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1. INTRODUCTION

The field of hadron spectroscopy has undergone
a revival in recent years with the observation of
many new states. Some of these states, such as
Dy 7(2317)" and D,;(2460)", are now well estab-
lished and appear to be ordinary charm mesons.
Others, such as X (3872) and Y (3940), could be
new excited charmonium (c¢¢) states, but require
more measurements for a definite identification.
Observation of the pentaquark state ©5(1540)%"
has been reported by about a dozen experiments,
while many other experiments see no evidence for
this state and in fact some are in direct contra-
diction of some of the observations.

The BABAR experiment [1] is an ete™ collider
experiment running at or just below the 7(4S5)
resonance. It was designed to perform precision
measurements of CP violation in the B system,
but has proven to have a significantly broader
physics reach. Among many things, it was
the first experiment to observe the Dg;(2317)%
state [2]. Here we report on recent results on
charmonium(-like) states and the search for pen-
taquarks using the BABAR data sample.

2. STUDIES OF THE X (3872) STATE

The X (3872) state was first observed [3] by
Belle in studies of B¥ — K*.Jip7T 7~ decays. In
the invariant mass spectrum of the J/intm™ sys-
tem (m(J/ipmT77)), a narrow signal is evident at
about 3872 MeV/c?. This could be another char-
monium state, but the measured mass does not
seem compatible with existing potential models.
Its mass is also very close to the threshold for

DOD* production. For these reasons, other ex-
planations have been proposed; for example, it
could be a weakly bound molecule-like state of
DD* or a tetraquark state. To try to discriminate
among the different models, BABAR has studied
the X (3872) state in several ways.

Using 232 million BB pairs recorded by BABAR,
X (3872) candidates are reconstructed [4] in the
decay modes B* — K*Jjintr~ and B —
K%Jjpntn—, where J/ip decays into di-leptons
and the K9 into oppositely-charged pions. B de-
cays are selected using two kinematic variables:
AE = Ej — +/s/2 and the energy-substituted
mass mps = /(5/2 + po - PB)?/E: — p%. Here
E% is the energy of the B meson candidate in
the center-of-mass (CM) frame, Fy and /s are
the total energies of the ete™ system in labora-
tory and CM frames, respectively; po and pp are
the three-momenta of the eTe™ system and the B
candidate in the laboratory frame, respectively.

Fig. 1 shows the m(J/i 7t 7~) distributions for
the two B decay modes. In each case the signal
yield of B — X (3872)K decays is extracted using
an unbinned maximum likelihood fit to mgg and
m(Jppmtn~). For the B¥ decay mode we ob-
tain 61 & 15 events, while for the BY decay mode,
only 8.3 + 4.5 events. Including systematic un-
certainties, the signals are found to have a sig-
nificance of 6.10 and 2.50, respectively. The sig-
nal yields correspond to the branching fractions
B~ =B(B™ - X(3872)K—, X — Ji)ntn~) =
(10.1 £ 2.5(stat.) £ 1.0(syst.)) x 1076 and B° =
B(B® - X(3872)K°, X — Jiprntn~) = (5.1 %
2.8(stat.) £0.7(syst.)) x 107, From these we ob-
tain a ratio of branching fractions, R = B° /B~ =
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Figure 1. Signal region projections of

m(Jfprtr) for (a) B~ — X(3872)K~ and
(b) B® — X(3872)K?. The dashed and dot-
ted curves show the estimated combinatorial and
non-resonant background. The shaded region
shows events in an mgg sideband region.

0.50 & 0.30(stat.) = 0.05(syst.).

The invariant mass distribution of the 7+ 7~ in
X (3872) — Jipmtw— decays, suggests that the
decay may proceed through a p° resonance. If so,
one can expect to find charged isospin partners,
X (3872)*, of the X(3872). We have searched
[5] for these in the decays B~ — KoJfpm 7°
and B — Kt Jipm 7" using the same tech-
nique as for the neutral X (3872). No evidence
of a charged X (3872) is found and we set the
following limits at 90% confidence level (CL):
B(B~ = X~K% X~ = Jhpn—w°) < 11 x 107
and B(B® - X" K*, X~ = Jpr 7°) < 5.4 x
109,

3. INCLUSIVE B* — X.K* RECON-
STRUCTION

An alternative method of observing charmo-
nium states in B decays involves reconstructing
everything except the charmonium state itself.
Charged B mesons are fully reconstructed [6] in
many different decay modes, D*)nH, where H
is a combination of 7%, 7% K* and K? hadrons.
In 210fb~! of data, about 380,000 B* mesons
are fully reconstructed. The fully-reconstructed
B* meson defines the rest frame of the second
B meson. A neural network is used to select a

B. Aa. Petersen

 BaBar

Preliminary

Events/ (0.01)
g

X(3872)

X2 Xa Xo

8
HH\\‘HH‘HH‘HH‘HH‘HH‘\H
C S —

—

RN

N

P IR BRI I B vl b L3
115 12 125 13 135 14 145 15
Kaon momentum (GeV/c)

Figure 2. Kaon momentum in the B meson rest
frame. The arrows show the expected positions
of the charmonium states.

Table 1
Absolute branching fractions for B* — X K.
Upper limits are given at 90% CL.

Particle B(10°%)  Particle B(10 %)
e 89£15 1. 31£15
T 81+16 o 42414
Yeo <18 b 32423
Xei/he 70+£1.6  X(3872) < 3.2
Xc2 < 2.0

kaon from the decay of the second B meson. The
kaon momentum in the B rest frame is related
to the mass (mx) of the system recoiling against
it by mx = \/mQB +m% —2Egmp. Any two-
body decay B* — XK= should yield a signal
in the kaon momentum spectrum at the momen-
tum corresponding to the X .z value.

