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ABSTRACT

Using the data sets taken at center-of-mass energies above 4 GeV by the BESIII detector at the BEPCII
storage ring, we search for the reaction eTe™ — yisrX(3872) — Yisg7r T7r ™ J /¢ via the Initial State
Radiation technique. The production of a resonance with quantum numbers J’¢ = 11+ such as the
X(3872) via single photon ete~ annihilation is forbidden, but is allowed by a next-to-leading order
box diagram. We do not observe a significant signal of X(3872), and therefore give an upper limit for the
electronic width times the branching fraction F£(3872)8(X(3872) — wtw~J/¥) <0.13 eV at the 90%
confidence level. This measurement improves upon existing limits by a factor of 46. Using the same final
state, we also measure the electronic width of the v/(3686) to be I‘e‘/’eGGSG) = 2213 £ 185¢at &= 9955 €V.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

ree
Charmonium spectroscopy
BESIII

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The X(3872) resonance was observed in 2003 by Belle [1] in
the decay channel 7w *7 ~ J /1. The existence of this state was later
confirmed by several other experiments [2-6]. The observation of
the decay channel X(3872) — y J/¢ implies that the state has
even C-parity [5,7,8]. The quantum numbers were finally deter-
mined to be JP¢=1%+ [59]. However, the intrinsic nature of the
resonance is still unknown and has led to many conjectures. It
is a good candidate for a tetraquark state but also for a meson
molecule as its mass is close to the D°D*? threshold [10]. The re-
cent observation of the decay Y (4260) — y X(3872) by BESIII [6]
implies that the X(3872) could be a meson molecule, as suggested
by a model dependent calculation [11]. On the other hand, the
large decay rate of X(3872) — y¢¥(3686) observed by BaBar and
LHCb, compared to X(3872) — y J/v hints at a tetraquark state
explanation [8,12,13]. One of the interesting quantities, which may
help to reveal the structure of the X(3872) is its electronic width
I'ee. A recent order-of-magnitude calculation using a Vector Meson
Dominance model predicts Fé_,(3872) ~ 0.03 eV [14], without any
prior assumption regarding the nature of the X(3872). For com-
parison, calculations for the I'ee of the ordinary 1t charmonium
state x.1 have been carried out [15] and the electronic width is
found to be in the range between 0.044 eV and 0.46 eV. This was
also confirmed in a more recent calculation [14].
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Fig. 1. ISR production of X(3872) via a box diagram.

The current upper limit for F?ee’sn) is at the ©(10%) eV level

[16], which is three orders of magnitude larger than the theoret-
ical prediction. The aim of this work is to obtain a significantly
improved experimental value for the electronic width of X(3872)
that may be contrasted with predictions of ', within various the-
oretical models making different assumptions regarding the nature
of the X(3872).

The production of a 17F resonance has never been observed
in eTe~ annihilation so far. Such a process may occur via a two-
photon box diagram as depicted in Fig. 1. In order to search
for a possible signal we analyze data taken by the BESIII de-
tector at center-of-mass (c.m.) energies above 3.872 GeV, using
the Initial State Radiation (ISR) technique. The ISR photon re-
duces the available c.m. energy, such that the X(3872) can be
produced resonantly via the two-photon process. In the process
ete™ — YsrX(3872) we search for the X(3872) in its decay to
atmw~ ]/ with J/¢ — £Y¢~ (¢ = and e). The 7+ 7~ J /4 mass
spectrum is expected to be dominated by the well known process
ete™ — Yisrv (3686).
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Table 1

Values for the integrals (I 3686) and Ix(3g72)), the efficiencies (e 3686) and €x(3g72)), the event yield N"f(%ege) and the electronic widths (r3’;3685> and F£(3872>B(X(3872) —

s+~ J/¥)). The errors shown are statistical only.

c.m. energy [GeV] 4,009 4.230 4.260 4.360

£ [pb~1] 482 1092 826 540

Iy 3686) [pb/keV] 310 172 161 133
IX(3872) [pb/keV] 671 247 225 174
£y/(3686) 0.303 0.286 0.286 0.282
£X(3872) 0314 0.324 0325 0.327

