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The first observation of the suppressed semileptonic B0
s → K−μþνμ decay is reported. Using a data

sample recorded in pp collisions in 2012 with the LHCb detector, corresponding to an integrated
luminosity of 2 fb−1, the branching fraction BðB0

s → K−μþνμÞ is measured to be ½1.06� 0.05ðstatÞ�
0.08ðsystÞ� × 10−4, where the first uncertainty is statistical and the second one represents the combined
systematic uncertainties. The decay B0

s → D−
s μ

þνμ, whereD−
s is reconstructed in the final stateKþK−π−, is

used as a normalization channel to minimize the experimental systematic uncertainty. Theoretical
calculations on the form factors of the B0

s → K− and B0
s → D−

s transitions are employed to determine
the ratio of the Cabibbo-Kobayashi-Maskawa matrix elements jVubj=jVcbj at low and high B0

s → K−

momentum transfer.

DOI: 10.1103/PhysRevLett.126.081804

The coupling of the electroweak interaction between
up- and down-type quarks is modulated by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1,2]. Hadrons con-
taining a b quark can decay weakly via a virtual W boson
to semileptonic final states through the tree-level transi-
tions b → cðW� → lνÞ and b → uðW� → lνÞ, where lν
denotes a charged lepton and a neutrino. These transi-
tions involve the CKM matrix elements Vcb and Vub,
respectively, which obey the observed hierarchy
jVubj=jVcbj ∼ 0.1, resulting in the transitions b → clν
being favored over b → ulν. Semileptonic b hadron decays
are an excellent ground for measuring jVcbj and jVubj since
the factorization of the hadronic and leptonic parts of the
amplitudes eases theoretical calculations [3,4]. Improving
the precision on the measurements of the CKM elements
can be exploited to probe possible deviations from the
standard model of particle physics [5]. Existing jVubj and
jVcbj measurements show a discrepancy between those
performed with exclusive decays, where all the visible
particles are reconstructed, and inclusive decays where only
the lepton is reconstructed [6]. The world average of the
exclusive jVubj results is dominated by B0 → π−lþνl
measurements. The LHCb measurement using the baryonic
decays Λ0

b → pμ−ν̄μ and Λ0
b → Λþ

c μ
−ν̄μ [7] gives the ratio

jVubj=jVcbj ¼ 0.079� 0.006, as updated in Ref. [6]. In
addition to the inclusive versus exclusive puzzle,

measurements of jVubj=jVcbj are important to constrain
the CKM unitarity triangle [8,9].
This Letter reports the first observation of the decay

B0
s → K−μþνμ, the measurement of its branching fraction

and of the ratio jVubj=jVcbj with B0
s → D−

s μ
þνμ as a

normalization channel [10]. The measurement of the
branching fraction is performed in two regions of the B0

s →
K− momentum transfer or invariant mass squared of the
muon and the neutrino q2, as well as integrated over the full
q2 range. The ratio jVubj=jVcbj is derived in the two q2

regions using calculations of the form factors of the
B0
s → K− and B0

s → D−
s transitions based on both light

cone sum rule (LCSR) [11,12] and lattice QCD (LQCD)
[13] methods. The data sample consists of pp collisions
recorded by the LHCb detector in 2012 at a center-of-mass
energy of 8 TeV corresponding to 2 fb−1 of integrated
luminosity. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
described in detail in Refs. [14,15]. The trigger [16]
consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software
stage, which reconstructs charged particles. Simulation,
produced with software packages described in Refs. [17–
19], is used to model the effects of the detector acceptance
and the imposed selection requirements.
In this analysis, candidates for B0

s → K−μþνμ and B0
s →

D−
s μ

þνμ decays are formed by combining a muon with a
kaon or a D−

s candidate reconstructed through the decay
D−

s → KþK−π−. The trigger and initial selection require-
ments are chosen to be similar between these two modes.
Events are retained by the hardware trigger due to the
presence of a high-pT muon, where pT is the momentum
component transverse to the beam. The software trigger
[20] selects partially reconstructed B decays by combining
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a track or a D−
s candidate with a well identified muon

