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Study of e*e~ — wX(3872) and yX(3872) from 4.66 to 4.95 GeV
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Using data samples with an integrated luminosity of 4.5 fb~! collected by the BESIII detector at
center-of-mass energies ranging from 4.66 GeV to 4.95 GeV, we study the processes of e*e™ — X (3872)

and ete” — yX(3872). With the eTe™ — wX(3872) process, the branching fraction ratio R =

B(X(3872)—yJ /w)
B(X(3872)—n"n"J/y)

is measured to be 0.38 £ 0.204, &= 0.0l (R < 0.83 at 90% confidence level). In

addition, we measure the ratio of the average cross section of ete™ — wX(3872) to eTe™ = wy, . (wy) to
be 6,x(3872)/ Cay., (Cwx(3872)/ Cay.,) = 52 £ 1.0 £ 1.9 (5.5 + 1.1 & 2.44y). Finally, we search for
the process of e™e™ — yX(3872), and no obvious signal is observed. The upper limit on the ratio of the
average cross section of e*e”™ — yX(3872) to eTe” — wX(3872) is set as 6,x(3872)/ Cax(3872) < 0.23 at

90% confidence level.

DOI: 10.1103/PhysRevD.110.012006

I. INTRODUCTION

In 2003, the first charmoniumlike state X(3872) was
discovered by the Belle experiment in the B* —
K*ntn=J /w process [1]. The mass of X(3872) being right
at the D°D*0 threshold, along with its remarkably narrow
width, suggests that the X(3872) is not a conventional
charmonium state. Its discovery has triggered extensive
discussions, and interpretations as a D°D*® molecule
[2,3], a tetraquark state [4,5], or a mixture of a DD*°
molecule and a y.;(2P) [6-8] have been proposed. Up to
now, there is, however, no consensus on the nature of
the X(3872).

After two decades, our knowledge on the X(3872) has
significantly advanced. Its quantum numbers J*€ = 17+ [9]
andisospin / = 0[10,11] were determined and several decay
modes, including 7zt 7~ J /y [11], @J )y [12], D°D*° [13],
vJ )y [14], 2%, [15], were observed. Among these, the
radiative decay is particularly sensitive to its wave function
[16-27]. The BESIII experiment has measured the branching

fraction ratio R = % = 0.79 + 0.28 through

the eTe™ — yX(3872) process [28], which is consistent
within 3¢ with Belle’s result of R = 0.21 =+ 0.06, obtained
from the decay BT — K*X(3872) [11,14]. Compared
to the ete™ — yX(3872) process, the recently observed
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ete” - wX(3872) process by BESIII [29] provides a lower
background environment for measuring R.

In addition to the decays of X(3872), investigating its
production also provides valuable insight into its properties
[1,10,30-40]. The radiative production process of eTe™ —
yX(3872) was first observed by the BESIII experiment
[31]. It was later confirmed that these X (3872) signals are
produced through the radiative decay of a vector state,
either w(4160) or Y(4230) [34]. In 2023, the BESIII
experiment reported a new production process ete™ —
®X(3872) [29], its cross section showing an enhancement
around 4.75 GeV, which might be evidence for a potential
resonance. It is therefore natural to search for the radia-
tive process Y — yX(3872) at this energy. Moreover, the
X(3872) is considered a possible candidate of a P-wave
charmonium y.;(2P) or containing a sizeable component
of y.1(2P) [7,41,42]. By comparing the production of
X(3872) with that of P-wave charmonium states, y.(1P)
and y.,(1P), we can obtain more information about the
production dynamics of the X(3872) and hence its internal
components.

In this article, we present a study of the processes
ete” > wX(3872) and ete” — yX(3872), using data
samples with an integrated luminosity of 4.5 fb~! taken at
c.m. energies ranging from 4.66 GeV to 4.95 GeV [43]. We
measure the branching fraction ratio R through the e*e™ —
®X(3872) production channel. Additionally, we compare
the X(3872) and y.;(1P) (J = 1, 2) states by measuring the
ratio of the cross sections of ete” — wX(3872) to
ete” = wyy(1P), 6,x(3872)/ Oy, ,- Furthermore, we search
for the process of e*e™ — yX(3872) at c.m. energies from
4.66 GeV to 4.95 GeV, and measure the ratio of the cross
sections of eTe™ — yX(3872) to ete” — wX(3872),
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0,x(3872)/ Owx(3872)- The @ and y.; candidates are recon-

structed through the final states of zt7z~z° and yJ/y,
respectively, where J/y meson decays to £7¢~ (£ =,
w). The decay modes X (3872) — ztz~J/y and X(3872) —
yJ/w are both taken into account.

II. BESIII DETECTOR AND MC SAMPLE

The BESII detector [44] records symmetric e'e™
collisions provided by the BEPCII storage ring [45] in
the center-of-mass energy range from 2.0 GeV to 4.95 GeV,
with a peak luminosity of 1 x 10%* cm=2s~! achieved at
\/s = 3.77 GeV. BESIII has collected large data samples
in this energy region [46—48]. 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 TOF system, and a CsI(TIl)
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 identi-
fication modules (MUC) 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 60 ps [49-51].

