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BESIII detector at BEPCIL. We observe for the first time e™e™ — yy.| ., signals at /s = 4.180 GeV with
statistical significances of 7.6¢ and 6.0c, respectively. The production cross section of e™e™ — yy. ., at
each center-of-mass energy is also measured. We find that the line shape of the eTe™ — yy,; cross section
can be described with conventional charmonium states y(3686), y(3770), y(4040), y(4160). Compared
with this, for the e*e™ — yy,, channel, one more additional resonance is added to describe the cross
section line shape. Its mass and width are measured to be M =4371.7+7.54+ 1.8 MeV/c? and
't =51.1+17.6 + 1.9 MeV, where the first uncertainties are statistical and the second systematic.
The significance of this resonance is estimated to be 5.86, and its parameters agree with the Y (4360)
resonance previously reported in eTe”™ — ztz 7w (3686), and the Y(4390) in ete™ — 'z~ h,. within
uncertainties. No significant signal for the e™e™ — yy. process is observed, and the upper limits of Born

cross sections op(e™

DOI: 10.1103/PhysRevD.104.092001

I. INTRODUCTION

In the past decades, many charmoniumlike states were
observed experimentally, such as the X(3872), Y (4260),
and Z.(3900) [1]. Among them, the vector Y-states
should have quantum numbers JX¢ =177, as they are
produced in eTe~ annihilation process. Considering
the Y(4260) [2-5], Y(4360), and Y(4660) states [6-9],
together with the conventional charmonium states
w(4040), w(4160), and w(4415), there are at least six
vector states between 4.0 and 4.7 GeV. However, the
potential model only predicts five vector charmonium
states in this mass region [10]. In addition, unlike the
known 17~ conventional charmonium states that decay
predominantly into open-charm final states [D*)D(*)],
the Y-states show strong coupling to hidden-charm final
states. These unusual behaviors indicate that the Y-states
might be non-conventional quarkonium states. To better
understand the nature of these states and also one gets
better insights in the relevant degrees of freedom that play
a role in these systems that are governed by the strong
interaction, it is important to further investigate these
states experimentally.

The radiative transition rates between charmonium states
have been predicted theoretically from potential models
[11]. The partial widths of electric dipole (E1) transitions
between (4040)/w(4160)/y(4415) and y.; states
(J =0, 1, 2) are in the range 0-35 keV. Quoting the full
width of y(4040), yw(4160), and y(4415) to be 80, 70, and
62 MeV [12], respectively, and the expected branching
fractions are at the level of 1077-107*. By studying the
radiative transitions between vector Y-states and y.;
(J =0, 1, 2), we can compare the decay of Y-states with
conventional charmonium states, and thus help to under-
stand the nature of Y states [13,14].

Experimentally, the ete™ — yy., (J =1, 2) processes
above 4 GeV have been studied before by BESIII [15],
CLEO [16], and Belle experiments [17]. Due to the limited
statistics, no obvious signal has been observed between
4-5 GeV. The BESIII has collected the world’s largest

e~ = yxe) at 90% confidence level are reported.

dataset from 4.0 to 4.6 GeV, and it is thus highly motivated
to search for these decay modes.

In this paper, we report the study of the ete™ —
vxes(J =0,1,2) processes at eTe” center-of-mass (c.m.)
energies between /s = 4.008-4.6 GeV, using data sam-
ples corresponding to an integrated luminosity of 16.0 fb™!
accumulated with the BESIII detector at the BEPCII
collider. To better estimate the contributions from
w(3686) and w(3770), the datasets with integrated lumi-
nosity of 3.3 fb~! between +/s of 3.773 and 4.008 GeV for
ete” = yy.1. channels are also analyzed. The datasets
together with the corresponding c.m. energies are summa-
rized in Table IV in the Appendix. Compared with the
previous BESIII measurement [15], the new dataset covers
an extended c.m. energies with about one order of magni-
tude higher luminosity, and also both J/y — eTe™/utu~
events (only u"u~ used in previous work) are studied.
The integrated luminosities are measured with Bhabha
events (e"e” — (y)ete™) with an uncertainty of 1% [18].
The c.m. energy of each dataset is measured using
dimuon events (e*e™ — (y)utu™), with an uncertainty
of +0.8 MeV [19].

I1. BESIITI DETECTOR AND MC SIMULATION

The BESII detector [20] records symmetric e™e™
collisions provided by the BEPCII storage ring [21], with
a designed peak luminosity of 1 x 103 cm™2s7! at c.m.
energy of 3.77 GeV. BESIII has collected large data
samples between 2.0 and 4.6 GeV [22]. 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(T1) 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
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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 [20]. 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 multi-gap resistive plate chamber technology, provid-
ing a time resolution of 60 ps [23].

Simulated Monte Carlo (MC) samples produced with
GEANT4-based [24] software, which includes the geomet-
rical description of the BESIII detector and the detector
response, are used to determine the detection efficiency,
and to estimate physical background. The signal MC
ete” = yx.0.c1.2 events are generated assuming a pure
El transition. The simulation models the beam energy
spread and initial-state-radiation (ISR) in e e~ annihila-
tion using the generator KKMC [25]. The maximum ISR
photon energy is set to the energy corresponding to the
YXc0.c1.c2 Production threshold. The final-state-radiation
(FSR) from charged final state particles is modelled with
PHOTOS [26]. Possible background contributions are
investigated with the inclusive MC samples, which
consist of open-charm processes, the ISR production
of lower mass vector charmonium(-like) states, and the
continuum processes. The known decay modes of
charmed hadrons are modelled with EVTGEN [27], with
known branching fractions taken from the Particle Data
Group (PDG) [12], and the remaining unknown decays
with LUNDCHARM [28].

