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A study of the two body decays B*¥— X.:K* , where X,z refers to one charmonium state, is
reported by the BABAR experiment using a data sample of 424 fb~!. The absolute determination
of many branching fractions for these decays are significantly improved compared to previous
BABAR measurements. Evidence is found at 3 ¢ level for the decay BT — X (3872)K ™. The ab-
solute branching fraction BR( BT — X (3872)K+) = (2.1£0.6(stat)4-0.3(syst))- 10~* is measured
for the first time. From this, it follows that the branching fraction BR(X (3872)— J/yrt7™) is

equal to (4.1£1.3)%, supporting the hypothesis of a molecular component for this resonance.
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In two-body B decays B — X K, the X particle is predominantly a cc system with large available
phase space. Many charmonium states are thus produced, with roughly equal rates when no strong
selection rules apply [1]. They has been observed mostly using first an exclusive reconstruction of
the charmonium state X.z (M, J/W, Xc0s Xe1» Ne(2S), W', w(3770)), and the subsequent observation
of the decay B* — X.:K* [2, 3]. The exotic charmonium state X (3872), also known as x.1(3872),
has also been reconstructed in this way [4, 5]. The determination of the absolute branching frac-
tion BR( B" — X(3872)K™) will then lead to the measurement of the absolute BR( X (3872)—
J/yn™ ™) which brings useful information regarding the complex nature of the X (3872) particle.
The original tetraquark model [6] predicted this branching fraction to be around 50%. A more
refined tetraquark model [7] could accomodate a much smaller branching fraction, but requires the
presence of another particle, X (3876), which has not been observed. Various molecular models
[8, 9] predict this BR below or equal to 10%. It is also pointed out [10] that a direct link can be
made, using the deuterium analogy, between this BR and the production rate of the X(3872) at
hadron colliders. In addition, using the X (3872) total width determination based on its line shape,
or an upper limit on this quantity, information will be provided on the partial width I'(X (3872)—
J/wr ). A wide range of prediction exists for this partial width, from 1.3 MeV in the case of a
pure charmonium state [11], to the 100 keV range for molecular models [8].

In this study, we adopt a technique, originally pioneered by BABAR [12], based on the mea-
surement in the B rest frame of the kaon momentum spectrum, where each two-body decay can be
identified by its characteristic monochromatic kaon spike. Taking advantage of the Y'(4S) decays
to a B meson pair, the B center of mass frame is determined event by event by fully reconstructing
the other B meson. The branching fractions for the two-body decays B*— X.:K* can thus be
measured independently of any a priori knowledge of the X,z decay properties.

For this analysis we use a data sample with an integrated luminosity of 424 fb—!. The data have
been collected with the BABAR detector at the PEP-II asymmetric energy storage ring, where 9 GeV
electrons and 3.1 GeV positrons collide at a center of mass energy that corresponds to the mass of
the 1°(4S) resonance. A detailed description of the BABAR detector can be found in [13]. Charged
tracks are reconstructed with a 5 layer silicon vertex tracker (SVT) and a 40 layer drift chamber
(DCH), located in a 1.5 T magnetic field generated by a superconducting solenoidal magnet. The
energies of photons and electrons are measured with a CsI(TI) electromagnetic calorimeter (EMC).
Charged hadron identification is performed using ionization measurements in the SVT and DCH
and using a ring imaging Cerenkov detector (DIRC). The instrumented flux return of the solenoid
(IFR) is used to identify muons.

