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We report the observation of the B meson decay B* — J/#/nK~ and evidence for the decay B® —
J/¢¥mKQ, using 90 X 105 BB events collected at the Y(4S) resonance with the BABAR detector at
the SLAC PEP-II e*e™ asymmetric-energy storage ring. We obtain branching fractions of B(B* —
J/gnK*) =[10.8 * 2.3(stat) = 2.4(syst)] X 1073 and B(B® — J/ynK?) = [8.4 = 2.6(stat) =
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2.7(syst)] X 107>, We search for the new narrow mass state, the X(3872), recently reported by the Belle
Collaboration, in the decay B* — X(3872)K™, X(3872) — J/¢n and determine an upper limit of
B[B* — X(3872)K* — J/YymK*]< 7.7 X 107 at 90% confidence level.

DOI: 10.1103/PhysRevLett.93.041801

The study of charmonium production in exclusive B
meson decays led to the discoveries of new states. Since B
mesons can decay via color-suppressed b — ccs quark
transitions, the charmonium states are typically produced
in final states with kaons. Many known charmonium
states have been observed in decays such as B —
J/WK®, 4 (28)K™, x.K*), and 1.(15)K™, and evidence
for new states such as a candidate for the 7.(3654) has
been published [1]. Recently the Belle Collaboration [2]
observed a new narrow mass state with a 3.872 GeV/c?
mass produced in the decay B — X(3872)K™,
X(3872) — 't 7w~ J /4. This new state may be the hith-
erto undetected JP¢ =27~ 13D, charmonium state [3].
However, such a state should have a large radiative E1
dipole transition into 7 x.;, which Belle does not observe,
and theoretical models [3] predict a smaller mass
splitting, relative to the (3770), than observed.
Unconventional explanations include a molecule [4]
formed with charmed D and D* mesons, since the
X(3872) has a mass exactly at D*0(2007) + D°(1864)
threshold. Alternatively, this new state may be a hybrid
charmonium state [S] formed of c¢c + gluons since color
octet charmonium states may be produced in exclusive B
decays [6].

To further elucidate the nature of the X(3872), we
analyze the exclusive decay B — J/¢/mK and search for
X(3872) — J/¢m. If the X(3872) is a conventional char-
monium state, its decays may be similar to the (25),
which decays into J/¢rt 7~ and, with a factor of 10
smaller relative rate, into J/¢n. If instead, it is a hybrid
charmonium state, it is also predicted [5] to decay into
J/ymm and J/¢m. The latter mode may have an en-
hanced rate [7] if there are gluonic couplings in the 7.

The decay B — J/¢nK is similar at the quark level to
other color-suppressed decays such as B — J/¢pK,
which has been observed with a branching fraction of
(4.4 = 1.4 £ 0.5) X 1077 [8]. Hence it might be expected
that B — J/¢nK has a comparable branching fraction.

The data used in this analysis correspond to a total
integrated luminosity of 81.9 fb~! taken on the Y(4S)
resonance, producing a sample of 90.0 = 1.0 X 10° BB
events (Ngz). Data were collected at the SLAC PEP-II
asymmetric-energy e’ e~ storage ring with the BABAR
detector, fully described elsewhere [9]. The BABAR detec-
tor includes a silicon vertex tracker and a drift chamber in
a 1.5-T solenoidal magnetic field to detect charged par-
ticles and measure their momenta and energy loss.
Photons, electrons, and neutral hadrons are detected in
a CsI(Tl)-crystal electromagnetic calorimeter. An inter-
nally reflecting ring-imaging Cherenkov detector is used

041801-4

PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

for particle identification. Penetrating muons and neutral
hadrons are identified by resistive-plate chambers in the
steel flux return. Preliminary track-selection criteria in
this analysis follow previous BABAR analyses [10] and the
detailed explanation of the particle identification (PID) is
given elsewhere [10,11].

