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We report a measurement of the cross section for the process e™e™ — ztz~J/y around the X(3872)
mass in search for the direct formation of e™e™ — X(3872) through the two-photon fusion process. No
enhancement of the cross section is observed at the X(3872) peak and an upper limit on the product of
electronic width and branching fraction of X(3872) — z "z~ J/y is determined to be I',, x B(X(3872) —
atnJ/w) <75x1073 eV at 90% confidence level under an assumption of total width of
1.19 + 0.21 MeV. This is an improvement of a factor of about 17 compared to the previous limit.
Furthermore, using the latest result of B(X(3872) — z*z~J /), an upper limit on the electronic width T,
of X(3872) is obtained to be <0.32 eV at the 90% confidence level.

DOI: 10.1103/PhysRevD.107.032007

I. INTRODUCTION

The observation of the X(3872) state' by the Belle
collaboration in 2003 [1] and its confirmation by other
experiments [2—7] opened a new field of charmoniumlike
exotic states. Being difficult to fit into the conventional
charmonium spectrum [8,9], the XY Z states are candidates
for tetraquarks, meson molecules, hybrid mesons, and
kinematic effects [9—11]. The X(3872) state is probably
the best known representative of these states. It has been
observed in B decays, in radiative transitions of the
Y(4260) resonance, as well as in inclusive pp and pp
collisions [12]. Up to now, its decays into six different final
states are established [12—14]. Its mass is very close to the
threshold of DD* production, which also represents one
of its largest decay modes. This property leads naturally to
the hypothesis that it is a meson molecule [10,15]. One
important discriminant between different models is the
X(3872) width. Recently, two new measurements of its
width were reported by the LHCb experiment [16,17], and
an average of 1.19 £ 0.21 MeV based on these two new
measurements is reported in Ref. [12].

The quantum numbers JPC of the X(3872) state are
measured to be 17" [18], which allows suppressed for-
mation in ete™ collisions via two-photon fusion [19,20].
Recently, a search for the X(3872) in two-photon inter-
actions in the process of eTe™ — ete ntn~J/y was
reported by the BELLE collaboration and evidence of
X (3872) production is found [21]. Furthermore, the BESIII
collaboration recently reported the first observation of the
17 state y,, in direct eTe™ annihilation with a significance
of 5.16 [22]. These findings motivate the search for direct
formation of X(3872) via the two photon fusion process
in e"e” annihilation. Furthermore, knowledge of the

'also called y,,(3872), according to its quantum numbers

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

electronic width I',, might help to reveal the nature of
X(3872). The current upper limit is I',, x B(X(3872) —
atx~J/y) < 0.13 eV at the 90% confidence level (C.L.),
determined by BESIII via the initial-state radiation (ISR)
process [23]. A theoretical prediction using vector meson
dominance yields I',, 2 0.03 eV and a lower bound of
[, x B(X(3872) = nta~J/w) 2 0.96 x 107 eV [24].

In this paper, the cross section o(ete™ — ztn~J/y)
around the X(3872) mass is measured to search for the
direct production of X(3872) and measure the electronic
width of X(3872) using datasets collected by the BESIII
detector. Two processes are considered, the nonresonant
continuum process and the resonant signal process via
two-photon fusion as shown in Fig. 1. An enhanced cross
section is expected at the X(3872) peak over the off-
resonance region if the direct production process is
significant.

I1. BESIII DETECTOR AND DATA SAMPLES

The BESIII detector [26] records symmetric e'e”
collisions provided by the BEPCII storage ring, which
operates with a peak luminosity of 1 x 103 cm™2 s~ at the

p° (P-wave)

S-wave

1+

+ - + -

e e e e

FIG. 1. Feynman diagrams of the nonresonant continuum
process e"e” — 't n~J/y (left) and the resonant signal process
ete” — X(3872) — 't~ J/y (right), of which it is known that
the #* 7~ pair forms a p° meson [6,18,25].
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center-of-mass (c.m.) energy of /s =3.89 GeV. 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(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T (0.9 T in
2012) magnetic field. The solenoid is supported by an
octagonal flux-return yoke with resistive-plate-counter
modules interleaved with steel, which are used for muon
identification. The charged-particle momentum resolution
at 1 GeV/c is 0.5%, and the specific energy loss (dE/dx)
resolution is 6% for electrons from Bhabha scattering. The
EMC measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end-cap) region. The time
resolution in the TOF barrel region is 68 ps, while that in
the end-cap region is 110 ps. The end-cap TOF system was
upgraded in 2015 using multigap resistive plate chambers,
providing a time resolution of 60 ps [27-29].

