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Abstract The decays B+
c → J/ψD+

s and B+
c →

J/ψD∗+
s are studied with the ATLAS detector at the LHC

using a dataset corresponding to integrated luminosities of
4.9 and 20.6 fb−1 of pp collisions collected at centre-of-
mass energies

√
s = 7 TeV and 8 TeV, respectively. Sig-

nal candidates are identified through J/ψ → μ+μ− and
D(∗)+
s → φπ+(γ /π0) decays. With a two-dimensional like-

lihood fit involving the B+
c reconstructed invariant mass and

an angle between the μ+ and D+
s candidate momenta in

the muon pair rest frame, the yields of B+
c → J/ψD+

s
and B+

c → J/ψD∗+
s , and the transverse polarisation frac-

tion in B+
c → J/ψD∗+

s decay are measured. The trans-
verse polarisation fraction is determined to be �±±(B+

c →
J/ψD∗+

s )/�(B+
c → J/ψD∗+

s ) = 0.38 ± 0.23 ± 0.07, and
the derived ratio of the branching fractions of the two modes
is BB+

c →J/ψD∗+
s

/BB+
c →J/ψD+

s
= 2.8 +1.2

−0.8 ± 0.3, where the
first error is statistical and the second is systematic. Finally,
a sample of B+

c → J/ψπ+ decays is used to derive the
ratios of branching fractions BB+

c →J/ψD+
s
/BB+

c →J/ψπ+ =
3.8 ± 1.1 ± 0.4 ± 0.2 and BB+

c →J/ψD∗+
s

/BB+
c →J/ψπ+ =

10.4 ± 3.1 ± 1.5 ± 0.6, where the third error corresponds
to the uncertainty of the branching fraction of D+

s →
φ(K+K−)π+ decay. The available theoretical predictions
are generally consistent with the measurement.

1 Introduction

The B+
c meson1is the only known weakly decaying parti-

cle consisting of two heavy quarks. The ground b̄c state was
first observed by CDF [1] via its semileptonic decay B+

c →
J/ψ�+ν�. An excited b̄c state has been observed recently
by ATLAS [2] using the B+

c decay mode B+
c → J/ψπ+.

The presence of two heavy quarks, each of which can decay
weakly, affects theoretical calculations of the decay proper-

1 Charge conjugate states are implied throughout the paper unless
otherwise stated.

� e-mail: atlas.publications@cern.ch

ties of the B+
c meson. In the case of b̄ → c̄cs̄ processes,

decays to charmonium and a D+
s or a D∗+

s meson are pre-
dicted to occur via colour-suppressed and colour-favoured
spectator diagrams as well as via the weak annihilation dia-
gram (see Fig. 1). The latter, in contrast to decays of other
B mesons, is not Cabibbo-suppressed and can contribute
significantly to the decay amplitudes. The decay proper-
ties are addressed in various theoretical calculations [3–9]
and can also be compared to the analogous properties in
the lighter B meson systems such as B0

d → D∗−D(∗)+
s or

B+ → D̄∗0D(∗)+
s . The decays B+

c → J/ψD+
s and B+

c →
J/ψD∗+

s , which have been observed recently by the LHCb
experiment [10], provide a means to test these theoretical
predictions.

This paper presents a measurement of the branching frac-
tions of B+

c → J/ψD+
s and B+

c → J/ψD∗+
s decays, nor-

malised to that of B+
c → J/ψπ+ decay, and polarisation in

B+
c → J/ψD∗+

s decay performed with the ATLAS detec-
tor [11]. The D+

s meson is reconstructed via the D+
s → φπ+

decay with theφ meson decaying into a pair of charged kaons.
The D∗+

s meson decays into a D+
s meson and a soft photon or

π0. Detecting such soft neutral particles is very challenging,
thus no attempt to reconstruct them is made in the analysis.
The J/ψ meson is reconstructed via its decay into a muon
pair.

