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The ‘exotic’ mesons X (3872), X (3915), X(3930) and X (3940) have been searched for in their
radiative production in the 586 pb~* ete™ annihilation data taken with the CLEO-c detector at
the 1)(4160) resonance, and their decay in the two modes, X — 777~ J/¢ and X — ~vJ/1, with

/b — .

No evidence for any of the four mesons is found. Upper limits for the product

branching fractions, Bi(y(4160) — vX) x B2(X — ntn~J/1,vJ/1) have been determined. The
limits at 90% confidence level range from 0.7 x 10~ to 1.8 x 107,

During the last ten years a number of unexpected
hadron resonances have been reported in B-decays and
ete™ annihilations to J/v¢ + X. While some of them re-
main unconfirmed, several have been observed by both
the Belle and BaBar collaborations at the KEK and
SLAC B-factories [1], and at least one, X (3872), has been
observed in pp measurements at the Fermilab [2] and pp
experiments at the LHC [3]. Because these resonances do
not fit easily into the spectrum of conventional gg mesons,
they are often called “exotics”, and “charmonium-like”
because they invariably decay into final states which con-
tain a charm and an anticharm quark. The masses and
widths of these resonances have been measured with var-
ious levels of precision, but their JF¢ is generally not
known. While speculations abound, there is no consensus
about the structures of these states. In view of this situa-
tion it is worthwhile to search for these states in alternate
modes of their production and decay. In this paper we
report on the search for four of these states, X (3872),
X (3915) [4-6], X(3930) [7, 8] and X (3940) [9, 10], in
their production in the radiative decay of 1(4160) and
decay into 7t~ J/v and v.J /1.

We use 586 pb_1 of ete™ collision data taken at
Vs = 4170 MeV at the CESR collider at the Cornell
University, with final state particles detected and iden-
tified in the CLEO-c detector. The CLEO-c detector
has been described in detail elsewhere [11]. The detector
has a cylindrically symmetric configuration, and it pro-
vides 93% coverage of solid angle for charged and neutral
particle identification. The detector components impor-
tant for the present measurements are the vertex drift
chamber, the main drift chamber (DR), and the CsI(T1)
crystal calorimeter (CC) including end-caps.

We search for X (3872), X(3915), X(3930) and
X (3940) in their radiative formation at /s = 4170 MeV,
ete”™ — ~X, and their decay into two final states con-
taining J/¢: X — wtr~J/¢p and X — ~J/¢p. We
reconstruct only the J/¢p — ptp~ decay, since the
J/1p — ete™ decay has lower reconstruction efficiency
and significantly higher QED backgrounds.

We also use CLEO-c data taken at 1(25), /s =
3686 MeV, for cross-checks of our analysis method in
the vJ/4 final state by measuring the decays, ¥(25) —

YXeds Xed — ¥J/1. To determine our event selection cri-
teria and reconstruction efficiencies, we use large samples
of Monte Carlo (MC) simulated events.

To reconstruct the yrtw~J/v, J/¢p — pTp~ final
state, we select events with 4 charged particle tracks with
zero net charge and exactly one photon candidate. Tracks
are reconstructed in the region with |cosfy| < 0.93,
where 6 is the polar angle, and are required to be well-
measured and consistent with originating at the inter-
action point. Photon candidates are calorimeter show-
ers that are reconstructed in the “good barrel” region
(|cosfy| < 0.81) or the “good endcap”region (0.85 <
|cosf,| < 0.93) of the calorimeter, have energies larger
than 50 MeV, and have a transverse energy distribution
consistent with that of an electromagnetic shower.

To reconstruct the yyJ/+, J/¢» — pTp~ final state,
we select events with two photon candidates and two op-
positely charged tracks. The dominant background in
this mode is from radiative QED events which peak in
the forward direction (] cosf| ~ 1), and we therefore only
consider photon candidates in the “good barrel” region
(| cos 6| < 0.81) of the calorimeter, and require that they
have energy of at least 100 MeV.

Charged particle tracks are first identified on the basis
of their momenta. Asshown in Fig. 1 (top), leptons (e, u)
from the decay of J/v¢ have momenta > 1.2 GeV/¢, and
pions have momenta < 0.6 GeV /¢, which makes 7 /u sep-
aration easy. Pion candidates are additionally required
to have an energy loss in the drift chamber (dE/dz) con-
sistent with that expected for pions within 3o.