candidate. The initial selection includes requirements on
the track kinematics and quality, particle identification, as
well as on the B0

s candidate kinematics and decay topology.
The obtained samples for each of the decays include
background contributions dominated by b hadron decays
with additional tracks or neutral particles in the final state.
For the K−μþ combinations, the main background origi-
nates fromHb → μþHcð→ K−XÞX0, whereHb;c represents
a hadron containing a b or a c quark and Xð0Þ denotes
unreconstructed particles. Decays to excited K� reson-
ances, B0

s → K�−ð→ K−π0Þμþνμ, and charmonium modes
B → ½cc̄�ð→ μþμ−ÞK−X, where ½cc̄� ¼ J=ψ ;ψð2SÞ, are
secondary background contributions. Other sources arise
from b hadron decays where a track is misidentified as a
kaon or a muon and random combinations of a muon and a
kaon. In theD−

s μ
þ combinations, the main (and irreducible)

source of background arises from B0
s → D�−

s ð→ D−
s γÞμþνμ

decays. Additional contributions include decays to higher
excitations of the D−

s meson, B0
s → D��−

s ð→ D−
s XÞμþνμ,

double-charm decays of the type Bu;d;s → DsDX and
semitauonic B0

s → D−
s τ

þντ decays.
To suppress background, theK−μþ andD−

s μ
þ candidates

are required to be isolated from other tracks in the event.
A multivariate algorithm (MVA) is trained to determine
if a given track originates from the candidate or from the
rest of the event (ROE). A threshold on the value of the
MVA output is applied to the ROE track that appears to
be the closest to the signal. For K−μþ candidates, two
boosted decision tree (BDT) classifiers [21,22] are used
sequentially to further reduce the remaining background.
A charged BDT classifier is trained against a mixture
of the main background components using, in addition to
the isolation MVA output, invariant masses formed by the
least isolated ROE trackwith respect to each of themuon or
the kaon, and variables related to the B0

s , K−, and μþ
kinematics. The background passing the charged BDT
requirement comprises decays without an additional track,
mainly of the typeHb → μþHcð→ K−PÞ, where P is either
a long-lived or a neutral particle. A second BDT classifier,
denoted neutral BDT, involves kinematic variables of the
K− and B0

s candidates, the B0
s vertex position and quality,

the invariant mass formed by the signal kaon, and any π0

meson in its vicinity; it also exploits the asymmetry
between the kaon momentum and an average momentum
direction formed by neutral particles in the vicinity of the
kaon. The shapes of the BDToutputs are calibratedwith the
decayB− → J=ψð→ μþμ−ÞK−, which is reconstructed both
as aK−μþ candidate and fully reconstructedwhere the least
isolated track near the K−μþ pair is identified as μ−.
Kinematic weighting accounts for data-simulation discrep-
ancies for the training of the classifiers.
The B0

s mass is represented by the corrected mass [23],
defined as

mcorr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Yμ þ p2⊥=c2
q

þ p⊥=c; ð1Þ

where mYμ is the invariant mass of the Yμ pair, with Y ¼
K− or D−

s , and p⊥ is the momentum of this pair transverse
to the B0

s flight direction. The flight direction is defined as
the vector between the positions of the primary pp collision
vertex and the B0

s decay vertex. In order to improve
the separation between the B0

s → K−μþνμ signal and
background, the uncertainty on mcorr is required to be
σðmcorrÞ < 100 MeV=c2. The shape of σðmcorrÞ is cali-
brated following a similar procedure as for the BDT
classifiers. To derive q2, the neutrino momentum is
estimated using the B0

s flight direction and the known
B0
s mass. A twofold ambiguity resulting from this estimate

is resolved by choosing the solution that is most consistent
with the B0

s momentum predicted by a linear regression
method [24]. The fit to the mcorr distribution, used for the
extraction of the B0

s → K−μþνμ signal, is performed in two
q2 regions, respectively, above and below 7 GeV2=c4