L e*e™ — YXc1.c2

A. Event selection

The final state particles for e™e™ — yy ., are yy ¢,
where the y.; ., are reconstructed with yJ/y, and the J/y
is reconstructed with #7#~ (£ = e or u). Events with two
charged tracks with zero net charge and at least two photons
are selected. Each charged track is required to originate
from the interaction point, within =1 cm in the plane
perpendicular to the beams and 10 cm along the beam
direction. The | cos 8| of each charged track is required to
be less than 0.93, where 6 is the polar angle of each track.
Photons are required to have a deposited energy larger
than 25 MeV in the barrel EMC region (| cosd| < 0.8)
and larger than 50 MeV in the end cap region
(0.86 < |cos @] < 0.92). The EMC time for a photon is
required to be within 700 ns of the event start time to
suppress the electronic noise and energy deposition unre-
lated to the physical events. Each charged track should have
a momentum larger than 1 GeV/c. For leptons, we use the
energy deposited in the EMC to separate electrons from
muons. Charged tracks with the energy deposited in the
EMC larger than 1 GeV are identified as electrons, and
charged tracks with the energy deposited less than 0.4 GeV
are identified as muons. For photons, the two most
energetic photons are regarded as the candidates for signal

events. Through the paper, we denote the photon with
higher energy as yy, and the other as y;.

To improve the mass resolution and to suppress back-
grounds, a four-constraint (4C) kinematic fit is performed
under the yyZ"#~ hypothesis, which constrains the total
four momentum of the final measured particles to the
initial four-momentum of the colliding beams. The y* of the
kinematic fit is required to be less than 40.

To suppress the radiative Bhabha events (eTe™ —
yete ) inthe J/y — ete” mode, the cosine of the opening
angle between the electron and the nearest photon (cos 6,,)
is required to be less than 0.86. Since the photon
from radiative Bhabha process is always close to the
beam direction, the cosine of the polar angle of the
selected photons are required to satisfy |cos@,, /H| < 0.8.
In both eTe™ and u™p~ modes, the background from
ete” > nJ/y with 5 —yy is rejected by requiring
IM(ygyr) —m(n)| > 0.03 GeV/c?>.  Furthermore, the
nt 7% background is rejected by requiring |M(yyy.) —
m(z%)] > 0.015 GeV/c? in the J/y — u*u~ mode. MC
simulations show that the background from ete™ —
yisry (3686) with y(3686) — 7y can be ignored for
most of the energies expect for data at /s = 3.773 GeV.
These background events are simulated and subtracted
from the signal yield at /s = 3.773 GeV. A fit to the
lepton pair invariant mass gives a resolution of
10.8 MeV/c? and 10.5 MeV/c? for J/y — ete™ and
J/w — uTu~ events, respectively. The J/y mass window
is defined as 3.08 < M(£¢~) < 3.12 GeV/c?. While the
sidebands of the J/y are defined by 3.00 < M(£7¢7) <
3.06 GeV/c> and 3.14 < M(£1¢7) < 3.20 GeV/c?,
which is three times as wide as the J/y signal region.

B. Cross section

According to kinematic, we find that the photon from
e"e” = yx.1. has lower energy than the one from
Xel.co = vJ/y for data with /s <4.009 GeV. On the
contrary, the former has higher energy than the latter for
data with /s > 4.009 GeV. To obtain the number of signal
events, we make use of both fitting and counting methods.
For each data sample with L, > 400 pb~! (Lj, is inte-
grated luminosity), a fit with J/y — e*e™ or utu~ events
is performed to the invariant mass distribution of yyJ/y
(/s <4.009 GeV) or y;.J/y (/s > 4.009 GeV). For data
at \/E = 4.009 GeV, these two photons cannot be distin-
guished by energy. A 2-dimensional fit to the distribution of
M(yyJ /w) versus M(y,J /) is used to extract the number
of signal events. In these fits, the signal probability density
functions (PDFs) are described with MC-simulated shapes,
and the background PDFs are constrained to J/y sideband
events. For the low-statistics data samples with £, <
200 pb~! and /s > 4.009 GeV, we obtain the signal yield
by counting the number of events in the y. ., signal region
and by subtracting the number of normalized background
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events in the y.y ., mass sideband region. The y,, and .,
signal regions are defined as 3.49 < M(y;J/y) <
3.53 GeV/c* and 3.54 < M(y.J/y) < 3.58 GeV/c?,
which include more than 94% of the signal events. The
sidebands of y.; ., are defined as 3.42 < M(y,J/y) <
3.46 GeV/c? and 3.6 < M(y,J/y) < 3.64 GeV/c?.

Taking /s = 4.178 GeV as an example, the invariant
mass distribution of M (y,J/y) as well as the fit results for
the surviving events are shown in Fig. 1. Clear y; ., signals
are observed. The statistical significance of y.; ., signals
are calculated by comparing the log-likelihoods with and
without the signal components in the fit, and taking the
change of number of degrees of freedom into account.
The statistical significances are estimated to be 7.60 for
the y.; signal and 6.0c for the y. signal. This is the
first observation of the e*e™ — yy.; ., processes between
4-5 GeV. The invariant mass distributions of M (y,J/y) for
both J/yw —ete™ and J/yw — putu~ at /s = 4.13-4.3 GeV
(exclude 4.178 GeV) and /s = 4.3-4.5 GeV are also
shown in Fig. 1.

