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Using about 23 tb™! of data collected with the BESIII detector operating at the BEPCII storage ring, a
precise measurement of the ete™ — 7" z~J /yr Born cross section is performed at center-of-mass energies
from 3.7730 to 4.7008 GeV. Two structures, identified as the ¥(4220) and the ¥ (4320) states, are observed
in the energy-dependent cross section with a significance larger than 10c. The masses and widths of the two
structures are determined to be (M,T) = (4221.441.542.0 MeV/c?,41.8 £2.9+2.7 MeV) and
(M,T) = (4298 £ 12 £ 26 MeV/c?,127 + 17 & 10 MeV), respectively. A small enhancement around
4.5 GeV with a significance about 36, compatible with the y(4415), might also indicate the presence of an
additional resonance in the spectrum. The inclusion of this additional contribution in the fit to the cross
section affects the resonance parameters of the ¥(4320) state.

DOI: 10.1103/PhysRevD.106.072001

I. INTRODUCTION

A series of charmoniumlike states, commonly referred to
as XYZ states, has been observed in the last two decades.
The Y (4260) was first observed by BABAR using an initial
state radiation (ISR) technique in the process eTe™ —
yisrZ T~ J /y [1] and was soon confirmed by Belle in the
same process [2]. In 2017, the BESIII collaboration was
able to resolve the Y (4260) structure into a combination of
two resonances, the Y(4220) and the Y(4320), using the
world’s largest sample of eTe™ — ntx~J/y events [3].
Moreover, similar structures have been observed in the
processes ete” — nta~y(2S) [4], zta~h. [5], x* D°D*-
(6], nd/y [7] and wy.; (J =0, 1, 2) [8,9] with the BESIII
data. The parameters of the two resonances are to a large
extent consistent among reactions. However, to understand
whether the structures observed in different final states are
indeed the same, more investigations are needed.

Conventional charmonium states, such as the y(4040),
w(4160), and y(4415), mainly decay into open charm final
states (D) D)), while the Y states show strong coupling to
the hidden-charm final states [10]. The number of observed
vector states in this energy region exceeds that of the
predicted vector charmonium states [11]. These features
suggest that some of these supernumerary vector states are
candidates of an exotic nature, such as hybrid, tetraquark
states, or mesonic molecules [12—17]. To clarify the nature
of these states and to distinguish between the different
theoretical models, precise measurements of the production
cross section and of the resonance parameters are essential.

In this paper, an improved measurement of the energy-
dependent ete™ — ntz~J/y cross section at center-of-
mass energies (1/s) between 3.7730 to 4.7008 GeV with a
total integrated luminosity of about 23 fb~! is presented.
The XYZ data and the R-scan data (between /s = 4.410
and 4.590 GeV) analyzed in Ref. [3] are also analyzed here,
and thus these measurements are correlated and should not
be used in combination. Improvements in this paper include
the use of additional data in the Y (4220)/Y(4320) mass
region, allowing us to study these two states in more detail,
as well as the inclusion of more detailed background
studies and systematic studies of the event selection.

II. THE BESIII DETECTOR AND DATASETS

The BESIII detector [18] records ete™ collisions pro-
vided by the BEPCII storage ring [19] in a center-of-mass
energy range from 2.0 to 4.9 GeV. The cylindrical core of
the 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(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 identification modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV/c is
0.5%, and the 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 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, providing a
time resolution of 60 ps [20].

The data samples analyzed in this article are listed in the
Appendix. They include 40 energy points (referred to as the
XYZ data sample) from 3.7730 to 4.7008 GeV with an
integrated luminosity of more than 40 pb~! at each /s, and
13 energy points (the R-scan data sample) from 4.410 to
4.590 GeV with a luminosity of 7-9 pb~! at each /s to
study possible structure around 4.5 GeV. The integrated
luminosities and /s are measured using Bhabha scattering,
radiative dimuon events, and A, pairs [21-23].

The GEANT4-based [24] Monte Carlo (MC) simulation
software packages BOOST [25] and EVTGEN [26] are used to
determine detection efficiencies and to estimate the back-
ground contributions. The generator KKMC [27] is used to
model the beam energy spread and the ISR emission in
eTe” annihilations. Final state radiation (FSR) from
charged (final state) particles is incorporated using the
pHOTOS package [28]. The signal MC samples of
ete” > atn J/y, with J/y - €167 (¢ = e, ), are gen-
erated using a phase-space (PHSP) model and weighted
following the results of a partial wave analysis (PWA) of
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the data. The amplitude model and the PWA framework are
the same as in Refs. [29-31]. Potential background con-
taminations are studied via inclusive MC samples described
in Refs. [3,32]. Bhabha, dimuon, and ete™ — 2(z"7n7)
events are chosen as control samples to study the tracking
efficiencies of e*, u*, and 7+, respectively. An exclusive
MC sample for ete™ = eTe pTu~ (with y*y* — utu~,
two-photon process) [33,34] is generated for boosted
decision tree (BDT) training [35] used for background
suppression.

III. EVENT SELECTION

Events with exactly four charged tracks and zero net
charge are selected. In order to be considered, a charged
track reconstructed in the MDC is required to satisfy
|cos @] < 0.93, with @ being the polar angle, and the
distance of closest approach to the ete™ interaction point
must be within 10 cm in the beam direction and within
1 cm in the plane perpendicular to the beam direction. If
there are only two tracks with momentum greater than
1.0 GeV/c, then the two tracks are judged as leptons; if
there are three tracks with momentum greater than
1.0 GeV/c, then the two tracks with opposite charges
and with an invariant mass closer to the J/y mass [36] are
regarded as leptons. The other two tracks are regarded as
pions. The energy deposited in the EMC is used to
distinguish between electrons and muons. For muon
candidates, the deposited energy is required to be less than
0.4 GeV, while for electrons, it is required to be larger than
1.1 GeV. In order to suppress the background contribution
and to improve the energy and momentum resolution, a
four-constraint (4C) kinematic fit is applied to the event
with the hypothesis eTe™ — 2Tz~ ¢"#~, which constrains
the total four-momentum of the final state particles to that

40

[ = Data
[ — Total_MC

30 — Signal_MC

[ - Background_MC
[ -+ Sideband

20f

Events/0.02

10}

FIG. 1.

of the initial colliding beams. The y? of the kinematic fit is
required to be less than 60. The cosine of the opening angle
of the pion-pair [cos(z*z7)] and, only in the J/y — eTe”
decay channel, of the pion-electron pairs [cos(zeT)] are
required to be less than 0.98 to suppress gamma conversion
background events of the radiative Bhabha and dimuon
background contributions [3].

