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The branching fraction BðB0 → D!−τþντÞ is measured relative to that of the normalization mode B0 →
D!−πþπ−πþ using hadronic τþ → πþπ−πþðπ0Þν̄τ decays in proton-proton collision data at a center-of-
mass energy of 13 TeV collected by the LHCb experiment, corresponding to an integrated luminosity of
2 fb−1. The measured ratio is BðB0 → D!−τþντÞ=BðB0 → D!−πþπ−πþÞ ¼ 1.70& 0.10þ0.11

−0.10 , where the
first uncertainty is statistical and the second is related to systematic effects. Using established branching
fractions for the B0 → D!−πþπ−πþ and B0 → D!−μþνμ modes, the lepton universality test RðD!−Þ≡
BðB0 → D!−τþντÞ=BðB0 → D!−μþνμÞ is calculated, RðD!−Þ ¼ 0.247& 0.015& 0.015& 0.012, where
the third uncertainty is due to the uncertainties on the external branching fractions. This result is consistent
with the Standard Model prediction and with previous measurements.
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I. INTRODUCTION

Measurements of RðDð!ÞÞ≡BðB0→Dð!ÞτþντÞ=BðB0→
Dð!ÞlþνlÞ, the ratio of branching fractions with l ¼ μ, e,
test lepton flavor universality in b → clνl transitions. First
measured by the BABAR Collaboration in 2012 [1], this
ratio has been studied by the Belle [2,3] and LHCb [4,5]
experiments using hadronic and muonic decay modes of
the τþ lepton.1 After the latest LHCb Collaboration result
using muonic τþ decays [6], the discrepancy between the
world-average values of RðD!Þ and RðDÞ measurements
with their theoretical prediction is at the level of 3 standard
deviations [7]. The predicted value by the Standard Model
(SM) of particle physics is RðD!Þ ¼ 0.254& 0.005 [7].
Several extensions to the SM can explain this anomaly, e.g.,
leptoquark models [8–10], which typically assume a
leptoquark that preferentially couples to third-generation
leptons and has a mass below 1 TeV=c2.
The LHCb hadronic RðD!−Þ analysis was first per-

formed using proton-proton (pp) collision data collected at
center-of-mass energies of

ffiffiffi
s

p
¼ 7 and 8 TeV in 2011 and

2012 [4,5], corresponding to an integrated luminosity of
3 fb−1. This paper presents a similar measurement of

RðD!−Þ based on pp collision data taken at 13 TeV in
2015 and 2016, corresponding to an integrated luminosity
of 2 fb−1. Despite the lower integrated luminosity, the
increase of the bb̄ production cross section with the center-
of-mass energy by nearly a factor of 2 and improvements in
the LHCb trigger provide about 40% more signal candi-
dates than in the previous analysis.
The analysis strategy in this paper is similar to that

detailed in the previous study [4,5], and includes changes
that improve the signal efficiency. The τþ lepton is
reconstructed in the hadronic final state 3πðπ0Þν̄τ, where
3π ≡ πþπ−πþ, and the D!− candidate is reconstructed
through the D!− → π−D̄0ð→ Kþπ−Þ decay.2 The B0 →
D!−3π decay is chosen as the normalization mode because
it has the same visible final state as the signal mode. Many
of the systematic uncertainties due to detector and
reconstruction effects cancel in the ratio of their branching
fractions defined as

KðD!−Þ≡ BðB0 → D!−τþντÞ
BðB0 → D!−3πÞ

¼
Nsig

Nnorm

εnorm
εsig

×
1

Bðτþ → 3πν̄τÞ þ Bðτþ → 3ππ0ν̄τÞ
: ð1Þ

Here, Nsig and Nnorm are the yields in the signal and
normalization modes, respectively, which are obtained
from the data. The efficiencies εsig and εnorm, for the signal
and normalization modes, respectively, are determined
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1BABAR and Belle used decays with both muons and electrons
in theRðDð!ÞÞ denominator, while LHCb has exclusively studied
decays with muons so far.

2The inclusion of charge-conjugate decay modes is implied
throughout the paper.
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from the simulation. The signal efficiency εsig is calculated
as the average between the τþ → 3πν̄τ and the τþ →
3ππ0ν̄τ decays weighted by their relative branching frac-
tions [11]. Finally, using the known branching fractions
BðB0 → D!−3πÞ and BðB0 → D!−μþνμÞ [11], RðD!−Þ is
obtained as

RðD!−Þ ¼ KðD!−Þ BðB0 → D!−3πÞ
BðB0 → D!−μþνμÞ

: ð2Þ

To avoid biases, the numerical results of this analysis were
not examined until the full procedure had been finalized.
This paper is organized as follows. The LHCb detector

and simulation are described in Sec. II. Details of the
selection criteria used to select the B0 → D!−τþντ and
B0 → D!−3π candidates are presented in Sec. III, followed
by Sec. IV, which describes the study of the double-charm
decays of the B meson that form the dominant background
for the signal mode. The determination of the signal and
normalization yields are provided in Sec. V, and the
systematic uncertainties are discussed in Sec. VI.
Finally, the results are given in Sec. VII.

