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Using a sample of (10.09 4- 0.04) x 10° J /i events collected with the BESIII detector operating at the
BEPCII storage ring, a partial wave analysis of the decay J/y — ynn' is performed. The first observation of
an isoscalar state with exotic quantum numbers J*¢ = 1=+, denoted as 1, (1855), is reported in the process
J/w — yn; (1855) with 57, (1855) — nf’. Its mass and width are measured to be (1855 + 97¢) MeV/c? and
(188 £ 1877) MeV, respectively, where the first uncertainties are statistical and the second are systematic,
and its statistical significance is estimated to be larger than 19¢.
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The quark model describes a conventional meson as a
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would validate and advance our quantitative understanding
of QCD. Radiative decays of the J/y meson provide a
gluon-rich environment and are therefore regarded as one
of the most promising hunting grounds for gluonic exci-
ations [1-4].

Hybrid mesons are gg states with explicit excitations of
the gluon field. They were first proposed several decades ago
[5-9], and have been the source of more recent lattice QCD
(LQCD) [10-13] and phenomenological QCD studies [ 14—
17]. Models and LQCD predict that the exotic J¢ = 1=F
nonet of hybrid mesons is the lightest, with a mass around
1.7-2.1 GeV/c?[10,13,18]. The predicted decay widths are
model dependent; most hybrids are expected to be rather
broad, but some can be as narrow as 100 MeV [19]. There are
currently three 1= candidates: the 7, (1400), r; (1600), and
71(2015) [20-23], which are all isovector states. Finding an
isoscalar 1" hybrid state is critical for establishing the
hybrid multiplet. Decaying to ##’ in a P wave is expected for
an isoscalar 1= hybrid state [24-26].

In this Letter, a partial wave analysis (PWA) of the
process J/y — yni' is performed. The first observation of
an isoscalar state with exotic quantum numbers J7¢ = 1=+,
denoted as 7, (1855), is reported with high statistical signi-
ficance in the decay chain J/yw — yn,(1855) — yny'.
In addition, a large J/w — yf,(1500) — yny' component
is observed, while J /v — yf,(1710) — yny' is found to be
insignificant. More details are presented in a companion
paper [27]. The analysis is based on (10.09 4 0.04) x
10° J/w events accumulated with the BESIII detector [28]
operating at the BEPCII storage ring. A detailed description
of the BESIII detector can be found in Ref. [29].

Candidate events for the process J/w — yny are
selected using the criteria described in Ref. [27]. The
is reconstructed via the decay channel yy and the #
is reconstructed via # - yzTx and ¥y —>nprtx.
Backgrounds are estimated by the 7’ mass sidebands, with
details given in Ref. [27]. For J/w — yni', i’ = na*n~, the
selected sample contains a total of 4788 candidate events
including 391 +9 background events, while for
J/w =y, i = yxta~, there are 10544 total events
including 1336 4 21 background events.

Using the GPUPWA framework [30], a PWA is per-
formed for the selected candidate events from the process
J)w =y with 4 - yatn~ and ' — nrtz~. Quasi-
two-body decay amplitudes in the sequential decay proc-
esses J/w — yX, X -y’ and J/y - nX, X -y and
J/w = n'X, X — yn are constructed using the covariant
tensor amplitudes described in Ref. [31]. The resonance X
is parametrized by a relativistic Breit-Wigner (BW) pro-
pagator with constant width. The complex coefficients of
the amplitudes (relative magnitudes and phases) and
resonance parameters (masses and widths) are determined
by an unbinned maximum likelihood fit to the data. The
joint probability for observing the N events in the data
sample is

where €(¢;) is the detection efficiency, ®(&;) is the standard
element of phase space, and M(;) = > y Ax(&;) is the
matrix element describing the decay processes from the
J/w to the final state yny'. Ax(&;) is the amplitude
corresponding to intermediate resonance X. Details of
the likelihood function construction can be found in
Ref. [27]. The free parameters are optimized using
MINUIT [32]. To account for background, the background
contribution to the likelihood function is estimated
using 7’ sideband events and is subtracted from the total
log-likelihood value [33]. The two decay channels
Jw =y, nf = natam and J/y -y, ' = yrtaT
are combined by adding their log-likelihood values; they
share the same set of masses, widths, relative magnitudes,
and phases.