The intermediate states in the charged (J/#nK*) and
neutral (J/¢nK?2) modes used in this analysis, J/¢ —
ete , J/y—utu T, n—yy, and KX — 7F 7, are
selected within the mass intervals 2.95 < M(etTe™) <
3.14,3.06 < M(u*u™) <3.14, 0.525 < M(yy) < 0.571,
and 0.489 < M(7w" 7~) < 0.507 GeV/c?. The mass inter-
val for e*e™ is larger than for ™ u~ to enable detection
of events with bremsstrahlung in the detector. The Kg
decay length in the lab frame is required to be greater
than 0.1 cm.

The analysis utilizes two kinematic variables [8]: the
energy difference AE between the energy of the B
candidate and the beam energy E; in the Y(4S) rest
frame; and the beam-energy-substituted mass mgg =

(E)? — (py)?, where pj is the reconstructed momen-
tum of the B candidate in the Y(4S) frame. Signal events
concentrate in a rectangular signal-box region bounded
by |mgs — mg| < 7.5 MeV/c?, where my is the mass of B
meson and |AE| < 40 MeV.

Before the data were analyzed, the final selection cri-
teria were optimized separately for each mode using a
Monte Carlo (MC) simulation of both the signal and
backgrounds. Motivated by the B — J/¢¢)K measure-
ment, the MC signal branching fraction for B —
J/mK was set to 5 X 107>, The number of reconstructed
MC signal events ny™ and the number of reconstructed
MC background events ny* in the signal box were used to
estimate the sensitivity ratio, n{/,/n? + n{. This ratio
was maximized by varying the selection criteria on the 7
mass, a 70 veto, the photon helicity angle from the
decay, and the thrust angle. The yy mass interval of the n
candidate as specified earlier was chosen by this proce-
dure. In the charged (neutral) mode, if either of the
photons associated with an 7 candidate, in combination
with any other photon in the event, forms a yy mass
within 17(10) MeV/c? of the nominal 7° mass, the 7
candidate is vetoed as a 7° background. The 1 candidate
is rejected if | cos@y| is greater than 0.93(0.81), where 67
is the photon helicity angle [10] in the 7 rest frame. Signal
events have a uniform cosfy distribution, whereas com-
binatorial background of random pairs of photons typi-
cally has a distribution that peaks near *1.

To separate two-jet continuum events from the more
spherical decays of B mesons produced nearly at rest from
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FIG. 1. For B* — J/ymK™*, the AE versus mgg event distri-

bution (a) is shown with vertical and horizontal bands defined
by limits, |mgg — mg| < 7.5 MeV/c? and |AE| < 40 MeV, re-
spectively. The intersection of these bands corresponds to the
signal-box region defined in the text. The AE projection (b) is
shown for events in the vertical band that contains the mpg
signal region. The mgg projection (c) is shown for events in the
horizontal band that contains the AFE signal region. The dashed
histogram represents the estimated background and is de-
scribed in the text.

Y (4S) — BB, the angle 0 between the thrust [10] direc-
tion of the B meson candidate and the thrust direction of
the remaining charged tracks and photons in the event is
calculated. We reject charged (neutral) mode events when
| cosfy| is greater than 0.8 (0.9), since the distribution in
cosfr is flat for BB events, while background e*e™ — ¢g
continuum events peak at cosfp = *1.

The data, after these cuts, are shown in Figs. 1 and 2
and where (a) is a scatter plot of AE versus mgg, (b) is the
AFE histogram, and (c) is the mgg histogram (solid line).
There are signal peaks in the mgg and AE distributions
for both modes. If we exclude events with n — vy by
changing the 0.525 < M(yy)<0.571 selection to
0.470 < M(7yy) <0.493 or 0.597 < M(yy) < 0.620, the
signal peaks disappear in both modes. Hence we find
evidence for B signals in both the J/¢ynK= and
J/¥mK? modes.

TABLE L
upper limits, P-values and branching fractions.
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FIG. 2. The AE and mgg distributions for B® — J/ynK2. The
descriptions of (a), (b), and (c) follow those of Figs. 1(a), 1(b),
and 1(c), respectively.