In order to reduce the background contributions from
low momentum electrons, pions are identified using the
dE/dx information recorded by the MDC. A discriminator
Xnti- = (Um — Hexp)/Om is defined by combining the mea-
sured dE/dx value (), the measurement uncertainty (o,,),
and the expected value under a pion hypothesis (zyp). The
conditions y,+ < 2.8(3.2) and y,- <3.0(4.10) for the
ete™ mode (up~ mode) are found to provide an optimal
balance between signal efficiency loss and background
rejection power. The polar angle distributions of e and e~
inthe J/y — eTe™ mode (Fig. 1) clearly show a significant
contribution from the ete™ — eTe~u ™ process (a two-
photon process corresponding to the yellow filled area in
Fig. 1). A boosted decision tree method, implemented
within the TMVA framework [35], is trained to efficiently
suppress this background.

The energy deposited in the EMC, the time of flight from
TOF, dE/dx, and the opening angle of the pion and electron
candidates (Fig. 2) are used as input variables to the BDT,
as they are mostly uncorrelated, as can be seen from
Figs. 3(a) and 3(b). The BDT is trained using the MC
simulation of the process e*e™ — eTe~utu~. The signal
MC and background MC simulation of multiple energy
points are combined to train the BDT model. Figure 3(c)
shows that the training samples and test samples in the BDT
model are in good agreement, and the model can effectively
distinguish between signal and background. The response

of the BDT is required to maximize the S/v/S+ B

40
—# Data
— Total_MC
30 — Signal_MC
- Background_MC

* - Sideband

Events/0.02
N
o

—_
o

Cosine of the polar angle of the e™ (cos(8,+)) and e~ (cos(f,-)) from the sample at /s = 4.1780 GeV. The blue dots with

error bars are data from the signal region (3.08 < M(£*#~) < 3.12 GeV/c?). The black line is the signal MC, which is normalized to
the number of signal events. The green line comes from the sideband region (3.02 < M(£7¢7) <3.06 GeV/c? or
3.14 < M(£Y¢7) < 3.18 GeV/c?, with an event weight of 0.5) of M(£+¢7). The yellow-filled area is the background MC (two-
photon process MC), and it is normalized to the number of events in the sideband area. The red line is the sum of signal MC plus

background MC simulation.
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FIG. 2. The variables used in the BDT. (a, b) Distribution of the difference between the measured value and the expected value from
the TOF of the two pions. (c, d) The energy deposited in the EMC by the two pions. (e, f) The cosine of the polar angle of e™ [cos(6,+)]
and 77 [cos(0,+)]. (g, h) Distributions of y,+ and y,-. The blue line is for the signal and the red line for the background. In (a, b, ¢, d), the
peak at —1.0 corresponds to the tracks without TOF or EMC information. The background and the signal have the same magnitude. All
the distributions come from the signal MC and background MC simulation.

distribution (where the S and B indicate the number of
signal and background events passing the condition) shown
in Fig. 3(d).

IV. MEASUREMENT OF THE DRESSED BORN
CROSS SECTION

After applying the event selection criteria mentioned
above, a clear J/y signal peak is observed in the invariant
mass distribution of the lepton pairs (M (£"¢)), as shown
in Fig. 4(a) (eTe” mode) and Fig. 4(b) (uTu~ mode),
Fig. 4(c) (data) and Fig. 4(d) (MC) show the two-
dimensional distribution of the invariant mass of the
#tn~ and nJ/y pairs. To determine the signal yields,
an unbinned maximum-likelihood fit to M(£T¢7) is
performed. The signal probability density function (PDF)
is defined as the convolution between the MC signal and a
Gaussian function, while the background contribution is
parametrized with a linear term.

The dressed Born cross section of et e™ — ztz~J/y ata
given /s is calculated with

Nobs
D) = T 5 (1)
where N° is the number of signal events, L, is the
integrated luminosity, ¢ is the selection efficiency, B is
the branching fraction of J/y — ¢~ [36] and (1 + J) is
the ISR correction factor. The final cross section is given
by the average of the e™e™ and the y*u~ modes, weighted
with the inverse of the respective statistical uncertainties.
The parameters of Eq. (1) and the measured cross sections
at the different /s are summarized in the Appendix.
The ISR correction factor is evaluated using an iterative
procedure, in which the o(+/s) is initially assumed to be

simply flat and iteratively recomputed until the difference
between the final two iterations is less than 0.1%. The
(i + Drth iteration (1 + )" is given by [37]:

(1 +5)i+1 _ (1 +5)0iwt]/N’ Wi' . Ui(mj) (2)

Vo)

where Wj. is the weighting factor for the jth event. The ISR

correction factor (1 + 5)° corresponds to the Oth iteration,
i.e. to an assumed flat shape of the cross section; ¢' is the
line-shape given by the ith iteration and ¢° is calculated
with the correction factor (14 68)°, which is calculated
using the KKMC [27] program; m; is the invariant mass of
the final state of the event j; and N is the total number of
generated MC events. Considering that the sizes of the
R-scan data samples are small, only the XYZ data samples
are used in the iteration. The ISR correction factors for the
R-scan data samples are calculated from the model describ-
ing the cross section in Sec. VI.