Simulated samples produced with a GEANT4-based [52]
Monte Carlo (MC) software, which includes the geometric
description of the BESIII detector and the detector response,
are used to determine detection efficiencies and to estimate
backgrounds. The signal MC samples of eT e~ — X (3872)
and ete™ — yX(3872) are simulated at each c.m. energy,
with ® — 7tz 7% X(3872) - z*n~J/w, yJ/y, and
J/w — ete”, uytu~ being simulated according to the
branching fractions taken from the Particle Data Group
(PDG) [53]. The normalized channel eTe™ — wy,;, with
Yes = vJ/y is also simulated at each c.m. energy. The
simulation models the beam energy spread and initial state
radiation (ISR) in the e*e™ annihilations with the generator
KKMC [54,55]. The inclusive MC sample, with a luminosity
that is ten times larger than the data, includes the production
of open charm processes, the ISR production of vector
charmonium(like) states, and the continuum processes simu-
lated with kKkMcC [54,55]. All particle decays are modelled
with EVTGEN [56,57] using branching fractions either taken
from the PDG [53], when available, or otherwise estimated
with LUNDCHARM [58,59]. Final state radiation (FSR) from
charged final state particles is incorporated using the PHOTOS
package [60].

III. EVENT SELECTION

Charged tracks detected in the MDC are required to be
within a polar angle () range of |cosf| < 0.93 (the

coverage of the MDC), where 6 is defined with respect
to the z-axis, which is the symmetry axis of the MDC. The
distance of closest approach to the interaction point (IP)
must be less than 10 cm along the z-axis, |V.| < 10 cm,
and less than 1 cm in the transverse plane, |V, | < 1 cm.

Photon candidates are identified using showers in the
EMC. The deposited energy of each shower must be
greater than 25 MeV in the barrel region (] cosd| < 0.80)
and greater than 50 MeV in the end cap region
(0.86 < |cos @] <0.92). To exclude the showers that
originate from charged tracks, the angle between the
position of each shower in the EMC and the closest
extrapolated charged track must be greater than 10 degrees.
To suppress the electronic noise and the showers
unrelated to the event, the difference between the EMC
time (read out from the seed crystal with maximum
deposited energy) and the event start time is required to
be within [0, 700] ns.

For the analyzed processes, the charged pions from @ or
X(3872) and the leptons from J/y can be effectively
distinguished by their momenta in the lab frame. Charged
tracks with momentum less or greater than 1 GeV/c are
assigned as pions or leptons, respectively. The amount of
deposited energy of the lepton candidates in the EMC is
further used to separate muons from electrons. For muon
candidates, the deposited energy in the EMC is required to
be less than 0.4 GeV, while it is greater than 1.0 GeV for
electrons.

A. wyJ/y events

For the candidate events of wX(3872) with X(3872) —
vJ/w, and wy.; with y.; — yJ/y, four charged tracks
(ztmn=¢T¢7) and at least two of the three photons in the
final state are required to be reconstructed. One of the
photon candidates is always ignored and not required to be
detected in order to improve the selection efficiency.
To improve the resolution and suppress the background,
a one-constraint (1C) kinematic fit is performed with
a ete” = aTxTY VaYmis? TE~ hypothesis, where the
mass of the missing particle is constrained to zero
(\/(Pewf = Pripypeie-)> =0, with P denoting the
four-momentum). If there is more than one combination
of photons satisfying the kinematic constraint in an event,
the one with the minimum y? from the kinematic fit is
retained. To distinguish between the photons originating
from the 7° and the X(3872)/y.;, a kinematic fit con-
straining also the invariant mass (2C) of two photons
to the 7° nominal mass is applied. The combination with
the minimum y> from the 2C kinematic fit is assigned
as the right combination, and events with y> < 20 are
selected.

To veto the background events from efe™ —
't w(3686), w(3686) — n°2°J /y, vy, and ete” —
7% (3686), w(3686) — xtaJ/y, |RM(ztz) -

012006-2



STUDY OF ete™ —» @wX(3872) AND ...

PHYS. REV. D 110, 012006 (2024)

1.1

1

0.9

0.8

0.7

M(r*nt %) (GeV/c?)

0.6

LI L L L L B

039 295 3 305 31 315 8.2
M(I'T) (GeV/c?)

.

P AR
3.25 3.3

FIG. 1.

1.1¢
s 1F
2 e
% 0.9F B3 2 s B3
g - Ll
6'\ 08 [ . 2 :F:I
B C e
B r 2 By
S L
= o6F

- | X - | |

039 505 3 305 31 315 8.2 325 3.3
M(I'T) (GeV/c?)

The 2D distributions of M(z+z~z°) versus M(£+¢~) with M(yJ/y) €[3.45,3.62] GeV/c? (left) and [3.82,3.92] GeV/c?

(right). The dots are data samples, the red solid boxes are wJ/y signal region (S), the blue dashed, blue dotted and green dash-dotted
boxes indicate @ non-J/w (B1), J/w non-w (B2) and non-w non-J/y (B3) sideband regions, respectively.

mw(3686)| > 0.03 GeV/cz and |M(7T+7Z'_J/l//) - m,,,(3686>| >
0.01 GeV/c?  are RM(ztn~) =

(P,+p — Pyip-)? is the recoiling mass of 7z~ against
the initial e*e™ collision system, m,,(3636) is the y(3686)
nominal mass [53], and M(z* 7~ J/w) =Mz n ¢¢7) —
M(¢*¢7) + my, is applied to improve resolution, where
my, is the J/y nominal mass [53]. To reduce the u/x
misidentification background in the J/yw — p*u~ channel,
e.g., ete” > wntn~ events, at least one of the muon
candidates must have a hit depth larger than 30 cm in
the MUC.