(“high” and “low”), which are chosen to contain approx-
imately the same expected signal yields.
For the B0

s → D−
s μ

þνμ decay, a fit to the invariant mass
of the D−

s → KþK−π− candidates is performed in 40
intervals of mcorr from 3000 to 6500 MeV=c2. his provides
the Ds yield as a function of mcorr and thus subtracts
the background originating from combinations of random
kaon and pion tracks. The obtained mcorr distribution is fit
to extract the B0

s → D−
s μ

þνμ signal yield. For the B0
s →

K−μþνμ decay, the combinatorial background is largely
reduced by applying a topological criterion: the opening
angle between the directions of theK− and μþ candidates in
the plane transverse to the pp collision axis is required to
be less than 90°. The efficiency of this requirement on the
signal is 93%, while it removes approximately 90% of the
combinatorial background.
The efficiencies of the signal and normalization

channels are derived from simulation and take into
account the effects of the triggers, reconstruction, selec-
tion, particle identification, isolation procedure, MVA
requirements, and detector acceptance. Data-driven cor-
rections are applied to account for any mismodeling
related to the kinematics, number of tracks in the
event, and particle identification variables. The efficiency
ratio between the signal and normalization decays is
ϵK=ϵDs

¼ 1.109� 0.018, 0.553� 0.009, and 0.733�
0.009 for q2 < 7 GeV2=c4, q2 > 7 GeV2=c4, and the full
q2 range, respectively. The uncertainties reflect the limited
size of the simulated samples.
The fit template for the mcorr distribution of the B0

s →
K−μþνμ signal is obtained from simulation, while the
shapes for the background components are derived from
either simulation or control samples. The statistical uncer-
tainties originating from the finite samples used to obtain
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the templates are accounted for in the fits [25]. The main
background Hb → Hcð→ K−XÞμþX0, whose yield is free
in the fit, is obtained with a simulated inclusive sample. The
B0
s → K�−ð→ K−π0Þμþνμ background is modeled by sim-

ulating a mixture of three resonances [K�−ð892Þ,
K�−

0 ð1430Þ, and K�−
2 ð1430Þ] with a substantial branching

fraction to the K−π0 final state. Though the overall yield is
free, the mixture is fixed to certain proportions that are
varied up to a factor of 2.5 for systematic studies, according
to available measurements of the decays B− → K�−μþμ−

and B− → K�−η=ϕ [26]. The impact of a possible B0
s →

K−π0μþνμ nonresonant decay has also been considered and
found to be absorbed by the resonant mixture. The
charmonium background is dominated by B− → J=ψð→
μþμ−ÞK−X decays, with the fraction of the B− → J=ψð→
μþμ−ÞK− channel exceeding 75%. Its shape is determined
with simulated B− → J=ψð→ μþμ−ÞK−X events, while its
yield is derived from the yield of the B− → J=ψð→
μþμ−ÞK− signal peak in data. To recover that peak from
K−μþ combinations, the missing momentum of the μ− is
calculated from the B− flight direction and the known J=ψ
mass. The background originating from the misidentifica-
tion (misID) of a pion, proton, or muon as a kaon—or a
kaon, proton, or pion as a muon—is modeled using data
samples of hμþ (K−h) candidates with an identical selec-
tion as for the main sample, but where h is a charged track

that fails the kaon (muon) identification criteria. These
control samples are thus enriched in misidentified tracks
of the different species. The different contributions to
the kaon and muon misID are unfolded using control
samples of kinematically identified hadrons and muons
[27]. These samples are used to derive the probabilities
that a particle belonging to a given species and with
particular kinematic properties would pass the kaon or
muon criteria. With this method, both the mcorr shape
and the yield of the misID are constrained. The combina-
torial background is modeled with a separate data sample,
where a kaon and a muon from different events are
combined. The obtained pseudocandidates undergo the
same selection as the signal candidates and are corrected
to reproduce the kinematic properties of the standard
candidates. The fit to the normalization channel B0