V. SYSTEMATIC UNCERTAINTIES OF THE
CROSS SECTION MEASUREMENTS

The main contributions to the systematic uncertainty of
the cross section measurement are related to the measure-
ment of the luminosity, the MC model, the tracking
efficiency, the ISR correction, the branching fractions of
J/w decays, the kinematic fit, the fit to M(£*£~), and the
BDT method. The integrated luminosities of all datasets are
measured using large angle Bhabha scattering events with
an uncertainty of 0.66% [21]. The branching fraction of
J/w — ¢T¢~ is taken from PDG [36], and the uncertainties
are 0.6% for each mode. The uncertainty related to the
kinematic fit is estimated by adjusting the helix parameters
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(a,b) The linear correlation coefficients of the variables in the BDT training: (a) is for signal MC and (b) is for background MC

simulation samples. (c) The overtraining check of the classifier: the training samples and test samples are in good agreement. (d) The
optimized results of the sample at /s = 4.1780 GeV. The numbers of signal and background events estimated from the data are used to
maximize S/+/S + B and thus optimize the event selection criteria.

of the charged tracks in MC simulation to match the y?
distribution of data and MC [38]. The uncertainty is
determined as the difference between the results before
and after the helix parameters correction, resulting in
0.76% (1.34%) for the u*pu~ (e*e™) mode. The uncertainty
on the signal yield arising from the fitting of the M(£+¢7)
distribution is obtained by varying the fit range and by
changing the background modeling from a first to a second
order polynomial, which leads to a difference of 2.44%
(1.16%) that is taken as the systematic uncertainty intro-
duced by the fit method.

In the evaluation of the systematic uncertainties due to
the tracking efficiency, the MC simulation model, the BDT
method, and the ISR correction, 300 sets of Gaussian
samplings according to the related central value (y,) and
statistical uncertainties, obtained from the control samples,

the PWA fitted parameters, the data-MC simulation ratios
of the BDT training variables, and the ISR correction
factors, are generated. A Gaussian function (i, o) is used
to fit the resulting distributions from the 300 MC simu-
lation samples. The final uncertainty of each source is given
by (lu1 = pol + 61)/ 1o x 100%.

The uncertainty of the tracking efficiency comes from
the uncertainties of the correction factors obtained from
control samples, which are the Bhabha, dimuon and
ete” — 2(xtn~) processes. The correction factors are
given by the ratio of data to MC simulation in the two
dimensions of transverse momentum and the cosine of the
polar angle. Therefore, the Gaussian sampling is based on
the correction value and its uncertainty, and obtains the
efficiencies distributions with respect to the new correction
factors. In the MC simulation model, the uncertainties
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FIG. 4. The (a) and (b) plots show the fit results of the invariant mass of the e™e™ mode and p™p~ mode, respectively. The (c) and (d)
are the two-dimensional distributions of the squared invariant mass of the #z~ and z™J /y pairs. Here, (c) is the data, (d) is the MC
simulation from PWA. The contents shown come from the sample at /s = 4.1780 GeV.

come from the uncertainties of the amplitude parameters
given by the PWA fit to the data. To estimate the
uncertainties of the parameters, toy MC samples are
generated according to the fitted parameters and the error
matrix to obtain the efficiency distribution for each energy
point. The difference in the efficiency determined with
pseudoexperiments generated according to the amplitude
model parameters with and without the three-body PHSP
process is regarded as the uncertainty of the partial wave
model.

The differences in line shape caused by statistical
uncertainties lead to different ISR correction factors.
Therefore, for each energy point, the cross section and
error serve as the parameters of the Gaussian function of
sampling, and after a new round of iteration, the cross
section distribution is obtained for each point. Apart from
the systematic uncertainty of the ISR correction, the
systematic uncertainties of the other contributions are
approximately the same for every energy point, and thus
the average of each is taken, as listed in Table I. The ISR
correction uncertainty of R-scan data samples are estimated
by the value of closest XY Z data point, and the uncertainty
of each point is listed in the Appendix. Assuming all the

sources to be independent, the total systematic uncertainties
are obtained by adding them in quadrature.

VI. FIT TO THE CROSS SECTION

To study the possible resonant structures in the e e~ —
#ta~J/y process, a maximum likelihood fit is preformed
to the measured cross section. The likelihood is constructed

TABLE I. Systematic uncertainties (%) of the cross section in
up~ mode and eTe” mode.

Uncertainty (%)

Source wrp ete”
Luminosities 0.7 0.7
Tracking efficiency 0.8 0.6
MC simulation model 1.9 1.9
Branching fractions 0.6 0.6
Kinematic fit 0.8 1.3
Fit to M(£T¢7) 24 1.2
BDT method 0.9
Total 2.7 3.1
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assuming the number of events satisfies a Gaussian dis-
tribution in XYZ data and Poisson distribution in R-scan
data. The cross section is parametrized with a coherent
sum of Breit-Wigner (BW) functions. Due to the lack of
data near the w(3770) resonance, it is not feasible to
determine the relative phase between the y/(3770) ampli-
tude and other amplitudes. The cross section line shape is
described by

o5c(V/5) = Ry 3770) (V) |* +

where R, 377) is used to describe the y(3770) resonance
and its mass and width are fixed to the world average values
[36]. The i is the imaginary unit. R; represents the
amplitude to describe a given resonant structure and ¢);
is the corresponding phase. The phase ¢, is set to zero and
the other phases are given relative to the R,. For the
structure near 4.0 GeV, two different parametrization
methods are applied, Model I: a BW function, and
Model II: an exponential function (Exp) of the form
Ro(+/5) = PS(y/s)e~PoVi~Mus) py [39], with Mipreqhora =
My + My +my;,, PS(\/s) is the PHSP factor of the
three-body decay R; — #"z~J/y [36], and p, and p; are
free parameters determined by the fit. The number of
resonances is denoted by n, comprising the known Y (4220)
and Y(4320) as well as further possible structures. The
amplitude R; is defined as

Ry(v5) =1 x 4)

VS s = MG 4 iM T PS(M;)
138 —+ XYZ data
80 (a) —+ R-scan
70 Vs=3.8713
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FIG. 5.

where M, F}O‘ and T° are the mass, full width and
electronic width of resonance R;, respectively, and
B(R;) is the branching fraction for R; = 7" zJ /y.