II. DETECTOR AND SIMULATION

The LHCb detector [12,13] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [14], a large-area silicon-strip detec-
tor located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [15,16] placed downstream
of the magnet. The tracking system provides a measure-
ment of the momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV=c. The minimum distance of a
track to a primary pp collision vertex (PV), the impact
parameter (IP), is measured with a resolution of
ð15þ 29=pTÞ μm, where pT is the component of the
momentum transverse to the beam, in GeV=c. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors [17].
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic and a hadronic
calorimeter. Muons are identified by a system composed
of alternating layers of iron and multiwire proportional
chambers [18].
The online event selection is performed by a trigger [19],

which consists of a hardware stage based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction. At
the hardware-trigger stage, events are required to have a

muon with high pT or a hadron, photon or electron with
high transverse energy in the calorimeters. The hadron can
originate from either the decay chain under consideration or
the remainder of the event. The software trigger requires a
two-, three- or four-track secondary vertex with a signifi-
cant displacement from any PV. At least one charged
particle must have a transverse momentum pT >
1.6 GeV=c and be inconsistent with originating from
any PV. A multivariate algorithm [20,21] is used for the
identification of secondary vertices consistent with the
decay of a b hadron.
Simulation is required to model the effects of the detector

acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [22]
with a specific LHCb configuration [23]. Decays of
unstable particles are described by EvtGen [24], in which
final-state radiation is generated using PHOTOS [25]. The τþ

decays to 3πν̄τ and 3ππ0ν̄τ are simulated using the
resonance chiral Lagrangian model [26] as implemented
in the TAUOLA [27] package tuned according to the results
from the BABAR Collaboration [28]. The interaction of the
generated particles with the detector, and its response, are
implemented using the Geant4 toolkit [29] as described in
Ref. [30]. Large samples of simulated events are required to
reduce the systematic uncertainty due to the sample size. A
fast simulation technique, ReDecay [31], is used for this
purpose in which the underlying pp interaction is reused
multiple times, with an independently generated signal
decay for each. These samples have been validated against
simulated events using unique underlying interactions.

III. EVENT SELECTION

The reconstruction of the decay kinematics follows the
procedure given in Refs. [4,5]. The signal candidates are
formed by combining a D!− meson that decays as D!− →
π−D̄0ð→ Kþπ−Þ and a 3π system which is detached from
the B0 decay vertex due to the non-negligible lifetime of the
τþ lepton. The dominant background contribution is B0

decays in which the 3π system comes promptly from the B0

vertex, called prompt background hereafter. To suppress
this background, the distance between the B0 and 3π
vertices along the beam direction, Δz≡ zð3πÞ − zðB0Þ,
is required to be at least twice its uncertainty (σΔz). Double-
charm B → D!−DðXÞ decays3 are the next dominant back-
ground, with a detached-vertex topology similar to that of
the signal decays. The remaining sources of background are
suppressed by requiring the 3π system to be consistent with
originating from a common vertex.
Three categories of data and simulation are used in this

analysis: signal, normalization and control. The control

3Throughout the paper, X denotes unreconstructed particles
that are known to be present in the decay chain, and (X) stands for
those that may or may not be present.
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samples are used to study the double-charm background
and are selected to enrich the number of Dþ

s decays. The
selection process for each set is split into two stages. First,
common selection criteria are applied to suppress the
candidates originating from random combinations of
final-state particles for the signal, normalization and control
samples. Second, specific requirements are placed on each
set. The selection of control samples is described in Sec. IV.

A. Common selection criteria

The purpose of these common requirements is to sup-
press the prompt and combinatorial backgrounds. Tracks
consistent with a kaon or pion hypothesis and having p >
2 GeV=c and pT > 250 MeV=c are selected to form D̄0

candidates, which are required to have a mass in the range
½1840; 1890( MeV=c2 and pT larger than 1.2 GeV=c. The
D̄0 candidates are then combined with tracks consistent
with the pion hypothesis and with pT > 110 MeV=c to
form D!− candidates, where the difference in the masses of
the D!− and D̄0 candidates (Δm) must lie within 143 and
148 MeV=c2. Sideband regions of mðD̄0Þ in ranges
½1825; 1840( MeV=c2 and ½1890; 1905( MeV=c2 and Δm
within ½150; 160( MeV=c2 are defined to study the com-
binatorial background.
The τþ candidates are formed from three tracks, where

each track must have pT > 250 MeV=c and be consistent
with the pion hypothesis. Additionally, the 3π vertex must
be separated from the PV associated with the signal decay
by at least 10 times the uncertainty on the distance of
separation. The radial distance between the 3π vertex and
the beam center in the transverse plane is required to be
within [0.2, 5.0] mm to avoid pion triplets coming from
secondary interactions or a PV. The combinatorial back-
ground is suppressed by requiring that the D̄0 and τþ

candidates are associated with the same PV. For events with
B0 mass greater than 5150 MeV=c2, the significance of the
IP of the D̄0 and 3π candidates with respect to the PV
associated with the signal decay is required to be larger
than 4.

1. Particle identification requirements

The charged pion and kaon tracks must be positively
identified using the information provided by the particle
identification (PID) system. The requirements are the same
as those used in the previous analysis [4,5]. Contamination
due to decays of the type B → D!−DþðXÞ, with the
subsequent decay Dþ → K−πþπþðπ0Þ, are suppressed by
requiring that the kaon identification probability is less than
17% for the π− candidate within the 3π system.

2. Anticombinatorial and isolation requirements

The combinatorial background is further suppressed
using a boosted decision tree (BDT) classifier that is
trained using simulated B0 → D!−τþντ decays as the signal

proxy and the data sample with the same-sign charge
combination D!−π−πþπ− as the background proxy. The
distributions of pT and η of the D!− and τþ candidates
along with variables related to their vertex and IP are used
to separate signal and background events. Two such
variables are χ2IP, which is defined as the difference in
the vertex-fit χ2 of the PV reconstructed with and without
the particle under consideration, and vertex χ2, which
describes the quality of a vertex. The flight direction
information of the B0 and τþ is also utilized. The BDT
classifier rejects about 75% of the combinatorial back-
ground while preserving 77% of the B0 → D!−τþντ
decays.
A closely related challenge is the rejection of partially

reconstructed backgrounds with more than six charged
tracks. The main source of these candidates is B →
D!−Dþ

s ðXÞ processes where the Dþ
s meson decays into

five stable charged particles and B → D!−D0Kþ decays
where the D0 meson decays into four stable charged
particles. A dedicated algorithm [32] is used to evaluate
the isolation of each signal-candidate track from other
nonsignal tracks in an event. An isolation BDT classifier is
formed from this information for each signal-candidate
track, trained using simulated B0 → D!−τþντ decays as the
signal proxy and simulated B → D!−D0Kþ decays in
which two extraneous charged kaons are present as the
background proxy. This classifier removes 82% of back-
ground decays with extra charged tracks while retaining
78% of signal decays. The isolation requirements for
suppressing background with extra neutral particles in
the final state are discussed in Sec. III B 2.