The production cross section of ete™ — yy.;  at each
eTe” c.m. energy is calculated as

Nsignal

o(Vs) = L1+ 8)eB

(1)

where N*€" is the number of signal events, L;, is the
integrated luminosity, ¢ is the selection efficiency, and
B=B(c.c2—vl/w) xB(J/w— £7¢7) is the branch-
ing fraction of intermediate states in the sequential decay,
(1 4 0) is the ISR correction factor [29]. The ISR correction
factor is calculated with the KKMC program, with the
measured +/s-dependent cross section of the reactions
ete” = yx.1.2 as input. This procedure is iterated several
times until (1 + §)e converges, i.e., the relative difference
between the last two iterations is less than 1%.

The final measured cross sections o(v/s) for ete™ —
vX 1 are shown in Fig. 2 and are summarized in Table IV in
the Appendix. Note that some of the cross sections are
negative, thereby seem unphysical. This is caused by the
fact that the number of events in the signal region is less
than the estimated number of background events from
sideband regions, and it can be explained by statistical
fluctuations. To study the possible resonances in the
eTe™ = yy. process, a maximum likelihood fit is per-
formed to the /s-dependent cross sections. To describe the
data, we use two coherent Breit-Wigner (BW) resonances,
i.e., the w(4040) and y(4160), together with a continuum
term and the incoherent y(3686), y(3770) tail contribu-
tions. Since the contribution from y(3686) and y(3770) is
small at /s > 4 GeV and also lack of data between 3.77
and 4.0 GeV, we do not consider the interference effect
from y(3686) and w(3770). The possible interference
effect between continuum and other components is also

- (a) E (b) tdata
(8] =X
= 40 o + c1
% - _Xcz
S .bkg
~
S
S
S 20
L TTEEE .
S| T be T P
ol vt &4 Ny B e el [
3.4 3.5 3.6 3.5 3.6
M(y, J/y)(ee) M(y, J/y) (i) (GeV/c?)

© (d)

— Data {5=4.129~4.288 GeV

. J/y sideband

Events/0.007 (GeV/c?)

My, J/y)(ee) M(y, J/y) (i) (GeV/c?)
‘S 20k © 1 (") —} Data {5=4.308~4.467 GeV
E . J/y sideband
N~
)
1S]
S
§2}
c
5]
>
m
3.4 3.5 3.6 3.5 3.6
M(y_J/y)(ee) M(y, J/y)(uu)(Gev/c?)
FIG. 1. Fitto the M(y;J/y) distributions for (a) J/y — ete”

and (b) J/y — utu~ data at /s = 4.178 GeV. The M(y,J/w)
distributions for J/y — eTe™ (c,e) and J /y — ppu~ (d,f) data at
Vs = 4.129-4.288 GeV (exclude 4.178 GeV) (c,d) and /s =
4.308-4.467 GeV (e,f). In a, b: Dots with error bars are data, the
blue solid curves are the total fit results, the red dotted (pink
dashed) curves are y.; (y.) signals, and the green dotted-dashed
curves are backgrounds. In ¢, d, e, f: the shaded histograms are
from normalized J/y mass sideband events, the red and blue
vertical dashed lines represent the world average mass values of
¥ and y., resonances, respectively.

investigated and we find its contribution is small (and taken
as systematic effects). The fit function is thus written as

Ot e™5yya (\/§> = |Acont|2 + |BW1//(3686)(\/E)|2
+ |BWW(3770)(\/§)|2 + |BW1,/(4040)(\/§)
+ BW 160 (V)€1 |2, (2)
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FIG. 2. Cross section of ete™ — yy,, process and a maximum
likelihood fit to the line shape. Dots with error bars are data, the
red curve shows the fit results, and the dashed curves show the
contribution of each component.

where ¢; is the relative phase of the amplitude, and A_,,,; is
the continuum amplitude which is parametrized as

\/En

Acont =

D(Vs), (3)

where f.,,, and n are the free parameters. BW function is

described as
My /122T%TR'By
V5§ — M3+ iMgIlst

where M, I'g" and I"§ are the mass, full width and electric
width of the resonance R, respectively. By, is the branching
fraction of R — yy.;, and ®(4/s) is the phase space factor.
For the El transition of the process y(3686) — yy.i, we
consider an additional factor the E; [30] and a damping
factor [31], according to

BWg(V's) =

M +/127T¢°T™'B;
BW,,3686) (V) =

\/ES—MZ—FiMFtOt(D(\/E)D(\/E)’ (5)

where the phase space factor is given by ®(,/s) = (E:)y .
[30], and the damping factor as D(/s) = (%) /2
[31]. The parameters E, and E) are the energy of the El
photon for the w(3686) — yy., decay at c.m. energy +/s
and at the y(3686) mass, respectively.