The analysis method is a recoil technique similar to that presented in [12]. The complete
exclusive reconstruction of one of the two B mesons produced in the event provides access to the
rest frame of the other B meson in which signal events are two-body B decays to K*X. For such

decays, the kaon momentum in the B center-of-mass frame, p; exhibits a peak for each X particle

from which its mass, my is equal to 4 /m%m%( — 2Exmp, where mp and mg are the masses of the B

and K mesons and E¥ is the kaon energy in the B center of mass. The p; spectrum will contain, in
addition to the series of signal peaks, a continuum due to kaons coming from non 2-body decays
or from decays of charmed mesons. We determine the number of each observed charmonium
resonance X,z from a fit to the K momentum distribution.
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The first step in event selection requires the full reconstruction of a tagging B meson in the
event, (B-tag). B-tag mesons are reconstructed in B — SY decays, where the seed S is a fully
reconstructed D°, D™, Df, or J/y meson, and Y represents a hadronic state, combining n*, K+,
7%, and K? hadrons [14]. For each one of these modes, the purity (defined as S/(S + B), where §
is the number of signal events and B the number of background events) have been determined.A
minimum purity of 0.08 is required. The number of B candidates is determined with a fit to the

distribution of the B-energy-substituted mass, mgs = \/E(%M /4 — p%, where Ecy is the B total
center of mass energy, determined from the beam parameters, and pp is the measured momentum
of the reconstructed B in this 1°(4S) rest frame. The fit function is the sum of a Crystal Ball
function describing the signal [15] and an Argus function for the background [16]. The fit is
displayed in Fig. 1. The number of fully reconstructed B* decays found by the fit is 1,67- 10°
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Figure 1: The mgg distribution of all the exclusively reconstructed B*. A better agreement
between the data and the fit function would have required a separate fit per running period, which
is not necessary for this analysis.

+4,2- 103(stat)£6,4- 10* (syst) B*. The systematic uncertainty is dominated by the background
shape near the kinematical end-point.

If more than one B candidate is found in a given event, all candidates are retained. This
is an important difference compared to Ref. [12] and also the subsequent BELLE analysis [17],
where only one candidate per event was retained. The reason for this change is two-fold; increase
the efficiency and to decouple as much as possible the signal and tag sides in B*B~ events. B
candidates coming from the full or quasi-full reconstruction of a signal decay channel should not
be considered as the only tag as this would lead to discard another genuine tag and a signal loss.
The mean number of B-tag candidates per event is 1.85. The maximum efficiency improvment is a
factor 3 for the X (3872) because of its decays to D mesons that create B-tag seeds.

The selection cuts used in the analysis are thus very few : each B-tag candidate should have
mgs >5.275 GeV/c and be accompanied by an opposite-sign kaon candidate, passing the tight
particle identification cut. The pion contamination in ths kaon sample is below 2%. A first neural
network (NN) is then used to suppress the continuum background. The inputs to the NN are 7
variables related to the reconstructed B characteristics, to its production kinematics, to the topology
of the full event and to the angular correlation between the reconstructed B and the rest of the event.
The NN selection has an 80% efficiency for generic B B~ events and a factor 10 rejection against
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non-B background events coming from u,d, s, or ¢ quark-antiquark pairs.

A second NN is used to reject secondary kaons produced in B-daughters D mesons decays.
This is a large background which increases rapidly with decreasing kaon momenta. In the B rest
frame, the secondary kaons are embedded in the D decay products, which, given the boost of the
D meson and its mass, are bounded in a cone and form a wide jet, whereas primary kaons (those
forming the signal of this analysis) recoil against a massive (3 to 4 GeV/c?) state tend to be more
isolated, with the rest of the B decay products being more spherical. The input variables to this NN
take advantage of these characteristics [12]. These two NN are then combined in a single neural
net, called SuperNN, to optimize further the signal to noise. Because of the non negligible (but
slow) variation of the event topology with the mass of the charmonium particle, the SuperNN is
trained separately in the J/y and 7. signal peaks region, and in the ¥’ and 1.(2S) region, with
kaon background taken from simulation in the ranges 1.6 to 1.9 GeV and 1.2 to 1.5 GeV regions,
respectively. The SuperNN performance corresponds to a 72% signal efficiency at the X (3872)
peak and a rejection background factor varying between 3 in the X (3872) and ¥’ region and 4.5
in the J/y region.