B. Selection of signal-mode B0 → D!− τ + ντ
The signal-mode B0 → D!−τþντ candidates are identi-

fied with the use of a detached-vertex criterion and a
targeted suppression of backgrounds where Dþ

s decays
mimic hadronic decays of τþ leptons.

1. Vertex detachment criteria

In B0 → D!−τþντ decays, the 3π vertex is detached from
the B0 vertex. A good approximation for the B0 vertex is the
point of closest approach between theD!− line of flight and
the 3π line of flight. A BDT classifier is used to identify this
detached topology. The inputs to this BDT classifier are the
positions of the D̄0, B0 and 3π vertices and their related
uncertainties, the 3π mass, and the momenta of the tracks
forming the B0 candidate. The training of this BDT is
performed using simulated B0 → D!−τþντ decays as signal
and simulated prompt bb̄ → D!−3πX production as back-
ground samples. The efficiency and rejection performance
of this BDT classifier is slightly better than the beam-
direction significance used in Refs. [4,5]; the rejection rate
is 20% higher for the same signal efficiency.
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2. Suppression of D+
s backgrounds

The 3π decay of the τþ proceeds predominantly through
an a1 resonance with a ρ0πþ intermediate state. There is a
major background contribution due toDþ

s decays to 3πðXÞ,
which primarily proceeds through η and η0 resonances, with
only a very small contribution from Ra1 structures, where
R designates an η, η0, ω, ϕ or K0 meson [11]. In addition,
for the latter three mesons, the phase space is such that the
a1 meson must be produced below its on-shell mass,
providing further discrimination with respect to τ decays.
The πþ π− mass is kinematically limited to< 400 MeV=c2

for the decays η → πþπ−π0 and η0 → πþπ−η, which pro-
vides input to a discriminating variable formed by the
minimum mass of the two πþ π− combinations present in
the pion triplet. The 3π system from Dþ

s decays is often
accompanied with a large number of neutral particles from
the same decay. Variables related to the energy from these
neutral particles in cones around the 3π system direction are
used in a BDT classifier to suppress these backgrounds.
This classifier is trained using simulated B0 → D!−τþντ
events as the signal training sample and simulated Dþ

s
events decaying into three pions as the background training
sample. The performance of this anti-Dþ

s BDT is better than
that found in the previous analysis [4,5] with 40% rejection
ofDþ

s events for a 97% signal efficiency. The anti-Dþ
s BDT

output is used as a fit variable to estimate the yield of B0 →
D!−τþντ decays.

3. Other requirements

The invariant mass of the 3π system is required to be
below 1600 MeV=c2 to suppress double-charm back-
grounds. An upper boundary for the invariant mass of
the D!3π candidates is set at 5100 MeV=c2, consistent
with the presence of neutrinos in the final state of the signal
decays. After all the selection requirements are applied,
only 0.5% of events have multiple candidates, from which
one is chosen at random.

C. Selection of normalization mode B0 → D!− 3π
The selection of B0 → D!−3π candidates utilizes the

unique characteristics of this mode: the fully reconstructed
B0 → D!−3π decay and the 3π system coming directly
from the B0 meson. The B0 candidates are selected in the
mass range ½5150; 5400( MeV=c2. The selection is kept
similar to that of the B0 → D!−τþντ mode, to cancel the
majority of systematic bias in the measurement of the ratio
KðD!−Þ. To ensure this, the D̄0 decay vertex is required to
lie further downstream than the 3π vertex, a similar
detachment criterion to that for the 3π system from the
B0 decay vertex in B0 → D!−τþντ decays. The anti-Dþ

s
BDT classifier and mð3πÞ selection criteria are not applied;
however these do not bias KðD!−Þ, since their efficiency is
around 97% for the B0 → D!−τþντ decays.

D. Simulation corrections and efficiencies

The simulation samples used in the analysis are required
to match the conditions in data as closely as possible. The
pT and η distributions of the Bmeson, B0 → D!−τþντ form
factors, 3π vertex-position uncertainty and the 3π decay
dynamics in simulation are calibrated to data. Control
samples are used to validate simulation samples and apply
corrections where necessary, as described in Sec. IV. The
selection efficiencies (ε) for the B0 → D!−τþντ and B0 →
D!−3π modes are estimated from simulation after correc-
tions are applied. The efficiencies used in Eq. (1) are εsig ¼
ð1.05& 0.01Þ × 10−4 and εnorm ¼ ð3.00& 0.03Þ × 10−4.
The uncertainties are due to the limited size of the
simulation samples.

IV. STUDY OF DOUBLE-CHARM BACKGROUND

The dominant background category after applying the
selection criteria mentioned in Sec. III is double-charm
decays B → D!−DðXÞ, where D is a Dþ

s ,Dþ orD0 meson.
Control samples in data are used to study these back-
grounds and evaluate corrections that must be applied to
simulated samples which are used to obtain the background
probability density functions (PDFs) used in the fit to
determine the signal yield. The decays involving Dþ

s
mesons are analyzed in two stages. First, the corrections
to the branching fractions used to generate the simulation of
different Dþ

s decays with three pions in the final state are
estimated. These corrections are applied to the simulation
samples. Second, the composition of several B →
D!−Dþ

s ðXÞ decays is determined, serving as constraints
on the fractions of these components in the signal-
extraction fit.