The set of two-body amplitudes used in the PWA is
determined in three steps. First, a “PDG-optimized” set of
amplitudes is determined. To describe the 77’ spectrum, all
kinematically allowed resonances with JF€ = 0++, 2+,
and 4" listed in the PDG [34-36] are considered.
Similarly, to describe the yx") spectrum, all resonances
listed in the PDG with J”¢ = 1%~ and 1™~ are considered.
All possible combinations of these resonances are evalu-
ated. The statistical significance for each resonance is
determined by examining the probability of the change
in log-likelihood values when including and excluding this
resonance in the fits, where the probability is calculated
under the y? distribution hypothesis taking into account the
change in the number of degrees of freedom. The masses
and widths of the resonances near 7’ threshold [f(1500),
f2(1525), f,(1565), and f,(1640)] as well as those with
small fit fractions (< 3%) are always fixed to the PDG [34]
values. The mass and width of the f,(2330), which
corresponds to a clear structure around 2.3 GeVc? in the
n’ mass spectrum, are free parameters. All other masses
and widths are also free parameters in the fit. The final
PDG-optimized set of amplitudes is the combination where
each included resonance has a statistical significance larger
than 5o.

In the second step, a search is performed for additional
resonances with JF¢€ = 1=+, 0+, 2++ 4++, 1;:1;), and ly_n_(’)

by individually adding each possibility to the PDG-
optimized solution and scanning over its mass and width.
The significance of each additional resonance at each mass
and width is evaluated. The result indicates that a signifi-
cant 1~ contribution (> 70) is needed around 1.9 GeV in
the n1 system. The significances for all other additional
contributions are less than 5¢. Therefore, an 7, state is
included in the PWA.

In the third step, a baseline set of amplitudes is determined
that includes the 7, state with its mass and width as free
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TABLE 1. The masses, widths, B(J/w — yX — yny') or
B(J/w—n'h;y—yny') (B.E), and statistical significances (Sig.)
for each component in the baseline set of amplitudes. The first
uncertainties are statistical, and the second are systematic.

Resonance M (MeV/c?) T (MeV) B.F(x107%)  Sig.
Sfo(1500) 1506 112 1.81 £0.111)]3 > 300
fo(1810) 1795 95 0.11 £0.0150% 1l.16
f0(2020) 2010 £675 203 +£977 228 +£0.12105 24.60
f0(2330) 2312477 6541073, 0.10+£0.02759) 1320
n(1855) 1855 +97% 188 £ 1877 0.27 £ 0.04700: 21.40
f2(1565) 1542 122 0.32£0.0570; 870
f2(2010) 2062 +615° 165 £ 1711 0.71 £0.0610,0 13.40
f4(2050) 2018 237 0.06 +£0.01°%  4.60
0™+ PHSP 1.44 £ 015700 1570
hy(1415) 1416 90  0.0840.01755 1020
hy (1595) 1584 384 0164002208 990

parameters. The statistical significances of all resonances in
the PDG-optimized set are reevaluated in the presence of the
n, state. Resonances with significance less than 5o are
removed. The resulting baseline set of amplitudes contains a
significant contribution from an isoscalar state with exotic
quantum numbers JP¢ = 1=F, denoted as #,(1855). Its
statistical significance is 21.4¢, and its mass and width are

(185549, ) MeV/c? and (188 £ 18,,) MeV, respectively.
In addition, the baseline set of amplitudes includes four 0+
resonances [f(1500), f,(1810), f1(2020), f¢(2330)], two
2+ resonances [f,(1565), f,(2010)], a nonresonant con-
tribution modeled by a 0™ #5’ system uniformly distributed
in phase space (PHSP), and two 17~ resonances [/, (1415),
h1(1595)] in the yn system. In addition, a 4™ resonance
f4(2050) with statistical significance 4.6¢ is included.

