINTY

Several sources of systematic uncertainties are consid-
ered on the Born cross section measurement. They include
the Q reconstruction efficiency, the mass windows and
decay length requirements of A and Q, sideband selection,
angular distribution, the MC generator, and the fit models
for the cross section. Limited knowledge of the decay
branching fractions of intermediate states and the
luminosity measurement provide additional contributions.
All the systematic uncertainties are discussed in detail
below.

(1) The systematic uncertainty due to the Q~
reconstruction efficiency, including the tracking
and particle identification efficiency for the charged
tracks and the efficiency for the A reconstruction, is
estimated by the control sample y(3686) — Q~Q*
with the same method as described in Refs. [42-48].

(2) The uncertainty associated with the mass windows
of A and Q is estimated by changing the nominal
window size from 3¢ to 4¢. The difference in results
is taken as the uncertainty. The uncertainty from the
decay lengths cut of A or Q7 is estimated by
changing the nominal requirement of L. > 0 to an
alternative requirement of L/6; > 2. Here o, is the
resolution of the decay length.

(3) The nominal sideband regions are defined as the
windows of [60, 126] from the central value. By
varying the position of the sideband window to
[4.56, 10.50] or [7.56, 13.50¢], the maximum differ-
ence on the results is taken as the systematic
uncertainty.

(4) In this analysis, the selection efficiency for ete™ —
Q~Q7 is determined based on a PHSP model, which
may differ from the real angular distribution. Due to
the limited statistics, it is difficult to perform a study
of the angular distribution in detail. Alternatively, we
utilize the angular distribution from theoretical
prediction near threshold [49] to reproduce a MC
sample and take the efficiency difference between
the signal MC samples and the alternative MC as the
systematic uncertainty due to the Q™ angular dis-
tribution.

(5) The precision of the ISR calculation in the MC
generator is better than 1%. Here we conservatively
assign 1% as the uncertainty of the radiative cor-
rection. Using CONEXC, the input line shape is
iteratively modified until the final cross section
becomes stable. The last two iterations have a
difference of 0.03% on the cross section, which is
negligible compared to the uncertainty of the MC
generator.

(6) The fit to the line shape of the Born cross section has
influence on the ISR factor and the selection
efficiency. The input line shape is changed by
+10, where o is taken from the fit result. The
resulting change in ISR factor and selection effi-
ciency is taken as the systematic uncertainty due to
the fit on the line shape.

(7) The uncertainties associated with the branching
fractions of the intermediate states Q™ and A are
taken from the PDG [32].

(8) The luminosity at each energy point is measured
using Bhabha scattering events with an uncertainty
about 0.6% [39,40], which is taken as the systematic
uncertainty.

Table II summarizes the various systematic uncertainties on
the cross section measurements. Assuming all sources to be
independent, the total systematic uncertainty is obtained by
summing over the individual contributions in quadrature.

TABLE II. Systematic uncertainty on the measurement of the
Born cross section (%). The uncertainties are the same for the
eight energy points.

Source Value (%)
Q reconstruction 3.7
A and Q mass windows 0.4
A and Q decay lengths 1.5
Sideband 0.3
Angular distribution 0.8
MC generator 1.0
Fit on the line shape 0.2
Intermediate states 0.9
Luminosity 0.6
Total 43

052003-8



STUDY OF e*e™ — Q~QF AT CENTER-OF-MASS ENERGIES ...

PHYS. REV. D 107, 052003 (2023)

0.04

E This work

i i
0.03 ! CLEO-c data

— Theory

IG, ()]
(=]
S

0.01

| PRRYRNT) S INI ( IN AT S i |

11 12 13 14 15
s [GeV?]

FIG. 4. Comparison of the effective form factor between this
work, the CLEO-c data, and the theoretical prediction [9]. The
black points with error bars are the results from this work. The
green square is from a paper using the CLEO-c data [10] where
Gr =0 was assumed. The red band indicates the theoretical
prediction with the red line in the middle showing the predicted
central value [9], using CLEO-c data to fix the free parameters of
the model.

IX. SUMMARY

In summary, using e e~ collision data corresponding to
a total luminosity of 670 pb~! collected with the BESIII
detector at BEPCII, the upper limits on the Born cross
section and effective form factor for the process ete™ —
Q~QF are measured by means of a single hyperon tag
method, at eight c.m. energies between 3.49 and 3.67 GeV.
The corresponding results are listed in Table I. After a fit to
the cross section of ete™ — Q~Q*t with a pQCD driven
energy function, as shown in Fig. 3, no significant thresh-
old effect is observed near the Q~Q threshold. Note that
the lowest energy point in this work is still about 150 MeV
above the threshold.

The results of this analysis provide new experimental
information to understand the production mechanism for
hyperons with strangeness § = —3. The effective form
factor determined in this paper (black data points) is
consistent with the theoretical prediction (red band) using
the covariant spectator quark model [9] within the uncer-
tainty of 1o as shown in Fig. 4. Although only upper limits
on the effective form factor are obtained due to the low
statistics in this measurement, they will provide a constraint

for the theoretical studies on the threshold effects of baryon
pair production through e*e™ annihilation.
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