Muons are distinguished from the electrons based on
the variable Fcc/p, where p is the track momentum
measured in the drift chamber and Ec¢ is the energy
deposited in the calorimeter associated with the charged
particle track. As shown in Fig. 1 (bottom), this vari-
able clearly separates electrons, which deposit all of their
energy in the calorimeter and have Ecc/p ~ 1, from
muons which pass through the calorimeter and deposit
only minimum ionizing energy. Muons are required to
have Fcco/p < 0.25.

To select fully reconstructed events and improve mass

resolution, a 4C kinematic fit is performed constrain-
ing the (7tn~J/¢,vJ/¢) + « final state to a common



5 6000~ L L
S - e'e’(4170) -yX, X »mtd/y
% 5000
& 000k pions leptons
a T (e, )
c E
3 3000~
@) r
2000
1000
o AR IS N ST R I
00 0.2 04 06 08 1 12 14 16 18 2
p(tr) (GeV/c)
10000 — —
S s000F- e'e’(4170) -yX, X - td/y
2 gooof-MuUONS
=] E
(O) 7000 electrons
6000
5000
4000F-
3000F-
2000
1000 :
bt v b o
0.2 0.4 0.6 0.8 1 1.2
E/p(F)
FIG. 1. Distributions of charged particle momenta (top)

and Ecc/p (bottom) in the signal MC simulations for
eTe” (4170) — vX(3872), X (3872) — wtw J/y, J/Y —
utp™. Vertical dashed lines indicate the momenta cuts for
pions and muons, and the Fcc/p cuts for muons.

vertex with xZ, ex < 20, and the e*e™ collision energy
and momentum with x5 5, < 20. In the following, we
use the momenta of the charged particles and photons
after the kinematic fit. To select events containing a
J/ — ptp~ decay, we select events with a dimuon
mass consistent with that of the J/t within +30MeV/c?.
Fig. 2 shows the pu*pu~ invariant mass distributions in
both X — 777~ .J/1¢ and X — ~.J/9 channels. The MC
generated, arbitrarily normalized J/1 peak is superposed
on the data distributions. The J/1 peak is prominently
visible in the X — 77~ J/1 decay (primarily due to the
prolific decay ¥(2S) — w7~ J/1, with 1(2S5) formed by
initial state radiation (ISR)). The J/¢ peak in the decay
X — ~J/4 is seen only as a small enhancement over the
background.

Fig. 3 shows the mass distributions for both final
states after all event selections have been applied. In
the 77~ J/4 final state (Fig. 3(left)) a strong peak cor-
responding to the ISR excitation of the 1(25) is clearly
visible, while no signal is apparent in the > 3.75 GeV /c?
region. In the vJ/v final state (Fig. 3(right)), no struc-
tures above the background are seen.

In order to validate our event selection criteria for the
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FIG. 2. J/t invariant mass distributions after kinematic fit
in data (red solid histogram) and the X (3872) signal MC
(shaded histograms). Top: X — 77~ J/1 channel; Bottom:
X — 7J/1 channel.

7t~ J/1¢ final state, we use the observed ¥(25) ISR
peak to derive B(¢(2S) — w7~ J/1¢), and compare it
with its known value from the PDG(2012) [12]. For
the vJ/v final state, we analyze the CLEO-c data for
24.5 million (2S) to determine the product B(y(2S) —
YXe1,2) X B(Xe1,2 = /%) and compare it with the pub-
lished CLEO results [13]. For both decays the results
agree with the known values within their statistical un-
certainties.

Since no evidence for any X resonance is seen in either
spectra shown in Fig. 3, we set upper and lower limits for
their production using the Feldman-Cousins method to
derive confidence limits [14]. We take the expected signal
region to be £I'¢yx, around the known X masses, where
the expected signal width I'cyp, is determined by convolut-
ing the known Breit-Wigner width of X and the detector
resolution width of 12.2 MeV/c? for the ntn=.J /1 final
state, and of 15.5 MeV/c? for the v.J/v final state, as
determined by MC simulations. Table I summarizes the
world-average resonance parameters of the X states [12],
the expected signal widths T'eyp, and the resulting sig-
nal regions, defined as M(X) & Texp(X). As shown in
Fig. 3, the backgrounds in both spectra are found to be
constant, with an average of 0.22 events/5 (MeV/c?) bin
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The shaded histogram in the left panel shows the arbitrarily scaled ISR excitation of 1(25) from MC simulation. The arrows
labeled “X” indicate the peak locations of the X states given in Table I. The dashed lines show the constant backgrounds in

the > 3.75 GeV /c? regions of both spectra.