NV G 4168 & 65 5026 + 71 3547 £ 60 1846 + 43
LG9 [ey) 2198 +34 2232432 2223 4+ 38 2176 £51
X872 B(x(3872) — w7~ J/¥) at 90% C.L. [eV] 0.630 0314 0.319 0.646

2. BESIII detector, data and Monte Carlo

BESIII is a general purpose detector, covering 93% of the solid
angle. It is operating at the e*e~ double-ring collider BEPCII. A de-
tailed description of the facilities is given in Ref. [18]. BESIII con-
sists of four main components: (a) The helium-based 43 layer
main drift chamber (MDC) provides an average single-hit resolu-
tion of 135 pm, and a momentum resolution of 0.5% for charged-
particle at 1 GeV/c in a 1 T magnetic field. (b) The electromagnetic
calorimeter (EMC) consists of 6240 CsI(Tl) crystals, arrayed in a
cylindrical structure (barrel) and two endcaps. The energy reso-
lution for 1.0 GeV photons is 2.5% (5%) in the barrel (endcaps),
while the position resolution is 6 mm (9 mm) in the barrel (end-
caps). (c) The time-of-fight system (TOF) is constructed of 5 cm
thick plastic scintillators and includes 88 detectors of 2.4 m length
in two layers in the barrel and 96 fan-shaped detectors in the
endcaps. The barrel (endcap) time resolution of 80 ps (110 ps) pro-
vides 2 sigma K/m separation for momenta up to about 1.0 GeV/c.
(d) The muon counter (MUC) consists of resistive plate chambers
in nine barrel and eight endcap layers. It is incorporated in the re-
turn iron of the superconducting magnet. Its position resolution is
about 2 cm.

A GEANT4 [19,20] based detector simulation package is used to
model the detector response. This analysis is based on four data
samples taken at c.m. energies of 4.009 GeV, 4.230 GeV, 4.260 GeV
and 4.360 GeV by the BESIII detector. The integrated luminosity of
each data sample is listed in Table 1. The total integrated lumi-
nosity is Lyt = 2.94 fb~!. We simulate the ete™ — X(3872)yisr
signal process using EVTGEN [21,22], which invokes the VECTORISR
generator model [23] for the ISR process and the common p J/v
model for the decay X(3872) — m+m~ J/v. The Monte Carlo (MC)
simulation of the ete™ — y1sr1 (3686) process was performed us-
ing the PHOKHARA generator [25]. For the background study we
simulate the eTe™ — 1 J/y process with EVTGEN and the ete™ —
YisR7T T T T process with PHOKHARA.

3. Event selection

For the event selection, we require four charged tracks with net
charge zero. The point of closest approach to the ete™ interaction
point is required to be within £10 cm in the beam direction and
1 cm in the plane perpendicular to the beam direction. As the [/
resonance carries most of the total momentum, the final state lep-
tons can be distinguished from pions by their momenta in the lab
frame. Tracks with momentum p > 1 GeV/c in the lab frame are
identified as leptons, whereas tracks with p < 600 MeV/c are iden-
tified as pions. The particle identification for leptons is achieved by
measuring the ratio of the energy deposited in the EMC divided by
the track’s momentum measured in the MDC (E/p). If E/p > 0.4,
we assume the lepton to be an electron, otherwise it is considered
a muon candidate. The E/p distributions of data and MC agree
well, and MC studies show that the background for J/¥ — eTe~