In this work, four datasets collected by the BESIII
detector are used. Among the four datasets, two dedicated
datasets were recorded in the vicinity of the X(3872) mass,
one directly on the X(3872) peak with c.m. energy of
3871.3 MeV (on-resonance) and with a luminosity of
110.3 pb~!, and the other one about 4 MeV below the
peak at 3867.4 MeV (off-resonance) and with a luminosity
of 108.9 pb~!. For these two dedicated datasets, a beam
energy measurement system (BEMS) [30] provides the
realtime measurement of the c.m. energy with an uncer-
tainty smaller than 100 keV and of the energy spread with
an uncertainty smaller than 200 keV. The resolution of c.m.
energy from BEMS is smaller than the width of X(3872),
and far smaller than the 4 MeV energy difference between
the on-resonance and off-resonance datasets. This ensures
a negligible fraction of resonant contribution in the off-
resonance dataset at 3867.4 MeV. Two further off-resonance
datasets at 3807.7 (50.5 pb~!) and 3896.2 (52.6 pb~!) MeV
are used [31]. The luminosity of all datasets are determined
by the analysis of large-angle Bhabha scattering events.

Simulated data samples produced with a GEANT4-based
[32] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the e e~ annihilations with the generator KkMc [33]. For
each of the four different data samples, 5 x 10° signal MC
events with J/y — e*e™ and 5 x 10° signal MC events
with J/y — utu~ are simulated with different models
including VVPIPI and ¢ PHSP [34]. The VVPIPI model
describes the decay of a vector state to a vector state and
where the 717z~ system is dominated by a S-wave. The ¢
PHSP is a model with phase space decay of eTe™ — oJ/y
and 6 — mt7~. To estimate the background contamination
from non-z"z~J/y events, background MC samples are

generated, including ete™ — yeTe™, yu Ty, eTe"eTe,
ete utu=, ete qq, ntanta, KSK*nF, KYK-ntn™,
and  ete” = yiry = yisgm A [y = yira AT
These backgrounds are scaled to the integrated luminosity
of data for each energy point.

III. EVENT SELECTION

In the process of ete™ = ztx~J/w, J/y is recon-
structed via its decay to lepton pairs £1¢~ (£ = e, u).
The final state 7z~ # "¢~ consists of four charged tracks
with zero net charge. The lepton tracks coming from the
J/w decay have larger momenta (in the lab frame)
compared to the pion tracks. Tracks with momenta lower
than 0.6 GeV/c are assumed to be pion candidates and
lepton candidates are required to have momenta larger than
1.0 GeV/c. Each candidate event is required to have two
pion candidates and two lepton candidates, both having
opposite charges. The J/y decay modes can be distin-
guished by the energy deposition in the EMC associated to
the lepton tracks. Electrons deposit a large fraction of their
energy, while the muons pass through the EMC leaving
only a small energy deposition. The deposited energy in
EMC is required to be smaller than 0.35 GeV for both
muons and larger than 1.1 GeV for both electrons. Each
event is required to have either two electron candidates or
two muon candidates.

Candidate events of e e~ — 772~ ¢ £~ are subjected to
a kinematic fit with four constraints (4C) on the energy-
momentum of the final states. The chi-square of kinematic
fit, y3., is required to be smaller than 60. To remove photon
conversion background, which could be misidentified as a
't~ pair or zte¥, requirements of cosd,:,- < 0.95 and
cosf, .+, < 0.98 are applied. Here, ,+,- is the opening
angle between the two pion candidates, and 6,: = is the
opening angle between the pion and oppositely charged
electron candidates.

The invariant mass distributions of the dilepton pairs
that pass all selection criteria are shown in Fig. 2. Here,
the four datasets are combined together. The J/y peak
is clearly visible, and the peak region m(£7¢7) €
[3.08,3.12] GeV/c? is indicated by a pair of black arrows
as well as the sideband region m(£*¢7) € [3.02,3.06] or
[3.14,3.18] GeV/c? (gray arrows). In order to estimate
the background contamination from non-z"z~J /y events,
the backgrounds ete™ - yete™, yutu~, ete ete,
eteuty, eteqq, ntnntn, KSK*aT, K'K-n'n~
were simulated. For the e*e™ mode, the background MC
fails to describe the data. However, no peaking background
is found from the simulation. This motivates an estimation
of the background contamination by J/y sidebands.