TABLE 1. Summary of the world-average resonance mass M and width I'sw for the X states from PDG [12], the expected
signal width Texp, and the signal region M (X) + Fexp(X) for each X state.

state M MeV/c?) I'sw MeV/c?) FCeoxp MeV/c?) signal region (MeV/c?)
Tt I/ v/ mtnmJ Y v/
X (3872) 3871.68 £ 0.17 <12 13.4 16.7 3872 £ 13 3872 £ 17
X (3915) 3917.5 £ 2.7 27+10 39.2 42.5 3918 £ 39 3918 £ 43
X (3930) 39272+ 2.6 24+6 36.2 39.5 3927 £ 36 3927 £+ 40
X (3940) 394219 37+37 49.2 52.5 3942 4 49 3942 + 53
for the 7+ 7~ J /4 final state, and 1.22 events/5 (MeV/c?) We estimate the systematic uncertainties due to track

bin for the ~.J/4 final state. In Table II we list the MC
determined efficiencies, the total number of counts Ngps
in the signal region, and the estimated number of back-
ground counts Ny in that region. Using the method
of Feldman and Cousins, the upper and lower limits on
signal counts at the 90% confidence level are obtained.
The lower limits in all cases are zero. The upper limits
Ny, are listed in Table II.

The corresponding upper limits on the branching frac-
tions for By (1(4160) — v X ) x Bo(X — 7w~ J /v, vJ /1)
are calculated as:

NuL
B x By = 1
' 2T exLx oyas0) X B(J/¢p = ptp~) o
where By = 81(1/)(4160) — ")/X), By = BQ(X —

Tr=J/y,vJ/), Ny is the upper limit on the num-
ber of signal events at the 90% confidence level, € is the
MC-determined efficiency, £(= 586 pb~') is the ete™ lu-
minosity, oy 4160y (= 9454 0.50 nb) is the total hadronic
cross section at /s = 4170 MeV, which we assign fully
to the 1(4160) resonance [15], and B(J/¢ — ptp~) =
5.93% [12].

and photon reconstruction to be 1% per track and 2%
per photon. We estimate a 1% uncertainty due to the lu-
minosity measurement [16]. We vary the MC-determined
resolution widths by +£10%. We also vary the assumed
values of mass and width for the X states by their un-
certainties in the average values given in Table I. Taking
account of these systematic uncertainties we obtain the
upper limits in the last column of Table II.

For X (3872) our results for product branching frac-
tions can be compared with those obtained by Belle and
BaBar from radiative decay of Y(2S), and from B*?°
decays. Table IIT lists these results.

The X(3930) state was assigned JFC¢ = 2++ by
Belle [22], and is considered to be a good candidate for
X.o(22P2). With this identification, and the identifica-
tion of the 4160 MeV/c? resonance as (23 D3), according
to the non-relativistic calculation of Barnes, Godfrey and
Swanson [23], the expected product branching fraction
B((2°D2) — vx02(2°P2)) x B(xe2(2°P2) — v J/9) =
8x 1078, Similarly, if X (3872) is assigned J¥¢ = 1+ and
identified as x’; (23 Py), their prediction is B(¥(22Dy) —
X1 (2°P1)) x B(x(1(2°P1) — v J/¢) = 1.7 x 107,



TABLE II. Results of the 90% confidence level upper limits for the product branching fractions, Bi1 x Bz = B1(¢(4160) —
VX)X Bo(X — ntn™ J/9p,yJ /), as described in the text. Nobs and Ny, are the number of observed and estimated background
counts in each signal region, Nur, is the 90% confidence level upper limit for counts as described in the text, and € is the MC-

determined efficiency.

channel state €(%) signal region (MeV/c?) Nobs Nikg NuL Bi x B2 x 10*

Tt I/ X (3872) 24.6 3872 £ 13 2 1.1 <48 <0.68
X (3915) 20.0 3918 £ 39 3 3.3 <41 < 1.36

X (3930) 18.0 3927 £+ 36 4 3.3 <5.3 < 1.18

X (3940) 16.9 3942 £ 49 5 4.2 <5.8 < 1.47

~J [ X (3872) 29.9 3872 £ 17 11 8.5 <93 < 1.05
X (3915) 30.4 3918 £43 20 20.7 < 7.8 < 1.26

X (3930) 30.1 3927 £ 40 18 18.3 <79 < 0.88

X (3940) 29.7 3942 £ 53 28 25.6 <124 < 1.79

TABLE III. Comparison of our product branching fraction results with the recent measurements from Belle and BaBar. For
clarity we abbreviate X (3872) to just X in this table. The upper limits are at 90% confidence level.