is negligible. The resolution of the invariant mass of the lepton
pairs is 16 MeV/c2. We require their invariant mass M(£t£7) to
be within 3.05 < M(¢7¢7) <3.14 GeV/c? for the J/y signal selec-
tion. Furthermore the opening angle between the two pion tracks
is required to satisfy cosar; < 0.6 to remove background from
ete™ — nJ/¥ as well as background from mis-identified elec-
trons which originate from y-conversion. Due to the boost of the
n meson in the laboratory frame, the opening angles of its de-
cay products are small. The reaction ete™ — y X(3872) recently
observed by BESIII [6], where the photon comes from a radiative
transition of the Y (4260), represents an irreducible background to
our signal process. To avoid this background, the ISR photon is re-
quired to be emitted at small polar angles |cos6jsg| > 0.95, almost
colinear to the beam direction. The photon polar angle distribu-
tion of the E1 transition Y(4260) — y X(3872) measured in [6]
proves that this background contribution can be neglected in this
polar angle range. Since the ISR photon cannot be detected in this
region of the detector, its energy and polar angle are calculated
from the missing momentum of the event (untagged ISR photon).
As the photon from the radiative decay channel is predominantly
emitted at large polar angles, an optimal signal to background ra-
tio is obtained in this way. An MC simulation study shows that the
Y (4260) — y X(3872) background can be neglected in the region
of small polar angles of the ISR photon. To improve the resolution
of the 7+~ J/¥ mass spectrum and to further remove back-
ground, a two-constraint (2C) kinematic fit under the hypothesis
of the yisr7r T ¢ ¢~ final state is performed. The two constraints
are the J/¢ mass for the lepton pair and the mass of the missing
ISR photon, which is zero. We accept events with Xzzc < 15.

4. T~ J /¢ mass spectrum

The invariant mass distributions of M(w 7~ J/v) for data,
signal simulation, and simulation of the dominant background
ete™ — nJ/y are shown in Fig. 2. All the selection criteria de-
scribed above have been applied here. As expected, the mass
spectrum is dominated by the (3686) resonance. No significant
X(3872) peak is observed at any of the four c.m. energies. Hence,
we set an upper limit for the electronic width of X(3872). In Fig. 2,
the blue dotted histogram represents the signal simulation of the
X(3872) with arbitrary normalization. The background channels of
ete” > atr T yr and ete” — n'J /¥ with n — yr T~
are found to be negligible in an MC simulation study. The back-
ground channel ete™ — 5 J/y with n — 7+t7 70 is displayed as
the orange dash-dotted line in Fig. 2.

Unbinned maximum likelihood fits are performed to extract the
yields of 1/(3686) and X(3872) events at each c.m. energy, where
the line shapes of background are represented by polynomial func-
tions and the line shapes of 1/(3686) and X(3872) are described
by the MC shape convoluted with a Gaussian function which takes
into account resolution differences between data and MC simula-
tion. We use the same parameters of the Gaussian function for the
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Fig. 2. The w7~ J /4 mass distributions at (a) /s = 4.009 GeV, (b) 4.230 GeV, (c) 4.260 GeV and (d) 4.360 GeV. Dots with error bars are data, the solid red lines are the
fit curves, the blue dashed histograms are MC simulated X(3872) signal events, which are normalized arbitrarily, and the orange dot-dashed histograms are MC simulated

nJ/¢ background events.

two resonances. The fit results are displayed as the solid red curves
in Fig. 2. The event yields of 1/(3686) from the fits are shown in
Table 1.

5. Calculation of T'¢e

The measured radiative event yield N4 of the process ete™ —

yisrA can be expressed as a function of x=1— w [26]:

% =W(s,x)ealoee” — ABA— f), (1)
where s is the squared c.m. energy, W (s, x) denotes the radi-
ator function, &4 is the corresponding reconstruction efficiency,
L is the integrated luminosity, o(eTe~ — A) is the Born cross
section to produce A in eTe~ annihilation, B(A — f) = B(A —
ata = J/Y)B(J /¥ — €7¢7) is the product of the branching frac-
tions of A decaying into the final state f.

The relationship between the electronic width I, and the Born
cross section reads:

12w I‘ee Ftot
(5 = M2+ T35

oeTe” - A) =

(2)

where s’ = (1 — x)s, I'ee (I'tot) is the electronic (total) width of the
resonance A, and My is its mass. Eq. (1) must be integrated over s’
in an appropriate region around the resonance A. The integral only
involves the Breit-Wigner function in the Born cross section and
the radiator function. Hence it can be separated from the quanti-
ties determined in the measurement, such that the integral enters
the calculation of the electronic width as a factor denoted by I4.
This factor is given by I4 = 127 T'gor f;‘f dx%. The lim-
its of the integral are chosen to coincide with the signal region.