A. D+
s → 3πX decay model

The decays of Dþ
s mesons and τþ leptons to final

states involving three pions are distinct, as discussed in
Sec. III B 2. However, the Dþ

s meson can decay to the ρ0

meson via an η0 resonance, which decays to the ρ0γ final
state. Consequently, the ρ0 contribution from the Dþ

s decay
could be mistakenly attributed to that from a τþ decay.
Therefore, it is crucial that contributions from various
resonances, especially η0, are correctly normalized in
simulation to reflect the data as closely as possible. It is
also essential to constrain the relative contributions of
certain decay modes, whose branching fractions are not
precisely measured.
The fractions of different Dþ

s → 3πX decays are deter-
mined from a data sample enriched in these decays. This
sample is selected with the same criteria as for B0 →
D!−τþντ decays but with a reverse requirement on the
anti-Dþ

s BDT output. A simultaneous binned maximum-
likelihood fit is performed to the distribution of four
variables: min½mðπþπ−Þ(, max½mðπþπ−Þ(,mðπþπþÞ, which
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represents the reconstructed masses of all possible two-pion
combinations of the candidate, andmð3πÞ. This last variable
allows the exclusive Dþ

s → 3π decay to be distinguished
from candidateswhere energy is carried by additional neutral
particles, e.g.,Dþ

s → τþð→ 3πν̄τÞντ orDþ
s → 3πX, whereX

escapes detection.
The different Dþ

s decay components are broadly divided
into four categories:

(i) Dþ
s → ηπþðπ0Þ decays where charged pions from

the η meson are selected.
(ii) Dþ

s → η0πþðπ0Þ decays where charged pions from
the η0 meson are selected.

(iii) Dþ
s → ωπþðπ0Þ or Dþ

s → ϕπþðπ0Þ decays where
charged pions from the ω or ϕ meson are selected.

(iv) Dþ
s decays where the pions originate either directly

from the Dþ
s decay or from the a1 resonance η3π,

ηa1, η03π, η0a1, ω3π, ωa1, ϕ3π, ϕa1, K03π, K0a1,
τþντ and nonresonant 3π.

The template PDFs for the various Dþ
s decay components

are defined using inclusive B → D!−Dþ
s X simulation

samples, and the non-Dþ
s decays are modeled using the

inclusive B → D!−3πX simulation sample. The fraction of
each of the fourDþ

s decay components, relative fractions of
η3π, η03π and ω3π final states and the total number of Dþ

s
and non-Dþ

s decays are free parameters in the fit. Compared
to the previous analysis [4,5], the simulated samples are
improved with the addition of Dþ

s → Ra1 modes with
R ∈ fη; η0;ω;ϕ; K0g, which enable a more detailed
description of the Dþ

s → 3πX decay. This introduces more
fit parameters and hence additional constraints are applied
to ensure the stability of the fit. The fit assumes no
interference effects, as a full amplitude analysis is beyond
the scope of this study. The fit results are given in Fig. 1,
which shows the fractions of the four inclusive categories
mentioned above. The relative fraction of the component
with the π0 mesonwith respect to the total fraction of each of
the first three categories are Gaussian constrained around the
expected value of 2=3 with a standard deviation of 0.2. For
each resonance R, the sum ofDþ

s → Ra1 andDþ
s → R3π is

measured. The relative fraction Dþ
s → Ra1/(Dþ

s → Ra1þ
Dþ

s → R3π) is fixed at 5.5%. This is chosen since it provides
the best quality for the signal fit. The fractions ofDþ

s decays

FIG. 1. Projections of the Dþ
s → 3πX components for the variables: min½mðπþπ−Þ(, max½mðπþπ−Þ(, mðπþπþÞ and mð3πÞ in the fit to

the control data samples.
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to ϕa1 þ ϕ3π, K0a1 þ K03π and τþντ final states are fixed
according to their known branching fractions [11].
The χ2 per degree of freedom is evaluated to be 1.5,

indicating a reasonable fit quality. Possible effects from
mismodeling of the components in the fit are considered as
sources of systematic uncertainties, which are described in
Sec. VI. The determined fractions of the different modes
are given in Table I. They are used to correct the
corresponding modes in the simulation sample. The uncer-
tainties obtained from the fit could be underestimated due
to the statistical correlations arising from simultaneously
fitting to four one-dimensional distributions. The effect of
the correlations is investigated using a set of pseudodata
samples built via bootstrapping from simulation, in which
events are assigned to each component category randomly.
The statistical uncertainty on the fit parameters is found to
be underestimated by no more than 40%. The uncertainties
of the fit parameters are then corrected according to this
estimation. The correction factors are applied to the
simulation samples that are used to produce the template
PDFs for B → D!−Dþ

s X backgrounds.