The results of the PWA with the baseline set of
amplitudes, including the masses and widths of the reso-
nances, the product branching fractions J/y — yX — ynif/
or J/y = n")X — yniy/, and the statistical significances,
are summarized in Table 1. The measured masses and
widths of the f,(2020) and f,(2010) are consistent with
the PDG [34] average values. The measured mass of the
f0(2330), which is unestablished in the PDG [34], is
consistent with the results of Ref. [35], but our measured
width is 79 MeV smaller (3.40).

Figure 1 shows the invariant mass distributions of
M(ni'), M(yn), and M(yn') for the data (with background
subtracted) and the PWA fit projections. Figure 1 also
shows the cos 6, distribution, where 6, is the angle of the 1
momentum in the 77" (Jocob and Wick) helicity frame [37].
This angle carries information about the spin of the particle
decaying to nr’. Figure 2 shows the Dalitz plots for the
PWA fit projection, the selected data, and the background
estimated from the 7’ sideband.
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FIG. 1. Background-subtracted data (black points) and the PWA fit projections (lines) for (a),(b),(c) the invariant mass distributions of

(a) ny', (b) yn, and (c¢) y1/, and (d),(e) the distribution of cos 0,, where 0, is the angle of the 7 momentum in the 7 (Jocob and Wick)
helicity frame for (d) all 75’ masses and (e) 757’ masses between 1.7 and 2.0 GeV /c?. The red lines are the total fit projections from the
baseline PWA. The blue lines are the total fit projections from a fit excluding the #; component. The dashed lines for the
17,07+, 2%+, 4%+ and 17~ contributions are the coherent sums of amplitudes for each J”C. Note that the process J /y — ¢n', ¢ — yn
is rejected, which leads to the depletion of events around 1.02 GeV/c? in M(yn).

192002-5



PHYSICAL REVIEW LETTERS 129, 192002 (2022)

5r 51 51
! (a) ! (b) §'® ! ON K
g 4 :7 1 4 :7 80 g 4 ::' = 6
N [ [ N re.® 5
o 3 : 3k 0 o 3
S | z S Ienl :
3:; 2 s 2 s 40 3:; 2 s 3
S [ I o I - 2
s I I = -
i T TR dT T | 1
0 L ! N T R—— 0 o . 0 0 [ S E TSSO R 1
2 4 6 8 2 4 6 8 2 4 6 8
M2(n)(GeV/c?) M2(n)(GeV?/c?) M2(m)(GeV/c?)

FIG. 2. Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the " sideband. Note that the
process J/y — ¢, ¢ — yn is rejected, which leads to the depletion of events in a band around 1 GeV2/c* in M?(yz).

Various checks are performed to validate the existence of
the 7, (1855). The fits are carried out by assigning all other
possible JPC¢ (J <4) to the 7,(1855), and the log-
likelihoods are worse by at least 235 units (> 300). To
probe the significance of the BW phase motion, the BW
parametrization of the #;(1855) in the baseline PWA is
replaced with an amplitude whose magnitude matches that
of a BW function but with constant phase (independent of
s). This alternative fit has a log-likelihood 43 units (9.20)
worse than the baseline fit.

To visualize the agreement between the PWA fit
results and data, angular moments as a function of
M(nn') can be calculated for data (with background
subtracted) and the PWA model. For events within a given
region of M(ny'), the cos 8, distribution can be expressed
as an expansion in terms of Legendre polynomials.
The coefficients, which are called the unnormalized
moments of the expansion, characterize the spin of the
contributing 77’ resonances. The moment for the kth bin of

M(nn') is

Ny

(Y% = Z W, Y (cos 6}). (2)
P

For data, N is the number of observed events in the kth bin
of M(n') and W; is a weight used to implement back-
ground subtraction. For the PWA model, N, is the number
of events in a PHSP MC sample and W; is the intensity for
each event calculated in the PWA model. Neglecting 75’
amplitudes with spin greater than 2, and ignoring the effects
of symmetrization and the presence of resonance contri-
butions in the yn and y#' subsystems, the moments are
related to the spin-0 (S), spin-1 (P), and spin-2 (D)
amplitudes by [38]

Var(Y0) = §* + P> 4 D2, (3)

Var(Y9) = 2SPcos ¢p + 4PD cos(dp — dp),  (4)

Var(Y9) = \%}ﬂ + gDZ +2SDcosp,  (5)
Var(ry) =20, ©

where ¢p and ¢, are the phases of the P wave and D wave
relative to the § wave. Figure 3 shows the moments
computed for the data and the PWA model, using
Eq. (2), where good data and PWA consistency can be
seen. The need for the 7,(1855) P-wave component is
apparent in the (Y?) moment [Fig. 3(b)].