In case of considering the states ¥ (4220) and Y(4320)
(n = 2), multiple sets of solutions are obtained given by the
two models (Model I: BW, Model II: Exp) at 4.0 GeV. The
fit results are shown in Fig. 5, and the fit parameters are
summarized in Table II. Sizable differences between the fit
results of Model I and Model II appear mainly in the energy
region between 3.7730 and 4.1574 GeV. The difference of
x*/ndf is 3.72, where ndf is the number of degrees of
freedom. Therefore, Model I is chosen to be the default
model for the final cross section fit result. The cross section
fit shows larger fluctuations at /s = 3.8713 GeV. These
might be due to the influence of the X(3872) [36]
resonance which was not included in the model since the
X(3872) is very narrow and there are not sufficient data
points around its nominal mass.

Considering the distribution of the pull (y) values, the
above two models do not describe the interval from 4.4 to
4.6 GeV very well. Therefore, a third BW function (n = 3)
is added to study whether this deviation is caused by
possible additional structures. When the (fit) parameters of
the third BW function are floated, two possible solutions
are obtained, one with a mass close to the y(4415) and the
other one close to 4.5 GeV. Compared with the mode of
n = 2, the significance of these two solutions are 4.0¢
(3.60) and 2.16 (2.70), respectively. The alternative fits
using the parameters of the y(4415) [36] and the newly
discovered Y(4500) structure [40] have also been
attempted to describe the structure at 4.5 GeV, and led
to results with significance of 2.66 (3.10) and 3.36 (3.30),
respectively. The numbers in the brackets correspond to
an alternative fit, in which the BW function (Model I) is

100

90 —+- XYZ data

80 (b) —+ R-scan

70 Vs=3.8713
— Fit

o(e'e— wmdly) (pb)
[e2]
o

10
0
- 4
I S SRUR L I S S S S
X-El)-|.H‘1H‘x..“f‘q‘r‘l“.‘
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Fit to the energy-dependent cross section of ete™ — ztz~J/y using two different fit models: Model I (a) and Model II (b).

The upper panels show the data points with error bars overlaid with the fit result represented by the solid (blue) line. The lower panels
show the corresponding fit quality for each data point in terms of y in units of ¢. The point of /s = 3.8713 GeV is not included in the fit.

For more details of the fit models, see the text.
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TABLEIL. The values of "¢ B(R — z"z~J /y) from the fit to the e*e~ — zt7~J /y cross section. The parameters M (R,,), '"'(R,,)
and T®B(R,), (n = 0, 1, 2) represent the mass (in MeV /c?), total width (in MeV) and the product of the e* e~ partial width (in eV) with
the branching ratio of the resonance decay into z*z~J/y for the resonances, respectively. Here, p, (c?/MeV) and p, are the free
parameters of the exponential function. The parameters ¢; and ¢, (in degrees) are phases of the resonance R; and R,, the phase of
resonance R is set to 0. The numbers in the brackets correspond to the fit by replacing the resonance Ry, (BW: Model I) with an

exponential function (Exp: Model II) to describe the structure near 4.0 GeV. The uncertainties are statistical only. “...” represents a null
value.

Parameter Solution I Solution II Solution I Solution IV
I$550B(R3770) 0.6 £0.1(0.3+0.1)

M(Ry) (po) 3905.5 £30.1 (4.4 +0.3)

I (Ro) (p1) 346.0 £ 48.5 (2.7 £0.6) x 1073)

IB(Ry) 55+05(..) 6.9+0.7 (...) 83406 (...) 105+£09 (...)
M(R)) 4221.4 £ 1.5 (4220.1 £1.2)

'PY(Ry) 41.8£2.9 (43.6 £2.6)

I'S*B(Ry) 1.7+0.2(1.7+£0.2) 8.2+0.9(8.6+0.5) 3.0£0.5(2.5+0.3) 14.6 £1.2(12.7+£0.8)
M(R,) 42975 £ 12.1 (43162 +12.4)

I'YY(R,) 126.6 £ 16.7 (124.3 £ 18.0)

I$*B(R,) 1.2+£0.3(0.7+0.2) 23+0.8(1.1 £0.3) 156 £2.1(15.0+ 1.2) 30.2+3.3(23.6 £2.9)

¢ —3.7+54(243+3.0) -1246+11.7(-788£5.1) 87.7+21.9(88.0+12.1) —-335+11.2(-15.1+7.7)
¢ 79.6 £ 18.5(130.7 £15.8)  35.8 £27.2(96.6 £ 19.7) —104.7 £26.9(—92.5 + 6.0) —148.7 £4.5(—127.6 +2.3)
x%/ndf 54.0/40 (57.3/41)

Y (4360) heavily depend on the presence of an additional
structure close to 4.5 GeV.

replaced by an exponential function (Model II) to describe
the structure near 4.0 GeV, as also shown in Tables II
and III

Due to the limited data samples around 4.4 GeV, the
mass and width of the new additional BW function are
fixed to y(4415) or Y(4500), the fit result in Table III. With

VII. SYSTEMATIC UNCERTAINTIES
OF THE RESONANCE PARAMETERS

larger/new data samples in that region, the structure of the
w(4415) or Y(4500) can be studied further. The fit results
are shown in Fig. 6, and the parameters are summarized in
Table III. In conclusion, the parameters of the ¥ (4220) state
are stable for the different models, while the ones of

Relevant systematic uncertainties of the fit parameters
are caused by the fit model, the /s energy measurement
and its spread, and the PHSP factor. The systematic
uncertainty related to the fit model is evaluated as the
difference of the mass and width results of Model I and

TABLETII.  The fit results of the test for the additional structure near 4.5 GeV. The values of I'*" ¢ B(R — ztz~J /y) from the fit to the
ete™ — ntaJ/y cross section. The parameters M(R,), and T'°(R,,) (n = 0, 1, 2, 3) represent the mass (in MeV /c?), total width (in
MeV) of the resonance decay into z 7~ J /y for the resonances, respectively. Finally, the significance of the additional BW is given. The
uncertainties are statistical only. The numbers in the brackets correspond to the fit by replacing the BW:Model I with an Exp: Model II to
describe the structure near 4.0 GeV.