B. B → D! −D+
s ðXÞ control sample

The relative abundance of different B → D!−Dþ
s ðXÞ

decays provides important constraints in the signal fit.
These relative fractions are determined from a fit to the data
control sample enriched in B → D!−Dþ

s ð→ 3πÞðXÞ decays.
The selection of the control sample differs from the default
selection by requiring the 3π mass to be within 20 MeV=c2

of the known Dþ
s mass and omitting the anti-Dþ

s BDT cut,

as well as the B0 and τþ mass constraints. This sample
comprises modes that can be grouped into the exclusive
B0 → D!−Dð!;!!Þþ

s decays, and the inclusive B →
D̄!!Dþ

s ðXÞ and B0
s → D!−Dþ

s ðXÞ decays.4
The q2 ≡ ðpB0 − pD!−Þ2 distribution for exclusive modes

peaks at the mass of the relevant Dð!;!!Þþ
s states, where pH

is the momentum of particle H. The inclusive B →
D!−Dþ

s X modes often have at least one extra particle,
possibly from D̄!!Dþ

s ðXÞ final states. These additional
particles carry momentum that contributes to the q2,
shifting this distribution to higher values.
An extended binned maximum-likelihood fit is per-

formed to the distribution of the difference of the D!−3π
mass and the sum of the reconstructed D̄0 and 3π masses,
i.e., ΔMD!Ds

≡mðD!−3πÞ −mðD̄0Þ −mð3πÞ. The total
PDF used in the fit is

P ¼ fcombPcomb þ
ð1 − fcombÞ

k

X

i

fiPi; ð3Þ

where fcomb is the fraction of the combinatorial background
andPcomb is the correspondingPDF that ismodeled using the
same-sign D!þ3π data sample, fi are floating fractions
of the different B → D!−Dþ

s ðXÞ components with
i∈ fDþ

s ;D
!þ
s0 ;D

þ
s1; D̄

!!Dþ
s ðXÞ;B0

s →D!−Dþ
s ðXÞ;D!þ

s g, rel-
ative to the most abundant B0 → D!−D!þ

s decays, and k ¼
1þ

P
i fi by definition. Here, D!þ

s0 and Dþ
s1 denote the

D!
s0ð2317Þþ and Ds1ð2460Þþ states, respectively. The tem-

plate shape of each component is taken from simulation.
The distributions of ΔMD!Ds

, q2, decay time of the τþ

candidate (tτ) and anti-Dþ
s BDToutput are shown in Fig. 2.

The fit quality is good with a χ2 per degree of freedom
equaling 1.11. The fractions of different decays are given in
Table II, which are used as Gaussian constraints in the
signal-extraction fit for the corresponding components after
accounting for the efficiency differences between the
control and signal samples.

C. B → D!− ðD0;D+ ÞðXÞ control samples

The B → D!−DþðXÞ and B → D!−D0ðXÞ decays are the
subleading double-charm backgrounds in the signal sample,
where theD0 mesons decay to three charged pions plus extra
particles and theDþ mesons decay to the πþK−πþ final state
with the kaon misidentified as a pion. Data control samples
are used to check the agreement with simulation. A control
sample representing the B → D!−D0X decays is selected
using the decay modeD0 → K−3π. The isolation algorithm
described in Sec. III A 2 searches for extra kaons around the
3π vertex and thus can be used to select such candidates.

TABLE I. Relative fractions of various Dþ
s → 3πX decays

obtained from the fit to the Dþ
s control sample (see Fig. 1)

before applying any bias correction to the mean value of its
uncertainty.

Template Dþ
s → 3πX fraction

ηρþ 0.112& 0.020
ηπþ 0.021& 0.008
η0ρþ 0.185& 0.016
η0πþ 0.051& 0.014
ωρþ or ϕρþ 0.090& 0.029
ωπþ or ϕπþ 0.041& 0.008
η3π 0.081& 0.024
η03π 0.000& 0.005
ω3π 0.032& 0.041
ϕ3π 0.029& 0.008
K03π 0.011& 0.003
τþντ 0.012& 0.003
Nonresonant 3π 0.326& 0.046
a1η 0.005& 0.001
a1η0 0.000& 0.001
a1ω 0.002& 0.002
a1ϕ 0.002& 0.001
a1K0 0.001& 0.001

4Throughout the paper, D̄!! and D!!þ
s are used to refer to any

higher-mass excited charm or charm-strange mesons that decay
into the ground-state D!− and Dþ

s meson.
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AB → D!−DþX control sample is obtained by reversing the
PID requirements on the negatively charged pion to form
Dþ → πþK−πþ decays. In order to retain high statistics, the
BDT and B0 and τþ mass requirements are omitted. Other
selection criteria remain the same as those forB0 → D!−τþντ
decays.
These control samples are used to check the agreement

with simulation for the signal fit variables q2, tτ and

anti-Dþ
s BDT output. The q2 distribution shows disagree-

ment between data and simulation in both D0 and Dþ

modes due to the imperfect modeling of inclusive 3π
decays. Therefore, the simulation is corrected to match
the data distributions. Figure 3 shows the q2 distributions

FIG. 2. Distributions of ΔMD!Ds
, q2, tτ and anti-Dþ

s BDT output for the B → D!−Dþ
s ðXÞ components. The results of the fit are

overlaid.

TABLE II. Decay fractions for B → D!−Dþ
s ðXÞ decays ob-

tained from data control samples. The fractions are normalized
relative to that of the B0 → D!−D!þ

s decay. ϵcontrol is the
efficiency in the control sample.

Parameter Fit result ð ϵsig
ϵcontrol

Þ Corrected fraction

fDþ
s

0.55& 0.03 0.992 0.55& 0.03
fD!þ

s0
0.10& 0.04 1.077 0.11& 0.04

fDþ
s1

0.37& 0.07 1.051 0.39& 0.07
fD̄!!Dþ

s ðXÞ 0.28& 0.10 1.208 0.34& 0.12
fB0

s→D!−Dþ
s ðXÞ 0.12& 0.04 0.904 0.11& 0.04 FIG. 3. Simulated q2 distributions for B → D!−D0ðXÞ before

and after weighting based on the data control samples.
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before and after the corrections in the B → D!−D0ðXÞ
sample. The agreement is good in the case of the other two
fit variables, tτ and anti-Dþ

s BDT output, and no further
correction is necessary.