Experiment Branching Fraction Value
Present Bi((4160) — vX) x Bo(X — whw~ J/9) < 6.8x107°
Belle [17] B(Y(28) = vX) x B(X — ntn~J/y) <0.8x 1078

BaBar [18]/Belle [19]

B(BT = XK) x B(X — ntr~J/v)
B(B° = XK°) x B(X — a7~ J/v)

=(84+1.7) x1075/(8.6 +£1.0) x 107¢
=(35+1.9) x1075/(4.3+1.3) x107¢

Present
BaBar [20]/Belle [21]

B1(¥(4160) — vX) X Ba(X — v J /1))
B(B* = XK*) x B(X — ~vJ/v)

<1.05x 107*
= (2.840.8) x 107%/(1.787549) x 107°

To summarize, we find no significant signals for the
X (3872), X(3915), X(3930), or X(3940) in 4 (4160) ra-
diative decays and we set upper limits on B;(¢)(4160) —
vX) x Bo(X — wtn~J/+,vJ/v), which range from
0.7x107* to 1.8 x 10~* at 90% confidence level. In order
to indicate the general level of sensitivity of our data and
the analysis method, we estimate upper limits for any
resonance X with a mass in the range of 3750 MeV/c? to
4000 MeV/c?, and an expected signal width of 40 MeV/c?
for X — 7t 7~ J/1 decay and 45MeV/c? for X — vJ /v
decay. The efficiency is assumed to be 20% for X —
7tr~J/v¢ decay and 30% for X — ~.J/v decay. The
systematic uncertainties due to track and photon recon-
struction and the luminosity measurement are taken into
account. Fig. 4 shows the 90% confidence level upper lim-
its on By (1(4160) — vX) x Bo(X — wtn=J/v,vJ /)
for X as functions of M(X) in 10 MeV/c? steps.

This investigation was done using CLEO data, and as
members of the former CLEO Collaboration we thank it
for this privilege. This research was supported by the
U.S. Department of Energy.
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points) and B2(X — 7J/v¢) (open points). The arrows in-
dicate the peak locations of the X (3872), X(3915), X (3930)
and X (3940) states.



[1] For reviews see, for example, E. S. Swanson, Phys. Rep.
429, 243 (2006); N. Brambilla et al., Eur. Phys. J. C 71,
1534 (2011); Kamal K. Seth, Prog. Part. Nucl. Phys. 67,
390 (2012).

[2] D. Acosta et al. [CDF II Collaboration], Phys. Rev. Lett.
93, 072001 (2004).

[3] The LHCb Collaboration, arXiv:1112.5310 [hep-ex].

[4] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett.
94, 182002 (2005).

[5] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
101, 082001 (2008).

[6] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett.
104, 092001 (2010).

[7] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 81,
092003 (2010).

[8] S. Uehara et al. [Belle Collaboration], Phys. Rev. Lett.
96, 082003 (2006).

[9] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 98,
082001 (2007).

[10] P. Pakhlov et al. [Belle Collaboration], Phys. Rev. Lett.
100, 202001 (2008).

[11] Y. Kubota et al. [CLEO Collaboration]|, Nucl. Instrum.
Meth. A 320, 66 (1992); M. Artuso et al., Nucl. Instrum.
Meth. A 554, 147 (2005); D. Peterson et al., Nucl. In-

strum. Meth. A 478, 142 (2002).

[12] J. Beringer et al. [Particle Data Group], Phys. Rev. D
86, 010001 (2012) .

[13] H. Mendez et al. [CLEO Collaboration], Phys. Rev. D
78, 011102 (2008).

[14] G. J. Feldman and R. D. Cousins, Phys. Rev. D 57, 3873
(1998).

[15] D. Cronin-Hennessy et al. [CLEO Collaboration], Phys.
Rev. D 80, 072001 (2009).

[16] S. Dobbs et al. [CLEO Collaboration], Phys. Rev. D 76,
112001 (2007).

[17] X. L. Wang et al. [Belle Collaboration], Phys. Rev. D 84,
071107(R) (2011).

[18] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 77,
111101(R) (2008).

[19] S. K. Choi et al. [Belle Collaboration], Phys. Rev. D 84,
052004 (2011).

[20] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
102, 132001 (2009).

[21] V. Bhardwaj et al. [Belle Collaboration], Phys. Rev. Lett.
107, 091803 (2011).

[22] S. Uehara et al. [Belle Collaboration]|, Phys. Rev. Lett.
96, 082003 (2006).

[23] T. Barnes, S. Godfrey, and E. S. Swanson, Phys. Rev. D
72, 054026 (2005).



