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A study of Bf — KTK~z" decays is performed for the first time using data corresponding to an

integrated luminosity of 3.0 fb~! collected by the LHCb experiment in pp collisions at center-of-mass
energies of 7 and 8 TeV. Evidence for the decay Bl — y.o(— K"K~ )x™ is reported with a significance of

.. .. (B
4.0 standard deviations, giving

U<B+§ x B(Bf = yoon®) = (9.8737 (stat) & 0.8(syst)) x 107°. Here B

denotes a branching fraction while ¢(B/) and ¢(B™) are the production cross sections for B and B
mesons. An indication of ¢ weak annihilation is found for the region m(K~z+) < 1.834 GeV/c?, with a

significance of 2.4 standard deviations.
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Heavy-flavor physics involves studying the decays of
hadrons containing at least one » or ¢ valence quark, and
offers the possibility of making precision measurements of
Standard Model (SM) parameters and detecting effects
of new physics. The B meson (bc), the only currently
established hadron having two different heavy-flavor
quarks, has the particularity of decaying weakly through
either of its flavors." In the SM, the BT decays with no
charm and beauty particles in the final or intermediate
states can proceed only via bc = W™ = ug (g =d, s)
annihilation, with an amplitude proportional to the product
of Cabibbo-Kobayashi-Maskawa matrix elements V7, V.
Calculations predict branching fractions in the range
1078-107% [1-3]. Any significant enhancement could
indicate the presence of bc annihilations involving particles
beyond the SM, such as a mediating charged Higgs boson
(see, e.g., Ref. [4,5]).

Experimentally, the decays of B} mesons to three light
charged hadrons provide a good way to study such
processes. These decay modes have a large available
phase space and can include other processes such as B —
D°(— Kz)h* (h ==, K) [6] mediated by b — i and
b —d, 5 transitions, Bf — BY(— hih;)hi decays [7]
mediated by ¢ — ¢ transitions, or charmonium modes
Bf — [cc](— h{hy)h; [8] mediated by the b — ¢ tran-
sition [9]. In this study, special consideration is given to
decays leading to a K™K~z final state in the region well
below the DY mass, taken to be m(K~zt) < 1.834 GeV/c?,
where, after removing possible contributions from
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([cc], B?) — K*K~, only the annihilation process remains.
The other contributions listed above are also examined. The
decay B* — D°(— K*K~)n™" is used as a normalization
mode to derive

(BY)
o(B")

Q

Ry = x B(Bf — f). (1)

where B is the branching fraction, and ¢(B{) and ¢(B")
are the production cross sections of the B} and B* mesons.
The quantity R, is measured in the fiducial region
pr(B) <20 GeV/c and 2.0 < y(B) < 4.5, where pr is
the component of the momentum transverse to the proton
beam and y denotes the rapidity. The data sample used
corresponds to integrated luminosities of 1.0 and 2.0 fb~!
collected by the LHCb experiment at 7 and 8 TeV center-
of-mass energies in pp collisions, respectively. Since the
kinematics of B meson production is very similar at the two

N
energies, the ratio Zgi; is assumed to be the same for all the

measurements discussed in this paper.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 <5 < 5, described
in detail in Refs. [10,11]. The detector allows the
reconstruction of both charged and neutral particles. For
this analysis, the ring-imaging Cherenkov detectors [12],
distinguishing pions, kaons and protons, are particularly
important. Simulated events are produced using the soft-
ware described in Refs. [13—-19].

The B/, — K"K~ x" decay candidates are reconstructed
applying the same selection procedure as in Ref. [20].
A similar multivariate analysis is implemented, using a
boosted decision tree (BDT) classifier [21]. Particle iden-
tification (PID) requirements are then applied to reduce the
combinatorial background and suppress the cross feed from
pions misidentified as kaons. The BDT and PID require-
ments are optimized to maximize the sensitivity to small
event yields.