V. DETERMINATION OF THE SIGNAL AND
NORMALIZATION YIELDS

A. B0 → D! − τ + ντ yield

The B0 → D!−τþντ yield is determined from an
extended binned maximum-likelihood fit to the distribu-
tions of q2, tτ and anti-Dþ

s BDT output. The binning
scheme comprises eight bins in q2 and tτ, and six bins in the
BDT output. The chosen binning scheme has maximum
sensitivity to the B0 → D!−τþντ yield while still suffi-
ciently populating the bins. The ranges of q2, tτ and BDT
distributions are ½0; 11( GeV2=c4, [0, 2] ps and ½−0.2; 0.5(,
respectively. The fit model is built as a three-dimensional
template. A summary of the components in the fit model is
given in Table III. The fit model assumes that any possible
new physics effects on the B0 → D!−τþντ decays are the
same as that in B → D̄!!τþντ decays. The templates for the
combinatorial components are derived from data in which
same-sign combinations of the D! and τ candidates are
selected, whereas the remainder are obtained from
simulation.
The fit parameters are itemized below.
(i) Nsig: The number of B0 → D!−τþντ events, which is

used as input to KðD!−Þ.
(ii) fτþ→3πν̄τ : The fraction of τþ → 3πν̄τ decays relative

to the sum of τþ → 3πν̄τ and τþ → 3ππ0ν̄τ decays.
This is estimated and fixed as per the branching
fractions and efficiencies of these modes.

(iii) fD̄!!τν: The amount of B → D̄!!τþντ decays relative
to B0 → D!−τþντ decays. This is fixed to the
expected value from simulation after correcting
for the overestimated branching fractions used to
produce them. The correction is done by comparing
the theoretical expectations for each D̄!! state from
the RðD!!Þ predictions from Ref. [33] and branching
fractions of B → D̄!!μþνμ [11]. This fraction is
determined to be 3.5%, which is significantly lower
than that used in Refs. [4,5].

(iv) Nsame
D0 : The number of B → D!−D0ðXÞ candidates

where all pions in the 3π system originate from the
D0 vertex. The yield is estimated from simulation
and corrected for data-simulation differences by the
ratio of D0 → K−3π decays in both samples. This
value is fixed in the fit.

(v) fv1v2D0 : The ratio of the number of B → D!−D0ðXÞ
decays where at least one of the pions comes from
the D0 vertex and the other pion(s) from a different
vertex relative to Nsame

D0 .
(vi) fDþ : The ratio of the number of B → D!−DþðXÞ

decays to the number of B → D!−Dþ
s ðXÞ decays.

(vii) NDþ
s
: The yield of B → D!−Dþ

s ðXÞ decays, which
have six categories, as described in Sec. IV B. The
fraction parameters are Gaussian constrained to the
values obtained from the data control sample given
in Table II after correcting for efficiency effects.

(viii) NB→D!−3πX: The yield of B → D!−3πX events where
the three pions come from the B vertex. This value is
constrained by using the observed ratio between
B0 → D!−3π exclusive and B → D!−3πX inclusive
decays, corrected for data-simulation differences.

(ix) NB1B2
: the yield of combinatorial background events

where the D!− meson and the 3π system come from
different B decays. It is fixed to the value obtained in
the same-sign data sample with D!þ3π candidates
satisfying the criteria of higher mass and nonisola-
tion due to originating from two different b hadrons.

(x) Nfake D̄0 andNfakeD!− : The combinatorial background
yields with a fake D̄0 and D!−, respectively. These
are fixed to the values obtained from a fit to
mðK−πþÞ and mðD!−Þ −mðK−πþÞ.

The parameters Nsig, NDþ
s
, fDþ and fv1v2D0 vary freely in

the fit. The fit results are summarized in Table IV and the
distributions of the fit variables are shown in Fig. 4. The fit
is performed in two iterations: First, the fractions of D0 are
varied freely and the six Dþ

s decay modes are Gaussian
constrained, and then a second fit is performed by fixing
these to their best fit values. This is the same strategy
followed in Refs. [4,5] to determine the statistical uncer-
tainty on the B0 → D!−τþντ yield. Thus the relative
statistical precision on the yield changes from 6.2% to
5.9%. The quadratic difference between the statistical
uncertainties in the two iterations is treated as a systematic

TABLE III. List of components in the signal yield extraction fit
and their normalization.

Component Normalization

B0 → D!−τþντ (τþ → 3πν̄τ) Nsig × fτþ→3πν̄τ

B0 → D!−τþντ (τþ → 3ππ0ν̄τ) Nsig × ð1 − fτþ→3πν̄τÞ
B → D̄!!τþντ Nsig × fD̄!!τþν

B → D!−D0ðXÞ same vertex (SV) Nsame
D0

B → D!−D0ðXÞ different vertices (DV) Nsame
D0 × fv1v2D0

B → D!−DþðXÞ NDþ
s
× fDþ

B0 → D!−Dþ
s NDþ

s
× fDþ

s
=k

B0 → D!−D!þ
s NDþ

s
× 1=k

B0 → D!−D!þ
s0 NDþ

s
× fD!þ

s0
=k

B0 → D!−Dþ
s1 NDþ

s
× fDþ

s1
=k

B → D̄!!Dþ
s ðXÞ NDþ

s
× fD̄!!Dþ

s ðXÞ=k
B0
s → D!−Dþ

s ðXÞ NDþ
s
× fB0

s→D!−Dþ
s ðXÞ=k

B → D!−3πX NB→D!−3πX
Combinatorial B NB1B2

Combinatorial D̄0 Nfake D̄0

Combinatorial D!− NfakeD!−
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uncertainty from the double-charm decay models. The
number of signal events is determined to be 2469& 154,
where the uncertainty is statistical only. The fit quality is
excellent with a χ2 per degree of freedom of 1.0. From
studies using pseudoexperiments, the fit is found to be
unbiased.