In the cross section fit, the likelihood function is
defined as

= [TowE=s) TIPS Is +5)).  (6)

where N*i2 is the number of signal events measured from
dataset i, s; is the expected number of signal events for the
corresponding dataset, and G represents a Gaussian dis-
tribution which describes datasets with high statistics at
/s =3.773 and 4.178 GeV. N;?bs is the number of events
observed in the y.| mass interval from dataset j, (s + b); is
the expected sum of signal and background events in the
same interval, and P represents a Poisson distribution
which describes low statistics datasets at other c.m.
energies. In the fit PDF, the masses and widths of
w(3686), w(3773), w(4040), w(4160), and T, -
B;[w(3686) — yy.,| are fixed to PDG values [12]. The
fit result is shown in Fig. 2, and also summarized in Table I.
The significance of y(4040), w(4160) and the continuum
term are estimated to be 3.70, 3.30, and 6.70, respectively.
Considering the constructive and destructive interferences
between y(4040) and w(4160), there are two solutions
with equal good quality from the fit, which has been proved
mathematically [32]. A y*-test is used to estimate the fit
quality. Due to the low statistics of data at some c.m.
energies, we merge the datasets into 17 groups, and the
x>-test gives y?/ndf = 10.6/11 = 0.96, where ndf is the
number of degree of freedom.

For the ete™ — yy., process, the measured cross sec-
tions are shown in the Fig. 3 and summarized in Table V in
the Appendix. In the fit PDF, the resonance parameters of
w(3686), w(3770), w(4040), and y(4160) are also fixed to
PDG values. To describe the /s-dependent cross section,
one more resonance is added in the fit function to describe
the structure around /s = 4.39 GeV. According to the fit,
the contribution from continuum is not significant in this
process (< 1o). Thus, we construct the fit function as

Ot ooy (VS) = [BW 3686) (V) [ + [BW,,3770) (V/5) |

+ |BWy4040) (V) + BW,, (4160 (V/5) 1
+BWR(\/E)6”/)2|27 (7)

The fit results are shown in Fig. 3 and summarized in
Table II. Same as before, there are four solutions with equal
fit quality, due to the interferences between y(4040),
w(4160), and the new resonance [32]. The significance

TABLE 1. Results of the fit to the e"e™ — yy,; cross sections.
The unit of e e~ partial width is eV/c? and the unit of f,,,, is
eV"/pb. The errors are statistical only.

Parameter Solution I Solution II

By (3770) = yxe1) (6.8 £0.4) x 107!
e By (4040) = yxo) (6.04£2.1) x 107" (6.1 4+2.1) x 107!
By (4160) — yr.) (1.3£0.8) x 107! (1.4 4£0.9) x 107!

b 192.1°+£24.1°  196.0° £ 24.6°
Feont 41£06
n 0+13
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FIG. 3. Cross section of eTe™ — yy., process and a maximum
likelihood fit to the line shape. Dots with error bars are data, the
red curve shows the fit results, and the dashed curves show the
contribution of each component.

of w(4040), y(4160) and the resonance near 4.39 GeV
are estimated to be 2.00, 4.66 and 5.80, respectively.
Similarly, we merge the data into 17 groups when
performing a y*-test. The y*-test to the fit quality gives
x*/ndf =17.8/9 = 0.87.

IV.e*e™ - yxeo
A. Event selection

For the eTe™ — yy .o study, the y,., resonance is recon-
structed with 2(z*z~), #7272 KTK~, and K*K~ decay
modes. Considering the relatively small branching fractions
from the y., decay and also the high background levels,
only the data samples with L, >400pb~! at \/5 > 4.0 GeV
are used in this study. The selection criteria of charged
tracks and photons are the same as for the eTe™ = yy
analysis. The particle identification (PID) of kaons and
pions is based on the dE/dx and TOF information, and the
particle type with the highest probability is assigned to
each track. For photons, the most energetic photon is
regarded as the candidate for signal events. A 4C kinematic
fit is performed to these three decay modes and y3. < 25 is

TABLE II.
only.

required for both y.o — 2(z*z7)/K* K~z 7z~ modes and
25 < 30 for the y,o —» K* K~ mode.

For the y.  — K"K z"n~ decay mode, background
events with a photon from resonances decay, such as
w—a7 2, y-syrta and 7% > yy are vetoed.
For w — n7n 7" events with one of the photons from
the 7° decay undetected, we require |M(yz'z~) -
756.9 MeV/c?| > 20 MeV/c? to suppress them. Here,
756.9 MeV/c? is the position of the peak obtained by
fitting the M(yz"z~) distribution in the data, which
has a ~25 MeV mass shift from the @ world average mass
[12]. The ' — yn"x~ background events are vetoed by
requiring |M(yzta~) —m(y')| > 10 MeV/c? (hereafter,
m (particle) denotes the world average mass of a
particle listed in the PDG [12]). To further suppress
backgrounds from 7z° — yy decay, the combination
of the radiative photon with an extra reconstructed photon
should not come from a 7z° candidate. We require
IM(rfex) = m(x)] > 12 MeV/c, whete M(yfe) is
the mass closest to m(z°) from the radiative photon
and an extra photon combination. Further background
from ¢ — K"K~ process is also vetoed by requiring
M(K*K~™) > 1.05 GeV/c>.

For the y. — 2(z*z~) decay mode, the background
events with § = yztn~, w = 2°z*7~, ¥ = yxtz~ and
7% — yy are suppressed by requiring |M(yzz) — m(n)| >
6 MeV/c?,  |M(yar) —765.4 MeV/c?| > 22 MeV/c?,
(M (yzz) —m(n')] > 10MeV/c? and |M(yYexwa) —m(a®)| >
6MeV/c?, respectively. Similarly, the 765.4 MeV/c? is
the average value obtained by fitting the M(yz"zn~)
spectrum for @ background events. Here, M(yzz) keeps
all combinations of pion pairs. There are backgrounds
from radiative Bhabha and radiative dimuon events
(ete™ = yutu™), with one of the radiative photon con-
verted to an e e™ pair (y-conversion) and misidentified as
pions. The opening angle of the z* 7~ candidate is expected
to be small (cos € ~ 1) for such kind of background events,
and we require cos@,,- < 0.98 for all z*z~ candidate
combinations to suppress them.