© 2016 CERN, for the LHCb Collaboration
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The B} signal yield is determined from a simul-
taneous fit in three bins of the BDT output Ogpr,
0.04<Ogpr<0.12, 0.12<Oppr<0.18 and Ogpr>0.18,
each having similar expected yield but different levels
of background [20]. The normalization channel BT —
D°(— K"K~)x" uses the same BDT classifier, with
tighter PID requirements to suppress the abundant
background from Bt — KTz z" decays. Its yield is
determined requiring Ogpr > 0.04, and demanding
1.834 < m(K*K~) < 1.894 GeV/c? to remove charmless
Bt - KTK zn" candidates.

Signal and background yields are obtained from
extended unbinned maximum likelihood fits to the distri-
bution of the invariant mass of the K™K~z combinations.
The Bf - K*K~n" and Bt — K"K~z signals are each
modelled by the sum of two Crystal Ball functions [22]
with a common mean. For Bf — K™K~z all the shape
parameters and the relative yields in each bin of Ogpr are
fixed to the values obtained in the simulation, while for
B* — KTK zn" the mean and the core width are allowed
to vary freely in the fit. A Fermi-Dirac function is used to
model a possible partially reconstructed component from
decays with K* K~ 7"z final states where the neutral pion
is not reconstructed, resulting in a K™K~z invariant mass
below the nominal B} or Bt mass. All shape parameters
of these background components are fixed to the values
obtained from simulation. The combinatorial background
is modeled by an exponential function. Figure 1 shows
the result of the fit to determine the yield of the BT —
D°(— K*K~)z" channel, N, = 8577 & 109.

In the B/ region 6.0 < m(K"K~zn") < 6.5GeV/c?, the
signals are fitted separately for regions of the phase space
corresponding to the different expected contributions:
the annihilation region (m(K-z") < 1.834 GeV/c?), the
D —» K~z region (1.834<m(K-n")<1.894GeV/c?)

LHCb

Events/(0.004 GeV/c2)
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5.2 5.3 54
m(K*K'nt) [GeV/c?]

FIG. 1. Fit to the K"K~z invariant mass for the B™ candi-
dates, with 1.834 < m(KTK~) < 1.894 GeV/c?. The contribu-
tions from the signal B* — D°(— K*K~)z", combinatorial
background (Comb.) and partially reconstructed background
(Part.) obtained from the fit are shown.
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and the BY—> K K™ region (5.3 <m(KTK™)<
5.4 GeV/c?). For the first two regions, the ranges
3.38<m(KTK™)<3.46GeV/c? and 52 <m(KTK™) <
5.5 GeV/c? are vetoed to remove contributions from y

(as discussed below) and BY,) — h{ h; decays. A possible

signal is seen in the annihilation region, as shown in Fig. 2.
The corresponding yield is N, = 20.851_1)'4, with a statis-
tical significance of 2.5 standard deviations (o), inferred
from the difference in the logarithm of the likelihood for fits
with and without the signal component.

The distribution of events in the m?*(K~z%) vs
m?*(K*K~) plane, for the B} signal region 6.2 <
m(K*K~n") < 6.35 GeV/c?, is shown in Fig. 3. A con-
centration of events is observed around m?(K*tK~)~
11 GeV?/c*. A one-dimensional projection of m(K*K™)
shows clustering near 3.41 GeV/c?, close to the mass of
the charmonium state y.. Among all the charmonia,
¥co has the highest branching fraction into the K™K~
final state [23]. The accumulation of events near
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FIG. 2. Projection of the fit to the K™ K~z" invariant mass in
the B} region, in the bins of BDT output used in the analysis:
(top) 0.04 < Ogpr < 0.12, (middle) 0.12 < Ogpr < 0.18 and
(bottom) Ogpy > 0.18, for m(K~z") < 1.834 GeV/c?, includ-
ing the vetoes in m(K*K™) (see text). Apart from the signal type,
which is given by Bf — K"Kz, the contributions are indi-
cated according to the same scheme as in Fig. 1.
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Distribution of events for the signal region 6.2 < m(K*K~z") < 6.35 GeV/c? in the m*(K~z") vs m*>(K*K~) plane for