B. B0 → D!− 3π yield

The B0 → D!−3π yield is estimated from an unbinned
maximum-likelihood fit to the D!−3π& mass distribution.
The signal model consists of a Crystal Ball (CB) function
[34] and two Gaussian functions that share a common
mean. The CB shape parameters, the width of the wider
Gaussian and the relative proportion of the two Gaussian
functions are fixed to the values obtained from simulation.
The background component is described by an exponential
function. The mðD!−3πÞ distribution is shown in Fig. 5
(left) with the fit projection overlaid. The data sample
contains B0 → D!−Dþ

s ð→ 3πÞ decays, which must be
subtracted from the B0 → D!−3π yield (Fig. 5, right). A
fit to the mð3πÞ distribution in the mass range
1800–2100 MeV=c2 yields 451& 35 decays. After the
subtraction, there are 30540& 182 B0 → D!−3π decays.
Here, the uncertainties are statistical only.
The B0 → D!−τþντ and B0 → D!−3π yields and their

efficiencies are used to determine KðD!−Þ, yielding a result

FIG. 4. Distributions of the fit variables in the B0 → D!−τþντ data sample with the fit result overlaid.

TABLE IV. Fit results from the three-dimensional signal-
extraction fit to q2, tτ and anti-Dþ

s BDT output in the data.

Parameter Fit result Constraint

Free
Nsig 2469& 154

NDþ
s

20446& 509

fDþ 0.08& 0.01
fv1v2D0 2.10& 0.30

Constrained
NB→D!−3πX 2279& 177 2051& 200
fB0

s→D!−Dþ
s ðXÞ 0.13& 0.03 0.11& 0.04

fDþ
s1

0.36& 0.03 0.40& 0.07
fDþ

s
0.60& 0.02 0.55& 0.03

fD!þ
s0

0.06& 0.03 0.11& 0.04
fD̄!!Dþ

s ðXÞ 0.61& 0.06 0.34& 0.12

Fixed
NB1B2

46
Nsame

D0 1051
NfakeD̄0 468
NfakeD!− 714
fD̄!!τþν 0.035
fτþ→3πν̄τ 0.780
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of 1.70& 0.10þ0.11
−0.10 , where the uncertainties are statistical

and systematic, respectively.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties onKðD!−Þ due to the signal and
background modeling, selection criteria on the B0 →
D!−τþντ and the B0 → D!−3π decay modes, empty bins
in the fit and limited size of simulation samples are
considered.
The simulated B0 → D!−τþντ decays are weighted with

form factors using the Caprini-Lellouch-Neubert paramet-
rization [35] and these are used to produce signal templates
for the fit. The systematic uncertainty due to the limited
knowledge of the form factors is estimated by changing the
baseline to the Boyd-Grinstein-Lebed parametrization [36]
and this causes a 1.8% relative change in the signal yield
and a 0.9% deviation in the signal efficiency. The fraction
between the two signal decay modes fτþ→3πν̄τ is fixed in the
signal fit. The uncertainty on this is estimated by propa-
gating the uncertainties of the branching fractions and
efficiencies. A deviation of 0.3% is found from alternate fits
with fτþ→3πν̄τ varied by &1σ. Other τþ decays may
contribute to the signal, especially those with three charged
hadrons in the final state, e.g., Kþ π− πþ, Kþ K− πþ or
3ππ0π0. They are found to have small contributions in the
signal sample after full selection. A detailed study with
dedicated simulation samples in Refs. [4,5] found a
systematic effect of 1.0% and this is taken as the systematic
uncertainty from this source. The fraction of B → D̄!!τþντ
decays, fD̄!!τν, is estimated from simulation after consid-
ering theoretical assumptions [33]. This fraction is varied
by &50% and a systematic deviation of þ1.8

−1.9% is obtained.
The B0 → D!−3π fit model depends on parameters that are
fixed to the values obtained in simulation. These are varied
by &1σ and the corresponding deviation of 1.0% is
assigned as a systematic uncertainty.

The modeling of double-charm, prompt and combina-
torial backgrounds contribute to the systematic uncertainty
on KðD!−Þ. The Dþ

s decays in simulation are corrected by
the weights obtained in the fit to the Dþ

s → 3πX control
sample. These weights are varied by their uncertainties after
accounting for correlations and alternate signal-extraction
fits are performed with the new Dþ

s templates. This results
in a 1.0% systematic deviation in KðD!−Þ. The fixed
fraction of Dþ

s → Ra1 in the fit to the Dþ
s → 3πX control

sample is varied by 30% and this contributes to a 1.5%
systematic deviation. This variation corresponds to a
change of 1 in the χ2 of the signal-extraction fit.
Thevariables in the signal-extraction fit,q2, tτ and the anti-

Dþ
s BDT output, can have a non-negligible correlation with

some important kinematic variables likemðD!−3πÞ,mð3πÞ,
min½mðπþπ−Þ( and max½mðπþπ−Þ( that are used in back-
ground studies. The background template shapes that are
derived from simulation are varied with weights that are
functions of these kinematic variables. The signal-extraction
fit is repeated with the alternate templates for the different
background categories to estimate the systematic effect on
the results. The variations in the Dþ

s , D0, Dþ and prompt
template shapes result in 0.3%, 1.2%, þ2.2

−0.8% and 1.2%
deviations, respectively, to KðD!−Þ. The effect of fixing the
Dþ andD0 fractions (fDþ and fv1v2D0 ) aswell as combinatorial
yields are estimated by varying the fixed values by their
uncertainties.
The efficiencies of particle identification requirements

are estimated using calibration samples. These samples are
used to parametrize the efficiency in bins of the kinematic
variables of a given track such as p, pT and hits in the
tracking system. The choice of the binning scheme for this
parametrization contributes a 0.5% systematic uncertainty.
The effect of the finite size of the calibration sample is
negligible. The systematic effects of the correction weights
applied to the simulation are obtained either by varying the
correction factor or removing the correction altogether.