Parameter Result I Result 1T Result III Result IV

M(R,) 4221.0 = 1.6 (4220.3 £ 1.6) 4219.8 1.3 (4219.1 =1.2) 42239+ 1.4 (4219.6 £1.3) 4220.2 £+ 1.3 (42194 +1.1)

I'PY(Ry) 41.0 £ 3.0 (42.3 £3.0) 454 4+2.8 (46.3 £2.5) 422 4+32 (443 +2.7) 445429 (453 +2.5)

M(R,) 4293.7 £ 13.1 4345.8 +28.4 4308.5 £ 17.6 4328.58 +18.9
(4304.8 £ 18.8) (4357.9 +£20.2) (4333.2 £23.2) (4347.1 £ 14.5)

I'YY(R,) 152.4 +£23.9 (144.3 +31.5) 130.1 £20.7 (107.9 +25.6) 161.4 +24.6 (153.2 £26.2) 133.8 £20.2 (127.5 £22.2)

M(R3) 4405.6 += 4.5 (4405.0 = 6.7) 4471.1 +36.2 4421 (fixed) 4485 (fixed)

(4550.9 £ 16.9)

F‘3°‘(R3) 9.1 +2.5(8.7+4.9) 159.7 £ 97.0 (211.8 £ 132.8) 62 (fixed) 111 (fixed)

% /ndf 40.1/36 (44.8/37) 47.6/36 (48.7/37) 45.4/38 (48.7/39) 48.1/38 (51.3/39)

Significance 4.00 (3.60) 2.10 (2.70) 3.30 (3.30) 2.60 (3.10)
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FIG. 6. Fit to the energy-dependent cross section of the process ete™ — " z~J /y, where an additional BW function is added based
on Model I. The upper panels show the data points with error bars overlaid with the fit result represented by the solid (blue) line. The
lower panels show the corresponding fit quality for each data point in terms of y in units of ¢, and the fit results are listed in Table III. (a)
and (b): The new BW function with free parameters. (c) and (d): The new BW function with parameters fixed to the yw(4415) and
Y(4500) resonance parameters. The point of /s = 3.8713 GeV is not included in the fit.

Model II. The /s of all datasets have been measured with
dimuon events with an uncertainty of 0.6 MeV that
propagates directly to the uncertainty of the mass of
the resonances. The uncertainties included by the /s
spread are obtained by convolving the resonant PDF
with a Gaussian function whose width is taken to be
1.6 MeV, equal to the spread obtained from the
Beam Energy Measurement System [41]. The uncertainty
of the PHSP factor, due to the existence of intermedi-
ate states, is estimated by considering the PHSP of
cascade two-body decays of ete™ — RJ/y [with R =
o, £0(980), f,(1370)] and e*e” — 7%Z.(3900)F, and
the maximum value of the difference with respect to
the result obtained when using the three-body PHSP
factor is taken as the systematic uncertainty. The deviation
of the resonant parameters introduced by the uncertain-
ties of the y(3770) resonance parameters are less than

0.1 MeV, and thus can be neglected. Assuming all
of the systematic uncertainties are independent, adding
them in quadrature delivers the total error as listed in
Table IV.

TABLE 1V. Summary of the uncertainties of the resonance
parameters.

Uncertainty
Y (4220) Y (4320)

Source M MeV/c?) T MeV) M (MeV/c?) T (MeV)
NG 0.6 0.6

Beam spread 0.3 0.4 5.0 2.1
Fit model 1.4 1.0 15.8 6.8
PHSP factor 1.3 2.5 19.9 7.8
Total 2.0 2.7 25.9 10.3
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VIII. SUMMARY

In summary, a precision measurement of the energy-
dependent cross section for the process ete™ — x7a~J [y
from /s = 3.7730 GeV to /s = 4.7008 GeV at BESIII is
performed. This measurement improves upon the precision
of the previous results from the BESIII collaboration in the
same channel [3] by about 60% at the points of same
statistics (y/s = 4.2263 and 4.2580 GeV). This is achieved
by the improvements in the optimized MC simulation
model and the enhanced tracking efficiencies.

The energy-dependent cross section is fitted with differ-
ent fit models for the cross section line shape, allowing for
the search of resonances and the evaluation of their
parameters. It was found that the structure close to
4.0 GeV is better described when using the Breit-Wigner
function as compared to an exponential function. The
Y(4220) and Y(4320) resonances were observed with
significances larger than 10s and their resonance param-
eters were estimated to be consistent with those reported in
Ref. [3]. However, the presence of an additional structure
around 4.5 GeV, possibly identifiable with the y(4415),
influences the evaluation of the ¥ (4320) parameters, which
are (M,I") = (4298 +£12+26MeV/c?,127+17+10MeV),
therefore, reported with a large uncertainty.
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APPENDIX

Table V lists the parameters used to calculate the cross
section of the e™e™ — ztz~J/y process with Eq. (1).

072001-12



PHYS. REV. D 106, 072001 (2022)

STUDY OF THE RESONANCE STRUCTURES IN THE PROCESS ...