For the branching fraction measurements, systematic
uncertainties arising from the number of J/y events, the
pion tracking, photon detection, kinematic fit, mass reso-
lution of the 7/, and the branching fractions of ¥ = na* 7™,
' — yxtn~, and n — yy have been estimated to be
4.8% [27].

Uncertainty associated with the PWA affects both the
branching fraction measurements and the resonance param-
eters. The sources of uncertainty include the background
estimation, the resonance description, the resonance param-
eters, and additional resonances. The statistical significance
of the 1, (1855) is recalculated in each fit variation.

To estimate the uncertainty due to the background
estimation, alternative fits are performed using different
background normalization factors and different " sideband
regions. The statistical significance of the #,(1855) is
always above 21.1¢. The changes in the branching fractions
and resonance parameters are assigned as systematic
uncertainties.

Uncertainty arising from the BW parametrization is
estimated by replacing the constant width I, of the BW
for the threshold state f((1500) with a mass-dependent
width as described in Ref. [27]. The significance of the
71(1855) in this case is 21.86.

In the baseline fit, the resonance parameters of the

£0(1500), £o(1810), f5(1565). f4(2050). hy(1415)(yn),
and h,(1595)(yn) are fixed to PDG [34] average values.
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FIG. 3. The distributions of the unnormalized moments (Y9) (L = 0, 1, 2, and 4) for J/y — yny' as functions of the ;' mass. Black
dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline
fit projections; and the blue dotted lines represent the projections from a fit excluding the #; component.

An alternative fit is performed where resonance parameters
are allowed to vary within 1 standard deviation of the PDG
values [34], and the changes in the results are taken as
systematic uncertainties. The statistical significance of the
171(1855) in this case is 20.6c.

Uncertainties arising from possible additional resonan-
ces are estimated by adding the f,(1710), f,(2220),
f4(2300), h;(1595)(yy'), and p(1900)(yn'), which are
the most significant additional resonances for each possible
JPC€, into the baseline fit individually. The resulting changes
in the measurements are assigned as systematic uncertain-
ties. In all cases, the significance of the 7;(1855) remains
larger than 19.06.

Assuming all of these sources are independent, the total
systematic uncertainties are " MeV/c?and 3 MeV for the
mass and width of the 7,(1855), respectively. For the
branching fraction of the 7, (1855), the total relative system-
atic uncertainty is determined to be 73, %. Tables VII and
VIII of Ref. [27] summarize the systematic uncertainties.

The ratios B(fo = n1')/B(fo — nx) can be calculated
with the branching fractions measured in this analysis and
previous measurements for J /y — yatn~, yn°z° [39]. The
ratio B[f(1500) — ']/ B[fo(1500) — zz] is determined
to be (8.96f22_'§75 ) X 1072, where the error is the combined
systematic and statistical uncertainties. In comparison, the
upper limit on B(f,(1710) — nn')/B(fo(1710) — zx) at
90% confidence level is determined to be 1.61 x 1073, The
suppressed decay rate of fy(1710) into ny’ is further
discussed in Ref. [27].