The measurement presented in this paper allows an inde-
pendent verification of the results of Ref. [10] with compa-
rable statistical and systematic uncertainties. The following
ratios are measured:RD+

s /π+ = BB+
c →J/ψD+

s
/BB+

c →J/ψπ+ ,
RD∗+

s /π+ = BB+
c →J/ψD∗+

s
/BB+

c →J/ψπ+ , and RD∗+
s /D+

s
=

BB+
c →J/ψD∗+

s
/BB+

c →J/ψD+
s

, where BB+
c →X denotes the

branching fraction of the B+
c → X decay. The decay

B+
c → J/ψD∗+

s is a transition of a pseudoscalar meson into
a pair of vector states and is thus described by the three helic-
ity amplitudes, A++, A−−, and A00, where the subscripts
correspond to the helicities of J/ψ and D∗+

s mesons. The
contribution of the A++ and A−− amplitudes, referred to as
the A±± component, corresponds to the J/ψ and D∗+

s trans-
verse polarisation. The fraction of transverse polarisation,
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Fig. 1 Feynman diagrams for B+
c → J/ψD(∗)+

s decays: a colour-favoured spectator, b colour-suppressed spectator, and c annihilation topology

�±±/� = �±±(B+
c → J/ψD∗+

s )/�(B+
c → J/ψD∗+

s ), is
also measured. From a naive prediction by spin counting, one
would expect this fraction to be 2/3, while calculations [8,9]
predict values of 0.41–0.48.

This analysis is based on a combined sample of pp col-
lision data collected by the ATLAS experiment at the LHC
at centre-of-mass energies

√
s = 7 TeV and 8 TeV corre-

sponding to integrated luminosities of 4.9 and 20.6 fb−1,
respectively.

2 The ATLAS detector, trigger selection and Monte
Carlo samples

ATLAS is a general-purpose detector consisting of sev-
eral subsystems including the inner detector (ID), calorime-
ters and the muon spectrometer (MS). Muon reconstruction
makes use of both the ID and the MS. The ID comprises
three types of detectors: a silicon pixel detector, a silicon
microstrip semiconductor tracker (SCT) and a transition radi-
ation tracker. The ID provides a pseudorapidity2 coverage up
to |η| = 2.5. Muons pass through the calorimeters and reach
the MS if their transverse momentum, pT, is above approx-
imately 3 GeV.3 Muon candidates are formed either from a
stand-alone MS track matched to an ID track or, in case the
MS stand-alone track is not reconstructed, from an ID track
extrapolated to the MS and matched to track segments in the
MS. Candidates of the latter type are referred to as segment-
tagged muons while the former are called combined muons.
Muon track parameters are taken from the ID measurement
alone in this analysis, since the precision of the measured

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ

as η = − ln tan(θ/2).
3 Using a system of units with c = 1 is implied throughout the paper.

track parameters for muons in the pT range of interest is
dominated by the ID track reconstruction.

The ATLAS trigger system consists of a hardware-based
Level-1 trigger and a two-stage high level trigger (HLT). At
Level-1, the muon trigger uses dedicated MS chambers to
search for patterns of hits satisfying different pT thresholds.
The region-of-interest around these hit patterns then serves as
a seed for the HLT muon reconstruction, in which dedicated
algorithms are used to incorporate information from both the
MS and the ID, achieving a position and momentum resolu-
tion close to that provided by the offline muon reconstruction.
Muons are efficiently triggered in the pseudorapidity range
|η| < 2.4.

Triggers based on single-muon, dimuon, and three-muon
signatures are used to select J/ψ → μ+μ− decays for the
analysis. The third muon can be produced in the B+

c signal
events in semileptonic decays of the two other heavy-flavour
hadrons. The majority of events are collected by dimuon trig-
gers requiring a vertex of two oppositely charged muons with
an invariant mass between 2.5 and 4.3 GeV. During the data
taking, the pT threshold for muons in these triggers was either
4 or 6 GeV. Single-muon triggers additionally increase the
acceptance for asymmetric J/ψ decays where one muon has
pT < 4 GeV. Finally, three-muon triggers had a pT threshold
of 4 GeV, thus enhancing the acceptance during the periods
of high luminosity when the pT threshold for at least one
muon in the dimuon triggers was 6 GeV.

Monte Carlo (MC) simulation is used for the event selec-
tion criteria optimisation and the calculation of the accep-
tance for the considered B+

c decay modes. The MC sam-
ples of the B+

c decays were generated with Pythia 6.4 [12]
along with a dedicated extension for the B+

c production
based on calculations from Refs. [13–16]. The decays of
B+
c are then simulated with EvtGen [17]. The generated

events were passed through a full simulation of the detec-
tor using the ATLAS simulation framework [18] based on
Geant 4 [19,20] and processed with the same reconstruc-
tion algorithms as were used for the data.
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3 Reconstruction and event selection

The J/ψ candidates are reconstructed from pairs of oppo-
sitely charged muons. At least one of the two muons is
required to be a combined muon. Each pair is fitted to a
common vertex [21]. The quality of the vertex fit must sat-
isfy χ2/ndf < 15, where the ndf stands for the number of
degrees of freedom. The candidates in the invariant mass
window 2800 MeV < m(μ+μ−) < 3400 MeV are retained.