The procedure followed to extract the results is in two steps: firstly determination of the back-
ground shape from an interpolation of data points where no signal is present, secondly, a fit to
background subtracted data. The shape of the kaon momentum for background kaons is deter-
mined from an interpolation through data points from regions where no signal is expected, below
1.1 GeV/c and above 1.9 GeV/c. Using only these two regions leads, however, to large uncertainty
in the PDF parameters. It is therefore necessary to add no-signal data points in the two regions
1.34-1.36 GeV/c, and 1.53-1.57 GeV/c, where there is no peak, as indicated on Fig. 2.

Fig. 2 also shows, at the bottom, the fit to the signal K* momentum spectrum for all charmonia
peaks in the simulation. A good description is obtained when using, for each peak, a narrow
Gaussian, whose width depends on momentum varying from 13 MeV/c for the J/y to 9 MeV/c
for the v/, and an asymmetric Gaussian, 100 MeV /¢ wide on the left and 60 MeV /c wide on
the right. A similar fit is performed for the X (3872) with a dedicated Monte Carlo sample and is
shown in Fig. 3. The narrow width is measured to be 7 MeV/c and the wide Gaussian tails are
47 MeV/c on each side. The wide Gaussian is associated with candidates where the B-tag has a
reconstructed mgg in the signal region but is not build with the exact set of the B decay products
and therefore provides an incorrect boost. The relative importance of the wide Gaussian term is
therefore proportional to the background under the B mass peak. The level of this background
depends of the signal-side final state, particularly on whether the charmonium state decays to a
final state containing open-charm mesons, such as the y(3770) or the X(3872). This effect is
beneficial since it induces a higher efficiency for the X(3872): the MC efficiency is found to be
(0.25+0.07)% for J/y K* events and (0.77+0.02)% for X (3872)K* events. It however gives rise
to systematic uncertainties in the signal shape, due to the limited knowledge of the decay channels
of the particle under study.

When using the intermediate points to interpolate the background, one has to take into ac-
count that the tails from the J/y and 1.(2S) peaks extend in these intermediate regions. They
are subtracted using the Monte Carlo where the known branching fractions for the corresponding
resonances [18] are included. The relative systematic uncertainty of the signal yields resulting
from this procedure, in case of a difference between true and predicted contributions of the tails
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of the charmonia particules in these regions, are found to be 4%. The fit function is a product of
Tchebyshev polynomials of order 5 and an exponential function.
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Figure 2: K* momentum spectrum for simulated events where no-signal K= are present. The
hatched areas correspond to the no-signal zones used to fit the polynomial background. The filled
blue histogram is the signal-only K* momentum spectrum in simulated events.The purple line
represents the fit to this distribution.

The small residual pulls are observed in the simulation between the pg distribution and the
fit function. These defects in background shape do not affect the visibility of narrow peaks, such
as that of the X (3872), since the expected width of 7 MeV/c is much smaller than the 50 MeV/c
typical width of the local variations. In particular, the observed pulls in the 1.1 to 1.2 GeV/c region
are corrected for, and the resulting uncertainty is taken into account.
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Figure 3: Fit to the signal-only K* momentum spectrum in X (3872) simulated events.

The data kaon momentum spectrum between 1.5 and 2 GeV/c is expected to exhibit two peaks,
one at p;y = 1.684 GeV/c corresponding to the J/y and the second at p; = 1.754 GeV/c for the
M. meson. The SuperNN is trained in the J/y-n, region. The selection requires a value of the
superNN output >0.85 and a B purity larger than 0.08. The background-subtracted spectrum is
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fitted with two signal functions determined above, the only free parameters being the charmonia
yields. The fit results are displayed in Fig. 4, with the following yields: Njx, = 2364 £ 189 and
Ny, = 2259+ 188. The statistical precision obtained on the J/y and 1. yields is 8%, a factor 2
improvement compared to [12].
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Figure 4: Background-subtracted kaon momentum spectrum in the J/y -1, region.