s →
D−

s μ
þνμ employs shapes obtained from simulation. The

B0
s → D−

s μ
þνμ decay is modeled with the recent form factor

predictions of Ref. [28]. The main background originates
from B0

s semimuonic decays to excitations of the D−
s

meson, with the dominant D�−
s → D−

s γ decay represented
by a specific shape, and higher excitations D��−

s ¼
½D�−

s0 ð2317Þ; D−
s1ð2460Þ; D−

s1ð2536Þ� → D−
s X modeled by

a combined shape. Other sources of background are the
decays of the form B → D−

s DX and the semitauonic decay
B0
s → D−

s τ
þð→ μþνμν̄τÞντ. Because of the similarity of
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FIG. 1. Distribution ofmcorr for (top) the signal B0
s → K−μþνμ, with (left) q2 < 7 GeV2=c4 and (right) q2 > 7 GeV2=c4, and (bottom)

the normalization B0
s → D−

s μ
þνμ channel. The points represent data, while the resulting fit components are shown as histograms.
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their shapes, the B0
s → D��−

s μþνμ channels are grouped
with Bs → D−

s DX decays, while B0
s → D−

s τ
þð→ μþνμν̄τÞντ

is combined with Bu;d → D−
s DX decays.

The corrected mass distributions of the signal and
normalization candidates are shown in Fig. 1, with the
binned maximum-likelihood fit projections overlaid.
The B0

s → K−μþνμ yields for q2 < 7 and q2 >
7 GeV2=c4 regions are found to be NK ¼ 6922� 285

and 6399� 370, respectively, while the B0
s → D−

s μ
þνμ

yield is NDs
¼ 201450� 5200. The uncertainties include

both the effect of the limited dataset and the finite size of
the samples used to derive the fit templates. Unfolding the
two effects in quadrature shows that they have similar sizes.
This is the first observation of the decay B0

s → K−μþνμ.
The ratio of branching fractions is inferred as

RBF≡BðB0
s →K−μþνμÞ

BðB0
s →D−

s μ
þνμÞ

¼ NK

NDs

ϵDs

ϵK
×BðD−

s →KþK−π−Þ;

ð2Þ

with BðD−
s → KþK−π−Þ ¼ ð5.39� 0.15Þ% [26] and gives

RBFðlowÞ ¼ ½1.66� 0.08ðstatÞ � 0.07ðsystÞ
� 0.05ðDsÞ� × 10−3;

RBFðhighÞ ¼ ½3.25� 0.21ðstatÞþ0.16
−0.17ðsystÞ

� 0.09ðDsÞ� × 10−3;

RBFðallÞ ¼ ½4.89� 0.21ðstatÞþ0.20
−0.21ðsystÞ

� 0.14ðDsÞ� × 10−3;

where the uncertainties are statistical, systematic, and due
to the D−

s → KþK−π− branching fraction. Table I summa-
rizes the systematic uncertainties. It includes uncertainties
on the calibration and correction of the track reconstruction,
trigger, particle identification, selection variables, migra-
tion of events between q2 regions, efficiencies, and the fit

template distributions. The largest systematic uncertainty
originates from the fit templates and is evaluated by varying
the shape of the fit components according to alternative
models and also by modifying within its uncertainty the
mixture of exclusive decays representing some of the
background contributions. In particular, the signal shape
is varied using various form factor models [29–32]. A
similar procedure is applied to the normalization channel.
The tracking uncertainty comprises the limited precision on
tracking efficiency corrections obtained from control sam-
ples in data and the uncertainty on modeling the hadronic
interactions with the detector material. The uncertainty on
the q2 migration is related to the limited accuracy of the
evaluation of the cross feed between low- and high-q2

regions in simulation.
To determine the branching fraction BðB0

s → K−μþνμÞ
and the ratio jVubj=jVcbj, the predicted integrals of the
form factors FFY ¼ jVxbj−2