For the D+
s → φ(K+K−)π+ reconstruction, tracks

of particles with opposite charges are assigned kaon mass
hypotheses and combined in pairs to form φ candidates.
An additional track is assigned a pion mass and combined
with the φ candidate to form a D+

s candidate. To ensure
good momentum resolution, all three tracks are required
to have at least two hits in the silicon pixel detector and
at least six hits in the SCT. Only three-track combinations
successfully fitted to a common vertex with χ2/ndf < 8
are kept. The φ candidate invariant mass, m(K+K−), and
the D+

s candidate invariant mass, m(K+K−π+), are cal-
culated using the track momenta refitted to the common
vertex. Only candidates with m(K+K−) within ±7 MeV
around the φ mass, mφ = 1019.461 MeV [22], and with
1930 MeV < m(K+K−π+) < 2010 MeV are retained.

The B+
c → J/ψD+

s candidates are built by combining
the five tracks of the J/ψ and D+

s candidates. The J/ψ
meson decays instantly at the same point as the B+

c does
(secondary vertex) while the D+

s lives long enough to form a
displaced tertiary vertex. Therefore the five-track combina-
tions are refitted assuming this cascade topology [21]. The
invariant mass of the muon pair is constrained to the J/ψ
mass, mJ/ψ = 3096.916 MeV [22]. The three D+

s daughter
tracks are constrained to a tertiary vertex and their invariant
mass is fixed to the mass of D+

s , mD+
s

= 1968.30 MeV [22].
The combined momentum of the refitted D+

s decay tracks is
constrained to point to the dimuon vertex. The quality of the
cascade fit must satisfy χ2/ndf < 3.

The B+
c meson is reconstructed within the kinematic range

pT(B+
c ) > 15 GeV and |η(B+

c )| < 2.0, where the detec-
tor acceptance is high and depends weakly on pT(B+

c ) and
η(B+

c ).
The refitted tracks of the D+

s daughter hadrons are
required to have |η| < 2.5 and pT > 1 GeV, while the muons
must have |η| < 2.3 and pT > 3 GeV. To further discrimi-
nate the sample of D+

s candidates from a large combinatorial
background, the following requirements are applied:

• cos θ∗(π) < 0.8, where θ∗(π) is the angle between
the pion momentum in the K+K−π+ rest frame and
the K+K−π+ combined momentum in the laboratory
frame;

• | cos3 θ �(K )| > 0.15, where θ �(K ) is the angle between
one of the kaons and the pion in the K+K− rest frame.

The decay of the pseudoscalar D+
s meson to theφ (vector)

plus π (pseudoscalar) final state results in an alignment of
the spin of the φ meson perpendicularly to the direction
of motion of the φ relative to D+

s . Consequently, the dis-
tribution of cos θ �(K ) follows a cos2 θ �(K ) shape, imply-
ing a uniform distribution for cos3 θ �(K ). In contrast, the
cos θ �(K ) distribution of the combinatorial background
is uniform and its cos3 θ �(K ) distribution peaks at zero.
The cut suppresses the background significantly while
reducing the signal by 15 %.

The B+
c candidate is required to point back to a primary

vertex such that dPV
0 (B+

c ) < 0.1 mm and zPV
0 (B+

c ) sin θ(B+
c )

< 0.5 mm, where dPV
0 and zPV

0 are respectively the trans-
verse and longitudinal impact parameters with respect to the
primary vertex. All primary vertices in the event are con-
sidered. If there is more than one primary vertex satisfying
these requirements (∼0.5 % events both in data and MC sim-
ulation), the one with the largest sum of squared transverse
momenta of the tracks originating from it is chosen.

The transverse decay length4 of the B+
c candidate is

required to satisfy Lxy(B+
c ) > 0.1 mm. The transverse

decay length of the D+
s measured from the B+

c vertex must
be Lxy(D+

s ) > 0.15 mm. In order to remove fake candi-
dates, both Lxy(B+

c ) and Lxy(D+
s ) are required not to exceed

10 mm.
Taking into account the characteristic hard fragmentation

of b-quarks, a requirement pT(B+
c )/

�
pT(trk) > 0.1 is

applied, where the sum in the denominator is taken over all
tracks originating from the primary vertex (tracks of the B+

c
candidate are included in the sum if they are associated with
the primary vertex). The requirement reduces a sizeable frac-
tion of combinatorial background while having almost no
effect on the signal.

