N
+

http://justc.ustc.edu.cn Received: May 10, 2023; Accepted: May 28, 2023

A coherent study of e'e - on’, ox'7, and on

Yan Wu'?, Qinsong Zhou™, Wenbiao Yan'? ™, and Guangshun Huangl’2

!Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China,

2State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei 230026, China;
3School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China;

‘Research Center for Hadron and CSR Physics, Lanzhou University & Institute of Modern Physics of CAS, Lanzhou 730000, China

>Correspondence: Wenbiao Yan, E-mail: wenbiao@ustc.edu.cn
© 2023 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Graphical abstract

| —4— BESIII
—4— BESIIl [ — Total fit

—~ 600 N = Total it —~ - = = = Resonance
_& Y = = = Resonance ﬁ L

N— [ — = = = Interference
& - = = = Interference —

R 00| R
S) +

S r N

S I S

T 200 |- T g 2 ¥ ]

' ' s ol SN LISy
) I N\ é

+’»\) = S -

~— L ~—

5 - N o |

ofF==----- e L L L L L E T T
| 1 1 1 I I
2 25 3 2 25 3
Is (GeV) Is (GeV)
400
—4— BESII

= Total fit
= = = Resonance

300

= = = |nterference

200

100

c(e*e” — wn) (pb)

Simultaneous fit of e*e” — wn’n’, wn*n™, and wn with one resonance.

Public summary

m We perform a combined analysis on e'e —»wn'’n’, e'e »wr'n, and e'e —wn to study possible w excited states around 2.2
GeV.

m In the fit with one resonance, the mass and width are consistent with previous measurements.
m In the fit with two resonances, the masses and widths are consistent with theoretical predictions.

m The fitting result of 'S’ By is partially consistent with experimental result and theoretical prediction.
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Abstract: In this work, a combined analysis is performed on the processes of e*e™ — wn’n’, e*e” — wn*n, and e*e” — wn
to study possible w excited states at approximately 2.2 GeV. The resonance parameters are extracted by simultaneous fits
of the Born cross section line shapes of these processes. In the fit with one resonance, the mass and width are fitted to be
(2207 £ 14) MeV/c* and (104 = 16) MeV, respectively. The result is consistent with previous measurements. In the fit with
two resonances, the mass and width for the first resonance are fitted to be (2160 +36) MeV/c* (solution I), (2154 +12)
MeV/c* (solution II) and (141 +74) MeV (solution 1), (152+77) MeV (solution II), respectively. The mass and width for
the second resonance are fitted to be (2298 £ 19) MeV/¢? (solution I), (2309 +6) MeV/¢? (solution II) and (106 +77) MeV
(solution I), (99 +23) MeV (solution II), respectively. The result is consistent with the theoretical prediction of w(4S) and
w(3D). The intermediate subprocesses in e*e” — wn*n~ are analyzed using the resonance parameters of the previous fits in
this work. In the fit with one resonance, the fitting result of ' B, is partially consistent with the previous result. In the fit
with two resonances, the fitting result of ' By is of the same order of magnitude as the theoretical prediction. This work

may provide useful information for studying the light flavor vector meson family.

Keywords: w excited states; simultaneous fit; light flavor vector meson
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1 Introduction

In the low energy region, the nonperturbative effect of
quantum chromodynamics (QCD) makes it difficult to calcu-
late strong interaction processes precisely. Meanwhile, this
effect influences almost all the nature of hadrons, including
mass, decay, and production.

The study of light flavor mesons is one of the ideal ap-
proaches to understand nonperterbative QCD. In experiments,
light flavor mesons could be studied by electron-positron col-
lision and the process of a meson or photon scattering with a
nucleon.

