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The process e*e™ — X+~ is studied from threshold up to 3.04 GeV/c? via the initial-state radiation

technique using data with an integrated luminosity of 12.0 fb~!, collected at center-of-mass energies
between 3.773 and 4.258 GeV with the BESIII detector at the BEPCII collider. The pair production cross
sections and the effective form factors of ¥ are measured in eleven X+~ invariant mass intervals from

threshold to 3.04 GeV/c?

. The results are consistent with the previous results from Belle and BESIIL

Furthermore, the branching fractions of the decays J/y — £+~ and w(3686) — Z* X~ are determined
and the obtained results are consistent with the previous results of BESIII.

DOI: 10.1103/PhysRevD.109.034029

I. INTRODUCTION

The inner structure of baryons can be parametrized using
electromagnetic form factors (EMFFs). For baryons with
spin 1/2, assuming a vectorlike current, there are two
EMFFs, the magnetic |Gy| and the electric |Gg| form
factors. Experimentally, these can be accessed in the
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spacelike region by electron-baryon elastic scattering and
in the timelike region by baryon pair production in
electron-positron annihilation [1-3]. Despite the fact that
much work has been done on the EM structures of protons
in both the spacelike and timelike regions [4-9], exper-
imental information regarding the EMFFs of hyperons
remains limited.

The cross section for the process ete™ — YY via one-
photon exchange, where Y denotes a hyperon with spin
1/2, can be expressed in terms of |Gg| and |Gy| [10]:

4ra’C, ﬂ

oy () = 2 | [Gu(s)

FalGe@F| (1)

where s is the square of the center-of-mass (c.m.) energy,
a=1/137.036 1is the fine-structure constant, S =
\/1—4M3%/s is the velocity of the final hyperon,
7=15/4M3%, and My is the mass of the hyperon. The
Coulomb correction factor C [11,12], accounting for the
electromagnetic interaction of charged pointlike fermion
pairs in the final state, is 1.0 for pairs of neutral hyperons
and y/(1—e™) with y=rna(l+p?)/p for pairs of
charged hyperons. The effective form factor (FF) [13]
defined by

7|Gp(5)]? e(s)]?
|Geﬂ=<s>|:\/2 R

is proportional to the square root of the hyperon pair
production cross section.

Experiments have reported cross section measurements
for all members of the spin-parity J© = (1/2)* baryon
octet as well as the ground state charmed hyperon A} and
the Q baryon of the 3/2 decuplet [14]. Especially close to
threshold, intriguing differences are observed. The cross
sections of eTe™ = pp [7-9], ete™ — nii [15], ete™ —
AA[16-18], and ete~ — AFAZ [19,20] are found to have
an abnormal, nonvanishing cross section near threshold.
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However, a comparably significant effect is not observed
for the reactions ete™ — XX [16,21-23], ete” —» EX
[24,25], and ete™ — Q~Q7 [26]. The unexpected thresh-
old behavior is discussed as final-state interactions [27],
bound states or near threshold meson resonances [28], or an
attractive Coulomb interaction [29,30].

The cross section of the process e*e™ — X~ near its
production threshold has been measured by the BESIII
experiment [21] using the scan method. A nonzero thresh-
old cross section was observed with a hint of an enhance-
ment at /s = 2.5 GeV. However, due to limited statistics,
an unambiguous conclusion cannot be drawn.

In this paper, a new measurement of the pair production
cross sections and the effective form factors of X from the
production threshold up to the invariant mass of Z*X~ at
3.04 GeV/c? with the BESIII detector located at the
BEPCII collider is presented. The measurement uses the
initial-state radiation (ISR) process ete™ — ySREZ+E-
where ¥R is a hard photon emitted from the initial e*e™
pair and thus changes the effective c.m. energy of the
collision. The differential cross section for the ISR process
is largest when y™R is emitted almost parallel to the beam
axis, where it cannot be detected by BESIII. To benefit from
the increased cross section, an untagged ISR measurement is
performed. The differential cross section for the ete™ —
ySRE+E- process, integrated over the =¥ (£~) momentum
and the ISR photon polar angle, reads [31]:

do_e*e’ —ySRE+3- (q2)
dq?

= EW(S,x)GZ@—(C]Z), (3)

where oy+5-(g?) is the cross section for the ete™ - TFX~
process, ¢ is the momentum transfer of the virtual photon, its

square equal to the invariant mass squared of XTtX-,
x= 2—55’ =1 —q—f and E7 denotes the energy of the ISR

photon in the eTe™ c.m. system. The function [32]

21 3 37 n°
W(s,x) = kx*1 [l—ﬁ—g(”———) +4—lk+k2<__ﬂ_
m

) 9% 12
1 K 1 1 1
_ilnE>:| —k(l —EX) +§ |:4(2—X) ln;
1 1 —x)?

—#1n(1—x)—6+x} 4)

describes the probability for the emission of an ISR photon
with energy fraction x, where k = 22 In 3z — 1]and M, is the
mass of the electron.

II. BESIII DETECTOR AND MONTE
CARLO SIMULATION

The BESII detector [33] records symmetric e'e”
collisions provided by the BEPCII storage ring [34], which
operates in the c.m. energy range from 2.0 to 4.95 GeV,

with a peak luminosity of 1.0 x 103* cm™2s~! achieved at

\/s = 3.773 GeV. BESIII has collected large data samples
in this energy region [35]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
and a CsI(TI) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field [36]. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter based muon identification modules inter-
leaved with steel. The charged-particle momentum reso-
lution at 1 GeV/c is 0.5%, and resolution of the specific
ionization energy loss (dE/dx) in the MDC is 6% for
electrons from Bhabha scattering. The EMC measures
photon energies with a resolution of 2.5% (5%) at
1 GeV in the barrel (end cap) region. The time resolution
in the TOF barrel region is 68 ps, while that in the end cap
region used to be 110 ps. The end cap TOF system was
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps [37-39],
which benefits 59.6% of the data used in this analysis.
The datasets used in this analysis are collected at twelve
c.m. energies between 3.773 and 4.258 GeV and correspond
to a total integrated luminosity of 12.0 fb~! [18]. The indi-
vidual datasets and the respective luminosities are listed in
Table I. A GEANT4-based [40] Monte Carlo (MC) simulation
package is used to determine the detection efficiency,
optimize event selection criteria, and estimate background
contributions. For the data processing and analysis, the
BESIII Oftline Software System [41] framework is used.
The MC simulated samples of the signal channel (eTe™ —
ySRE+E-) are generated with the CONEXC generator [42].
The cONEXC generator considers ISR processes using the
radiator function at next-to-leading order accuracy including
the vacuum polarization. The cross section line-shape used
for the generation of the signal MC samples is taken from
Ref. [21]. The ISR production of vector charmonium