For the y.o - K"K~ decay mode, there are Bhabha
background events. We require the deposited energy in the

Results of the fit to the e*e™ — yy,, cross sections. The unit of the e* e~ partial width is eV /c?. The errors are statistical

Parameter Solution I

Solution II

Solution III Solution IV

I B(w(3770) = yxc2)

T By (4040) = y77.) (134 +4.7) x 107!

(6.9 +3.5) x 107!

(0.6 +0.4) x 107!

(133 +£4.7) x 107! (6.9 +£3.5) x 107!

T By (4160) = 17,5 (6.8 +1.9) x 10! (2.1 +0.9) x 107! (6.4 +1.8) x 107! (2.1+£0.9) x 10!
M(R) 43717475

(R) 51.1+17.6

IB(R = 17.,) (4.7 +1.6) x 107! (3.9 4+13) x 107! (4.4 +1.5) x 107! (4.1 +1.4) x 107!
b, 241.5° 4+ 15.0° 105.6° + 33.7° 238.9° 4 14.8° 107.3° £ 34.2°
b 248.7° 4 31.3° 24.8° 4 39.2° 252.6° 4+ 31.7° 19.5° +30.8°
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FIG.4. Mass distributions of (a) M(KTK~ 7" z~), (b) M(z* 7z~ 7" z~) and (c) M(K* K~) for combined data samples from /s = 4.008
to 4.600 GeV. The red histograms represent the y., MC shape with an arbitrary normalization.

EMC over the momentum of a charged track Egyc/p <
0.8 to reject them. Same as before, |M (yyexypa) — m(7°)| >
10 MeV/c? is required to suppress background with

71'0 - YY-

B. Cross section

Figure 4 shows the M(KTK n"zn™), M(z*n ntn™),
and M(K*K™) invariant mass distributions for the full
datasets after imposing the above selection criteria.
To obtain the number of y., signal events, an unbinned
maximum likelihood fit is performed to the
M(K"K n"n™), M(z"a~n"n~) and M(K*K™) distribu-
tions simultaneously at each c.m. energy. The signal
yields for three decay modes are constrained according to
corresponding reconstruction efficiencies and branching
fractions. In the fit, the signal PDFs are described with the
shapes from simulated signal MC events. The back-
ground shapes are described with two 2nd-order poly-
nomial functions for the y,— K"K ntz~, 2(z"n")
decay modes, and a Ist-order polynomial function for
the K™K~ mode. The significance of y, signal is
estimated to be less than 2¢ at each c.m. energy point.
To estimate an upper limit (UL) of the production cross
sections, we scan the likelihood curve in the fit and set the
90% C.L. The corresponding UL of the cross section is
calculated as

N'P
up _
P ) S T e 0 e B

(8)

where N'P is the UL of the number of signal events at
90% C.L., which is obtained by integrating the likelihood
curve of the fit (the systematic uncertainty is considered
by convolving the likelihood curve with a Gaussian and
its standard deviation is set to the systematic uncertainty).
(1+6,) is the vacuum polarization factor taken from
calculation [33]. The UL of the cross sections at all ¢c.m.
energies are shown in Fig. 5 and summarized in Table VI
in the Appendix.

V. SYSTEMATIC UNCERTAINTY

The systematic uncertainty of the cross section mea-
surements of ete™ = yy.; (J =0, 1, 2) mainly comes
from the luminosity measurement, detection efficiency,
decay branching fractions, signal extraction, and radiative
correction. The luminosity is measured using Bhabha
events and the uncertainty is estimated to be 1% [18].
For high momentum leptons, the uncertainty of the tracking
efficiency is 1% per track [15]. The uncertainty in the
photon reconstruction is 1% per photon, estimated by
studying the J/y — p°z° decay [34]. The PID efficiency
uncertainty for each charged track is taken as 1% [35]. For
the systematic uncertainty from the kinematic fit, we
correct the track helix parameters in the MC simulation
according to the method described in Ref. [36], and the
efficiency difference before and after correction is consid-
ered as the systematic uncertainty. The uncertainties for
the branching fractions of y. ., = yJ/w, and y, o —
gt ata ,KYK ntn~, KTK~ from the PDG [12] are
taken as systematic uncertainties for the cross section
measurement. For the ete™ — yy. process, the systematic
uncertainties for tracking, PID, photon detection and
kinematic fit are the same, and the total systematic error
is obtained by weighting each individual one according to

10
—~ 8L Lo
9 L v upper limit (90% C.L.)
~ _F
Xo 6 —
o>~ - v
.T : v v
o B v
o B v v
- vy v v v
2 — v v v v v
o ) I N R AN BN R AR P
4 4.1 4.2 4.3 4.4 4.5 4.6
s GeV
FIG. 5. The upper limits of Born cross section for et e™ = vy,

process at /s = 4.008-4.600 GeV.
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the branching fractions and efficiencies of three y., decay
modes, by considering the possible correlations between them.