The kaon momentum spectrum shows clear sig-
nals for Jip and 7. mesons, and, as shown in
Fig. 2, several excited charmonium signals are
also present. An unbinned maximum likelihood
fit is used to extract the yields for nine known
charmonium states. Together with the number of
reconstructed B* mesons and estimated efficien-
cies, this allows us to measure or set limits on the
absolute branching fractions of all nine modes.
The results are listed in Table 1.
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Figure 3. Inclusive mass recoiling against a J/i.
The dashed curve represents the background com-
ponent from the fit. The histograms indicate dif-
ferent sources of background.

From the upper limit on B(B* —
X (3872)K*) and the measurement of B(B~ —
X(3872)K ,X — Jhpwtw), we estimate
B(X(3872) — Jjpntn) > 4.3% at 90% CL.

4. DOUBLE CHARMONIUM PRODUC-
TION

In BABAR charmonium states are produced not
only in B decays. We have measured [7] the cross
sections for double charmonium production in the
process ete™ — 4* — JhbcE using 124fb ™! of
data. Only c¢ states with even C-parity are ex-
pected, although if there is a contribution from
ete™ = v*v* — Jhpce, odd C-parity states can
also be produced.

The J/i) mesons are reconstructed in their di-
lepton decay modes and used to calculate the
mass of the recoil system. The main background
is from J/ip mesons produced in ISR and other
QED processes. This is suppressed by requiring
at least five charged tracks in each event and lim-
iting the corresponding missing momentum.

The recoil mass spectrum is shown in Fig. 3.
Three even C-parity charmonium states, 7., Xco
and 7., are observed, while there is no evi-
dence for odd C-parity states. The distribu-
tion is fit to obtain the yield for each state,
from which the production cross section is cal-
culated. Due to the requirement of at least five

3

><11055_ X10° i I i

' N it i
~ QLag {}ﬂlﬂﬂl il Hﬂ}l IIH
% s s
£10 Sl |
% o i'"'I'H
S 1.5.50 1.6‘00

00 1f5 2?0 2?5 3f0 3f5 4?0 4.5 5.0

pKi Mass (Gevlcz)

Figure 4. Distribution of the pK? invariant mass.
The inset shows the region where a ©5(1540)T
state should manifest itself.

tracks in the event, we report the product of the
branching fraction to states with more than two
charged tracks and the production cross section,
B(cc —> 2 charged)o(ete™ — J/ipc€). The re-
sults are 17.6 + 2.871% fb, 10.3 £ 2.57 5 fb and
16.4+3.772:2 b for Jpne, JJbxeo and Jfpn’, re-
spectively. These cross sections are much larger
than those predicted by NRQCD calculations [8].

5. PENTAQUARK SEARCHES

After the first report [9] of the pentaquark
©5(1540)T, many other experiments have re-
ported evidence of the same state, while one
experiment [10] has reported evidence for the
Z5(1860)~ pentaquark state. ~ BABAR has
searched for both of these states in several dif-
ferent production scenarios.

5.1. Inclusive ete~ production

Using a data sample of 123fb™" we have per-
formed a search [11] for inclusive production in
eTe™ annihilation of the two pentaquark states.
The states are sought in the decay modes G)gf —
pK? and 55~ — E 7 and the corresponding
decay vertices are required to come from eTe™
collision region. The secondary decays are recon-
structed in the modes K? — 777~ and £~ —
A=, A — pr—.

Fig. 4 shows the invariant mass spectrum of
all selected pK? candidates. A clear signal for



AT — pK? is seen, but there is no evidence of
any ©F state. The mass resolution in the ©F re-
gion is about 2 MeV/c?. Similarly the invariant
mass spectrum for the =& 7~ candidates shows
no evidence of a =~ state. We set upper lim-
its at 95% CL on the total production cross sec-
tion for these two states in ete™ annihilations
of 171fb and 25 fb for @5+ and =7 7, respectively.
These limits assume widths of 1 MeV/c?, B(©F —
pK?%) = 0.25 and B(5;~ — = n~) = 0.5. The
limits are about eight and four times lower than
the rates measured in e*e™ collisions for ordinary
baryons of similar mass.

5.2. Electro- and hadro-production

A second search for ©F — pK? has been
performed by studying pK? candidates incon-
sistent with coming from the e*e™ collision re-
gion. These particles are produced in interac-
tions with detector material. The incoming par-
ticles are hadrons from a primary interaction
(hadro-production), off-momentum beam parti-
cles (electro-production) or other background
particles. The distribution of the pK? vertices
is consistent with the material distribution in
BABAR. The invariant mass distribution of the
pK? candidates, shown in Fig. 5, shows no evi-
dence of a G)gf pentaquark. Restricting the data
sample to candidates in which a third non-baryon
particle is coming from the same vertex also
shows no evidence for ©F. About 25% of the
candidates in Fig. 5 come from beam particles in-
teracting in a small region of the detector made
primarily of Beryllium. Selecting just events from
that particular region allows us to study events
from electro-production in Beryllium, but again
no signal for OF is seen.

6. SUMMARY

The BABAR experiment is in an excellent po-
sition to study charmonium states. This paper
summarizes several of the techniques used at
BABAR to measure production cross sections and
branching fractions for a variety of such states
and to search for new states.

We have also searched for ©5(1540)" and
Z5(1860) ~ in inclusive eTe™ production and
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Figure 5. Invariant mass distribution of pK? can-
didates produced in material interaction. The up-
per points are from the K? signal region, while
the lower points are from K9 mass sidebands.

for ©5(1540)" production in particle interactions
with detector material. No evidence of pen-
taquark production has been found at BABAR.
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