TABLEIL The c.m. energies /s and the integrated luminosities

L; of each dataset [18].
Vs (GeV) Lin (pb71)
3.773 2931.80
4.128 401.50
4.157 408.70
4.178 3189.00
4.189 526.70
4.199 526.00
4.209 517.10
4.219 514.60
4.226 1091.74
4.236 530.30
4.244 538.10
4.258 825.74
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states [ete™ — ySRJ/y, ySRy(3686)] is generated with
BESEVTGEN [43] using the VECTORISR model [44,45]. The
angular distributions of the £ inJ /yy — £7X~ and y(3686) —
¥+~ decays are modeled according to experimental data [46].
Inclusive MC samples at /s = 3.773 and 4.178 GeV are used
to investigate possible background contamination. They consist
of inclusive hadronic processes (ete™ — qg, g = u, d, s)
modeled with the LUARLW [47] at /s = 3.773 GeV and KKMC
[48,49] at \/s = 4.178 GeV. The dominant background chan-
nel,ete™ — 7°ET X, is generated exclusively using the phase
space CONEXC generator.

III. EVENT SELECTION
AND BACKGROUND ANALYSIS

To select the candidates for ete™ — ySRETE~) the
decays of 2*(£7) — pa°(pza°) and 7z° — yy are recon-
structed, while the ¥R is not detected.

The number of charged tracks is required to be two
with a net charge of zero. These tracks are reconstructed in
the MDC and required to have a polar angle § within
|cosf| < 0.93, where € is defined with respect to the
z-axis, which is the symmetry axis of the MDC.

Furthermore, the distance of closest approach of each
charged track to the interaction point is required within
2 cm in the plane perpendicular to the beam and within
10 cm in the direction along the z-axis. The two selected
tracks are identified as one proton and one antiproton by
requiring P(p) > P(h), where P(h)(h = K, x) are the
probabilities for a track to be assigned to a certain hadron
type, based on the dE/dx information measured by the
MDC and the time measurement in the TOF.

Photon candidates are reconstructed from isolated show-
ers in the EMC. Each photon candidate is required to have a
minimum energy of 25 MeV in the EMC barrel region
(Jcosf| <0.8) or 50 MeV in the end cap region
(0.86 < |cos ] < 0.92). To suppress electronic noise and
showers unrelated to the event, the difference between the
EMC time and the event start time is required to be within
(0, 700) ns. At least four good photon candidates are
required for each event. The #° candidates are recon-
structed from pairs of photons with invariant masses such
that [M,, — M 0] € [—60,40] MeV/c?, where M, is the
known z° mass taken from the Particle Data Group (PDG)
[50]. An asymmetrical z° mass window is used because the
photon energy deposited in the EMC has a long tail on the
low energy side. A one-constraint (1C) kinematic fit is
performed on the photon pairs, constraining their invariant
masses to the nominal 7° mass. The 3 of this kinematic fit
is required to be less than 25 to remove fake candidates. At
least two reconstructed z° candidates per event are further
required, where two z° candidates in an event do not share
the same photons.

The = and £~ candidates are built from the proton,
antiproton, and neutral pion candidates. From all possible
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1.10 1.15 1.20 1.25 1.30
M, [GeV/ c?]
FIG. 1. Distribution of M0 versus M, for the events

satisfying the eTe™ — y!SREZTE~ selection criteria from all data-
sets. The red box denotes the signal region and the black ones
indicate the sideband regions.

combinations, the neutral pion candidates yielding the
smallest value of ,, = \/(Mpﬂo - M;z)? + (M — My)?

are assigned to the baryon decay. Here, My is the nominal
mass of the X hyperon [50]. According to the fit to the
M ;05,0 spectrum with a double Gaussian function, the

signal events are expected to be within a M ,0(;,0) mass

range of [1.16,1.21] GeV/c?.

To further suppress potential background events,
the requirements of the ISR photon polar angle 0, <
0.25 radians or 6 > 2.90 radians, and U, €
[—0.14,0.06] GeV/c? are imposed. Here, 6, in the
c.m. frame is the opening angle between the momentum
of the recoil against the Z+Z~ system (P™°._) and the beam

TE-
direction. U = E=¢e — |PX5._|, where E%¢.  is the

ThE- sl ThE-
energy of the recoil against the Z*X~ system.
Figure 1 shows the distribution of M, versus Mo for
all datasets combined. The red box denotes the signal
region, which is defined by the mass window discussed
above. The black boxes denote the sideband regions used to
study and subtract the nonresonant background. For events
in the signal region, My+s- is plotted in Fig. 2, after
improving the mass resolution by applying the correction
MY = M35E — M0 — Mo +2Ms, where MEEYE,
M, 0, and M;,0 are the measured invariant masses of
the four hadrons and the (anti)proton pion pairs, respec-
tively. Throughout this paper, My-s- refers to MYT .
Potential background sources are investigated by ana-
lyzing the inclusive MC samples at /s =3.773 and
4.178 GeV with the generic event type analysis tool

TopoAna [51]. After applying the above selection criteria,

034029-6



MEASUREMENTS OF X ELECTROMAGNETIC FORM ...

PHYS. REV. D 109, 034029 (2024)

200
180
160
140
120
100
80
60
40
20
0

+

+

2

Events / 0.054 [GeV/c?]

T[T [T [T [T [T [T [T

L * L "'...-..- .or0--0-

.5I — 3.0 3.5
M5 [GeV/c?]

L "0 u!