For the systematic uncertainty from the background veto
requirements, we select the y(3686) — yx.0.c1.c2 control
samples, and the selection requirements are exactly the
same as the requirements described above. We take the
efficiency difference between MC simulation and corre-
sponding control samples as the systematic uncertainties.
For the systematic uncertainty from the J/y mass window,
an ete™ — nJ/y control sample is studied and we take the
efficiency difference between MC simulation and control
samples as the uncertainties.

To obtain the systematic uncertainty from signal extrac-
tion, we refit the M(yy5J/y) by replacing the background
shape with 2nd-order polynomial function, varying the fit
range (+0.05 GeV/c?), changing the signal shape from
signal MC shape to signal MC shape convoluted with a
float Gaussian function. The difference with nominal fit
results is taken as the systematic uncertainty. For the
systematic uncertainties from the ISR correction factor
in eTe” = yy.1., two sources are considered. First, the
difference of (1 + &) * ¢ between the last two iterations is
taken as systematic uncertainty, which is 1%. The other
sources are the uncertainty of the fit parameters, fit
components and damping factor. We sample the fit param-
eters with Gaussian functions (take the fit results as mean
values and the errors as standard deviations) 200 times,
then calculate the corresponding (1 + &) % € values. The
standard deviation for (1 + &) * € of the 200 samplings is
taken as a systematic error, which is 1.0% and 1.8%
for ete™ = yy. and yy.,, respectively. Due to the low
significance of (4040)/w(4160) in the eTe™ — yy.
process and w(4040) in the eTe™ — yy., process, the
input cross section line shapes in MC generation are tested
by excluding these charmonium states. The differences
for (1+6)*e are 3.5% and 3.0% for ete™ — yy.; and
YX, respectively. For the systematic uncertainty from
the damping factor, we change the damping factor from

B2

(%)1/2 [31] to P [37](the value of S is also
quoted from Ref. [37]), the (1 + &) * e difference with two
different damping factor are 0.9% and 1.3% for ete™ —
vya and yy.,, respectively. For the possible interference
between continuum and other components in the ete™ —
Yxea1 process, the (14 6) * ¢ difference with or without
considering interference is taken as systematic error, which
is 2.3%. For the e"e™ — yy 0, the difference between a flat
line shape or a y(3770) line shape is taken as uncertainty.
For y,g = ntn ntn~, K"Kzt n~ decay modes, the sig-
nal MC samples are generated by including all subpro-
cesses. The difference with a pure phase space model is
taken as the uncertainty due to the decay model. Table III
summarizes all the systematic uncertainty sources and their
contributions. The total systematic uncertainty is obtained
by adding all sources in quadrature.

TABLE III. Summary of systematic uncertainties sources on
the cross section measurement in %, the “—" indicates that the
uncertainty is not applicable.

Source X0 Xel X2
Luminosity 1.0 1.0 1.0
Tracking 3.7 2.0 2.0
Photon efficiency 1.0 2.0 2.0
PID 3.7 .. ..
Kinematic fit 2.4 0.3 0.1
Branching fraction 7.5 35 3.6
Signal extraction e 7.0 7.0
Background veto 1.2 1.7 1.2
Decay model 1.3 e e
Radiative correction 1.2 4.5 3.9
Total 9.8 9.7 9.4

For the resonance parameters of the structure around
4.39 GeV, the uncertainty of c.m. energies (£0.8 MeV) are
common for all data samples, and this uncertainty will
propagate directly to the mass measurement. For the
uncertainty from the damping factor, we change the damp-

2
%)” ? [31] to ¢ [37], and the
differences are 0.9 MeV and 0.5 MeV for the mass and
width, respectively. To estimate the uncertainties from the
parameters of y(3686),w(3770),w(4160) and y(4040),
we randomly sample the four resonances parameters with
Gaussian functions (PDG means and errors), and these
values are used as input to refit the cross section. The
standard deviations of these 1500 fit results are quoted as
systematic errors, which are 1.0 MeV/ ¢% and 1.6 MeV for
the mass and width, respectively. In the cross section fit,
the w(3770) contribution is added incoherently in the
PDF. The possible systematic from the interference effect
of w(3770) is estimated by considering interference effect
in the cross section fit. The differences are 0.8 MeV/c? and
0.8 MeV for the mass and width. Assuming all the
systematic errors are independent, the total systematic
errors are 1.8 MeV/c? and 1.9 MeV for mass and width,
respectively, by adding all sources in quadrature.

ing factor from (

VI. SUMMARY

In summary, using 19.3 fb~! data at c.m. energies
between 3.773 and 4.600 GeV, we observe the eTe™ —
YXe1.c2 processes for the first time at /s = 4.178 GeV. The
statistical significances are 7.66 and 6.0 for yy.| .,
respectively. For the e'e™ — yy. process, the cross
section line shape can be described with /(3686),
w(3770), w(4040), and w(4160) resonances. For the
ete™ — yy,, process, one more resonance is added to
describe the line shape of the cross section. The signifi-
cance of this resonance is estimated to be 5.8c, and its
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parameters are measured to be M =4371.7+£7.5+
1.8 MeV/c? and T'*'=51.1+17.64 1.9 MeV, which
are consistent with the Y(4360)/Y(4390) resonances
[12] within errors. Our result supports the Y(4360)/
Y(4390) — yy., radiative transition. In addition, the mea-
sured cross sections for e*e” — yy. ., are consistent
with the potential model predictions [11], except
for By (4160) — yy.] ~1077, which is significantly
lower than our measurement By (4160) - yy.] =
(4.4-14.2) x 10™*. For the ete™ — yy, process, no
obvious signal is observed. The UL indicates the ete™ —
YX o Cross section is less than 8 pb between 4 and 4.6 GeV,
and the UL is consistent with theoretical expectations.
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APPENDIX: NUMERICAL RESULTS OF THE CROSS SECTIONS DATA

TABLE IV. Summary of the c.m. energy, luminosities, the number of signals, detection efficiencies (e " e~ and u ;= mode), radiative

correction factors, measured cross section (o(e*e™ — yy.;)). The first errors are statistical and the second systematic. The

9

indicates

that when we measure cross section, we merge J/y — ee™ and J/y — p™u~ two modes, and only combined cross section is obtained.