Figure 1 shows the two-dimensional (2D) distribution
of M(z"n=x°) versus M(¢£7¢~) after the aforemen-
tioned requirements have been applied. The @ and J/y
signals are observed in the data with M(yJ/w)€
[3.45,3.62] GeV/c? and [3.82,3.92] GeV/c? correspond-
ing to the y., and X(3872) signal regions. The
and J/y signal regions are defined as M(z*z z°) €
[0.74,0.82] GeV/c? and M(£+¢~) €([3.06,3.14] GeV/c?,
respectively. The w and J/y sidebands are used to esti-
mate the non-w and non-J/y backgrounds. The w side-
band region is defined as M(z*z~z")€[0.64,0.72] U
[0.84,0.92] GeV/c?, which is twice as wide as the @
signal region. The J/y sideband region is defined as
M(£1¢7)€(2.96,3.04] U [3.17,3.25] GeV/c?, which is
twice as wide as the J/y signal region.

Figure 2 displays the invariant mass distribution of yJ /y
within the @ and J/yw mass windows. The y. and y.,
signals are significant, and there are several events near
3.872 GeV/c? that correspond to the X(3872). The y,,
peaking background from the w sideband is also evident,
which could be attributed to 7zt 7~ 7%, or w*y., events.
Here, the @* represents a higher excited state of w, such
as w(1420).

required, where

B. on*z~ J/y events

The event selection criteria for wX(3872) with
X(3872) —» ntz~J/y follow Ref. [29]. Candidate events
with five charged tracks and two photons (z "z~ z£ ¢ yy)
are reconstructed and referred to as 5-track events.
Additionally, to improve the selection efficiency, candidate
events with six charged tracks and at least one photon
(zTa~mta~¢T¢y) are also reconstructed and referred to
as 6-track events.

Figure 3 shows the 2D distributions of M(z* 7z~ z°)
versus M (£ ¢7), and the distributions of M (z"z~J /y) for
the 5-track and 6-track events. In both cases, the w
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FIG. 2. The distribution of M(yJ/y). The dots with error bars
are data samples, the red dashed, blue dotted and red solid
histograms are wy,., wy., and wX(3872) MC, respectively. The
green filled and yellow shaded histograms represent w and J/y
sidebands, respectively.
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The 2D distributions of M (z*z~z°) versus M(£+£~) (left column) and the distributions of M (7 z~J /) (right column) for

the 5-track (upper row) and 6-track (bottom row) events of wz™z~J /y. In the left column, the dots are data samples, the red solid boxes
are wJ /y signal region (S), the blue dashed, blue dotted and green dash-dotted boxes indicate w non-J/w (B1), J/w non-w (B2) and
non-w non-J/y (B3) sideband regions, respectively. In the right column, the dots with error bars are data samples, the red solid
histograms are wX(3872) MC, and the green filled histograms represent @ — J/w2D sidebands (B1/2 4+ B2/2-B3/4).

and J/y signal regions are defined as M(z"zn z°) €
[0.75,0.81] GeV/c? and M(£+¢~)€([3.07,3.13] GeV/c?,
respectively. The w and J/y sideband regions are defined
as M(z* 7z 7°)€[0.66,0.72] U [0.84,0.90] GeV/c?> and
M(¢T¢7)€(2.98,3.04] U [3.17,3.23] GeV/c?,  respec-
tively. The defined @ and J/w sideband regions are twice
as wide as their respective signal regions.

C. yn*n~J/w events

The event selection criteria for yX(3872) with
X(3872) —» nz~J/y follow Ref. [31]. Candidate events
with four charged tracks and at least one photon
(wTx~¢ ¢ y) are reconstructed.

The J/w signal region is defined as M(¢£1¢7)e
[3.08,3.12] GeV/c?, and the sideband region is
M(¢+¢7)€[3.02,3.06] U [3.14,3.18] GeV/c? which is
twice as wide as the signal region. After applying the
selection criteria for yX(3872) events, the invariant mass
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FIG. 4. The distribution of M(z"z~J/y). The dots with error
bars are data samples, the red solid and green filled histograms
are yX(3872) MC and J/y sideband, respectively.
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bars are data samples, the blue solid curves are the fit results, the red dashed and blue dotted lines represent signal and background

shapes, respectively.

distribution of z*z~J/y is displayed in Fig. 4, where the
w(3686) peak corresponding to the eTe™ — ygryw (3686)
events is significant, but no obvious X(3872) signal is
observed in the data.

IV. R MEASUREMENT

The ratio of the branching fraction of X(3872) — yJ/w
to that of X(3872) — "z~ J/y is calculated by

Ave
N e -
ry “xtx J/ll/’ (1)

Ave
N”+”_J/l// 8;/]/1//

R =

where N, and N+ -/, are the numbers of signal events
for X(3872) — yJ/w and X(3872) — #mtn~J/y modes of

the ete™ — wX(3872) process, respectively. e}’}]/ew and
Ave

Eptnyyy, AC the average selection efficiencies at c.m.
energies between 4.66 GeV and 4.95 GeV for X(3872) —
yJ/w and X(3872) — nn~J/y, respectively. The average
selection efficiency is defined as & =>".L;0,e;/
> i Lio;, where L;, o;, and ¢; are the luminosity, cross
section, and selection efficiency at the ith c.m. energy.
To determine the number of signal events, unbinned
maximum likelihood fits are performed to the distribu-
tions of M(yJ/w) in the X(3872)—yJ/w mode and
M(ztn~J/w) in the X(3872) - ztn~J/w mode, as
shown in Fig. 5. The signal probability density func-
tion (PDF) is described by an MC-simulated shape con-
volved with a Gaussian function, which models the
resolution difference between data and MC simulation.
The Gaussian parameters in the M(yJ/y) fit are con-
strained to the values extracted from y,.; — yJ/y events,
which provide a higher statistical control sample. The
Gaussian parameters are free in the M(z Tz J/y) fit.