Ex JETE FETE FETE FETE FETE FETE FETE FUTE FATE AATL

FIG. 2. The My-s- distribution for the events satisfying the
ete™ — ySRE+E~ selection criteria. The black dots with error
bars are data combined from all datasets.

two background contributions are found to be insufficiently
suppressed: the non-Z*tZ~ channels and the process
ete™ = 7°2TE". The non-Z¥Z~ background contribu-
tions are estimated with the sideband method from the
M 50500 distributions, since the corresponding distribu-
tions based on the inclusive MC samples after excluding
the contributions of channels containing ™ X~ pairs do not
exhibit significant structures. The two-dimensional (2D)
sideband regions, shown in Fig. 1, are provided in Table II.
The number of the non-ZtX~ background events is

obtained by N*¢__ . =1ZINE& where i runs over the
four black boxes shown in Fig. 1.

Events of eTe™ — z°X X are easily mistaken for signal
events if one of the photons of the z° s is undetected. The
background contribution to the selected events is estimated
by a data-driven approach using the sideband method. To
estimate this contribution, a sample of the eTe™ — sty
events is selected from data using a similar procedure as
described for the ISR production of £*X~, but reconstruct-
ing an additional z° candidate instead of a missing photon.
The signal and sideband regions are chosen in the same
way as described for the signal process (shown in Fig. 1).
The number of events of this sample is calculated by

data  __ p7SigReg 1 AsSide SigReg Side
Nn'OZ*i’ - NﬂOZJri’ 4 N][‘JZ+ = where Nﬂ[]2+ - and NIL'OZ*E.’
are the numbers of events from the signal and the sideband

regions of the ete™ — 72°%TXZ~ sample, respectively.

TABLE II.  Two-dimensional sideband regions on M ,,» and
M0 as shown in Fig. 1.

BGi M, (GeV/c?) M0 (GeV/c?)
BG1 [1.10, 1.15] [1.22, 1.27]
BG2 [1.22, 1.27] [1.22, 1.27]
BG3 [1.10, 1.15] [1.10, 1.15]
BG4 [1.22, 1.27] [1.10, 1.15]

ST T —
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% b [ Eael E
© Tk E
o 25F =
S | + E
2 15F + =
= E 3
2 10F E
= E
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0 F
24 2.6 2.8 3.0
2
M;.+ [GeV/c?]
FIG. 3. The My-s- distribution for the selected candidates. The

black dots with error bars are combined data from all energy
points. The red and blue histograms represent the non-X* <~ and
ete™ — 7%+~ background events, respectively.

The contribution from remaining e*e™ — 7°Z+ %~ back-

bkg . . .
ground (N o5, ) among the signal candidates is deter-
mined by:

£MC
bkg  _ ardata bkg
Nosrs- = Notys- X e (5)
2T tE-
where eS¢ and €S o are the detection efficiencies of

selecting the £+2~ and 7z°Z+Z~ candidates, respectively,
from the ete™ — 7°Z+Z~ MC samples.

Figure 3 shows the My s- distribution from threshold up
to 3.04 GeV/c? for the events selected from all datasets in
Table 1. The red and blue histograms indicate the back-
ground contributions due to non-X*X~ channels and
ete™ — 7'TTX", respectively.

IV. CROSS SECTION OF e*e™ — X+X-
AND EFFECTIVE FFs

The cross section for the process ete™ — XTX is
calculated from the My+s- distribution for each dataset by

7 N (dN*¢/dMs.5-)
oprs-(Myis-) = e(B(X))*(B(°))*(dLiy/dMsi5-)" ©)

where B(Z) = (51.57 +0.30)% and B(z") = (99.823 &
0.034)% are the branching fractions of 2+ /%~ — pz°/pn°
and 7° — yy [50], respectively. L, is the integrated
luminosity, as listed in Table 1. The effective ISR lumi-
nosity (dLiy/dMy-5-) = W(s,x)L;, is calculated by
Eq. (4). € is the detection efficiency determined using
the signal MC samples as a function of Ms+s-, and
combined as the average value weighted by the correspond-
ing effective ISR luminosity. The (dN%¢/dMs:s-) is
obtained from the Msy+5- distribution of data after
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TABLEIII.  The cross sections (os-+s-) and the effective FFs (|G.|) for the process ete™ — L~ at all datasets.
N is the total number of signal events. & is the average detection efficiency of all datasets weighted by the effective
ISR luminosity. L is the total effective ISR luminosity. For oy:+5- and |G|, the first and second uncertainties are
statistical and systematic, respectively; for N sig_ the uncertainties are statistical only. The values in brackets for N sig_
oy+s- and |G| correspond to the upper limits at 90% confidence level.

Myis- (GeV/c?) N E(%) Lt (pb7) oyis- (pb) |Geg| (x1072)
2.379-2.44 2.718(<6.8) 091 15.13 74130 £+ 5(<190) 14.1738 £0.5(<22.7)
2.44-2.50 16+4 2.07 15.77 190 + 50 + 20 182+24+1.0
2.50-2.56 30+ 6 3.69 16.82 187 £37 +19 166+1.7+0.8
2.56-2.62 2846 5.33 17.96 112+£24+11 123+£13+0.6
2.62-2.68 26+6 6.49 19.22 79+ 18+8 102+1.2+0.5
2.68-2.74 20+5 7.24 20.62 52+ 1444 8.1+£1.14+03
2.74-2.80 16+5 7.85 22.16 36 £10+3 6.7+1.0+03
2.80-2.86 13+4 8.19 23.90 26+8+2 55+09+02
2.86-2.92 19+5 8.62 25.83 334842 6.5+0.8+0.2
2.92-2.98 -0.742(<7.7)  8.96 28.01 L1288 £0.1(<11.7)  -1.2738 £0.1(<3.9)
2.98-3.04 11£6 9.23 30.50 154841 444+ 1.1+0.1

subtracting background. The signal yields are extracted by
counting the number of observed events in the signal region
as shown in Fig. 3.

The spectrum of My-s- is divided into eleven mass
intervals between the Xt~ production threshold and
3.04 GeV/ 2, taking into account the mass resolution,
which is smaller than fifth of the bin size. Thus, the
spectrum is not unfolded for detector resolution effects. The
measured cross sections and the X effective FFs calculated
by Egs. (1) and (2) are listed in Table III. The & and L are
the average detection efficiency of all datasets weighted by
the effective ISR luminosity and the total effective ISR
luminosity, respectively. For the M- intervals of [2.379,
2.44] and [2.92,2.98] GeV/c? where fewer than ten signals
are found, the upper limits of the signal yield at 90% con-
fidence level are calculated using the profile likelihood
method [52].

V. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty are considered
in the cross section measurement, including the tracking
and PID efficiencies of charged tracks, the z° efficiency
correction, the £ mass window, the U ;s and 6, require-
ments, the background estimation, the angular distribution,
the luminosity, and the branching fractions of intermediate
states. The individual contributions are discussed below.

(1) Tracking and PID efficiencies: The tracking and

PID efficiency differences between data and MC
simulation for the proton and antiproton have been
studied in different bins of transverse momentum
and polar angle from the control samples of
J/y = pprtn~ and w(3686) — pprtr~ [53].
The differences averaged over the transverse mo-
mentum and polar angle of p or p of the signal MC
samples are taken as the correction factors to
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calculate the nominal efficiencies. The systematic
uncertainty is obtained by summing their relative
uncertainties in different bins quadratically and is
assigned to be 1.6% for each My-s- interval.

7° reconstruction: Based on the control samples of
w(3686) — 7°2%J /yr,J /yr — [T1~ and ete™ — wn?,
the efficiency differences between data and
MC simulation are determined as a function
of the momentum, Aeyp(p) = (0.06-2.41p—
V/0.76p> + 1.15 + 0.39p)% [53]. The systematic
uncertainty is obtained by weighting the relative
uncertainties according to the momentum distribu-
tion in each mass bin,

n n
Al (p) = ﬁl Ao (pr) + Nz Aep(pr)+---. (7)

where n; is the number of z° candidates in the ith bin
and N is the total number of z° candidates, both in
the signal MC sample. The systematic uncertainties
of the 7° reconstruction £+ — pz° and £~ — pa°
are both 1.65%. Therefore, the total systematic
uncertainty due to the z° reconstruction for ete™ —
I is 3.3%.

2 mass window and U requirement: The un-
certainties due to the X mass window and the
Uiss Tequirement are estimated by studying the
w(3686) = yx.0.xc0 = X decay. The difference
in the X mass window (the U requirement)
between data and MC simulation which is 1.0
(1.4)%, is taken as the systematic uncertainty.
Omiss requirement: The uncertainty due to the 0,
requirement is estimated by studying eTe” —
YSRJ Jw,J/w — £+Z~ decay. The difference in the
Omiss Tequirement between data and MC simulation
which is 2.8%, is taken as the systematic uncertainty.
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(5) Background estimation: To estimate the uncertain-
ties on the number of the non-X*X~ background
events, the 2D sideband regions are changed from
[1.10, 1.15] and [1.22,1.27] GeV/c? to [1.095,
1.145] and [1.225,1.275] GeV/c?. The resulting
differences to the nominal result are taken as the
systematic uncertainties. The uncertainties of the
ete™ — nXTX~ background events are estimated
by also changing the 2D sideband regions in the
event selection, and are included in each My s-
interval. The total uncertainty of the background
estimation is determined by the average of the
uncertainty of all My+s- intervals. Thus, the total
systematic uncertainty on the background estimation
for each T+~ mass interval is assigned as 2.5% at
/s =3.773 GeV and 1.1% at the other energy
points.

(6) Angular distribution: In this analysis, the signal MC
samples are generated according to an homogeneous
and isotropic phase space population, and the angular
distribution of the X*X~ pair, the spin correlation
between Xt and ¥~, and the polarization of the
2 +(Z7) decay are not taken into account. To estimate
the uncertainty due to these factors, the signal MC
samples with an angular amplitude including these
effects are generated. The parametrization of the
angular amplitude is the same as that in Ref. [21],
and the corresponding parameters are set to be 0.56
and 0.25 for the My s- internals from the threshold to
2.68 GeV/c? and from 2.68 to 3.04 GeV/c?, respec-
tively. The relative difference of the detection effi-
ciency to that based on the phase space distribution is
assigned as the uncertainty.

(7) Luminosity: The integrated luminosity is measured
by using large-angle Bhabha events with an un-
certainty of 0.5% at /s = 3.773 GeV [54] and 1.0%
at /s = 4.128-4.258 GeV [18,55,56]. Besides, an
additional uncertainty of 0.5% is taken from the
radiator function Eq. (4) of Ref. [32]. Therefore,
the total systematic uncertainty associated with the
luminosity for each X~ mass interval is 0.8% at
/s =3.773 GeV and 1.2% at the other energy
points.

(8) Quoted branching fractions: The branching frac-
tions of T+ — pa’, £~ — pa°, and 7° = yy are
quoted from the PDG [50]. The total uncertainty
associated with the quoted branching fractions
is 1.2%.

In this analysis, the datasets taken at twelve c.m. energy
points are used and they are separated into two groups.
The first group only includes the one at /s = 3.773 GeV
and the second group includes the datasets taken at
/s = 4.128-4.258 GeV. The uncertainties of the second
group are studied together or obtained from the result at
\/s =4.178 GeV. The systematic uncertainties of the

TABLE IV. The relative systematic uncertainties (in %) in the
measurements of the cross sections for ete™ — ZtXZ~ in two
M+s- intervals for the full data sample. The total uncertainty is
obtained by adding all items in quadrature.

2.50-2.56 2.56-2.62
Source (GeV/c?) (GeV/c?)
Tracking and PID 1.6 1.6
7° reconstruction 3.3 3.3
U niss TEquirement 1.4 1.4
O miss Tequirement 2.8 2.8
2 mass window 1.0 1.0
Background estimation 1.6 1.6
Angular distribution 8.5 8.1
Luminosity 0.9 0.9
B(Z, 2% 1.2 1.2
Total 10.0 9.6

combined groups are listed in Table IV using the two mass
intervals with largest statistics as examples. Uncertainties of
the two groups are combined as the average value weighted
by the individual detection efficiencies and effective ISR
luminosities. The weighted average formula is

pija)iwjai()'j,

(B

2
2 __ 2 2
Otot — E w;o; +
i=1

i,j=1i#j

with

8i(d£int/dMZ+5:‘)i

w; = B (8)
,2:1 Si(dﬁint/dM2+g—),-

where w;, 0;, and ¢; with i =1, 2 are the weight factor,
systematic uncertainty, and detection efficiency for the ith
group, p;; is the correlation parameter for the ith and jth
group. For the contributions to the systematic uncertainties
due to background no correlation is assumed (p;; = 0),
while full correlation is assumed (p;; = 1) for all other
contributions.