Vs Liw(pb™)  Neweror)  Newry)  €te- €pe (148 alete) (pb)  a(u'p) (pb) Geom (P)
3.7730 2932 2817723 45001387 0210 0369  0.689 32477732 29507 +28 30374 +29
3.8077 50.5 70538 0.252 0.983 e e 13.67)4+£13
3.8675 109 8.039 0.207 1.114 78737 4+0.8
3.8715 110 6.1737 0.207 1.113 58738 +0.6
3.8962 526 1.8723 0.208 1.105 e e 37139 £ 0.4
4.0076 482 8.6 12.733 0.194 0358 0.849 537350 +05 4317104 4517104
4.0855 52.9 -2.517 0.269 0.948 = e —4.613¢£03
4.1285 394 59133 143737 0.175 0321 1027  41737+04 547 8+05  507/3+05
4.1574 407 4334 6419 0.171 0318  1.021  2952+03 24%124+£02 2517 +02
4.1783 3189 23.00%"  6531id 0173 0322 1.031 20709 +£02  3.0702+£03  277907+03
4.1888 566 -0.734  18.373% 0.164 0309 1075 —03%35+0.1 4871+05  3577+03
4.1989 526 22132 13.9132 0.159 0297 1146 11772 +o0.1 38713 +£04 2972403
4.2092 517 3.7 194 0.147 0282 1220  2075374+02 2202402 2175 +02
42187 515 L1534 3359 0.146 0276 1269  0.6773+0.1 09197 +0.1 09797 +£0.1
4.2263 1101 3.902% 76039 0.144 0265 1290  0.9°/3+0.1 1007 +£0.1 1.079¢ +£0.1
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TABLE 1V. (Continued)

Vs Li(Pd™)  Neterey  Netgurun €re- €y (14+8)  o(eter) (pb) o(utu~) (pb) Gcom (P)
4.2357 530 0.553% 1155 0.142 0264 1296  0312+0.1 03708 +0.1 03708 +0.1
4.2438 538 3.6755 =545 0142 0264 1289 18735 +£02 —14707+01 —12707+o0.1
4.2580 828 132528 54539 0.143 0263 1265  43%7+04 10307 £0.1 14707 +0.1
4.2668 531 1.6533  5.6133 0.147 0262 1250 0877 40.1 1.6704 £0.2 13792 £0.1
42778 176 -0.8734 0.203 1.230 e e —0.53¢ 0.1
4.2879 492 —1.4539 28538 0.148 0268 1225 —08%/¢+0.1 0875 +0.1 0.3707 +£0.1
4.3079 45.1 0.8773 0.212 1.189 e e 1.7j§§ +0.1
43121 492 0353 3772 0152 0276 1.189  024f+o01 —11707+01 —1.070¢+o0.1
4.3374 501 7148 122734 0.156 0286 1.162  38737+04  3617+03  3712+04
4.3583 544 13533 431532 0.163 0293 1.142 —0.617+01 12897+01  08%+o.1
43774 523 9.41}8 1.84379 0.160 0297 1.129  497374+05 05708 +0.1 09708 +0.1
4.3874 55.6 19172 0.225 1.124 e e 33532 +02
4.3965 505 3.0538  8.053¢ 0.159 0299 1117  1.752+£02  23%45+£02  2250+02
4.4156 1091 9.7132 16.27377 0.165 0304 1.107  24774+02  22707+02 22708 +02
4.4362 568 33739 3.8437 0.168 0304 1.092 155 5+o0.1 10598 + 0.1 L1598 £ 0.1
4.4671 111 7.0538 0.235 1.084 e 6.1539+04
45271 112 29138 0.239 1.066 24734 +£0.2
4.5745 48.9 55137 0.244 1.053 . e 10.7735 £ 0.7
4.5995 587 3.0538 74558 0.172 0324  1.047 1473 +0.1 18709 +02 17708 +0.2

TABLE V. Summary of the c.m. energy, luminosities, detection efficiencies(e*e™ and p"p~ mode), radiative correction factors,
measured cross section(c(e*e™ = yy.,)). The first errors are statistical and the second systematic.