The number of signal events is determined from the J/y
peak. Instead of using the £¢~ invariant mass after the
kinematic fit, the recoil mass of the two pions before the fit
is used due to a better resolution. Independent unbinned

032007-5



M. ABLIKIM et al.

PHYS. REV. D 107, 032007 (2023)

All Data Points

(]
a1

—~
o
SN

—|— data

Signal MC

(]
o

N
o

Background MC

n
o

« |:I:l:l:||||||||||||||||||||IIIIIIIIIIIIII

o

i
JHH]I iH} {HH” ,}{HHJf HHHi

306 3.08 31 312
mass(e*e) / (GeV /¢

events / (2 MeV / ¢?)

o

o

|
i

3.18 3.2

n Ll

304

_._

e,

3.02

314 3.16

All Data Points

35

(b)
30

—|— data

25 Signal MC

20 Background MC

events / (2 MeV / ¢

54HH|HHIWH H‘“ m

3 302

i

3 18 3.2

3.06 308 31 312
mass(u*w) / (GeV / ¢?)

314 316

FIG. 2. Comparison between data, signal MC, and background MC distributions of m(#*£~). All four datasets are combined. The
MC distributions are scaled to match the integrated luminosity of the data. The black (gray) arrows indicate the peak (sideband) region.

maximum likelihood fits to the recoil mass of the two pions
are performed for both J/y decay modes in the range
of m(¢+¢7) € [3.0,3.2] GeV/c?. In the fit, the signal is
described with a line shape derived from MC simulation,
while the background is modeled as a linear function.

IV. RESULTS

The cross section of the process ete™ — nta~J/y is
determined using

_ Nobs
- [Ldt-e-(1+6) - B(J/w—¢5¢7)

(1)

Here, N, is the number of observed signal events, [ £ dr
is the integrated luminosity, € is the detection efficiency
determined from MC samples, and (1 + 9) is the radiative
correction factor to account for ISR. It is calculated using
the KKMC event generator with the input line shape updated
iteratively until it converges.

Table I shows the measured cross sections at the four
energy points with two J/y modes. The cross sections with

two J/w modes combined are also listed in Table T where
the uncertainties are only statistical. In Fig. 3, the cross
sections are plotted with the systematic uncertainties which
will be described later. In the plot, the dashed vertical line
indicates the location of the X(3872) peak. The dot-dashed
curve shows the line shape assuming a total width of
1.19 MeV and T',, x B(X(3872) » ztn~J/w)=0.013eV.
There is no interference between the resonant and con-
tinuum parts due to their different quantum numbers. The
value of 0.013 eV is arbitrarily chosen as one order of
magnitude lower than the previous upper limit [23], and only
for illustration purposes. From these data points, no enhance-
ment of the cross section is observed at the X(3872) peak.
The cross section on-resonance is smaller than that of the off-
resonance region, which can be observed as a dip in Fig. 3.
Given the low statistics, the dip is insignificant and con-
sistent with a flat distribution within lo.

To interpret the cross section, the two processes in Fig. 1
are considered. Due to the different quantum numbers of
the final state in continuum process and the resonant
X(3872) formation, the total ete™ — ztz~J/y cross
section is modeled as an incoherent sum of the two

TABLEI Result of the fit to the dilepton mass distribution. Shown are the results of the two independent J/y modes and a combined
value. The uncertainties are only statistical.
V/s/MeV 3807.7£0.6 3867.408 £ 0.031 3871.31 £0.06 3896.2 £0.8
J £dt/pb~! 50.5+0.5 1089+ 1.3 1103 +0.8 52.6 £0.5
(I+9) 0.895 0.895 0.895 0.895
Ngg: 19£5 30+7 24+6 16 £5
€ /% 31.78 £0.08 31.34£0.08 31.29+£0.08 31.68 £0.08
¢ ¢ /pb 220+6.4 16.4+3.6 12.7+33 17.0+£5.2
Nﬁb:‘ 18 £5 40+8 29+6 17+5
e % 45.38 £0.10 44.90 £ 0.09 44.72 £0.09 45.14 £0.10
o * /pb 14.8 £4.0 153+2.9 109 +24 134 +4.1
""" /pb 169+3.4 157+£23 11.6+£19 150+£3.2

032007-6



MEASUREMENT OF THE e*e™ — a2~ J/y CROSS SECTION ...