VI. BRANCHING FRACTIONS OF J/y — X+%-
AND y(3686) — =+X-

As shown in Fig. 2, masses from the Z pair threshold up
to 4.0 GeV/c? can be studied, including the narrow
charmonium vector resonances J/y and yw(3686). Thus,
it is possible to study the decays of these resonances into
pairs of hyperons and to determine the branching fractions
B(J/w,w(3686) — £¥£7) by using the datasets taken at
/s =3.773 and 4.178 GeV with the ISR method. After
integrating over the ISR photon polar angle, the cross
section for ISR production of a narrow vector meson
resonance decaying into the final state X*X~ can be
calculated by [57]:
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dots with error bars are data.

_122°T(V — eTe™)B(V - £757)

o(s) Mys

W(s.xo).  (9)

where My and I'(V — e*e™) are the mass and electronic
width of the vector meson V. Here, V are the J/y and
w(3686) with T(J/wy —>ete”)=T(J/w) -B(J/y -
ete™) =(5.529 £0.106) keV and I'(y(3686) — ete™) =
['(y(3686)) - B(y(3686) = eTe™) = (2.331 £ 0.063) keV
[50], respectively. B(V — E£¥X7) is the branching fraction
of V — XtE~. W(s,x) is calculated using Eq. (4) with
xo=1=M3/s. If the cross section is measured, the
branching fraction can be calculated by Eq. (9). The cross
section can also be written as:

N3E
Liney(B(Z))*(B(x°))?*

(10)

o(s) =

where Ni,ig is the number of V events. The &y is the
detection efficiency of ete™ — ySRV — yISRE+3~ deter-
mined from the signal MC samples. The MC samples are
generated with X angular distributions described as 1 +
ncos?@s with n = —0.508 for J/y and 5 = 0.682 for
w(3686) [46]. The remaining parameters in Eq. (10) are

consistent with those defined above. To extract N iig, using

TABLE V. The relative systematic uncertainties (in %) in the
measurements of the branching fractions of J/y — Z+Z~ and
w(3686) — T+X-. The total uncertainty is obtained by adding all
items in quadrature.

Source J/w w(3686)
Tracking and PID 1.6 1.5
79 reconstruction 3.3 3.3
U s T€quirement 1.4 1.4
Omiss Tequirement 2.8 2.8
X~ mass window 1.0 1.0
MC model 0.5 3.1
Luminosity 0.9 0.9
B(Z, x°) 1.2 1.2
Fit range 1.7 0.8
Signal model of the fit 2.7 4.4
Total 6.0 7.4

B(V — *+%7) as a shared parameter, a simultaneous fit to
the My:s- distributions at /s = 3.773 and 4.178 GeV is
performed. The MC simulated shape is used to describe the
resonance and a linear function for the background and
the continuum contribution. The fit results are shown
in Figs. 4(a) and 4(b) for J/w and Figs. 4(c) and 4(d)
for y(3680).

The systematic uncertainties in the measurements of
B(J /y,y(3686) — +X7) include tracking and PID effi-
ciencies of charged tracks, z° reconstruction, the U
requirement, the 6,;,, requirement, the X mass window, the
luminosity, and the branching fractions of intermediate
states. They are assigned in the same way as for the
cross-section measurement. In addition, the uncertainty due
to the MC model is considered by changing the generator
model for the decays of J/y or w(3686) from HELAMP to
ANGSAM [43]. The uncertainty of the fit region is deter-
mined by changing the fit region from [2.89, 3.29] GeV/c?
to a wider [2.79,3.30] GeV/c? and a narrower interval
[2.94,3.24] GeV/c?. The uncertainty of the signal model is
estimated by additionally convolving the signal shape with
a Gaussian distribution to account for the possible
differences between data and MC simulation. The uncer-
tainty of the background model in the fit is estimated by
changing the model from a linear function to a constant,
which is found to be negligible. The systematic uncertain-
ties of the measurements of the branching fractions of
J/w — ZtE~ and w(3686) — XX~ are listed in Table V.

The final results for B(J/w,y(3686) - =TX7) with
Egs. (9) and (10) are listed in Table VI. They are consistent
with the previous results by BESIII with the datasets taken
at the J/w or y(3686) resonance peak [53], showing the
reliability of the method of determining the ¥ EMFFs.

TABLE VI. The branching fractions of J/y — X*Z~ and
w(3686) — Z+E~ (in 107*), where the first and second uncer-
tainties are statistical and systematic, respectively.

This work

8.88 +£0.90 £0.53
2.514+0.40+0.19

Previous results [53]

10.61 +£0.04 £ 0.36
2.52£0.04 £ 0.09

Decay

J)y = ZtE-
w(3686) —» ZHE-
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VII. THE LINE-SHAPE ANALYSIS

The cross sections measured in Sec. IV are consistent
with the previous results from BESIII [21] and Belle [22],
as depicted in Fig. 5. A search for a threshold effect is made
by performing a least chi-square fit to the cross section in
this measurement from the production threshold up to
3.04 GeV/c? and the BESIII scan results [21] with differ-
ent functions. The systematic uncertainty is included in the
fit with the correlated and uncorrelated parts considered
separately.

The perturbative QCD-motivated (pQCD) [58] energy
power function is assumed to model the line-shape of
ete™ — XX~ production, and the formula is expressed as:

LGB 2M3 o
oyy(s) = e (1 T ) (s —c1)* 7 4+ In*(s/Agep)]*

(11)

where ¢ is the normalization parameter, c¢; is the con-
tribution of resonant states, Aqgcp is the QCD scale fixed to
0.3 GeV and all parameters and variables are consistent
with those defined for Eq. (1). The fit result is shown as the
solid blue line in Fig. 5 and the parameters are listed in
Table VII, with the fit quality y?/ndof = 31.9/17, where
the number of degrees of freedom (ndof) is calculated by
subtracting the number of free parameters in the fit from the
total number of My+s- intervals. The bottom panel of Fig. 5

400
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FIG. 5. Fit to the cross section of ete~ — X+ ¥~. The blue line

is the fit result using the perturbative QCD-motivated energy
power function, described with Eq. (11). The black curve
represents the total fit result using Eq. (13). The individual
contributions associated with Eq. (13) are indicated by the green
curve (pQCD), red curve (resonance) and purple dashed curve
(interference between the pQCD function and the resonance).
The vertical dashed line refers to the production threshold for
ete™ — XtE. The fit quality is presented by y distributions and
depicted in the bottom panel. The inverted triangle symbol with
red line represents its upper limit.