In electron-positron collisions, light flavor vector mesons
can be abundantly produced, so the electron-positron colli-
sion experiment is an ideal platform to study vector mesons
and the nature of strong interaction. After decades of effort,
the spectroscopy of light flavor vector mesons below 1.8 GeV
has been well established. However, in the energy region
around 2-3 GeV, the study is insufficient. According to an
unquenched relativized potential model™”, there are many
light flavor vector meson states around 2 GeV, and the en-
ergy gaps between them are very small. After taking the inter-
ference effect into consideration, it is difficult to measure
their resonance parameters in an experiment, and the theoret-
ical prediction of these states also needs to be more precise.
Therefore, more study of these states around 2 GeV is
needed. In this paper, we focus on the w excited states.
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In the PDG (partical data group), there are seven w states™.
The ground state is w(782), which is a 1°S | state. w(1420) and
w(1960) are 2°S, and 3°S, states, respectively, and they are
the first and second radial excited states of w(782). w(1650) is
a 1°D, state”""), The other states are in 2-3 GeV, including
w(2205), w(2290)"), and w(2330)". w(2205) and w(2290)
are observed in pp collision experiments, and w(2330) is ob-
served in yp — p*p°n*. According to the Regge trajectory
analysis”, w(2205) may be the second radial excited state of
w(1650), which is a 3°D, state. w(2290) and w(2330) may be
the third radial excited states of w(782), which are 4°S, states.
So far, the BABAR and BESIII collaboration have reported
some measurement results of the relevant resonances’”*?. As-
suming they are w excited states, their widths are signific-
antly smaller than PDG values™ and theoretical prediction",
which raises doubts about these results. Fig. 1 shows the com-
parison of the resonance parameters of these reported states.

Among these measurements, the BESIII results of
ete” - wn'n™, ete” - wntn ™), and e*e” — wn? are very
useful for studying w excited states. Three enhancement
structures around 2.2 GeV are observed in these processes.
Their masses and widths are M, =(2222+7+2) MeV/c?,
I'=(59+30+6) MeV, M,=(2250+£25+27) MeV/c,
I, =(125+43+£15) MeV, and M; = (2179 +21 +3) MeV/c?,
I';=(89+28+5) MeV, respectively. All of them are
possible w excited states. The resonance parameters are
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Fig. 1. A comparison of resonance parameters of these reported w states
with masses around 2.2 GeV"* .,

obviously different from each other, and they are inconsistent
with the PDG values. According to the previous theoretical
analysis of e*e” — wn’n’ and wn™, the resonances are con-
tributed by w(4S) and w(3D). While in e*e” — wn, the w(4S)
is dominant, and in e*e” — wn’n’, the contributions from
w(4S) and w(3D) are similiar. The difference in their reson-
ance parameters originates from the different contributions of
w(4S) and w(3D) and the interference between these two
states. In this paper, with additional data from e*e” — wn'n-,
we perform a further analysis that can verify the previous
conclusion and provide more information on the w meson
family in 2-3 GeV.

The analysis is carried out with the following parts. First,
by assuming that the resonances observed in these processes
are the same, a simultaneous fit is performed in Section 2.
Then, an additional fit is performed by inputting two reson-
ances standing for w(4S) and w(3D), which is in Section 3. In
Section 4, the intermediate processes in e*e” — wan™ are
analyzed with two simultaneous fits and the input of the res-
onance parameters obtained before. Conclusions are in
Section 5.

2 Simultaneous fit of the three processes

According to the constraint from symmetry and the Okubo-
Zweig-lizuka (OZI) rule, the resonances observed in
e*e” - wn’n’, n*n”, and wn are all possible w excited states.
However, it is difficult to distinguish what exactly these states
are due to a lack of precision. Therefore, we assume these res-
onances are the same and perform a simultaneous fit.

2.1 Fitting method

To describe the Born cross section line shapes of the three
processes and extract the resonance parameters, a minimized
x* fit is performed on the cross sections. The y* is defined by

=2z, (1)
Vs

X" is defined by
5= (07 = oS - oo o), @

where 1, 2, and 3 stand for wn’z’, wn*n, and wny modes, re-
spectively. V is the covariance matrix, whose element V,; is
defined as
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(V) = [A(Vs)e + A3 )

where ¢ is the relative phase between the resonant and non-
resonant amplitudes, A.(4/s) is the resonant component,
which is parameterized with a Breit-Wigner function as:

A(V) = % lanZTR. Bly P(\/E), (5)
Vs s—My+iMily V P(My)

where My and I'y are the mass and width of the resonant
structure, respectively. IS By is the product of the electronic
width of the resonance R and the branching fraction of the de-
cay of the resonance to the final state. C is a constant that
equals to 3.893x10° nb-GeV*'". P(+/s) is the two- or three-
body phase space factor. The non-resonant component A, (/s)

is parameterized as:
a/P(\s)
A== ©)

N

where a and b are free parameters. In the simultaneous fit, My
and I, are shared parameters, so there are 14 free parameters
in total, including My, 'y, and three sets of ¢, 'S By, a, and b.