(left) Ogpr > 0.12 and (right) Ogpr > 0.18. The vertical red dashed lines represent a band of width £60 MeV/¢? around the y,, mass.
The horizontal blue dot-dashed line indicates the upper bound of the annihilation region at m(K~z+) = 1.834 GeV/c?, representing

17% of the available phase space area.

m*(K*K~) ~29 GeV?/c* for the loose Ogpy cut appears
to be mainly caused by BY — K+ K~ decays combined with
random pions since no peak is seen in m(K*TK~z) at the
BT mass [9].

To determine the Bf — y.o(— K"K~ )z" signal yield,
the two-dimensional m(K*K~z") vs m(K"K~) distribu-
tions are fitted simultaneously for each of the three BDT
bins. The m(K"K~z") distribution is modeled in the same
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way as described above. The m(KTK™) distribution is
fitted in the range 3.20 < m(K*K~) < 3.55 GeV/c?. The
X0 — K"K~ shape is modeled by a Breit-Wigner function,
with mean and width fixed to their known values [23],
convolved with a Gaussian resolution function, while a
first-order polynomial is used to represent the K™K~
background. Figure 4 shows the projections of the fit
result. The yield obtained is N, =20.872, with a
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FIG. 4. Fit projections to the (left) K* K~z and (right) K™ K~ invariant masses, in the bins of BDT output (top) 0.04 < Ogpr < 0.12,
(middle) 0.12 < Ogpr < 0.18 and (bottom) Ogpy > 0.18, for the extraction of the Bf — y.o(— KTK~)x" signal. The contributions
from the B — y.(— K"K~ )x" signal, combinatorial background (Comb.), possible pollution from the annihilation region
Bf — (K~z")K™", and combinations of y., — K"K~ with a random track X are shown.
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statistical significance of 4.1¢. The fits for the D° and B
regions, where no signal is observed, can be found at
Ref. [9].

For each region of phase space considered, the efficien-
cies for the signals, €., and normalization channel, ¢,, are
inferred from simulated samples and are corrected using
data-driven methods as described in Ref. [20]. They include
the effects of reconstruction, selection and detector accep-
tance. An efficiency map defined in the m?(K=z") vs
m?(K*K~) plane is computed. Because of limited statis-
tics, the distribution of the signal events in the annihilation
region is not well known. Therefore, the efficiency for
the annihilation region is estimated in two ways: first, by
taking the simple average efficiency from the map for
m(K-z") < 1.834 GeV/c? and, alternatively, by taking
the efficiency weighted according to the sparse distribution
of candidates in data in the m*(K~z") vs m*(K* K~) plane.
The average of the two values is taken as the efficiency and
the difference is treated as a systematic uncertainty
(labeled as “event distribution” in Table I). A correction
accounting for the vetoed m(K*tK~) regions described
above is included. In the calculation of the observable R,
the efficiency ratio ¢,/e. is required. The values
obtained are 1.698 +0.015 for the annihilation region
and 1.241 +0.012 for the B} — y. (K"K )z" mode.
The uncertainties are due to the limited sizes of the
simulated samples. The differences between the B™ and
B efficiencies are caused by the different lifetimes and
masses of the two mesons.

The measured quantities are determined as

N. y €,
N, e.(an, KKr)
x B(D® - KTK™)

Rankkn = x B(B* — D°z%)

for the annihilation region and

TABLE 1. Relative systematic uncertainties (in %) of the
measurements of Ry, kg, and R, ;.

Source Runkkr R,
Normalization yield 1.3 1.3

Event distribution 1.6 e

Fit model 24 2.3

BDT shape 5.0 29

PID 1.0 1.0

Simulation 0.8 0.8

Detector acceptance 0.4 0.3

BY lifetime 2.0 2.0

Hardware trigger 1.5 1.4

Fiducial cut 0.1 0.1

Branching fractions 3.6 6.2

Total 7.5 7.8
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o(Bf
Ko G(Bi) X B(Bf _))(c()”Jr)
:N)(c(] X eu X
Nu €C(Z(,‘0)

B(B* - D°z%) x B(D* - K*K~)
Bl KK

for the B} — y.omt decay, where €, are the efficiencies and
N, are the yields obtained from the fits.