Oy +5-—0;
22t 7%  \where the
Aog+s-

os+5- and o; are the measured and fitted cross sections at
each ©*X~ invariant mass interval and the BESIII scan
results [21], respectively, and Aos+s- corresponds to the
error of the measured value which is counted as the
quadratic sum of the statistical and systematic uncertainties.

The Fano-type FF includes the interference between
several resonances and the continuum contribution [59].
The amplitude of the resonance can be written in terms of
Breit-Wigner parametrizations,

V12l BI

§2 = M?+iMT’

present the y distributions defined by

BW(s) = (12)
where M and I' are the mass and width of the resonance,
I'“¢ and B are the corresponding electronic partial width
and branching fraction, respectively.

Assuming the pQCD-motivated power function to
describe the continuum contribution, the line shape of
the cross section for ee~ — X+~ can be modeled by the
coherent sum of Eqs. (11) and (12) to account for the
possible interference of a vector meson and the continuum
production:

| fep 2M3 o
GYY(S)_‘\/S <1+ s )(s—C1)4[7I2+1n2(S/AéCD)]2

(13)

+ e BW(s)

Here, ¢ is a relative phase between the BW(s) function and
the pQCD energy power function, and P(s) is the two-body
phase space factor. The fit result assuming the line-shape as
described in Eq. (13) is shown as the solid black line in
Fig. 5 and the parameters are listed in Table VII, with the fit
quality y?/ndof being 12.6/13.

According to the difference of y?/ndof between the
results, the statistical significance for the model indicating
the presence of a resonance state near 2.5 GeV is estimated

TABLE VII. The parameters obtained from the fit to the cross
section line shape. The method 1 uses Eq. (11), while the method
2 uses Eq. (13).

Method Parameter ete” - It~
Method1 co x 10* (pb~! - GeV!?) 3.61 4+0.47
c; (GeV) 1.79 +0.03
Method2 co x 10*(pb~! - GeV'?) 2.184+2.16
¢y (GeV) 1.854+0.17
reB 0.4540.26
M (GeV/c?) 2.534+0.04

I MeV/c?) 88.67 & 42.09
¢ (rad) 1.424+1.02
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FIG. 6. Comparison of the X effective FFs obtained in this work
with the previous measurements of BESIII [21] and Belle [22].
The inverted triangle symbol with red line represents its upper
limit. The vertical dashed line refers to the production threshold
for ete™ — TTE",

to be 3.40, including both statistical and systematic
uncertainties. Thereby, there may be resonant structures
at 2.5 GeV.

Figure 6 shows a comparison of the measured X effective
FFs with previous measurements of £+ at BESIII [21] and
Belle [22]. A prediction for the nonresonant cross section of
ete™ — XX~ at the J/y mass [60], based on an effective
Lagrangian density, is consistent with our result when
extrapolated to /s = 3.097 GeV using Eq. (11).

VIII. SUMMARY

Using the untagged ISR technique, where the radiative
photon is not detected, the cross section of e*e™ — XX~
is measured and the effective FF of X is determined from
threshold to 3.04 GeV/c?. A dataset corresponding to a
total integrated luminosity of 12.0 fb~!, collected at twelve
c.m. energies with the BESIII detector at the BEPCII
collider, is analyzed. The results are consistent with the
previous measurements from BESIII [21] and Belle [22]. It
should be noted that the width of the lowest "X~ mass
interval in this work is about 30.5 MeV above the threshold,
and the value in the lowest X7~ invariant mass interval
(2.379-2.44 GeV/c?) is definitely closer to the BESIII
scan results [21] than to the Belle ISR measurement [22].
Our results also provide experimental inputs to test various
theoretical models, such as YY potential and diquark
correlation models [61-63]. Furthermore, combining the
datasets taken at \/E = 3.773 and 4.178 GeV, the branching
fractions of J/y — X*E~ and w(3686) - X~ are

measured. The obtained results are consistent with the
previous measurements of BESIII [53]. In the near future,
BESIII will finish collecting data at /s = 3.773 GeV with
a total integrated luminosity of 20 fb~! [64], to allow a
more precise ISR measurement.

ACKNOWLEDGMENTS

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key R&D Program
of China under Contracts No. 2020YFA0406300,
No. 2020YFA0406400 and No. 2023YFA1609400;
National Natural Science Foundation of China (NSFC)

under Contracts No. 11635010, No. 11735014,
No. 11835012, No. 11935015, No. 11935016,
No. 11935018, No. 11961141012, No. 12025502,
No. 12035009, No. 12035013, No. 12061131003,
No. 12192260, No. 12192261, No. 12192262,
No. 12192263, No. 12192264, No. 12192265,
No. 12221005, No. 12225509, No. 12235017,

No. 12122509 and No. 12005311; the Chinese Academy
of Sciences (CAS) Large-Scale Scientific Facility Program;
the CAS Center for Excellence in Particle Physics
(CCEPP); the CAS Youth Team Program under Contract
No. YSBR-101; Joint Large-Scale Scientific Facility Funds
of the NSFC and CAS under Contract No. U1832207; CAS
Key Research Program of Frontier Sciences under
Contracts No. QYZDJ-SSW-SLH003 and No. QYZDJ-
SSW-SLHO040; 100 Talents Program of CAS; The Institute
of Nuclear and Particle Physics (INPAC) and Shanghai Key
Laboratory for Particle Physics and Cosmology; European
Union’s Horizon 2020 research and innovation programme
under Marie Sklodowska-Curie grant agreement under
Contract No. 894790; German Research Foundation
DFG under Contracts No. 455635585, Collaborative
Research Center Grant No. CRC 1044, No. FOR5327
and No. GRK 2149; Istituto Nazionale di Fisica Nucleare,
Italy; Ministry of Development of Turkey under
Contract No. DPT2006K-120470; National Research
Foundation of Korea under Contract No. NRF-
2022R1A2C1092335; National Science and Technology
fund of Mongolia; National Science Research and
Innovation Fund (NSRF) via the Program Management
Unit for Human Resources & Institutional Development,
Research and Innovation of Thailand under Contract
No. B16F640076; Polish National Science Centre under
Contract No. 2019/35/0/ST2/02907; The Swedish
Research Council; and U.S. Department of Energy under
Contract No. DE-FG02-05ER41374.