In both cases, a linear function is used to model the
background. The fit yields N,;,, =8.1+3.9 and
Nyigypy = 24.2 £ 5.2, where the uncertainties are statis-
tical only.
Based on the fit results of Fig. 5 and Eq. (1), the ratio
R = 0.38 £ 0.20 is obtained. The statistical significance of
the X(3872) — yJ/y signal is estimated by comparing the
difference in the log-likelihood values [A(—21In L) = 5.1]
with and without the signal in the fit, and also taking the
change of the number of degrees of freedom (Andf = 1)
into consideration. The statistical significance is found
to be 2.3, and an upper limit of R (R'") is determined
via a Bayesian approach [53]. A likelihood profile L(R) is
performed with various assumptions for the value of R in
the fit. To incorporate the systematic uncertainty into the
upper limit, the likelihood distribution is convolved with a
Gaussian function with a width equal to the systematic
uncertainty (cf. Sec. VIII A). The RY" at 90% confidence
level (CL) is determined to be 0.83 by [X" L(R)dR/
o ®L(R)dR =0.9. For comparison, Table I lists R
measured by BESIII with ete™ — yX(3872) and Belle
with B* — K*X(3872).

TABLE 1. The R measured by BESIII with eTe™ — yX(3872),
Belle with B* — K*X(3872), and this work, where the un-
certainty includes both statistical and systematic. The last row
shows the average of the three results.

Experiment R

BESIII [28] [ete™ — yX(3872)] 0.79 £ 0.28
Belle [11,14] [B* — K*X(3872)] 0.21 £0.06
This work [eTe™ — wX(3872)] 0.38 £ 0.20 (<0.83)
Average 0.25 £ 0.06
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V. 6&)X(3872) /wacj MEASUREMENT

The ratio of the cross section of ete™ — wX(3872) to
that of ete™ — wy,; is derived by

OwX(3872) _ wa(3872)

o-w)( cl N

DY ey
[e(1+8)]2v B

y ey ks
{le(t o), ., +[e(1+ )5, R Bxsn

(2)
where N,x(3s72) is the total signal yield of the ete™ —

wX(3872) with X(3872) — yJ/w and n"z~J/y modes,
N,,., is the signal yield of eTe™ — wy.; with y.; — vJ /w.

[e(1+8)]ayc, [e(1+8)]2,,, and [e(1 +8)]2 are the
70¢
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average of the product of selection efficiencies and ISR
factors at c.m. energies from 4.66 GeV to 4.95 GeV for these
processes, defined as [e(1 + 8)|AY = 37, Li06;(1 + 68);/
> Lio;, where L;, o;, ¢;, and (1 + &), are the luminosity,
cross section, selection efficiency, and ISR factor at the ith
c.m. energy. The ISR factor is calculated by KKMC with an
accuracy of 0.1%[54,55]. B, , and By 3g72) are the branching
fractions of y.; — yJ/w and X(3872) - ntz~J/y,
respectively.

In the o0,x(3372)/0,,,, measurement, the two decay
modes, X(3872) — yJ/w and n"z~J/y, are considered
to extract the signal yields of ®X(3872). A simultaneous fit
is conducted on the distributions of M(yJ/y) in the yJ/y
mode and M (z"z~J/y) in the z* z~J /y mode, as shown
in Fig. 6. The PDF used in this fit is the same as that in the R

measurement (cf. Fig. 5), but R is fixed to the average value

50

o |

2 40p

> B

Q ¥

= 30f

o [

@ 20F

= C

0>J C

o 10 :—
(5).65 07 075 08 08 09 095

M(r*n ) (GeV/c?)

The 2D fit to the M (yJ/y) and M (z*+z~z°) distributions. The dots with error bars are data samples, the solid curves are the fit

results, the thick dashed and dotted curves are wy,; (S,,S,,,) and wy . (S,S,,,) signals, respectively. The thin dotted, thin dashed, thin
dash-dotted, and thick dash-dotted represent y.; non-w (B3,S, ), x> non-w (B3,S, ), @ nony.; (By;/,S,), and non-o non-y,

(B3.By),), respectively.
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of 0.25 +0.06. Taking into account the efficiency, ISR
factor and branching fraction of X(3872) — z 7~ J/y, the

. Nox3s72) o
fit yields (11O R By, — 3075 £ 616,

{le+o)lx_, e
which represents the number of produced wX(3872)
events.