Systematic uncertainties are associated with the yield
ratios, the efficiency ratios and the branching fractions
B(Bt—>Dz")=(4.81+0.15)x1073, B(D* - K-K") =
(401 £0.07) x 103 and By, — K K") = (591 +
0.32) x 1073 [23]. Table I summarizes the uncertainties.
The yields are affected by the uncertainties on the fit
functions and parameters, and by the variation of the yield
fractions in the BDT output bins, due to the uncertainty on
the BDT output distribution. The uncertainties on the
efficiency ratios reflect the PID calibration, the limited
sizes of the simulated samples, the effect of the detector
acceptance, the B/ lifetime 0.507 + 0.009 ps [24], and the
trigger and fiducial cut corrections.

The results obtained are Ry, gk, = (8.073% (stat) +
0.6(syst)) x 107® and R, , = (9.873 (stat) == 0.8(syst))x
107%. Accounting for the systematic uncertainties related to
the signal extraction, the significances of these measure-
ments are 2.4¢ and 4.00, respectively. For the annihilation
region, a 90(95)% confidence level (C.L.) upper limit,
Ranxin < 15(17) x 1078, is estimated by making a scan
of R,, xxz comparing profile likelihood ratios for the
“signal 4 background” and “background-only” hypotheses
[9,25].

For the modes B! — BY(— K*K™)z* and B/ —
D°%(— K=z")K*, no significant deviation from the
background-only hypothesis is observed. Using B(B? —
K*K™) =(2504+0.17) x 10 and B(D° - K=z") =
(3.93 +0.04)% [23], the following 90(95)% C.L. upper
limits are obtained: Ry, = ZEg{; x B(Bf - B%xt) <
4.5(54)x 1073 and Rpox = Zgi; x B(Bf - D°K™) <
1.3(1.6) x 107, The first limit is consistent with the result
of Ref. [26], which gives Rgo, = (6.2 + 1.0) x 10~*, using
o(BY)/o(BT) = 0.258 4+ 0.016 [27,28].

In summary, a study of B} meson decays to the K™ K~z
final state has been performed in the fiducial region
pr(B) <20 GeV/c and 2.0 < y(B) < 4.5. Evidence for
the decay B} — y.or™" is found at 4.0¢ significance. This
result can be compared to the measurement involving

another charmonium mode, iggig x B(Bf = J/yzn") =
(7.0 £0.3) x 1076, obtained from Refs. [23,29].

A indication of bc weak annihilation with a signi-
ficance of 2.4¢ is reported in the region m(K z") <
1.834 GeV/c?. The branching fraction of Bf —
K*(892)K* has been rtecently predicted to be
(10.073%) x 1077 [3]. The contribution of the mode
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Bf — K*°(892)(— K~n")K" to Ry, k. could be promi-
nent, for which an estimate is made as follows. Using the
predictions listed in Ref. [30] for B(B} — J/yxz"), which
span the range [0.34,2.9] x 1073, and the value of

;Egig x B(Bf — J/wn") based on Ref. [29] quoted above,
Zggig ~10.23,2.1]% is obtained. Combined with the

prediction of Ref. [3], a value of Zggjng(Bj -

K*(892)(= K=n")K*) ~[0.1,1.7] x 10® is obtained,
including the theoretical uncertainties and the K*°(892) —
K~z branching fraction. This estimate is lower than the
R,n kx> measurement. The statistical uncertainty, however,
is at present too large to make a definite statement. The data
being accumulated in the current run of the LHC will allow
LHCD to clarify whether the weak annihilation process of
BT meson decays involves significant contributions from
heavier K~z states, or is enhanced by other sources.
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