(panuuod 2jqvJ)

OL'TF L9519l P1'6C 109 zTol 6I'T  100F 968 097
170 F fo,:cr 01 E6T Seve €8°C 6I'1  100F98'L 0STY
6S0FTOOTISET  090F9TTFICST  ISOFECTFLITI  LTSE  €Te  SIT6IT  TIFOII €8°C OI'l  ¥8'€ T FET8S 65Eh
7S0 F 55.,10S°€1 861 S0 €87 LT 100F 969 OEPD
OFOF990F 6+ Pl LSOFIGOTFSISI  9S0FP6OFOLEL  $9FE  61TC  $TFI0F 9 F€€T 897 LT 639 F 99°0601 9SIHY
T80 F 450001 SLIE §oee S0'L PI'T 100F61°L 017D
0L0OF €S0F LOEl  €60FSOTF6CTl  SOTTFOSTTFTOPl  9TLE  vS€T  LIFv6l €1 F Ol S0°L 8¢l IFEFS6IS bS6ET
LEOTFOSEF60PC TSI F WP FISET  #rIFHOSFe8ye LLTP  bI'LT 9 F T SFe €67 860  LEOF LS'SS bLSEY
€90F 20T T 00T 980 F I F €861 €60F9STTFIE0C  SCIF 997 0T L6T  SI T S6l T PI'T ISET IV IES 89LE Y
SLOFPITTCLST v60FHr I FLYST TCIFCRTITFSSST LItk 10L 12T ehe L1 F LT 86 90T 6S°€ T F6'EPS €85 Y
SFOFOVTFLEPE II'TFOSTFIOPE  OSTF6ITFS09E  0SHr S88C +vIFesk 61 Fele 98'1 860 SCETF /KIS 0LEE Y
SLTFOSTFESRE  PSTFISTFEO0F  OFTFEOTTFSS9E  06'SF 6667 9TFELS 61 F She vL'S SOT  0SE F 61667 SIIEY
6L1F6VSTSTIS 19TTF6TLTPLES OVTTOCST IV'Sy  LOLb  v60S 6 F 6S 9F c¢ vy L80  0£0F 80°SH 6L0ET
65T FSOTFOMES 681 FSITTFLTES 90TTFI9TTFESES T8Iy el  STFH89 T F ISk €T 060 6T F TSS6h 9987t
PSCTFYTT IFES  LITTFILETOTSS OITTF6CHF6CIS 08k 10 LIFEST €1 F TSl 18T 160 960 F0LSLI 9LLTY
9T FPOTFSLSS 69T FEITTFOSSS 061 FESTFEO9S  vl'6h  €L1€  O0SFISL €T F 60S & 160  €I'€ F0L'6TS L99TF
CTFLETFOS09 SLTFOLTF 6865 10TFHITFSTIO  LI'OS  LLTE  6SFLTEl 1€ F 888 SI'l 680  LY'S T Ob'STs 085TF
691 FT81FSOPL 9TTFOSTFLEYL PSTFISTF 660, TI'IS  TTEE 9 Feell  8TF hhL Wl P80 69T F 86°€6S EPT Y
CIF66'TFO0S08 SSTFIOCFOTTS OLTFSOETFOSSL 69715  SObE  SEFE0Il LT F 969 bS'l 80 6T F 090€S LSET
C6TTISTTOC68 6STTS6TTIS6S SSTTFPETT 988 00CS  LEPE  ISTSIEC ObF LIS SI'T 90  00°LTF 160011 £9TT Y
CLTFO06TTLLOL 6TTTFIFTFI069 SOTFIOETFO6TL 880S S6TE  TETFSI6 9T F L9 v6'l LLO 08’1 F 0T'69S L81TY
6I'TFSSTTFEOSE  SOTTFO0TTFLOLY OLTFIWVCFOSH  T6'6F  +CTE  LTFHE9 1T T 68¢€ 9T 6L°0 181 F SOTLS 1607t
LLOFOSTFE98C 20T FSOTIFLLLL LITF60TFIL6T #I0S €61 1TF¥SE LI Fhe 67 180 SOTF 09'4TS 6861
LFOF660F 1991 $9O0FPETFICOl  [L0FLKIFP69l  €C9F  S88C 61 F 1€ €1 FOSI €8T 060  91°CF SO0LS 8881°p
OCOTF LEOTFLICT  0SOF6FOTF PPl TSOTFLSOTF LTI ¥8Th  SP9T S F €0l LT FTI9 19 P60 06'1€ T 0SH6IE 08LI'b
0S0F960F #8311  SCOFYTIFICII  LYOTFTISTFIOCN  86vh  80°8C €I FSIT O F€8 1T 960  0L'T T 88°60F L9ST'Y
9C0TF 960 F €0CI  SFOTFSTIFO9TI  SSOTOVTFesel  LELb 9967 vl FLZl 01 F98 61°€ L60  €9°TF 66°L6S 121
6FOF06TF68SI  TO0FLOCTF ROV  SLOFSOPFEHLl  00LF  S96T STFOC bFSI 8T'€ 60 SE0T98°TS $580°F
8COF 80T FCCLl  SSOF6FIFr68l  1SOFOSTFOSI  IL9F €967 81F6cc ¢l FOCI SI'l 060  81'€ F 00°C8% 900
690 T 6TET 8691  SSOTFSOPFCSSl  II'TFIFSTFEOSI WSk 6£LC ST6l bF Pl 00°S 980  IS0TF 19°TS 7968°€
€60FO0STFT68  CCIFIIFOI6  LTIFSSTFLYS 6610 964 9 FO€ SF LI 6711 61'l  €L0FO0COLI €1L8°€
IWOTFOSTFI6ST  LSOTFITETFSO9I  190FSTETLLST  6€vb  60LT S TFOb ST T 0T 980  TL'0 T 06801 L98°€
PITF6TET68FI  PSTTF6IVTFOCHI  ILTFCTSTFLOST  1T9%  096T  STFLI PFI 901 980 6V°0 F 508 LLOS'S
690 F9S0OFH6'LC  T6OFTLOTFOSLT 90T TF680FHL'ST  +EIS I 9T OSLI 9 F 6911 $0C €L°0  Ov'61 T TLPLST 0SLL'S