Vs Lin(Pb™)  Noeey Nowy) e € (1+8)  alete”) (pb)  o(u'p”) (pb) Ocom (PD)
3.7730 2932 265578 6091138 0191 0334 0746 5638405 74119407 70017 £0.7
3.8077 50.5 3.1 0.233 0.877 e 133158 +13
3.8675 109 42437 0.220 0.946 8.1713 £0.8
3.8715 110 0.0138 0.222 0.945 0.1134 0.1
3.8962 52.6 -0.237 0.228 0.942 e e —0.8%45* £ 0.1
4.0076 482 1217534 84733 0201 0364 0.767 141783 +£13 54737405 6.9137 £ 0.6
4.0855 529 24752 0.253 0.936 e - —8.6134 £ 0.6
4.1285 394 2813 6.973) 0.166 0313  1.011 3.7135 £0.4 49726405 4.6+ 0.4
4.1574 407 5208 110ty 0175 0318 0953 67785 +£06  7.9%35 £0.7 76732 +£0.7
4.1783 3189 243590 46559 0174 0329 0918 421174104 43709 +£04 43708 104
4.1888 566 23739 71133 0.176 0327 0942 22737 +02 3.6°70+£03 34714403
4.1989 526 9118 49732 0.170 0318  1.012 897}/ +0.38 26777402 3.6 403
4.2092 517 5008 41738 0.155 0294  1.134 48747405 21512 +02 25417402
42187 515 6.8139 8273, 0.142 0270 1290 6473 +£0.6 4079+ 0.4 44418404
4.2263 1101 3.873% 5513 0.130 0.245  1.480 1.6731 +£0.2 12759 +£0.1 1359 £ 0.1
42357 530 -1.352 227 o114 0213 1722 —11FF] +£001 —1.009 £0.1  —1.0%0¢ £0.1
4.2438 538 5342 0753, 0.096 0.183 1999  45535+04 0355 +0.1 0.8%15 +£0.1
4.2580 828 3.00) 54153 0.076  0.141  2.610 1.6138 +£0.2 1652 +0.1 1.6%05 £0.2
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TABLE V. (Continued)

\/E ‘Cim(pb_l) Nc2(e’e’) NCZ(/ﬁ/f) €ote €ty (I+9) 6(€+€_) (pb) O-(ﬂ+:“_) (pb) Geom (Pb)
4.2668 531 6.9 34726 0062 0.121 3075  60735+06 —1503+£01 —097)4+0.1
42778 176 —4.2134 0.074 3.602 e : —4.0132+£03
4.2879 492 —3759  —04739 0048 0089 3842 -3773)+£04 —027¢+01 —1.077£0.1
4.3079 45.1 1.0729 0.086 2.708 e : 4383403
43121 492 -0.9152  —14733 0069 0125 2407 —1.0533+£0.1 —08%3+0.1  —0.9%3+0.1
43374 501 42734 057 0.138 0260  1.111 48739 +£05 0315 £0.1 0673 £0.1
4.3583 544 08537  9.03Y 0.190 0354 0818 0.8 +0.1 50172405 41112 +04
43774 523 55049 10432 0199 0372 0802 59732 +£0.6 59725 +£0.5 59124 +£0.6
4.3874 55.6 19172 0.276 0.859 e . 6.3711 £ 04
4.3965 505 5910 42732 0.192 0358 0919 5979406 22517402 28119403
4.4156 1091 94155 146137 0171 0324 1.066 42733 +£04 3442403 3.6M14+03
4.4362 568 -52134 6914 0.153 0288  1.192 —433¢+04 301%+03 14519+ 0.1
4.4671 111 -1.757 0.184 1.376 e —2.6117+£0.2
45271 112 -0.21% 0.150 1.629 —-0.3535 £0.1
4.5745 48.9 0.6733 0.136 1.785 e e 21553 £0.1
4.5995 587 —1.2538 1877 0.093 0.173  1.857 —117¢+0.1 0973 +0.1 05737 +0.1
TABLE VI. Summary of the c.m. energy, luminosities, detection efficiencies, radiative correction factor, vacuum polarization factor,
and the UL of born cross section (90% C.L.) of eTe™ = yy.0.

\/E Eint(pb_l) €KtK-ntn (%) €ﬂ+7[_ﬂ+7[_(%) E€KTK- (%) 1446 1+ 6@ ng(Pb)
4.0076 482 22.7 23.6 34.9 0.842 1.044 4.5
4.1285 394 20.2 23.1 27.7 0.886 1.052 33
4.1574 407 20.0 22.9 274 0.892 1.053 7.7
4.1783 3189 21.6 22.9 33.7 0.897 1.054 2.2
4.1888 566 21.2 22.7 33.1 0.899 1.056 4.3
4.1989 526 21.4 22.8 33.1 0.900 1.057 4.1
4.2092 517 21.4 22.7 322 0.902 1.057 1.9
4.2187 515 21.3 22.8 32.8 0.904 1.056 4.8
4.2263 1101 21.9 23.0 32,6 0.905 1.056 2.5
4.2357 530 21.6 22.9 32.8 0.907 1.056 3.7
4.2438 538 21.2 22.8 32.8 0.908 1.055 24
4.2580 828 214 22.5 31.9 0.911 1.054 2.9
4.2668 531 21.6 23.1 332 0.912 1.053 1.8
4.2879 492 19.6 224 26.2 0.914 1.053 3.6
4.3121 492 19.7 224 26.2 0.919 1.052 4.4
4.3374 501 19.7 224 26.3 0.922 1.051 2.7
4.3583 544 214 222 31.6 0.924 1.051 2.0
4.3774 523 19.7 223 26.4 0.926 1.051 2.6
4.3965 505 19.4 225 25.8 0.928 1.051 5.4
4.4156 1091 21.4 22.7 322 0.930 1.052 1.6
4.4362 568 19.4 22.5 25.8 0.931 1.054 2.6
4.5995 587 20.5 23.1 311 0.945 1.055 2.6
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