Using Eq. (1), the electronic width times the branching fraction
B(A— w7~ J/¥) can then be obtained via the relation
I 3)
EALIAB(J /Y — £1€7)
which is used to determine the electronic widths of X(3872) and
¥ (3686). As no significant signal is found in the case of X(3872),
we calculate an upper limit for Fgg(3872)' For the branching frac-
tions we take the latest BESIII values B(y(3686) — wtm~ /) =
(34.98 £ 0.45)% and B(J/¥ — £7£7) = (11.96 & 0.05)% [27]. The
reconstruction efficiencies ¢4 are extracted from the signal MC
sample ete™ — YsrX(3872) and eTe” — yisr(3686), respec-
tively. We apply an additional relative correction factor of 2%,
which stems from a data-MC difference found in the x?2 distribu-
tions. To obtain this correction factor, the number of events in the
background-free (3686) mass region (3.62 < M(wTmw~J/¥) <
3.75 GeV/c?) passing the Xzzc < 15 requirement relative to all re-
constructed events in MC is compared to the respective number
obtained from data. All the values for the efficiencies and the in-
tegrals I4 at each c.m. energy point are listed in Table 1. The
statistical errors of the efficiencies are negligible. First we compute
the electronic width of (3686), which is denoted by Feﬁ(%%).
This serves as a benchmark and validation of our method, since
the electronic width of 1(3686) is already known with high ac-
curacy [16]. Applying the numbers for v (3686) listed in Table 1
to Eq. (3), we obtain the value for Fé”e(%%) at each of the four
energy points separately, as shown in Table 1. We calculate the
error weighted average of the electronic width of 4 (3686) from
the four single measurements in Table 1, which gives F;//e(3686) =
(2213 £ 1841a) €V.

Since no X(3872) signal is observed, we set an upper limit at
the 90% confidence level (C.L.) for its electronic width. Applying
the Bayesian method, we perform likelihood scans at each of the
four data sets of the electronic width times the branching frac-
tion, which is proportional to the X(3872) event yield parameter

TABA - ata=J/¥) =
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N; according to Eq. (3). This provides four likelihood curves, that
are denoted by Li(y), i=1...4, where y = 'X®¥?B(x(3872) —

a+tm= J/¥). We look for the values yi“p that yield 90% of the

likelihood integral over y from zero to infinity: foy" pdyL,-(y) =
0.9 f0°° dyLi(y). In order to combine the four measurements, we
construct the likelihood of the combined measurement. The four
single likelihood curves are scaled such that they have the same
value at their respective maxima. We take the product of the like-
lihood scan curves of the single measurements. The upper limit
Yeob at the 90% C.L. of y is determined from

Yeot 4 0 4

/ dy []Lio) = 0.9/dy [Tt

o =1 o =l

We obtain yoP = Tx*¥? B(X(3872) — mtm~ J /) =0.125 eV at

the 90% C.L.
6. Estimation of systematic uncertainties

The luminosity is measured using large angle Bhabha events,
and the uncertainty is estimated to be 1% [28]. The uncertainty re-
lated to the tracking efficiency is 1% per charged track [6]. Since
the final state has four charged tracks, we estimate an uncer-
tainty of 4% for the whole event. Applying our J/vy selection
both to data and the v (3686)yisg MC simulation, the obtained
event yield differs by 0.2%, which we take as systematic uncer-
tainty for the J/v selection. To correct for differences between
data and MC simulation in the Xzzc distribution, an efficiency cor-
rection of 2% was determined. Varying the Xzzc selection and cal-
culating the efficiency correction factor again at each energy, we
obtain a corresponding uncertainty of 0.4% of the correction fac-
tor in the luminosity weighted average. The integrals I4 have an
uncertainty of 0.7%, due to the precision of the numerical inte-
gration (0.5%) and the calculation of the radiator function (0.5%).
The relative uncertainties of the branching fraction B(y(3686) —
ata~J/¥) and B(J/¥ — £7¢7) are 1.3% and 0.5%, respectively.
There is no correlation between these branching fractions [27].
We take 1.4% as the systematic uncertainty from the branching
fractions for the electronic width of 1 (3686). In the calculation
of F£(3872)B(X(3872) — 7~ J/y) only the branching fraction
B(J/¥ — €+t¢7) appears. Hence, the corresponding uncertainty is
0.5%. To estimate the systematic uncertainty due to the width as-
sumed for X(3872), we change the width by +0.2 MeV/c? and
repeat the entire fitting procedure. The maximal relative differ-
ence of these results from the result obtained with the standard
width is found to be 2.7% in the luminosity-weighted average. The
detection efficiency of ISR X(3872) events was determined from
an MC simulation using the VECTORISR model [23], since this fi-
nal state is not available in the PHOKHARA event generator. On the
other hand, the ISR /(3686) detection efficiency was determined
using the PHOKHARA event generator, which simulates ISR events
with 0.5% precision [24]. To obtain the uncertainty of the ISR sim-
ulation with the VECTORISR model, we compare the efficiencies of
ISR 1/ (3686) events generated with the PHOKHARA event generator
[25] and the vectorisR module [23]. The luminosity-weighted av-
erage difference is found to be 3.4% between them, which is taken
as systematic uncertainty for the VECTORISR model.