For the wy,.; events, there are potential peaking back-
grounds from ztz"2%. or w(1420)y.;, which are
observed in Fig. 2. To extract the signal yield N, , a
2D fit is performed to the M(yJ/y) and M(z*n" ")
distributions. The 2D PDF f,p is constructed with the
following six components:

Joo =808y, + S80Sy, + B3zSy,, + B3xSy, + ByyjySe
+ B37rByJ/1//’ (3)

where S,,S, . B3:S,,,» Bys/ySe»> and B3, B, ), correspond
to wy.;, Yy NON-w, @ non-y.;, and non-w non-y.;
components, respectively. The symbols S and B stand
for the signal shape and background shape, respectively.
The signal shape is described by the MC-simulated shape
convolved with a Gaussian resolution. The background
shapes of B,;,, and Bs, are described by first-order and
second-order polynomial functions, respectively. Figure 7
shows the fit result, which yields N,, = 46.3 8.6 and
N,%_2 = 23.5 + 7.2, where the uncertainties are statistical.
The significance of the y,.; signal is estimated using the
same method mentioned above. With the changes of log-
likelihood values A(=21n L) = 47.0 and 16.4 for the y.
and y,, respectively, as well as a change in the number of
degrees of freedom Andf = 1, the significance of wy,.; and
wy . signals is estimated to be 6.8¢ and 4.0c, respectively.

TABLE II.  The results of o,,x(3372)/0ay,, and the values of
related parameters in Eq. (2). The first uncertainties are statistical,
and the second systematic.

Parameter Value
Noxsr) 3075 + 616

{[f(l‘*ﬁ)]Af -1y +[e(1+6) ]f,/.,,R}BX 3872)

Ny, 463+ 8.6

Noy., 235+72

[e(1+8)Ns,,, 0.22

le(1+ )12, 0.19

[e(1 4 8)]ove 0.23

[e(1+8)]5e 0.22

B, (34.3 £ 1.0)% [53]

B,, (19.0 +0.5)% [53]

Bx(3872) (3.8 4 1.2)% [53]

R 0.25 4+ 0.06

Cox(3872)/ Oary,, 52+£1.0£19

Cux(3872)/ Cary, 55+ 1.1+24

With the signal yields of wX(3872) and wy,;, the
cross section ratios of 6,x(3872)/0uy,, = 5.2+ 1.0 and

Cuwx(3872)/ Oay,, = 3.5 £ 1.1 are obtained from Egq. (2),

where the uncertainties are statistical only. The measured
results and related parameters in Eq. (2) are summarized
in Table II.

VI 67X(3872)/6(0X(3872) MEASUREMENT

The ratio of the cross sections of e™e™ — yX(3872) to
ete” —> wX(3872) is calculated using

OyX(3872) _ N, x@3872) (1 + 5)}2;;(3872) B @)
cox3872)  Noxasm) [e(1+ 5)]?}?3872) .

where N, x3g72) and N, x(3g72) are the signal yields of the
e"e” > yX(3872) and ete” — wX(3872) processes,

respectively. [e(1 +5)]?§e3872 and [e(1 +5)m§i3s72) are

the average of product of the selection efficiencies and
ISR factors at c.m. energies between 4.66 GeV and
4.95 GeV for the two processes. BB, is the product of
the branching fractions of ® — z+t7~2" and z° — yy. Since
no obvious yX(3872) signal is observed, we determine the
upper limit on the cross section ratio 6, x(3g72)/ G4 x(3872)- An
unbinned maximum likelihood fit is performed to the
M(ztn~J/y) distribution from the yX(3872) events.
The signal PDF is a MC-simulated shape convolved with
a Gaussian function, whose parameters are determined
from the fit to the ygryp(3686) — yisrz™7n~J /Y events.
The signal yield of N,x(3872) = 24.2+ 5.2 is obtained in
Sec. IV, as shown in Fig. 5. Thus, the upper limit of
o,x(3872)/ Owx(3872) < 0.23 at 90% CL is determined using
the same method described in Sec. IV. The systematic
uncertainty (cf. Sec. VIII C) is taken into account in the
upper limit.

VII. THE CROSS SECTION MEASUREMENT

The Born cross section of ete™ - wX(3872), wy,, at
measured c.m. energy +/s is calculated with

N
Lin (1 +5)ﬁ557

0% (Vs) = (3)

where N is the signal yield, £;,, is the integrated luminosity,
(140) is the ISR correction factor obtained from KKMC
[54,55], = H\z is the vacuum polarization factor [61], ¢ is the

detection efficiency, and B is the product of the branching
fractions of the intermediate processes.

Figure 8 shows the cross sections at each c.m. energy for
the processes e"e” — wX(3872), eTe” > wy,. and
ete” = wy.,. The numerical results can be found in
Tables VIII-X. The fit results at each c.m. energy are
shown in Figs. 9 and 10. In the ete™ — ©X(3872) process,
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FIG. 8. The Born cross sections for the processes of e™e™ — wX(3872) (left), ete™ — wy,, (middle), and eTe™ — wy,, (right) at
each c.m. energy. The errors are statistical only.
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data samples, and the solid curves are fit results.
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FIG. 10. The 2D fits to the M(yJ/w) and M(z*z~z") distributions in the e*e™ — wy,, process at each c.m. energy. The dots with

error bars are data samples, and the solid curves are fit results.

the cross section around 4.75 GeV exhibits a significant
increase compared to adjacent energies. This local excess in
the cross section near 4.75 GeV is also evident in the
eTe™ = wy,. process.