FIG. 5. Invariant-mass distribution of the (left)D!−3π and (right) 3π system for B0 → D!−3π candidates in data with corresponding fit
models superimposed.
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Changes in kinematic weighting, 3π vertex error correction
and 3π model correction in B0 → D!−3π decays result in
0.7%, 0.9% and 1.0% systematic deviations, respectively,
on KðD!−Þ. The difference in data and simulation at the
preselection level affects the efficiency determination,
contributing 2.0% to the systematic uncertainty. The
statistical uncertainty on the B0 → D!−τþντ and B0 →
D!−3π efficiencies due to the limited size of the simulation
sample also contribute to the systematic uncertainty.
The three-dimensional templates used in the fit include

empty bins. The systematic deviation due to these empty
bins is estimated by building a three-dimensional density
function using kernel density estimators. These are built for
all the components and then transformed into a histogram
template and the fit is repeated with the new templates. This
contributes to a 1.3% relative systematic deviation.
The template PDFs used in the signal fit are mostly

derived from simulation. Therefore, the size of these

simulation samples has a major impact on the results.
Alternative templates obtained after resampling the default
templates via a bootstrap procedure are used to repeat the fit
1000 times and the resulting deviation of 2.0% is taken as
the systematic uncertainty from this source. The large
simulation samples produced using the ReDecay [31] tech-
nique helped in reducing this systematic uncertainty to half
the value obtained in Refs. [4,5]. A summary of all the
systematic uncertainties on KðD!−Þ is given in Table V.
The total systematic uncertainty is obtained by adding the
individual contributions in quadrature.

VII. CONCLUSION

In conclusion, using pp collision data collected in 2015
and 2016 by the LHCb experiment and corresponding to an
integrated luminosity of 2 fb−1, the ratio of the branching
fractions of B0 → D!−τþντ and B0 → D!−3π decays is
measured as

KðD!−Þ ¼ 1.70& 0.10ðstatÞþ0.11
−0.10ðsystÞ:

The result is in good agreement with the previous LHCb
measurement [4,5]. The improved analysis procedure
results in an increase in signal efficiency and a decrease
of the relative systematic uncertainty from 9% to 6%. Using
the most recent branching fraction measurements BðB0 →
D!−3πÞ ¼ ð7.21& 0.29Þ × 10−3 and BðB0 → D!−μþνμÞ ¼
ð4.97& 0.12Þ% [11], the branching fraction

BðB0 → D!−τþντÞ
¼ ð1.23& 0.07ðstatÞþ0.08

−0.07ðsystÞ & 0.05ðextÞÞ × 10−2;

and the ratio of branching fractions of B0 → D!−τþντ and
B0 → D!−μþνμ,

RðD!−Þ¼ 0.247&0.015ðstatÞ&0.015ðsystÞ&0.012ðextÞ

are obtained, where the third uncertainties are due to the
uncertainties on the external branching fractions. This
result is compatible with the present world average and
with the SM expectation (0.254& 0.005) [7]. When com-
bined with the previous results [4,5], the values of KðD!−Þ
and RðD!−Þ are

KðD!−Þcomb ¼ 1.77& 0.08ðstatÞ & 0.10ðsystÞ and

RðD!−Þcomb ¼ 0.257& 0.012ðstatÞ & 0.014ðsystÞ
& 0.012ðextÞ:

The combined RðD!−Þ is obtained from the KðD!−Þ
combination and the branching fractions of the normali-
zation channels. This combination leads to one of the most
precise measurements of RðD!Þ to date.

TABLE V. Summary of relative systematic uncertainties on the
ratio KðD!−Þ.

Source
Systematic

uncertainty (%)

Signal decay template shape 1.8
Signal decay efficiency 0.9
Fractions of signal τþ decays 0.3
Possible contributions from
other τþ decays

1.0

Fixing the D̄!!τþντ and D!!þ
s τþντ fractions þ1.8

−1.9
Normalization mode PDF choice 1.0
Knowledge of the Dþ

s → 3πX decay model 1.0
Specifically the Dþ

s → a1X fraction 1.5
B → D!−Dþ

s ðXÞ template shapes 0.3
B → D!−D0ðXÞ template shapes 1.2
B → D!−DþðXÞ template shapes þ2.2

−0.8
Fixing B → D!−Dþ

s ðXÞ background model
parameters

1.1

Fixing B → D!−D0ðXÞ background model
parameters

1.5

B → D!−3πX template shapes 1.2
Combinatorial background normalization þ0.5

−0.6
PID efficiency 0.5
Kinematic reweighting 0.7
Vertex error correction 0.9
Normalization mode efficiency
[modeling of mð3πÞ]

1.0

Preselection efficiency 2.0
Signal efficiency (size of simulation
sample)

1.1

Normalization efficiency (size of
simulation sample)

1.1

Empty bins in templates 1.3
PDF shapes uncertainty
(size of simulation sample)

2.0

Total systematic uncertainty þ6.2
−5.9

Total statistical uncertainty 5.9
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11Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
12Laboratoire Leprince-Ringuet, CNRS/IN2P3, Ecole Polytechnique, Institut Polytechnique de Paris,

Palaiseau, France
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fAlso at Università di Milano Bicocca, Milano, Italy.
gAlso at Università di Bologna, Bologna, Italy.
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