034029-12



MEASUREMENTS OF X ELECTROMAGNETIC FORM ...

PHYS. REV. D 109, 034029 (2024)

[1] L. S. Geng, J. Martin Camalich, L. Alvarez-Ruso, and M. J.
Vicente Vacas, Phys. Rev. Lett. 101, 222002 (2008).
[2] S.J. Brodsky and G.R. Farrar, Phys. Rev. D 11, 1309
(1975).
[3] J.R. Green, J. W. Negele, A. V. Pochinsky, S. N. Syritsyn, M.
Engelhardt, and S. Krieg, Phys. Rev. D 90, 074507 (2014).
[4] I. A. Qattan et al., Phys. Rev. Lett. 94, 142301 (2005).
[51 A.J.R. Puckett et al., Phys. Rev. C 85, 045203 (2012).
[6] T. K. Pedlar et al., Phys. Rev. Lett. 95, 261803 (2005).
[7]1 J.P. Lees et al. (BABAR Collaboration), Phys. Rev. D 87,
092005 (2013).
[8] R.R. Akhmetshin ef al. (CMD-3 Collaboration), Phys. Lett.
B 759, 634 (2016).
[9]1 M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
124, 042001 (2020).
[10] N. Cabibbo and R. Gatto, Phys. Rev. 124, 1577 (1961).
[11] S.J. Brodsky and R. F. Lebed, Phys. Rev. Lett. 102, 213401
(2009).
[12] A.B. Arbuzov and T. V. Kopylova, J. High Energy Phys. 04
(2012) 009.
[13] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 91,
112004 (2015).
[14] M. Ablikim et al. (BESIII Collaboration), Natl. Sci. Rev. 8,
187 (2021).
[15] M. Ablikim et al. (BESIII Collaboration), Nat. Phys. 17,
1200 (2021).
[16] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 76,
092006 (2007).
[17] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 97,
032013 (2018).
[18] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 107,
072005 (2023).
[19] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
120, 132001 (2018).
[20] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
131, 191901 (2023).
[21] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 814,
136110 (2021).
[22] M. Ablikim et al. (Belle Collaboration), Phys. Rev. D 107,
072008 (2023).
[23] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 831,
137187 (2022).
[24] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 103,
012005 (2021).
[25] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 820,
136557 (2021).
[26] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 107,
052003 (2023).
[27] L. Y. Dai, J. Haidenbauer, and U. G. Meifiner, Phys. Rev. D
96, 116001 (2017).
[28] B. El-Bennich, M. Lacombe, B. Loiseau, and S. Wycech,
Phys. Rev. C 79, 054001 (2009).
[29] R. Baldini, S. Pacetti, A. Zallo, and A. Zichichi, Eur. Phys.
J. A 39, 315 (2009).
[30] R. Baldini Ferroli, S. Pacetti, and A. Zallo, Eur. Phys. J. A
48, 33 (2012).
[31] E. A. Kuraev and V. S. Fadin, Sov. J. Nucl. Phys. 41, 466
(1985);
[32] V.P. Druzhinin, S.I. Eidelman, S.I. Serednyakov, and E. P.
Solodov, Rev. Mod. Phys. 83, 1545 (2011).

[33] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).

[34] C.H. Yu, Z. Duan, S. Gu, Y.Y. Guo, X. Y. Huang, H.F. Ji
et al., in Proceedings of IPAC2016 Busan Korea (JACoW,
Geneva, Switzerland, 2016).

[35] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 44,
040001 (2020).

[36] K. X. Huang,Z.J. Li, Z. Qian, J. Zhu, H. Y. Li, Y. M. Zhang,
S.S. Sun, and Z.Y. You, Nucl. Sci. Tech. 33, 142 (2022).

[37] X. Li, Y.J. Sun, C. Li et al.,, Radiat. Detect. Technol.
Methods 1, 13 (2017).

[38] X.Y.Guo,S.S. Sun, F. F. An et al., Radiat. Detect. Technol.
Methods 1, 15 (2017).

[39] P. Cao, H.F. Chen, M. M. Chen, H.L. Dai, Y. K. Heng,
X.L. Ji, X.S. Jiang, C. Li, X. Li, S.B. Liu et al., Nucl.
Instrum. Methods Phys. Res., Sect. A 953, 163053 (2020).

[40] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. Ins-
trum. Methods Phys. Res., Sect. A 506, 250 (2003).

[41] D. M. Asner et al., Int. J. Mod. Phys. A 24S1, 499 (2009).

[42] R. G. Ping, Chin. Phys. C 38, 083001 (2014).

[43] R. G. Ping, Chin. Phys. C 32, 599 (2008).

[44] G. Bonneau and F. Martin, Nucl. Phys. B27, 381 (1971).

[45] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[46] M. Ablikim er al. (BESIII Collaboration), Phys. Rev. Lett.
125, 052004 (2020).

[47] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
128, 062004 (2022).

[48] S. Jadach, B.F.L. Ward, and Z. Was, Comput. Phys.
Commun. 130, 260 (2000).

[49] S. Jadach, B.F.L. Ward, and Z. Was, Phys. Rev. D 63,
113009 (2001).

[50] R.L. Workman et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2022, 083C01 (2022).

[51] X.Y. Zhou, S. Du, G. Li, and C. Shen, Comput. Phys.
Commun. 258, 107540 (2021).

[52] J. Lundberg, J. Conrad, W. Rolke, and A. Lopez, Comput.
Phys. Commun. 181, 683 (2010).