VIII. SYSTEMATIC UNCERTAINTY

A. Systematic uncertainty for R

In the measurement of the ratio R, the common system-
atic uncertainties of X(3872) — yJ/w and X(3872) —
atn~J/y cancel out, including the ones due to the
luminosity, tracking efficiency of leptons, ISR correction,
the muon hit depth in the MUC, and branching frac-
tions of @ — zt7~7° and J/yw — ¢*¢~. The uncommon

systematic uncertainties mainly come from the tracking
efficiency of pions, photon reconstruction, kinematic fit,
MC model, and fit model.

For the wX(3872) — wyJ/y mode, the final states of
ata~yy£t ¢~ are reconstructed. Taking a systematic uncer-
tainty of 1% per pion track [34], we assign 2% uncertainty
from the pion tracking efficiency. we also assign 2%
uncertainty from photon reconstruction by taking a sys-
tematic uncertainty of 1% per photon [62]. The systematic
uncertainty associated with the kinematic fit is estimated
by comparing the efficiency difference with and without
the correction of the helix parameters of charged tracks in
the MC simulations [63]. As a result, uncertainties of 1%
and 2.8% are assigned to the X(3872) — yJ/w and
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TABLE III. The sources of systematic uncertainties and their
contributions (in %) to R.

Source Uncertainty
Tracking 1.7
Photon 0.7
Kinematic fit in X(3872) — yJ/y 1.0
Kinematic fit in X(3872) —» ="z~ J/w 2.8
Total 3.5

X(3872) - n"x~J /y modes, respectively. To estimate the
systematic uncertainty from the MC model, the phase space
model for the X (3872) and yJ/y processes is replaced by
a 14 cos?@ distribution. The difference in efficiency is
found to be negligible. The systematic uncertainty related
to the fit is investigated by testing various background
shapes and changing the fit range. The difference in signal
yield is found to be negligible compared to other sources.

For the wX(3872) —» wn*z~J/w mode, the 5-track
(atm~a ¢ ¢ yy) and 6-track (z* 7 at A £T¢y) events
are reconstructed. According to the previous discussion, we
assign a 3% uncertainty from the pion tracking efficiency
and a 2% uncertainty from the photon reconstruction for the
5-track events. For the 6-track events, the uncertainties
from pion tracking efficiency and photon reconstruction are
4% and 1%, respectively. The systematic uncertainties from
kinematic fit, MC model, and fit are studied using the same
method as in the X(3872) — yJ/y mode, with the uncer-
tainties from MC model and fit being negligible.

In the measurement of R, the uncertainties from the pion
tracking efficiency and the photon reconstruction in the two
decay modes of X(3872) partially cancel out. Based on the
number of the pion track and photon in the two decay
modes, a 1% uncertainty from the pion tracking efficiency
contributes to R for the 5-track case of wa™z~J/y.
Similarly, 2% and 1% uncertainties respectively from the
pion tracking efficiency and photon reconstruction con-
tribute to R for the 6-track case of wa™z~J/y. The total
uncertainty is obtained by combining the uncertainties of
the 5-track (As) and 6-track (Ag) cases —=— As + —6— A,

£5+¢€¢ &5+¢€¢
where ¢5) represents the selection efficiency of the 5-track
(6-track) events of wrtn~J/y.
Assuming all the sources of systematic uncertainties are
independent, the total systematic uncertainty in R is obtained
by adding them in quadrature, as listed in Table III.

B. Systematic uncertainty for 6,,x(3872)/64y,,

In the measurement of the ratio 6,x(3372)/0uy,,» the
common systematic uncertainties from luminosity, tracking
efficiency of leptons, muon hit depth in the MUC, and
branching fractions of @ — ztz~2% and J/y — £*¢~ in
the wX(3872) and wy,; channels cancel out.

The remaining uncertainties in the wy,.; process include
the tracking efficiency of pions, photon reconstruction,
kinematic fit, MC model, ISR correction, branching frac-
tion of ., — yJ/y, and the uncertainty of N, . There are
2% uncertainty from the tracking efficiency of pions and
2% uncertainty from photon reconstruction, stemming
from the reconstruction of two pion tracks and two photons
in the wy,.; process. The systematic uncertainties from
kinematic fit and MC model are estimated using the same
method as described in Sec. VIII A, with the uncertainty of
the MC model being negligible. The ISR correction factor
and efficiency depend on the input cross section line shape
in KKMC. By employing the cross section line shapes with
and without resonance (here a potential resonance structure
around 4.75 GeV in wy,; is used) as input, the difference in
[e(1 4 6)]4y¢ is taken as the systematic uncertainty which
is found to be small and can be disregarded. The uncer-
tainty of the branching fraction of y.; — yJ/y is taken
from the PDG [53]. The statistical uncertainty of N,  is
obtained from the fit as shown in Fig. 7.

For the wX(3872) process, the remaining uncertainties
are the tracking efficiency of pions, photon reconstruction,
kinematic fit, MC model, ISR correction, branching frac-
tion of X(3872) — #z~J/y and the uncertainty of R. As
both X(3872) — yJ/yw and X(3872) - xtn~J/w decay
modes are considered, these uncertainties are categorized
into two groups. The first group contains those with an
equal contribution to both modes, such as ISR correction,
the branching fraction of X(3872) — "z~ J/y, and the
uncertainty of R. The second group comprises uncertainties
that do not equally contribute to the two modes, which
include the tracking efficiency of the pion, photon
reconstruction, and kinematic fit.