To determine the branching fraction for these modes,
we first find the number of signal events, which is defined
as ng = ng — ny,, where ng is the number of events in the
signal-box region, and ny is the estimated number of
background events. For each mode, n, is obtained from
fitting the mgg distribution for events with |AE| <
40 MeV with the line shape of a Gaussian function and
an ARGUS function [10], which is an empirical parame-
trization of the background shape. The fit parameters are
the normalization and mean of the Gaussian and the
normalization of the background curve. The width of
the Gaussian is fixed to the value determined by MC
simulation and the shape of the background curve is fixed
to a best fit to the data mgg distribution with the AE
sideband region of 0.10 < |AE| < 0.14 GeV for the B~
mode and 0.08 < |AE| < 0.28 GeV for the B mode.
Figures 1(c) and 2(c) show the resulting Gaussian and
background curves (solid line) and the background events
(dashed histogram) from the AE sideband regions nor-
malized to the data in the signal region. Integrating the
background curve over the signal-box region we obtain n;,
and its uncertainty, oy,. Results are listed in Table 1.

The branching fraction is calculated as B =
ny/(Nggz X € X f), where € is the efficiency and f is
the product of secondary branching fractions for the
J/, m, and K‘s) Efficiencies are determined by the MC

Efficiencies, number of signal-box and background events, 90% C.L. of the number of events and the branching fraction

Mode € ng n, £ oy Noge, 90% C.L.U.L. P value Branching fraction

J/ynK= 10.75% 99 50.3 £3.0 70.0 <155 X% 1073 2x 1078 (10.8 £2.3 £2.4) X 107
J/ K 8.53% 39 185+ 1.7 34.5 <14.1x 1073 9x 107 (8.4*26*27) X107
041801-5 041801-5
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simulation with three-body phase space and the branch-
ing fractions of Y(4S) — B"B~ and Y(4S) — BB are
assumed to be equal. Results on B are given in the last
column of Table I where the first and second errors are
statistical and systematic, respectively. The statistical
error is derived from the uncertainty in n, which is
N a’%.

The systematic error, o, for each mode (charged/
neutral) is determined by adding in quadrature the per-
centage uncertainty on each of the following quantities:
Nyp (1.1%/1.1%); secondary branching fractions [12]
(2.48%/2.52%); MC statistics (1.77%/2.17%); PID,
tracking, and photon detection efficiencies (8.2%/8.3%);
m° veto (8.1%/8.3%); n mass range (3.40%/3.14%);
background parametrization (16.7%/27.0%); and model
dependence (5.1%/9.5%). The total systematic errors for
the charged and neutral modes are 22.0% and 32.0%,
respectively. The uncertainties in the PID, tracking, and
photon detection efficiencies are based on the study of
data control samples [10]. The uncertainty in the 7° veto
efficiency was studied by measuring the veto efficiency
on the inclusive 7 rate in data and in the MC calculation.
The uncertainty due to the 1 mass selection was deter-
mined by comparing the measured n mass resolution in
inclusive 7 decays to the 7 mass resolution from the
signal MC calculation. The background parametrization
uncertainty was estimated by changing the ARGUS shape
parameter by =1 standard deviation, refitting the mgg
data distribution, and recalculating the number of signal
events. Although this analysis used MC events generated
with three-body phase space to determine the final effi-
ciencies, additional systematic uncertainties due to the
decay model dependence are estimated. The efficiency
uncertainty due to unknown angular distributions and
intermediate resonances has been estimated by compar-
ing the efficiencies obtained in five different MC gener-
ated models. These include 100% transversely polarized
J /i, 100% longitudinally polarized J/, large two-body
J/¢¥n mass, large two-body 7K mass, and small two-
body J/¢K mass. The resulting relative change in
efficiencies was used to estimate the production model
uncertainty. The resulting total o for each mode is used
to determine the B systematic errors in Table L