2.2 Fitting results

There are two results with the same fit quality. The y*/ndf is
102/45 ~ 2.3, where ndf is the number of degrees of free-
dom. Solution I corresponds to the case of constructive inter-
ference between the resonant and non-resonant contributions,
and solution II corresponds to the case of destructive interfer-
ence. The phase ¢ and IS’ By are different for the two solu-
tions. The results of the fit are displayed in Fig. 2 and Fig. 3.
An obvious resonance structure is observed with mass
My = (2207 £ 14) MeV/c?, width I'y = (104 +16) MeV. Ac-
cording to PDG", the mass of the resonance is very close to
w(2205), which is (2205 +30) MeV/c?, but the width is much
smaller than w(2205), which is (350+90) MeV. Compared
with the individual fitting results®™ %, the result in this paper
is consistent with all of them, and very close to the average
value of the three results. Details of the fit are listed in Table 1.

3 Simultaneous fit with two resonances

The masses of w(4S) and w(3D) are all around 2.2 GeV ac-
cording to the theoretical study"”*, and the resonances in
ete” - wn'n’, n*n, and wn are contributed by w(4S) and
w(3D). This indicates that we can perform a simultaneous fit
to the Born cross section line shapes of the three processes by
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Fig. 2. Solution I of the simultaneous fit of e*e™ — wn’2°, wn*n~, and wy
with one resonance. Black dots with error bars are from experimental
data, and the error bars include both statistical and systematic uncertain-
ties. The blue solid curve represents the total fit. The red dashed curve
represents the contribution of resonant part. The green dashed curve
presents the contribution of non-resonant part. The pink curve represents
the interference between the two parts.

adding two resonances representing w(4S) and w(3D).

3.1 Fitting method

The method is the same as in Section 2, and the function is a
coherent sum of two resonant contributions and a non-
resonant contribution:

TH (V) = |Auas (VS + A (V5)E*” + AV, (7)
where ¢(4S) and ¢(3D) are relative phases between the reson-

ant and non-resonant amplitudes, A,us(Vs) and A,ap(Vs)
are the resonant components, which are parameterized with

0704-3

00

Fig. 3. Solution II of the simultaneous fit of e*e™ — wn’2’, wr*zx~, and wn

with one resonance. The symbols’ descriptions are consistent with Fig. 2.

the Breit-Wigner function same as in Section 2. A,(/s) is the
non-resonant component, parameterized with the same func-
tion as in Section 2. In the simultaneous fit, M(4S), My (3D),
I'x(4S), and I'y(3D) are shared parameters, so there are 22
free parameters in total, including My(4S), My (3D), I'x(4S),
I'x(3D), and three sets of ¢p(4S) and I'Y" Bx(4S), #(3D) and
¢’ Bx(3D), a and b.

3.2 Fitting results

There are two results with the same fit quality. The x*/ndf is
47/37 ~ 1.3, which is smaller than the previous fit. Both con-
structive and destructive interference between resonant and
non-resonant contributions are included in solution I and
solution II. The mass, width, phase ¢, I'¢’“ By are different for
the two solutions. In the same solution, ¢ and I';“ B, for
w(4S) and w(3D) are also different, too. In some cases, the
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Table 1. Details for the simultaneous fit of e*e™ — wa’2%, wr*n~, and wn | —— BESII (a)
with one resonance. S 400 o ,T,,(()f\igl)m
o
Process Parameter Solution I Solution IT ;,: i === Interference
R
Mr(MeV/c?) 2207 + 14 °n§
T'r(MeV) 104+16 T
‘v
#(rad) 2.05+0.24 -1.72+0.02 S
©
¢ Bg(eV) 0.27+0.12 24.1220.83 -
wr'70 R ! | |
a(10°pb™) 1.24+0.14 127+0.14 : > ’
s (GeV)
b 4.95+0.13 4.99+0.13
800
: —— BESIIl (b)
¢(rad) 1.99+0.15 ~1.71£0.02 _ I
2 600 Tooels
IS¢ Br(eV) 0.70+0.19 48.43+1.13 = - = = Inererence
wrta” ;k*
a(10°pb™?) 1.16 £0.10 1.18+0.10 S
b 4.45+0.09 4.47+0.09 T
'V
¢ (rad) 0.32+0.22 -1.16£0.11 S
© L
€< B(eV) 0.46£0.16 1.55+0.19 -
wn R 20t
a(10°'pb™) 0.25+0.17 0.28+0.15 ’ 23 ’
Is (GeV)
b 5.73+0.85 5.88+0.96 100
- —: BESIII c
2 /ndf 23 s ©
3 - = = Interference
S . o o,
contribution from w(4S) is larger than the contribution from =
w(3D). Otherwise, it is the opposite. The results for the fits E\
are displayed in Fig. 4 and Fig. 5. The resonant structures ob- 1
served in the three processes are well described by two reson- ‘v
. +
ances. For w(4S), the mass is around 2160 MeV/c?, and the %
width is around 150 MeV. For w(3D), the mass is around |
2300 MeV/c?, and the width is around 100 MeV. The theoret-
| AN | |