For the first group, the uncertainty of the ISR correction is
estimated using the same method as in the wy .; process. The
uncertainty of the branching fraction of X(3872) —
ata~J /y is quoted from the PDG [53]. In the simultaneous
fit of Fig. 6, R = 0.25 4= 0.06 is used as an input parameter.
By varying the value of R within £10, the difference in the
signal yield of wX(3872) is taken as the systematic
uncertainty.

The second group of uncertainties cancel out in
Cux(3872)/ Ouy,, for the X(3872) — yJ/y mode, as the
same final states are reconstructed in the processes
®X(3872) and wy.;. As for the X(3872) - ztn J/y
mode, these uncertainties in 6,,x(3872)/ 04y, are identical
to those in R (cf. Sec. VIII A), thus we omit the redundant
discussions here. To incorporate the second group of
uncertainties in the two decay modes of X(3872), we
calculate the weighted average of the uncertainties as

&B;
2 b
i=1 giBi

2
AR = Z w;A;, w; = (6)
i=1
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TABLE IV. The sources of systematic uncertainties and their
contributions (Hl %) to 6wX(3872)/D-a))(“ (O-wX(3872)/0w)(L,2)- Al and
A, represent the uncertainties associated with the X(3872) —
yJ/w and X(3872) - xtn~J/w modes, respectively, their
weighted average AAY is calculated with Eq. (6).

Source A, A, AAve
By, = vJ/y) 2.9 (2.6) 2.9 (2.6)
o 18.6 (30.7) 18.6 (30.7)
ISR correction of wX(3872) 3.0 3.0
B(X(3872) —» ntn~J/y) 31.6 31.6
R 2.0 2.0
Tracking e 1.7 1.4
Photon e 0.7 0.6
Kinematic fit of wy,; 1.0 (1.0) 0.8 (0.8)
Kinematic fit of wX(3872) e 2.8 2.3
Total 37.0 (44.3) 37.1 (44.4) 37.1 (44.4)

where AAY is the average systematic uncertainty, o;, A;, €;,
and B; are the weight, systematic uncertainty, selection
efficiency, and branching fraction, respectively, with i = 1
for the X(3872) —yJ/w mode and i=2 for the
X(3872) —» 't z~J/yw mode.

Assuming all the sources of systematic uncertainties
are independent, the total systematic uncertainty in the
ratio 6,,x(3372)/ Guy,, 1S Obtained by adding them in quad-
rature. Table IV summarizes all sources of systematic
uncertainties and their contributions to the uncertain of

the ratio 60}X(3872)/6w)(cj'

C. Systematic uncertainty for 67X(3872) /G(UX(3872)

In the measurement of the ratio ¢,x(3872)/0,x(3872)> the
systematic uncertainties common to both the yX(3872) and
®X(3872) processes, such as the luminosity, tracking
efficiency of leptons, branching fractions of X(3872) —
ata~J/y and J/w — £T¢~ cancel out. The uncommon
systematic uncertainties include the tracking efficiency of
pion, photon reconstruction, kinematic fit, ISR correction,
muon hit depth in the MUC, fit and N, x(3872)-

For the yX(3872) process, the final states of yz ™z~ ¢+ ¢~
are reconstructed. Therefore, a 2% uncertainty from the
tracking efficiency of pions and a 1% uncertainty from
photon reconstruction are assigned. The study of the
systematic uncertainties from the kinematic fit, ISR cor-
rection, and the fit also follows Sec. VIII A. It is found that
the uncertainties from the ISR correction and fit are
negligible.

For the wX(3872) process, the uncertainties from the
tracking efficiency of pions, photon reconstruction, kin-
ematic fit, and ISR correction have already been discussed
in Secs. VIII A and VIII B. The systematic uncertainty from
the requirement of the muon hit depth in the MUC is
studied with the control sample of ete™ — uTu~, the
difference in efficiency between the data and MC

TABLE V. The sources of systematic uncertainties and their
contributions (Hl %) to O-yX(3872)/O-wX(3872)-

Source Uncertainty
Tracking 1.7
Photon 0.3
Kinematic fit of yX(3872) 1.3
Kinematic fit of wX(3872) 2.8
ISR correction of wX(3872) 3.0
MUC 1.9
Nox(3872) 21.5
Total 22.1

simulation due to the requirement is taken as the systematic
uncertainty. The statistical uncertainty of N,x(s72) i8
obtained from the fit as shown in Fig. 5.

The uncertainties from the tracking efficiency of pions
and photon reconstruction in the yX(3872) and wX(3872)
processes partially cancel out. Similar to the discussion in
Sec. VIIT A, we assign 1% uncertainty from the tracking
efficiency of pions and 1% uncertainty from the photon
reconstruction for the 5-track case of wn™z~J/w. A 2%
uncertainty from the tracking efficiency of pions is assigned
for the 6-track case of wxtz~J/w. The uncertainties of
the 5-track and 6-track cases are then combined by
i As + - A

Assuming all the sources of systematic uncertainties are
independent, the total systematic uncertainty in the ratio
0,x(3872)/ Owx(3872) 18 obtained by adding them in quad-
rature, as shown in Table V.