PHYS. REV. D 107, 032007 (2023)

25
o C .
o 20—
=~ C P
= S A .
2 15— *: {
R o H
S C
N - {
T 10F .
‘© - :
R C
o)) L
© 5
L [ U B ‘:‘ L

0 1 1 1 1
3800 3820 3840 3860 3880 3900

Center-of-Mass Energy / MeV

FIG. 3. Cross section of ete™ — n"z~J /. The results of both
J /y decay modes are combined. The error bars represent the total
uncertainties, i.e., the quadratic sum of the statistical and
systematic uncertainties. The dashed vertical line indicates the
peak position of X(3872). The dot-dashed curve shows an
illustration of expected line shape assuming a total width of
1.19 MeV and T',, x B(X(3872) - "z~ J/w) = 0.013 eV.

processes. The cross section from continuum is assumed
to be a linear function of c.m. energy. The X(3872) is
modeled as a relativistic Breit-Wigner resonance. Only the
#tn~J/y decay mode is reconstructed in the cross section
measurement. As a consequence, the corresponding
branching fraction needs to be included in the line-shape
parametrization:

Ftolree X B(X(3872) - 7T+”_J/l//)
(s = m§)?* + miTi

6(\/5) = Ocont T 127

)

where 6oy, [, and I',, are the constant continuum cross
section, the total width and the electronic width of the
X(3872), respectively. my is the mass of X(3872).

In each dataset, /s is Gaussian distributed because of the
energy spread. From the BEMS realtime measurements,
the energy spread is determined to be 1.6 (1.7) MeV for the
off-resonance (on-resonance) dataset. This is roughly the
same magnitude as the total width of X(3872) and brings
a non-negligible effect. It is included by a convolution
of a Gaussian distribution. ¢; = 6(,/5;) ® 5 \}z—ﬂ exp(— 25?)

Here, §; is the beam energy spread for the dataset i.

In 2020, two measurements on the total width
were released as (1.39 +£0.24 £0.10) MeV [16] and
(0967012 £0.21) MeV [17], resulting in an average value
of (1.19 £0.21) MeV [12]. In this analysis, we treat the
product T, x B(X(3872) — z*tn~J/y) as one parameter,
and an upper limit on this product is measured. Then,
we also calculate T',, using two different values for the
branching fraction B(X(3872) — ztz~J/y). This was
recently measured to be (4.1 +£1.3)% by the BABAR

I,=1.19 MeV

tot

800
700
600
500
400
300
200
100

Marginalized Likelihood

15 20 25 30 35 40 45 50
I.oxBr(X(3872)>r'mJhy)) / 10V

o
O T
o
_
o

FIG. 4. Determination of the upper limit on T',, x B for an
assumed total width of 1.19 MeV. The gray area indicates the
90% integral. The value of I',, x I3 at the right edge of that area is
the upper limit on I',, x B at the 90% confidence level.

collaboration [35], and the latest world average value is
(3.8 £1.2)% [12].

In total, there are three unknown parameters left, o oy,
[y and Ty, x B(X(3872) - 'z~ J/y) or [',. The mass
my is fixed to (3871.65 & 0.06) MeV/c? [12]. Using the
line-shape parametrization, an extended likelihood function
depending on the cross section for each dataset and J/y
mode is constructed. Upper limits for the electronic width
are determined at different 'y, inputs. Figure 4 shows the
determination of the upper limit on I',, x I3 for an assumed
total width of 1.19 MeV. Figure 5 shows a scan of I',, x B
in a wide range of I'; from O to 3 MeV. Four different I',,
[0.96 [17], 1.19 [12], <1.2 [12], 1.39 [16]] MeV, are
indicated with vertical lines. For each of the I'; inputs with
a mean value and an uncertainty, a unique value of the
upper limit of I',, x BB is obtained by an integral of the
likelihood over I, based on a Gaussian assumption of I';.

—_
o

\

UL(T',,xBr) @ 90% C. L./ 10%V

4
2
0 1 1 L . | TSNS S S T ST N T S R
0 0.5 1 15 2 2.5 3
I/ MeV

FIG. 5. Upper limit on I',, x B at the 90% confidence level
as a function of the total width. The vertical lines indicates
four different values of 'y, [0.96 [17], 1.19 [12], <1.2 [12],
1.39 [16]] MeV.
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TABLE II. T,, and T,, x B(X(3872) - ztn~J/w), using
different values for the X(3872) total width of (0.96 +
0.21) MeV [17], (1.19 £0.21) MeV [12], (1.39 £ 0.24) MeV
[16], and the current upper limit of 1.2 MeV [12]. Two
input values for B(X(3872) — n*n~J/y) are used, B; = (4.1 +
1.3)% [35], and B, = (3.8 £ 1.2)%.

r,./1073 eV
[/ MeV B, B, I, xB/1073 eV
0.96 +£0.21 <293 <305 <7.0
1.19+0.21 <309 <322 <75
1.39 +0.24 <324 <338 <7.9
<1.2 <270 <282 <6.5

These upper limits are shown in Table II, where both the
statistical and systematic uncertainties have been consid-
ered. The results corresponding to the latest PDG values
are marked in bold, which are I',, < 322 x 1073 eV and
[, x B(X(3872) - ntn~J/y) <7.5x 1073 eV.