ERiARINT . 2,2 . 2,2 i 2.2 (%) sAsy 9+ 1 (-9qd) 7 (A9D) sN

ALQV 9 (%) 2 sqoN

‘ATUO Tedrnsnels St JO. jureloun 9 ‘SanuIelIadun J1ewa)SAS pue [ednsnels Jo S}Sisuod O Ajurelradun 9
A[uo Teansnes st (goN 10§ Lur U1, ‘senul . As pue [eonsnels Jo s1SIsuod 7 jo A UL
*AJUTe1IodUN ONRWISAS ST UWLID) PUOIIS AY) PUB ‘AJUTLLIOUN [RONSTIRIS ST ULIA) ISIIJ Y[, "9powl _# 1 pue 9powW _2 , 2 PIUIqUIOd A USAIS I8 SI[NSAI 9Y) PUR ‘BIRP URDS-Y T® A, (IIM
payrew sa[dureg “Ajureirooun [eoNsSNeIS ) JO 9SIOAUT Y STIYSIoM ) PUR ‘sopout _# 7 pue _2 , 2 JO UONIIS SSOIO 95RISAR PAIYSIom d) ST 98RISAR,, ‘U0NIS $s010 9} s (qd) 0 ‘DN
[euS1S WOIJ PIUTULIANOP AJUIIONJS UOTIOA[AS JUIAD I} ST 2 ‘SUONNQINSIP SSLUW JUBLIBAUT _ 7, 7 WOIJ SJUQAD [RUSTS PAAIISQO JO JoqUINU ) ST sqoN ‘T0IOBJ UOTIDALI0D UONEIPRI 9y} JO
9/4,) Sanureldun J1ewa)SAS 3Y) ST  SAS 10)0B] UOIJALIOD uoneIpel ay) S1 ¢ + jisourwun] pajersyur Ayj St (,_ AIdH _X ¥ «— _2 2 JO UOI}I3S SSOID 9 y

%) senul . s oy st s£sy,, ‘10308) UOL neIper dy st ¢ + | “Kisouruny payersajur oyy st (;_qd) 7 ‘o1 s/ r 2, 12 JO uor UL A dT4VL

072001-13



PHYS. REV. D 106, 072001 (2022)

M. ABLIKIM et al.

60 F890FSKS  STOTFS880F TS  6COFO0TFLLS  L61€ 981 Tl FaL 8 F op L6°€ €T LY'E T 0T9ES 88697
SIOFSCOFHTS  6I'0F6V0FO0I'S  TTOFISOFOFS 990 I1+'81  0ZF0IT  #IF el 65T SET LLOT T 1€°6991 61897
OIOFSSOFELY  TCOFT®OFILY  €TOFOLOFELY  6071€  L881  TIF 69 LF T sL'g 81 SP'ETF £9°6TS 2199'F
SEOF6SOFSES  OFOF6LOFS6Y  PSOF980F6LS  TTee  LL61  TIFSL 8 F 1S R €1 LSETF 4TSS 6079'F
680 F0S0F069  190FOI'TFRYL  6FOFEITF609  0TIE  SS81 €1 F 16 8 F ¢ be'L Wl LEEFTSITS 0829'F
SUTFOCTFILT  O00TFOSTFOST  SITTF68TFO8E  SI'€c Tkl vFS €FL 79°sS SET  89°0 F £8°€01 6119F
SSOFIPOFOI9  SLOFSSOTFS6S 080T 680FSEO 6L LEGI b1 T 66 6F 19 9Tl 6V'1  L8'E F 63985 665
1€0F 504:98°€ 19°87 $15670 9Tl STl 100F 0S8 065
€T F [p L8 €l 15°8C R 92Tl STl 100F 88 085t
SHOF68TFS6TI  LLOFSOPFITOl  SFOFEITFE96  886E 0S€C STFIT EFL £6°€ 90T TE0F €68k ShLSY
020 F 2ee's 1L°8¢ S6T 8T VT 100 F 69°8 OLSY
8T0F 3/9:66'8 10°8¢ 72:9°C 8T VT 100 F 658 095F
9€'0 F goorvLT1 €1'8e §eS°€ 8 €Tl 100F S06 0SSP
STOTF ¢ror 8611 0T8T §e5S°T 8T €1 100F 996 OPSH
CCOFO0TFLSTI  8EOFHFTFIL6  6S0FREETFS0HI 8IS 6S€C  9F LT 9F 5T b8'T T PLOTFTITI 1LTSY
08°0F {ge T8'L LE']T 714+8°C ol Wl 100FS6'8 0TSY
TUOF ggprC8'€ 0tz S0 ol Wl 100F T8 008
6L°0 F i1 0€01 L6'8T 01:9C ol 01T 100 F 6€8 08t
680F LOTFSLII  660FTSTFRE6 19T FSFEFOIST 1966 S0TC  LF9T 9F 5T ol LT SLOF6OTII 1L9%F

R ARINY . _2,9 . 2,9 . 2,0 (%) ssy 9+ 1 (-qd) 7 (A9D) s/

(qd) o (%) 2 sqN

(ponunuo)) ‘A 414VL

072001-14



STUDY OF THE RESONANCE STRUCTURES IN THE PROCESS ...