D. Systematic uncertainty
of the cross section measurement

The systematic uncertainties in the cross section meas-
urement mainly come from the luminosity, tracking
efficiency, photon reconstruction, kinematic fit, ISR cor-
rection, muon hit depth in the MUC, branching fractions,
and fit. The integrated luminosity is measured using
Bhabha events with an uncertainty of 0.6% [43]. All
other uncertainties are studied in previous sections, and

TABLE VI. The sources of systematic uncertainties and their
contributions (in %) to the cross section of e*e™ — wX(3872).
Source Uncertainty
Luminosity 0.6
Tracking 5.7
Photon 1.3
Kinematic fit 2.8
ISR correction 3.0
B(J/y = £T¢7) 0.6
MUC 1.9
Total 7.5

012006-11



M. ABLIKIM et al.

PHYS. REV. D 110, 012006 (2024)

TABLE VII. The sources of systematic uncertainties and their
contributions (in %) to the cross section of e™e™ = wy (W)
Source Uncertainty

Luminosity 0.6
Tracking 4.0
Photon 2.0
Kinematic fit 1.0
B(J /)y = ¢t¢7) 0.6
MUC 1.9
Total 5.8 (5.7)
TABLE VIII. The product of Born cross section of ete™ —

wX(3872) and the branching fraction of X(3872)—
atn=J/weBB (pb) at each measured c.m. energy +/s (GeV).
The table also includes the integrated luminosity Li,; (pb~!), the
detection efficiency ¢ (%), the product of the ISR correction

factor and vacuum polarization factor “1:}1‘3‘2 and the number of the

signal yield N at each c.m. energy. The first uncertainty is
statistical and the second systematic.

Vs Lin e i N "B

4.66  529.63  29.01 050 0.0%3 0.0 +0.01
468 166931 2871 072 6973  0.1970% 1001
470 53645 2807 074 0073 000 +£0.01
474 16427 2927 071 16418 0447030 +0.03
475 36721 2891 081 61730 06703 +£0.05
478 51278 2339 122 2048 0139224001
484 52729 1414 185 54729 037020 +0.03
492 208.11 1055 256  1.071%  0.1710% +0.01
495 16037 9.67 249 001 007932 +0.02

TABLEIX. The Born cross section 6® (pb) for eTe™ = ay,; at
each measured c.m. energy /s (GeV). The table also includes
the integrated luminosity L;,, (pb~'), the detection efficiency
e (%), the product of the ISR correction factor and vacuum
polarization factor \1l—+rf\2 and the number of the signal yield N at
each c.m. energy. The first uncertainty is statistical and the second
systematic.

Vs Lin R N o®

466 529.63 1859 141  10.07%7 200108 +0.12
4.68 166931 1604 1.69 123732  0.757932 +0.04
470 53645 1337 213 42720 0751032 +£0.04
474 16427 1662 125 097l 074710+ 0.04
475 36721 1925 1.02 52731 2001 +0.12
478 51278 2062 1.03 79738  1.99%09210.12
4.84 52729 1827 131 46739 101105 +0.06
492 20811 1564 155 12710 0.631087 £0.04
495 16037 1478 162 0.0%)3 001022 +0.05

TABLE X. The Born cross section 6® (pb) for ete™ — wy,, at
each measured c.m. energy /s (GeV). The table also includes
the integrated luminosity L, (pb~!), the detection efficiency
& (%), the product of the ISR correction factor and vacuum
polarization factor Hljn‘s‘z and the number of the signal yield N at
each c.m. energy. The first uncertainty is statistical and the second
systematic.

Vs Lint e “l_;nb‘, N oP

4.66 52963 1754 132 89t 361118 1021
468 1669.31 17.08 135 110137 141708 +£0.08
470 53645 1681 138 18773  0.71102 +0.04
474 16427 1598 143 00713 0.0772+0.10
475 36721 1615 145  00fLl  0.07982+0.04
478 51278 1582 148 0077 00103 £0.03
4.84 52729 1526 156 23%2] 0917 % +0.05
492 20811 1453 164 18718 1851824011
495 16037 1399 167  0.0%3 0077 +0.10

summarized in Table VI for the et e~ — wX(3872) process
and Table VII for the ete™ — wy,, process.

IX. SUMMARY

In summary, with the data sets taken at c.m. energies
from 4.66 to 4.95 GeV, corresponding to an integrated
luminosity of 4.5 fb~!, we have studied the processes
ete” > wX(3872) and eTe” — yX(3872). Through the
channel e"e™ - wX(3872), we have measured the ratio

_ B(X(3872)—yJ/y)
R :WM as 0.38 :|:0.205tat :I:0.0lsyst (R < 0.83

at 90% CL), which agrees with Belle’s measurement
and the previous BESIII’s measurement of the ete™ —
yX(3872) process. R is currently limited by statistics.

In addition, using two decay modes of the X(3872),
X(3872) - 'tz J/y and yJ/w, we have measured the
ratios of average cross sections between 4.66 GeV and
4.95 GeV, 0,x(3872)/0uy., =52+ 1.0g £+ 1.9 and
0(0)((3872)/0-0))((.2 =55+ 1-1stal + 2'4syst' The relatiVely
large cross section for the e™e™ — wX(3872) process is
mainly attributed to the cross section enhancement around
4.75 GeV, which may indicate a potential structure in the
cross section of eTe~ — wX(3872). We have also searched
for the process of eTe™ — yX(3872) within the same
energy range, but have not observed an obvious signal.
We set the upper limit on the cross section ratio as
o,x(3872)/ Owx(3s72) < 0.23 at 90% CL. These measure-
ments provide key inputs for a deeper understanding of
the production of the X(3872) [64-71].
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