ical prediction of w(4S) is M = 2180 MeV/c*, I' = 104 MeV.
The prediction for w(3D) is M =2283 MeV/c?, I'=94
MeVP4, The fitting results are consistent with theoretical pre-
dictions. Details of the fit are listed in Table 2.

4 Simultaneous fit of the intermediate
processes in e'e >OT T

In the analysis of e*e” — wn*n~ ), the Born cross sections of
the intermediate subprocesses are determined with the PWA
method. Based on the data, we perform two simultaneous fits
for the subprocesses e*e” — wf,(500), wf,(980), wf(1270),
and b,(1235)xr, where the masses and widths are fixed to be
the values obtained before.

4.1 Fitting method

For the fit with one resonance, we use the same function as
Eq. (4) for each mode. The mass and width are shared para-
meters, and they are fixed to be the values in Table 1. There
are 16 parameters in total: four sets of ¢, 'S By, a and b.

For the fit with two resonances representing w(4S) and

0704-4

-100

2 25 3
s (GeV)

Fig. 4. Solution I of the simultaneous fit of e*e™ — wn'°
with two resonances. Black dots with error bars are from experimental
data, and the error bars include both statistical and systematic uncertain-
ties. The blue solid curve represents the total fit. The red dashed curve
represents the contribution of w(4S). The cyan dashed curve represents
the contribution of w(3D). The green dashed curve presents the contribu-
tion of non-resonant part. The pink curve represents the interference
between the resonant and non-resonant parts.

, wn*n~, and wn

w(3D), we use the same function as Eq. (7) for each mode.
The mass and width for w(4S) and w(3D) are shared paramet-
ers, and they are fixed to be the values of solution I in Table 2,
as Solution I is closer to the theoretical predictions. There are
24 parameters in total: four sets of ¢(4S) and I't* By(4S),
#(3D) and It Bx(3D), a and b.

4.2 Fitting results

For the fit with one resonance, we obtain two results with the
same fit quality. The resonant structure in each mode is well
described with one resonant component. The x?/ndf is
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()

39/31 = 1.3. Solution I corresponds to the case of construct-
ive interference between the resonant and non-resonant con-
tributions. Solution II corresponds to the case of destructive
interference. The phases ¢ and I'{“ By are different for the
two solutions. The results of the fits are displayed in Fig. 6
and Fig. 7. Details of the fit are listed in Table 3. The fitted
I By values are compared with the results in Ref. [20] in
Table 4. The results are partially consistent with each other.
The inconsistency is due to different fitting conditions.

For the fit with two resonances, we get two results with the
same fit quality. The resonant structure in each mode is well
described with two resonant components representing w(4S)
and w(3D). The y*/ndf is 23/23 = 1.0, which is smaller than
the fit with one resonance. Solution I corresponds to the case
of constructive interference, Solution II mostly corresponds to
the case of destructive interference. The phase ¢(4S), ¢#(3D)
and 'Y By(4S), I't“ Bx(3D) are different for the two

0704-5

Table 2. Details for the simultaneous fit of e*e™ — wa’2%, wn*nx~, and wn
with two resonances.