PHYS. REV. D 106, 072001 (2022)

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett. 95,
142001 (2005).
[2] C.Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99,
182004 (2007).
[3] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
118, 092001 (2017).
[4] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 96,
032004 (2017).
[5]1 M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
118, 092002 (2017).
[6] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
122, 102002 (2019).
[7] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 102,
031101 (2020).
[8] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
114, 092003 (2015).
[9] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 93,
011102 (2016).
[10] X.H. Mo, G. Li, C.Z. Yuan, K. L. He, H. M. Hu, J. H. Hu,
P. Wang, and Z.Y. Wang, Phys. Lett. B 640, 182 (2006).
[11] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, and T.-M.
Yan, Phys. Rev. D 17, 3090 (1978); 21, 203 (1980);
S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
[12] M. Berwein, N. Brambilla, J. Tarris Castella, and A. Vairo,
Phys. Rev. D 92, 114019 (2015).
[13] E. Epelbaum, A. M. Gasparyan, H. Krebs, and C. Schat,
Eur. Phys. J. A 51, 26 (2015).
[14] F. K. Guo, C. Hanhart, U.G. Meiflner, Q. Wang, and
Q. Zhao, Phys. Lett. B 725, 127 (2013).
[15] M. Cleven, Q. Wang, F.-K. Guo, C. Hanhart, U.-G. Meifner,
and Q. Zhao, Phys. Rev. D 90, 074039 (2014).
[16] C. Ayala, G. Cvetic, A.V. Kotikov, and B.G.
Shaikhatdenov, Eur. Phys. J. C 78, 1002 (2018).
[17] J.F. Giron and R.F. Lebed, Phys. Rev. D 101, 074032
(2020).
[18] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 614, 345 (2010).
[19] C.H. Yu et al., Proceedings of IPAC2016, Busan, Korea
(JACoW, Geneva, Switzerland, 2016).

[20] X. Li et al., Radiat. Detect. Technol. Methods 1, 13 (2017);
Y. X. Guo et al., Radiat. Detect. Technol. Methods 1, 15
(2017); P. Cao et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 953, 163053 (2020).

[21] M. Ablikim et al. (BESIII Collaboration), arXiv:2203.03133.

[22] M. Ablikim et al. (BESIII Collaboration), arXiv:2205.04809.

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

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

[25] Z.Y. Deng et al., Chin. Phys. C 30, 371 (2006).

[26] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001); R. G. Ping, Chin. Phys. C 32, 243 (2008).

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

[28] E. Richter-Was, Phys. Lett. B 303, 163 (1993).

[29] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 102,
012009 (2020).

[30] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
119, 072001 (2017).

[31] https://github.com/mashephe/AmpTools.

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

[33] F. A. Berends, P. H. Daverveldt, and R. Kleiss, Comput.
Phys. Commun. 40, 271 (1986).

[34] F. A. Berends, P. H. Daverveldt, and R. Kleiss, Comput.
Phys. Commun. 40, 285 (1986).

[35] A. Hocker et al. arXiv:physics/0703039.

[36] P. A. Zyla et al. (Particle Data Group), Theor. Exp. Phys.
2020, 083C01 (2020).

[37] W. Sun, T. Liu, M. Jing, L. Wang, B. Zhong, and W. Song,
Front. Phys. 16, 64501 (2021).

[38] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87,
012002 (2013).

[39] J. Adam er al. (STAR Collaboration), Phys. Rev. D 99,
051102 (2019).

[40] M. Ablikim et al. (BESIII Collaboration), arXiv:2204.07800.

[41] E. V. Abakumova et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 659, 21 (2011).

072001-15


https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.95.142001
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.99.182004
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevLett.118.092001
https://doi.org/10.1103/PhysRevD.96.032004
https://doi.org/10.1103/PhysRevD.96.032004
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.118.092002
https://doi.org/10.1103/PhysRevLett.122.102002
https://doi.org/10.1103/PhysRevLett.122.102002
https://doi.org/10.1103/PhysRevD.102.031101
https://doi.org/10.1103/PhysRevD.102.031101
https://doi.org/10.1103/PhysRevLett.114.092003
https://doi.org/10.1103/PhysRevLett.114.092003
https://doi.org/10.1103/PhysRevD.93.011102
https://doi.org/10.1103/PhysRevD.93.011102
https://doi.org/10.1016/j.physletb.2006.07.060
https://doi.org/10.1103/PhysRevD.17.3090
https://doi.org/10.1103/PhysRevD.21.203
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.92.114019
https://doi.org/10.1140/epja/i2015-15026-y
https://doi.org/10.1016/j.physletb.2013.06.053
https://doi.org/10.1103/PhysRevD.90.074039
https://doi.org/10.1140/epjc/s10052-018-6490-9
https://doi.org/10.1103/PhysRevD.101.074032
https://doi.org/10.1103/PhysRevD.101.074032
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1007/s41605-017-0014-2
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1007/s41605-017-0012-4
https://doi.org/10.1016/j.nima.2019.163053
https://doi.org/10.1016/j.nima.2019.163053
https://arXiv.org/abs/2203.03133
https://arXiv.org/abs/2205.04809
https://doi.org/10.1088/1674-1137/ac1575
https://doi.org/10.1088/1674-1137/ac1575
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1088/1674-1137/32/3/017
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1103/PhysRevD.63.113009
https://doi.org/10.1016/0370-2693(93)90062-M
https://doi.org/10.1103/PhysRevD.102.012009
https://doi.org/10.1103/PhysRevD.102.012009
https://doi.org/10.1103/PhysRevLett.119.072001
https://doi.org/10.1103/PhysRevLett.119.072001
https://github.com/mashephe/AmpTools
https://github.com/mashephe/AmpTools
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/j.cpc.2020.107540
https://doi.org/10.1016/0010-4655(86)90114-1
https://doi.org/10.1016/0010-4655(86)90114-1
https://doi.org/10.1016/0010-4655(86)90115-3
https://doi.org/10.1016/0010-4655(86)90115-3
https://arXiv.org/abs/physics/0703039
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1007/s11467-021-1085-6
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.87.012002
https://doi.org/10.1103/PhysRevD.99.051102
https://doi.org/10.1103/PhysRevD.99.051102
https://arXiv.org/abs/2204.07800
https://doi.org/10.1016/j.nima.2011.08.050
https://doi.org/10.1016/j.nima.2011.08.050