In summary, a PWA of J/w — yni' has been performed
based on (10.09 4 0.04) x 10° J/y events collected with
the BESIII detector. An isoscalar state with exotic quantum
numbers JPC = 17", denoted as #;(1855), has been
observed for the first time. The statistical significance of
the resonance hypothesis is estimated to be larger
than 196. The product branching fraction B[J/y —
yn1(1855)]B[n;(1855) — nn'] is measured to be (2.70+
0.41751%) x 107°. Tts mass and width are measured to be
(1855 £ 97%) MeV/c? and (188 & 187;) MeV, respec-
tively. The first uncertainties are statistical and the second
are systematic. The mass and width of the 7, (1855) are
consistent with LQCD calculations for the 1= hybrids [13].
The observation of the isoscalar 7;(1855), combined with
previous measurements of the isovector z; states, provides
critical information about the 1=* hybrid nonet. Further
studies with more production mechanisms and decay modes
will help clarify the nature of the #;(18553).

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; National Natural Science Foundation
of China (NSFC) under Contracts No. 11625523, No.
11635010, No. 11675183, No. 11735014, No. 11822506,
No. 11835012, No. 11922511, No. 11935015, No. 1193
5016, No. 11935018, No. 11961141012, No. 12022510,
No. 12025502, No. 12035009, No. 12035013,

192002-7



PHYSICAL REVIEW LETTERS 129, 192002 (2022)

No. 12061131003; the Chinese Academy of Sciences
(CAS) Large-Scale Scientific Facility Program; the CAS
Center for Excellence in Particle Physics (CCEPP); Joint
Large-Scale Scientific Facility Funds of the NSFC and
CAS under Contracts No. U1732263, No. U1832207; CAS
Key Research Program of Frontier Sciences under Contract
No. QYZDJ-SSW-SLHO040; 100 Talents Program of CAS;
INPAC and Shanghai Key Laboratory for Particle Physics
and Cosmology; ERC under Contract No. 758462;
European Union Horizon 2020 research and innovation
programme under Contract No. Marie Sklodowska-Curie
Grant Agreement No. 894790; German Research Founda-
tion DFG under Contracts No. 443159800, Collaborative
Research Center CRC 1044, GRK 214; Istituto Nazionale
di Fisica Nucleare, Italy; Ministry of Development of
Turkey under Contract No. DPT2006K-120470; National
Science and Technology fund; Olle Engkvist Foundation
under Contract No. 200-0605; STFC (United Kingdom);
The Knut and Alice Wallenberg Foundation (Sweden)
under Contract No. 2016.0157; The Royal Society, UK
under Contracts No. DH140054, No. DH160214; The
Swedish Research Council; U.S. Department of Energy
under Contracts No. DE-FG02-05ER41374, No. DE-SC-
0012069.

*Also at the Moscow Institute of Physics and Technology,
Moscow 141700, Russia.
PAlso at the Novosibirsk State University, Novosibirsk,
630090, Russia.
“Also at the NRC “Kurchatov Institute,” PNPI, 188300,
Gatchina, Russia.
4Als0 at Goethe University Frankfurt, 60323 Frankfurt am
Main, Germany.
“Also at Key Laboratory for Particle Physics, Astrophysics
and Cosmology, Ministry of Education; Shanghai Key
Laboratory for Particle Physics and Cosmology; Institute
of Nuclear and Particle Physics, Shanghai 200240, People’s
Republic of China.
'Also at Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) and Institute of Modern Physics, Fudan
University, Shanghai 200443, People’s Republic of China.
fAlso at State Key Laboratory of Nuclear Physics and
Technology, Peking University, Beijing 100871, People’s
Republic of China.
"Also at School of Physics and Electronics, Hunan
“University, Changsha 410082, China.
'Also at Guangdong Provincial Key Laboratory of Nuclear
Science, Institute of Quantum Matter, South China Normal
University, Guangzhou 510006, China.
JAlso at Frontiers Science Center for Rare Isotopes, Lanzhou
University, Lanzhou 730000, People’s Republic of China.
¥Also at Lanzhou Center for Theoretical Physics, Lanzhou
University, Lanzhou 730000, People’s Republic of China.
'Also at the Department of Mathematical Sciences, IBA,
Karachi, Pakistan.

[1] M. B. Cakir and G. R. Farrar, Phys. Rev. D 50, 3268 (1994).

[2] F.E. Close, G. R. Farrar, and Z.-p. Li, Phys. Rev. D 55, 5749
(1997).