[53] M. Ablikim et al. (BESIII Collaboration), J. High Energy
Phys. 11 (2021) 226.

[54] M. Ablikim et al. (BESIII Collaboration), Phys. Lett. B 753,
629 (2016); 812, 135982(E) (2021).

[55] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 45,
103001 (2021).

[56] M. Ablikim ef al. (BESIII Collaboration), Chin. Phys. C 39,
093001 (2015).

[57] M. Benayoun, S.I. Eidelman, V. N. Ivanchenko, and Z. K.
Silagadze, Mod. Phys. Lett. A 14, 2605 (1999).

[58] S. Pacetti, R. Baldini Ferroli, and E. Tomasi-Gustafsson,
Phys. Rep. 550, 1 (2015).

[59] U. Fano, Phys. Rev. 124, 1866 (1961).

[60] R. Baldini Ferroli, A. Mangoni, S. Pacetti, and K. Zhu,
Phys. Lett. B 799, 135041 (2019).

[61] M. Anselmino, E. Predazzi, S. Ekelin, S. Fredriksson, and
D. B. Lichtenberg, Rev. Mod. Phys. 65, 1199 (1993).

[62] R.L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003
(2003).

[63] R. L. Jaffe, Phys. Rep. 409, 1 (2005).

[64] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 44,
040001 (2020).

034029-13


https://doi.org/10.1103/PhysRevLett.101.222002
https://doi.org/10.1103/PhysRevD.11.1309
https://doi.org/10.1103/PhysRevD.11.1309
https://doi.org/10.1103/PhysRevD.90.074507
https://doi.org/10.1103/PhysRevLett.94.142301
https://doi.org/10.1103/PhysRevC.85.045203
https://doi.org/10.1103/PhysRevLett.95.261803
https://doi.org/10.1103/PhysRevD.87.092005
https://doi.org/10.1103/PhysRevD.87.092005
https://doi.org/10.1016/j.physletb.2016.04.048
https://doi.org/10.1016/j.physletb.2016.04.048
https://doi.org/10.1103/PhysRevLett.124.042001
https://doi.org/10.1103/PhysRevLett.124.042001
https://doi.org/10.1103/PhysRev.124.1577
https://doi.org/10.1103/PhysRevLett.102.213401
https://doi.org/10.1103/PhysRevLett.102.213401
https://doi.org/10.1007/JHEP04(2012)009
https://doi.org/10.1007/JHEP04(2012)009
https://doi.org/10.1103/PhysRevD.91.112004
https://doi.org/10.1103/PhysRevD.91.112004
https://doi.org/10.1093/nsr/nwab187
https://doi.org/10.1093/nsr/nwab187
https://doi.org/10.1038/s41567-021-01345-6
https://doi.org/10.1038/s41567-021-01345-6
https://doi.org/10.1103/PhysRevD.76.092006
https://doi.org/10.1103/PhysRevD.76.092006
https://doi.org/10.1103/PhysRevD.97.032013
https://doi.org/10.1103/PhysRevD.97.032013
https://doi.org/10.1103/PhysRevD.107.072005
https://doi.org/10.1103/PhysRevD.107.072005
https://doi.org/10.1103/PhysRevLett.120.132001
https://doi.org/10.1103/PhysRevLett.120.132001
https://doi.org/10.1103/PhysRevLett.131.191901
https://doi.org/10.1103/PhysRevLett.131.191901
https://doi.org/10.1016/j.physletb.2021.136110
https://doi.org/10.1016/j.physletb.2021.136110
https://doi.org/10.1103/PhysRevD.107.072008
https://doi.org/10.1103/PhysRevD.107.072008
https://doi.org/10.1016/j.physletb.2022.137187
https://doi.org/10.1016/j.physletb.2022.137187
https://doi.org/10.1103/PhysRevD.103.012005
https://doi.org/10.1103/PhysRevD.103.012005
https://doi.org/10.1016/j.physletb.2021.136557
https://doi.org/10.1016/j.physletb.2021.136557
https://doi.org/10.1103/PhysRevD.107.052003
https://doi.org/10.1103/PhysRevD.107.052003
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.1103/PhysRevC.79.054001
https://doi.org/10.1140/epja/i2008-10716-1
https://doi.org/10.1140/epja/i2008-10716-1
https://doi.org/10.1140/epja/i2012-12033-6
https://doi.org/10.1140/epja/i2012-12033-6
https://doi.org/10.1103/RevModPhys.83.1545
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1007/s41365-022-01133-8
https://doi.org/10.1007/s41605-017-0014-2
https://doi.org/10.1007/s41605-017-0014-2
https://doi.org/10.1007/s41605-017-0012-2
https://doi.org/10.1007/s41605-017-0012-2
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1142/S0217751X09046801
https://doi.org/10.1088/1674-1137/38/8/083001
https://doi.org/10.1088/1674-1137/32/8/001
https://doi.org/10.1016/0550-3213(71)90102-7
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1103/PhysRevLett.125.052004
https://doi.org/10.1103/PhysRevLett.125.052004
https://doi.org/10.1103/PhysRevLett.128.062004
https://doi.org/10.1103/PhysRevLett.128.062004
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1016/S0010-4655(00)00048-5
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2009.11.001
https://doi.org/10.1016/j.cpc.2009.11.001
https://doi.org/10.1007/JHEP11(2021)226
https://doi.org/10.1007/JHEP11(2021)226
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.physletb.2015.11.043
https://doi.org/10.1016/j.physletb.2020.135982
https://doi.org/10.1088/1674-1137/ac1575
https://doi.org/10.1088/1674-1137/ac1575
https://doi.org/10.1088/1674-1137/39/9/093001
https://doi.org/10.1088/1674-1137/39/9/093001
https://doi.org/10.1142/S021773239900273X
https://doi.org/10.1016/j.physrep.2014.09.005
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1016/j.physletb.2019.135041
https://doi.org/10.1103/RevModPhys.65.1199
https://doi.org/10.1103/PhysRevLett.91.232003
https://doi.org/10.1103/PhysRevLett.91.232003
https://doi.org/10.1016/j.physrep.2004.11.005
https://doi.org/10.1088/1674-1137/44/4/040001
https://doi.org/10.1088/1674-1137/44/4/040001