For F;/’e(%%) a further systematic uncertainty occurs due to the
choice of the fit function. In order to deal with this uncertainty,
we determine the number of Nl\x/fﬂgsss) using a second fit function,
which is a double Gaussian for the v (3686) peak plus a Gaussian

Table 2

Sources of systematic uncertainties and their contribution (%).
Source 05)}%3872) 0&(3686)
Luminosity 1.0 1.0
Tracking 4.0 4.0
J /¥ selection 0.2 0.2
Kinematic fit 04 0.4
Integrals I 0.7 0.7
Branching ratio 0.5 14
X(3872) width 2.7 -
ISR simulation 34 -
¥ (3686) fit model - 1.0
Total 6.1 4.5

for the X(3872) plus a constant for background. In the luminosity-
weighted average, this fit model differs by 1.0%, which is taken as
systematic uncertainty. Signal events with a hard final state radi-
ation (FSR) photon are rejected since the J/¢ mass is constraint
in the kinematic fit. Thus FSR effects are negligible. Systematic un-
certainties from the background shape and the fit range have been
found to be negligible. The full list of systematic uncertainties is
shown in Table 2. Assuming the sources to be independent, the to-
tal systematic uncertainty for the electronic width of X(3872) is
6.1%, while in the case of 1(3686) we find a systematic uncer-
tainty of 4.5%.

7. Summary

We have performed a search of the process ete™ —
Y1sRX(3872) — yisgm T~ J /¥ using the ISR untagged method,
where the production of X(3872) in ete~ annihilations is pos-
sible via a two-photon box diagram. No significant X(3872) signal
is observed in the w7~ J/¢ mass spectrum. We set an upper
limit for the electronic width of X(3872). By combining all four
data sets, we finally obtain

X872 p(x(3872) > wta~ J/¥) <0.13 eV

at the 90% CL. Here we have multiplied the upper limit by a
factor 1/(1 — osys) in order to take the systematic uncertain-
ties into account. Our measurement improves upon the current
limit TX®¥?B(X(3872) — 7w+7~ J/¥) < 6.2 eV at the 90% C.L
[17] by a factor of 46. If we assume the branching fraction
B(X(3872) — wtm~ J/¥) > 3% [16,29], we obtain an upper limit
for the electronic width of X(3872) to be I‘(fe(ggn) < 4.3 eV. For
the first time we obtain a value for 1“3553872) on the O(eV) level,
which is the level predicted for ordinary charmonium states [15].
However, our upper limit is still larger than a theoretical calcula-
tion [14] which predicts e, 2 0.03 eV. The results should encour-
age theorists to compute the electronic width of X(3872) under
different assumptions regarding its intrinsic nature and to confront
these calculations with our measurement. This might lead to new
insights regarding the nature of X(3872).

We have also measured the electronic width of the well-known

¥ (3686) resonance with the result:

r5C%% = (2213 4 1859 + 995y5) V.

This is in agreement with the PDG [16] fit, which is (2360 4 40) eV.
With a similar accuracy as the one reported in [30], this is the best

individual measurement of Féﬁ(%%) to date.
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