The branching fractions BF(B* — K* 1) is computed using the world average BF(B* —
K jEJ/l;/) [18] and the ratio of the yields quoted above, to obtain:

BF (B* — K*n,) = (0.96+0.12(stat) =0.06(syst) £0.03("ref”)) - 10—, where the systematic
uncertainty is detailed in Table 1, and “ref” refers to the uncertainty of the branching fraction
BF(B*— K*J/y) [18]. This result agrees with the present world average for this branching fraction
(1.09 + 0.09)10*3 [18]. As a cross-check,the BR(B*— K*J/y) is also extracted from the ratio
of observed J/y events obtained in data and simulation: BF(B*— K*J/y)=(1.09 4 0.9((stat) +
0.6(syst)) - 1073, in good agreement with present world average.

For the high mass region, the SuperNN is trained using the ¥’ domain. The selection requires
the SuperNN-y’ output value >0.6 and the B purity larger than 0.10. The background shape
is determined using a fit to the signal free-region after correction for the small signal residual in
that region estimated from the MC simulation. The kaon momentum spectrum before background
subtraction is displayed in Fig. 5.

The fitted signal is the sum of 9 signal-peak functions corresponding to the nine particles:
X(3872), w(3770), ¥/, n:(2S), X2 » X1 and Yo , J/W¥, and 1. The peak locations are taken from
[18] and the widths are obtained from fits to MC signal samples and account for both detector
resolution and the natural width of each resonance. The peak labelled ). refers to both ., and
h. since h. and X, cannot be distinguished from each other in this analysis. A binned maximum
likelihood fit is used for the fit to the data, with the nine charmonia yields as free parameters. The
results are shown in Fig. 6 in the range 1.-2.05 GeV/c. Table 2 contains the fit results. Signal peaks
are visible for N, J/y, x.1 , ¥, and for the X (3872) state. A separate fit in which the X (3872)
signal is forced to 0 has a x? larger than that of the nominal fit by 11.1 units but, by 9.0 onlywhen
taking into account the uncertainty in the background shape in the region 1.1 to 1.2 GeV/c. Thus,
there is evidence of the decay B*— X (3872), detected for the first time using this recoil technique
with a significance of 30.

The systematic uncertainties associated with this analysis method mainly stem from the im-
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Figure 5: Kaon momentum spectrum after final selection cuts and before background subtraction.
The red line is the interpolated function describing background shape. The arrows indicate the
values at which the signal for each resonance is expected.
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peaks for 9 particles, indicated by the arrows.
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perfect description of the data by the simulation. They are similar for all the resonances studied
and are computed in detail for two of them, 1, and X (3872):

e Peak position. A potential deviation from the known peak position can induce an uncertainty
in the number of events from the fit integral. The effect is found to be 1%.

e Signal shape. Four parameters are used to describe the signal shape: the main narrow width
of the signal peak, the widths of the left and right Gaussian tails, and the relative fraction of
the narrow Gaussian over the total. The systematic uncertainties regarding the signal shape
are computed by taking the one standard-deviation interval extracted from the signal-only fit
performed to the simulation sample. When the peak position has a non-negligible natural
width, such as in the case of the 1. , the uncertainty coming from the limited knowledge of
the width is also taken into account.

e Background subtraction. Systematic uncertainties are related to the arbitrary mathematical
form of the interpolation function. The uncertainty of the background fit is propagated in-
cluding correlations, into the signal statistical uncertainty and is therefore not accounted as
a systematic uncertainty. However, the uncertainty due to the correction due to the signal
subtraction in the region 1.1 to 1.2 GeV/c implies sizeable corrections for the X (3872) yield.
This uncertainty is determined by taking the effect on the X(3872) yield introduced by a
1-sigma deviation of the correction function, and is determined to be 13%.

e Efficiency determination. The associated uncertainties relate to the kaon reconstruction and
PID-selection efficiencies, and to the SuperNN-based selection. It is important to note that
these uncertainties cancel to a very good approximation in the ratio of the branching fractions
of all resonances to the J/y.