V. SYSTEMATIC UNCERTAINTIES

There are two different kinds of systematic uncertainties
that have to be treated separately. Uncertainties of the first
kind affect the cross section measurement; they comprise
the uncertainty of the integrated luminosity, the tracking
efficiency, the branching fraction of J/y decays to lepton
pairs, the line shape of the continuum process, the kin-
ematic fit, the decay model, the fit to the invariant mass of
J/w, and the resolution of the invariant mass of lepton pair.

The integrated luminosity is determined using the same
strategy as in Ref. [31]. The uncertainty of the tracking
efficiency is 1% per track yielding a 4% uncertainty [36].
The uncertainty from the line shape of the continuum
process is estimated by changing the assumed flat distri-
bution to be the line shape reported in Ref. [37]. In the
kinematic fits, the helix parameters of charged tracks are
corrected to reduce the discrepancy between data and
MC simulation as described in Ref. [38]. The difference
between MC samples with and without the correction is

TABLE III.
quadratic sum of the individual uncertainties.

taken as the uncertainty from the kinematic fits. The
uncertainty associated with the decay model is estimated
by the efficiency difference between ¢ PHSP model and
VVPIPI model [34]. In the fit to the m(£*#~) distribution,
the background is modeled as a linear function. To estimate
the uncertainty from the background modeling in the fit, an
alternative fit using a quadratic function is performed to
1000 pseudo datasets. These pseudo datasets are sampled
from the real data using a bootstrap method, where the
events from the real data are allowed to be picked multiple
times. The fit results are averaged and the difference to the
nominal fit is taken as systematic uncertainty associated
with the fit. In order to account for the difference of
the resolution of m(£7#7) in data and simulation, an
alternative fit to the m(¢£*¢~) spectrum is performed. The
signal probability density function is convolved with a
Gaussian and the resulting difference in o(ete” —
atx~J/y) is less than 0.1% and can be neglected.
These systematic uncertainties are summarized in Table III.

Uncertainties of the second kind affect the line-shape
parametrization. They include the uncertainties associated
with the X(3872) mass, /s, and the beam energy spread.
The values for these parameters are sampled from the
corresponding distributions to calculate the likelihood.
With a subsequent integral over the likelihood, these
uncertainties have already been included in the electronic
width measurement.

VI. SUMMARY

In summary, the cross sections of the process e™e™ —
xtn~J/y are measured at four different c.m. energies
around the X(3872) mass. The results of these measure-
ments are listed in Table I. Since the direct production
of the X(3872) is not observed, an upper limit on I',, x B
is determined. For an assumed total width of 1.19 £
0.21 MeV, the upper limit on I',, x B is determined to
be 7.5 x 1073 eV at the 90% C.L., with an improvement of
a factor of about 17 compared to the previous limit [23].
The upper limits on I',, x B are also calculated for other

Relative systematic uncertainties (in %) on the measured cross section o(e*e™ — 7"z~ J /). The total uncertainty is the

3807.7 MeV 3867.4 MeV 3871.3 MeV 3896.2 MeV

Source ete” utp ete” urp ete” urp ete” urp
fﬁdt 1.0 1.2 0.7 1.0
Tracking 4.0 4.0 4.0 4.0

B(J /)y = ¢t¢7) 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6
Line-shape 0.8 0.8 1.2 1.7 1.3 1.3 0.7 0.6
Kinematic fit 0.9 0.7 0.8 0.7 0.9 0.7 0.9 0.7
Decay model 2.1 3.6 2.7 4.0 2.2 3.7 2.4 4.0
m(£+¢7) fit 4.9 12 2.2 1.7 42 7.7 11.8 42
Total 6.8 5.7 5.7 6.3 6.5 9.6 12.8 7.2
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values of Iy, as summarized in Table II. There is no
conflict to the theoretical prediction of I',, x 5= 0.96 x
1073 eV [24]. Using the recently released measurements of
B(X(3872) - 'z~ J/w), an upper limit on I, is reported
to be < 0.32 eV for the first time.
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