The P value for null hypothesis (no signal) is the
Poisson probability that the background events fluctuate
to = ngy. Assuming the probability distribution function
of the background is a Gaussian with mean n;, and stan-
dard deviation oy, we calculate the Poisson probabilities
with different background values weighted by this
Gaussian distribution to determine the final P value
for each mode. The resulting P values are equivalent
to a statistical significance of 5.60 and 3.90 for the
charged and neutral modes, respectively. If we remove
the direct decays, B — ¢(2S)K*, ¢(2S) — J/im, from
our sample by selecting events with M(J/¢m) >
3.75 GeV/c? and apply the same signal/background ex-

041801-6

traction procedure, we obtain P values of 2.0 X 107°
and 5.6 X 107> for the charged and neutral modes,
respectively.

We also determine the 90% confidence level upper limit
(C.L.U.L.) on the branching fraction using ng, ny,, and oy,
in the signal region, and o. The Bayesian upper limit
on the number of signal events, Nggq, is obtained by
folding the Poisson distribution with two Gaussian dis-
tributions representing the background and systematic
uncertainties and integrating the resulting function to
the 90% confidence level (C.L.). This assumes that the
a priori branching fraction distributions are flat. The
charged and neutral results, J/¢nK* and J/ynK?, are
listed in Table L

Our resulting branching fractions are comparable to
the color-suppressed decay B — J/¥¢K branching frac-
tion. The ratio of the charged to neutral branching frac-
tions is consistent within errors to the expected value of 2.

We search for the X(3872) in B— XK, X — J/¥n
selecting the signal region, |mpg — mg| < 7.5 MeV/c?
and |AE| < 40 MeV. The resulting J/n mass distribu-
tion is shown in Fig. 3. The two-body mass resolution
from Monte Carlo studies is 6 MeV/c?. There is possible
evidence for the (2S) and no evidence for the X(3872).
Using the measured branching fractions B(B* —
P(2S)K*, y(28) — J/¢pm) = (2.16 = 0.19) X 1075 [12],
we expect to reconstruct 12 £ 1 events in the charged
mode in the J/n mass region below 3.710 GeV/c? and
we observe 15. After restricting the mass to 3.85 <
M(J/ym) < 3.89 GeV/c?, we fit the mgg plot with the
same procedure as before and obtain an upper limit for
the product branching fraction B(B* —
X(3872)K=, X — J/m) < 7.7 X 107® at 90% C.L.

Our resulting upper limit may be compared to the
Belle result [2], B(B* — X(3872)K= — J/ymtw K*)/
B(B* — y(2SK* — J/ym a K*) = (6.3 = 1.2 =
0.7)%. Using B(B* — yQS)K* — J/ymtm K*) =
(2.0 = 0.15 = 0.22) X 107* [12] it can be deduced that
B(B* — X(3872)K* — J/ym 7~ K*) = (12.6 = 2.8 +
1.2) X 1076, If the matrix elements for X(3872) —
J/wat 7w~ and J/¢m are similar to those of the (25)
and we include the larger phase space for the decay of

N§ 6 |||| | T T I T T T I T T T I T T T I T T T

=~ BABAR ]

& |

< ) -

M HH -
0

- 3. 46 48

Jym Mass(GeV/c )
FIG. 3. The summed J/¢n mass distributions from B* —

J/YymK* and B® — J/ymK2. The arrows indicate where the
(2S) and X(3872) signals would appear.
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X(3872) — J/ym relative to the (2S), then we would
expect B(BT — X(3872)K~ — J/ynK*) ~3 X 107°.
Our upper limit is within a factor of 2 of this estimate.
This result is consistent with the charmonium interpre-
tation of the X(3872) and restricts the magnitude of
possible enhancements with hybrid states.

In conclusion, we have made the first observation of
the decay mode B — J/¢ynK with branching fractions
of B(B* — J/ynK=) = (10.8 £2.3 £2.4) X 107> and
B(B® — J/ynK3) = (8.4 £2.6 22.7) X 1075. We set
an upper limit for the X(3872) in the product branch-
ing fraction, B(B* — X(3872)K= — J/ynK=) < 7.7 X
1076 at 90% C.L.
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