Finally, another source of systematic uncertainty, specific to the X(3872), is caused by the uncer-
tainty in its decay model. The signal shape, as mentioned above, is not the same for DD and J/y X
decays and this effect induces a small change in the signal yield in the fit. Varying the ratio between
these two types of decays in the present allowed range leads to a 5% additional systematic uncer-
tainty. Table 1 summarizes the various sytematic uncertainties sources, and Table 2 summarizes
the branching fractions results for all resonances.

The observed number of X(3872) events is converted into an absolute branching fraction
using the number of observed J/y events, its absolute branching fraction, and the relative ef-
ficiency ratio and is found to be : BR(B™ — X(3872)K™) = (2.1 +0.6)((stat)) & 0.3((syst)) £
0.1(("ref”))) x 1074, where “ref” refers to the uncertainty in the reference BR(B™ — JyK™*) [18].
This translates, using the measured rate of BR(BT — X (3872)K™") x BR(X(3872) — J/yn* ™)
of (8.640.8)x 107°, into BR(X(3872) — J/wn*n~) = (4.1 & 1.3)%. From this, an upper limit of
the I'(X(3872) — J/wr ) partial width can be set in the 100 keV range, using 3 MeV as an
upper limit for the X (3872) total width, as mesured in its DD decay channel [19, 20]. Our mea-
surement therefore suggests that the X (3872) has a significant molecular component.

In summary, the update of our first analysis [12] with the full BABAR statistics is reported. Two
new features are introduced: the inclusion of all B candidates has led to an increase of efficiency
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Uncertainty source ‘ Ne (%) ‘ X(3872) (%) ‘

K identification 1
Decay model -

Efficiency 0
Pk spectrum: peak position 2
Pk spectrum: signal narrow width 1
Pk spectrum: signal wide width 5
Pk spectrum: narrow width fraction 2
Pk spectrum: background shape - 13
Decay width 1 -
Correction in signal-free regions - 4
Total 6 16.3

Table 1: Summary of relative systematic uncertainties (in %) for the 1, and X (3872) resonances
branching fraction measurements, relative to BR(B* — J/w K7).

Particle Yield BF(10~%)
Jy 23644189 | 10.1£0.29 (Ref from [18])
Ne 2259+188 9.6t1.2(stat)£0.6(sys)

X0 2874181 | 2.0£1.3(sat)£0.3 (sys)
Xel 1035193 | 4.040.8(stat)£0.6(sys)
Xe 200+164 <2.0

N:(25) 5274271 3.4=£1.7(stat)£0.5(sys)
v’ 12784285 4.6+1(stat)£0.7(sys)

y(3770) | 497+308 3.24£2.0(stat)£0.5(syst)

X(3872) | 992+285 2.1£0.6(stat)+0.3(syst)

Table 2: Results from fits to the K momentum spectrum. BF stands for the branching fraction of
the decay B*— X.:K*. An additional relative 3% uncertainty must be added to all the results,
reflecting the present knowledge of the reference BR(BT— J/y K).

and a better separation between signal and tag-sides of an event; moreover, the fit of the polyno-
mial background in regions where no signal is present has reduced the statistical and systematic
uncertainties related to the background subtraction. This has led to the following results:

BR(B* — n.K*) = (0.96+0.12(stat) & 0.06(syst) £ 0.03(ref)) - 1073,

BR(BT — X(3872)K") = (2.1 £0.6(stat) £ 0.3(syst) £0.1(ref)) - 1074,

BR(X(3872) »J/yrntn) = (4.1+1.3)%,

using the measured rate of X (3872) produced in B decays and decaying into Jyw™ 7z~ ([18]).
This result will certainly contribute to the determination of the complex nature of the X(3872)
particle.
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