R ½dΓðB0
s → YμþνμÞ=dq2�dq2

(Y ¼ K−, D−
s ; x ¼ u, c) are required. The absolute

branching fraction is calculated as BðB0
s → K−μþνμÞ ¼

τBs
× jVcbj2 × FFDs

× RBF. The inputs are the exclusive
value of jVcbj ¼ ð39.5� 0.9Þ × 10−3 [26], the B0

s meson
lifetime τBs

¼ 1.515� 0.004 ps [26], and the form factor
integral FFDs

¼ 9.15� 0.37 ps−1 based on a recent LQCD
computation [28]. This leads to

BðB0
s → K−μþνμÞ ¼ ½1.06� 0.05ðstatÞ � 0.04ðsystÞ

� 0.06ðextÞ � 0.04ðFFÞ� × 10−4;

where the uncertainties are statistical, systematic, from
the external inputs (D−

s branching fraction, B0
s lifetime,

and jVcbj), and the B0
s → D−

s form factor integral, respec-
tively. Combining the systematic uncertainties, the branch-
ing fraction is BðB0

s → K−μþνμÞ ¼ ½1.06� 0.05ðstatÞ�
0.08ðsystÞ� × 10−4.
The ratio of CKM elements jVubj=jVcbj is obtained

through the relation RBF ¼ jVubj2=jVcbj2 × FFK=FFDs
. For

the FFK value, a recent LQCD prediction is used for the
high-q2 range, FFKðq2 > 7 GeV2=c4Þ ¼ 3.32� 0.46 ps−1

[31], while a LCSR calculation [32] is used for the low-q2

range, FFKðq2 < 7GeV2=c4Þ ¼ 4.14� 0.38 ps−1, due to
the lower accuracy of LQCD calculations in this region.
The obtained values are

jVubj=jVcbjðlowÞ ¼ 0.0607� 0.0015ðstatÞ � 0.0013ðsystÞ
� 0.0008 ðDsÞ � 0.0030 ðFFÞ;

jVubj=jVcbjðhighÞ ¼ 0.0946� 0.0030ðstatÞþ0.0024
−0.0025ðsystÞ

� 0.0013 ðDsÞ � 0.0068 ðFFÞ;

where the latter two uncertainties are from the D−
s branch-

ing fraction and the form factor integrals. The discrepancy
between the values of jVubj=jVcbj for the low- and high-q2

TABLE I. Relative systematic uncertainties on the ratio
BðB0

s → K−μþνμÞ=BðB0
s → D−

s μ
þνμÞ, in percent.

Uncertainty All q2 Low q2 High q2

Tracking 2.0 2.0 2.0
Trigger 1.4 1.2 1.6
Particle identification 1.0 1.0 1.0
σðmcorrÞ 0.5 0.5 0.5
Isolation 0.2 0.2 0.2
Charged BDT 0.6 0.6 0.6
Neutral BDT 1.1 1.1 1.1
q2 migration � � � 2.0 2.0
Efficiency 1.2 1.6 1.6
Fit template þ2.3

−2.9
þ1.8
−2.4

þ3.0
−3.4

Total þ4.0
−4.3

þ4.3
−4.5

þ5.0
−5.3
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ranges is related to the difference in the theoretical
calculations of the form factors. To illustrate this, the
LQCD calculation in Ref. [31] gives FFK ¼ 0.94�
0.48 ps−1 at low q2, which can be compared to the chosen
LCSR value, 4.14� 0.38 ps−1 [32]. Figure 2 depicts the
jVubj=jVcbjmeasurements of this Letter, jVubj=jVcbjðlowÞ ¼
0.061� 0.004 and jVubj=jVcbjðhighÞ ¼ 0.095� 0.008,
with the uncertainties combined. The jVubj=jVcbj measure-
ment obtained with the Λ0

b baryon decays [7], for which a
form factor model based on a LQCD calculation [33] was
used, is also shown.
In conclusion, the decay B0

s → K−μþνμ is observed for
the first time. The branching fraction ratios in the two q2

regions reported in this Letter represent the first exper-
imental ingredient to the form factor calculations of the
B0
s → K−μþνμ decay. Moreover, the jVubj=jVcbj results

will improve both the averages of the exclusive measure-
ments in the ðjVcbj; jVubjÞ plane and the precision on the
least known side of the CKM unitarity triangle.
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aAlso at Università di Genova, Genova, Italy.
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