Process Parameter Solution I Solution II
MR (48)(MeV/c?) 2160 + 36 2154+ 12
I'r(4S)(MeV) 141+£74 15277
MR(3D)(MeV/c?) 2298 +19 2309+6
I'r(3D)(MeV) 106 +77 99 +23
¢ (4S)(rad) 0.19+0.81 -1.33+0.17
rle;e’ Br(4S)(eV) 0.17+0.28 60.68 £21.79
¢(3D)(rad) -2.49+0.69 -2.86+0.39
wn®n®
r]e;e’ Br(3D)(eV) 0.27+0.23 25.72+7.79
a(10°pb'?) 1.58+0.26 2.25+0.56
b 5.17+0.18 5.65+0.32
¢ (4S)(rad) 0.59+0.66 -1.30+0.17
I"f;[ Br(4S)(eV) 0.26+0.25 118.85+43.40
¢(3D)(rad) -2.99+0.42 —2.84+0.37
wrtn”
F]"; ¢ Br(3D)(eV) 0.51+0.27 56.24 £27.55
a(10°pb'?) 1.30+0.15 1.59+0.24
b 4.55+0.12 4.81+0.18
¢ (4S)(rad) -1.22+0.37 -0.96+0.13
I—Ie;e’ Br(4S)(eV) 3.51+3.05 1.51+£0.44
¢(3D)(rad) 3.13+0.43 -2.68+0.19
w
¥ r]e;e* Br(3D)(eV) 0.81+0.96 0.73+0.49
a(10°pb'?) 0.69+0.51 0.86+0.34
b 6.03+0.84 6.27+0.46
x> [ndf 13

solutions. For the same solution of one mode, ¢ and I';“ By
for w(4S) and w(3D) are different, too. In most of the cases,
contribution from w(4S) is larger than w(3D). The results of
the fits are displayed in Fig. 8 and Fig. 9. Details of the fit are
listed in Table 5. 'S Bx(4S /3D) of the modes b,(1235)r and
wf,(1270) have been calculated in theory in Refs. [23, 24].
Table 6 compares the fitted results with the theoretical predic-
tion. For the wf,(1270) mode, Solution I is consistent with
theory by taking the uncertainties into account. For the
b,(1235)r mode, the results are inconsistent between theory
and experiment.

5 Conclusions
Inspired by the knowledge of Refs. [23, 24], we make a joint
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Table 3. Details for the simultaneous fit of the intermediate modes in = 400(- e O - s O
e*e” — wn*n~ with one resonance. Cat /A\ e R o
= 200 ~== Continuum = ~== Continuum
Process Parameter Solution I Solution IT § r / \ T Inieforence § 7 Inieerence
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E/ : },‘ \6/ =200~
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b 0.72+0.48 5.71+0.83 Fig. 9. Solution II of the simultaneous fit of the intermediate modes in
x2/ndf 13 ete” - wntn~ with two resonances. The symbols’ descriptions are consist-
ent with Fig. 4.
Table 4. Comparison of Iy By of the intermediate modes in Table 5. Details for the simultaneous fit of the intermediate modes in
ete” — wntn~ between fitted results and Ref. [20]. e*e” - wrtn~ with two resonances.
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Table 6. Comparison of F§+*_BR(4S/3D) of the modes b5,(1235)7 and

wf>(1270) between fitted results and theoretical prediction.

Process Parameter SolutionI  Solution II  Theory
I—*lc;e_ Br(4S)(ev) 0.11+0.16 550+0.74  0.875
b1(1235)n
rle;e' Br(3D)(eV) 0.17+0.18 2.93+0.70 0.632
I—vle;e_ Br(45)(eV) 0.28+0.63 16.51+2.14 0.081
wf>(1270)
0.40+0.37 9.60+1.38  0.042

g’ e Br(3D)(eV)

analysis of the data of e*e” — wn’n™", e*e” — wrtn ™, and
e*e” — wn'™ carried out by simultaneous fits. In the simultan-
eous fits with one resonance, we observe a resonance struc-
ture with mass around 2.2 GeV, and width around 100 MeV.
The mass is close to the PDG value of w(2205), but the width
is much smaller. In the simultaneous fits with two resonances,
the resonance parameters of the resonances representing
w(4S) and w(3D) are consistent with theoretical predictions.
For w(4S), the fitted mass is around 2160 MeV/c?, and the
fitted width is around 150 MeV. For w(3D), the fitted mass is
around 2300 MeV/c?, and the fitted width is around 100
MeV. This supports the previous conclusion that the reson-
ances in these processes are contributed by both w(4S) and
w(3D)™, Based on the resonance parameters, we also per-
form two simultaneous fits of the intermediate subprocesses
in e'e” — wn*n~, and the theoretical models describe the data
well. The fitted I “ B, values are partially consistent with
previous measurement”” and theoretical prediction™ .

This work is a successful application of the joint analysis
method. The conclusion verifies the previous study results,
and the method is hopefully useful for more analyses.
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