[3] A. V. Sarantsev, I. Denisenko, U. Thoma, and E. Klempt,
Phys. Lett. B 816, 136227 (2021).

[4] A.Rodas, A. Pilloni, M. Albaladejo, C. Ferndndez-Ramirez,
V. Mathieu, and A.P. Szczepaniak (Joint Physics Analysis
Center), Eur. Phys. J. C 82, 80 (2022).

[5]1 D. Horn and J. Mandula, Phys. Rev. D 17, 898 (1978).

[6] N. Isgur and J. E. Paton, Phys. Rev. D 31, 2910 (1985).

[7]1 M. S. Chanowitz and S. R. Sharpe, Nucl. Phys. B222, 211
(1983).

[8] T. Barnes, F. E. Close, and F. de Viron, Nucl. Phys. B224,
241 (1983).

[9] E.E. Close and P.R. Page, Nucl. Phys. B443, 233 (1995).

[10] P. Lacock, C. Michael, P. Boyle, and P. Rowland (UKQCD
Collaboration), Phys. Lett. B 401, 308 (1997).

[11] C. Bernard, J. E. Hetrick, T. A. DeGrand, M. Wingate, C.
DeTar, C. McNeile, S. Gottlieb, U.M. Heller, K.
Rummukainen, B. Sugar, and D. Toussaint (MILC
Collaboration), Phys. Rev. D 56, 7039 (1997).

[12] J.J. Dudek, Phys. Rev. D 84, 074023 (2011).

[13] J.J. Dudek, R.G. Edwards, P. Guo, and C.E. Thomas
(Hadron Spectrum Collaboration), Phys. Rev. D 88, 094505
(2013).

[14] A.P. Szczepaniak and E.S. Swanson, Phys. Rev. D 65,
025012 (2001).

[15] A.P. Szczepaniak and P. Krupinski, Phys. Rev. D 73,
116002 (2006).

[16] P. Guo, A.P. Szczepaniak, G. Galata, A. Vassallo, and E.
Santopinto, Phys. Rev. D 78, 056003 (2008).

[17] S.D. Bass, M. Skurzok, and P. Moskal, Phys. Rev. C 98,
025209 (2018).

[18] C. A. Meyer and E. S. Swanson, Prog. Part. Nucl. Phys. 82,
21 (2015).

[19] P.R. Page, E.S. Swanson, and A.P. Szczepaniak, Phys.
Rev. D 59, 034016 (1999).

[20] C. A. Meyer and Y. Van Haarlem, Phys. Rev. C 82, 025208
(2010).

[21] E. Klempt and A. Zaitsev, Phys. Rep. 454, 1 (2007).

[22] A.Rodas, A. Pilloni, M. Albaladejo, C. Fernandez-Ramirez,
A. Jackura, V. Mathieu, M. Mikhasenko, J. Nys, V. Pauk, B.
Ketzer, and A. P. Szczepaniak (JPAC Collaboration), Phys.
Rev. Lett. 122, 042002 (2019).

[23] A.J. Woss, J.J. Dudek, R. G. Edwards, C. E. Thomas, and
D.J. Wilson (Hadron Spectrum Collaboration), Phys. Rev.
D 103, 054502 (2021).

[24] H.-X. Chen, Z.X. Cai, P.Z. Huang, and S.L. Zhu, Phys.
Rev. D 83, 014006 (2011).

[25] P.-Z. Huang, H.-X. Chen, and S.-L. Zhu, Phys. Rev. D 83,
014021 (2011).

[26] W.I. Eshraim, C. S. Fischer, F. Giacosa, and D. Parganlija,
Eur. Phys. J. Plus 135, 945 (2020).

[27] M. Ablikim et al. (BESIII Collaboration), companion paper,
Phys. Rev. D 106, 072012 (2022).

[28] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 46,
074001 (2022).

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

[30] N. Berger, B. Liu, and J. Wang, J. Phys. 219, 042031
(2010).

192002-8


https://doi.org/10.1103/PhysRevD.50.3268
https://doi.org/10.1103/PhysRevD.55.5749
https://doi.org/10.1103/PhysRevD.55.5749
https://doi.org/10.1016/j.physletb.2021.136227
https://doi.org/10.1140/epjc/s10052-022-10014-8
https://doi.org/10.1103/PhysRevD.17.898
https://doi.org/10.1103/PhysRevD.31.2910
https://doi.org/10.1016/0550-3213(83)90635-1
https://doi.org/10.1016/0550-3213(83)90635-1
https://doi.org/10.1016/0550-3213(83)90004-4
https://doi.org/10.1016/0550-3213(83)90004-4
https://doi.org/10.1016/0550-3213(95)00085-7
https://doi.org/10.1016/S0370-2693(97)00384-5
https://doi.org/10.1103/PhysRevD.56.7039
https://doi.org/10.1103/PhysRevD.84.074023
https://doi.org/10.1103/PhysRevD.88.094505
https://doi.org/10.1103/PhysRevD.88.094505
https://doi.org/10.1103/PhysRevD.65.025012
https://doi.org/10.1103/PhysRevD.65.025012
https://doi.org/10.1103/PhysRevD.73.116002
https://doi.org/10.1103/PhysRevD.73.116002
https://doi.org/10.1103/PhysRevD.78.056003
https://doi.org/10.1103/PhysRevC.98.025209
https://doi.org/10.1103/PhysRevC.98.025209
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1016/j.ppnp.2015.03.001
https://doi.org/10.1103/PhysRevD.59.034016
https://doi.org/10.1103/PhysRevD.59.034016
https://doi.org/10.1103/PhysRevC.82.025208
https://doi.org/10.1103/PhysRevC.82.025208
https://doi.org/10.1016/j.physrep.2007.07.006
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevLett.122.042002
https://doi.org/10.1103/PhysRevD.103.054502
https://doi.org/10.1103/PhysRevD.103.054502
https://doi.org/10.1103/PhysRevD.83.014006
https://doi.org/10.1103/PhysRevD.83.014006
https://doi.org/10.1103/PhysRevD.83.014021
https://doi.org/10.1103/PhysRevD.83.014021
https://doi.org/10.1140/epjp/s13360-020-00900-z
https://doi.org/10.1103/PhysRevD.106.072012
https://doi.org/10.1088/1674-1137/ac5c2e
https://doi.org/10.1088/1674-1137/ac5c2e
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1016/j.nima.2009.12.050
https://doi.org/10.1088/1742-6596/219/4/042031
https://doi.org/10.1088/1742-6596/219/4/042031

PHYSICAL REVIEW LETTERS 129, 192002 (2022)

[31] B.S. Zou and D.V. Bugg, Eur. Phys. J. A 16, 537
(2003).

[32] F. James and M. Roos, Comput. Phys. Commun. 10, 343
(1975).

[33] C. Langenbruch, Eur. Phys. J. C 82, 393 (2022).

[34] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 8, 083C01 (2020).

[35] D. V. Bugg, Phys. Rep. 397, 257 (2004).

[36] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87,
032008 (2013).

[37] M. Jacob and G. C. Wick, Ann. Phys. (N.Y.) 7, 404 (1959).

[38] G. Costa et al. (BARI-BONN-CERN-GLASGOW-LIVER-
POOL-MILAN-VIENNA Collaboration), Nucl. Phys.
B175, 402 (1980).

[39] M. Ablikim et al. (BES Collaboration), Phys. Lett. B 642,
441 (2006).

192002-9


https://doi.org/10.1140/epja/i2002-10135-4
https://doi.org/10.1140/epja/i2002-10135-4
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1140/epjc/s10052-022-10254-8
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.physrep.2004.03.008
https://doi.org/10.1103/PhysRevD.87.032008
https://doi.org/10.1103/PhysRevD.87.032008
https://doi.org/10.1016/0003-4916(59)90051-X
https://doi.org/10.1016/0550-3213(80)90020-6
https://doi.org/10.1016/0550-3213(80)90020-6
https://doi.org/10.1016/j.physletb.2006.10.004
https://doi.org/10.1016/j.physletb.2006.10.004