The following angular selection requirements are intro-
duced to further suppress the combinatorial background:

• cos θ∗(D+
s ) > −0.8, where θ∗(D+

s ) is the angle between
the D+

s candidate momentum in the rest frame of the
B+
c candidate, and the B+

c candidate line of flight in the
laboratory frame. The distribution of cos θ∗(D+

s ) is uni-
form for the decays of pseudoscalar B+

c meson before any
kinematic selection while it tends to increase for negative
values of cos θ∗(D+

s ) for the background.
• cos θ �(π) > −0.8, where θ �(π) is the angle between

the J/ψ candidate momentum and the pion momentum
in the K+K−π+ rest frame. Its distribution is nearly
uniform for the signal processes but peaks towards −1
for the background.

4 The transverse decay length of a particle is defined as the transverse
distance between the production (primary) vertex and the particle decay
(secondary) vertex projected along its transverse momentum.
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Fig. 2 Distributions of a cos θ∗(D+
s ) and b cos θ �(π), where θ∗(D+

s )

and θ �(π) are two angular variables defined in Sect. 3. The distribu-
tions are shown for data sidebands (black dots) and MC simulation of
B+
c → J/ψD+

s signal (red solid line) and A00 (green dotted line) and

A±± (blue dashed line) components of B+
c → J/ψD∗+

s signal. The
distributions are obtained after applying all selection criteria except the
ones on the plotted variable. The MC distributions are normalised to
data

Distributions of these two variables after applying all other
selection requirements described in this section are shown in
Fig. 2. They are shown for the simulated signal samples, as
well as for sidebands of the mass spectrum in data, defined
as the regions 5640 MeV < m(J/ψD+

s ) < 5900 MeV
(left sideband) and 6360 MeV < m(J/ψD+

s ) < 6760 MeV
(right sideband). A dip in the cos θ �(π) distribution for the
B+
c → J/ψD+

s signal is caused by rejection of B0
s → J/ψφ

candidates discussed below.
Various possible contributions of partially reconstructed

B → J/ψX decays were studied. The only significant one
was found from the B0

s → J/ψφ decay process. This contri-
bution arises when the combination of the tracks from a true
B0
s → J/ψ(μ+μ−)φ(K+K−) decay with a fifth random

track results in a fake B+
c → J/ψ(μ+μ−)D+

s (K+K−π+)

candidate. For each reconstructed B+
c candidate, an addi-

tional vertex fit is performed. The two muon tracks and the
two kaon tracks are fitted to a common vertex, where the
kaon tracks are assumed to be from φ → K+K− and the
muon pair is constrained to have the nominal J/ψ mass. The
mass of the B0

s candidate, m(μ+μ−K+K−), is then cal-
culated from the refitted track parameters. Candidates with
5340 MeV < m(μ+μ−K+K−) < 5400 MeV are rejected.
This requirement suppresses the bulk of the B0

s events while
rejecting only ∼4 % of the signal.

After applying the selection requirements described
above, 1547 J/ψD+

s candidates are selected in the mass
range 5640–6760 MeV.

4 B+
c → J/ψD(∗)+

s candidate fit

The mass distribution of the selected B+
c → J/ψD(∗)+

s can-
didates is shown in Fig. 3. The peak near the B+

c mass,
mB+

c
= 6275.6 MeV [22], is attributed to the signal of
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Fig. 3 The mass distribution for the selected J/ψD+
s candidates. The

red solid line represents the projection of the fit to the model described in
the text. The contribution of the B+

c → J/ψD+
s decay is shown with the

magenta long-dashed line; the brown dash-dot and green dotted lines
show the B+

c → J/ψD∗+
s A00 and A±± component contributions,

respectively; the blue dashed line shows the background model. The
uncertainties of the listed fit result values are statistical only

B+
c → J/ψD+

s decay while a wider structure between 5900
and 6200 MeV corresponds to B+

c → J/ψD∗+
s with subse-

quent D∗+
s → D+

s γ or D∗+
s → D+

s π0 decays where the
neutral particle is not reconstructed.

Mass distributions of the J/ψ and D+
s candidates cor-

responding to the J/ψD+
s mass region of the observed

B+
c → J/ψD(∗)+

s signals are shown in Fig. 4. To obtain
these plots, the B+

c candidates are built without the mass
constraints in the cascade fit, with the mass of the candi-
date calculated as m(J/ψD+

s ) = m(μ+μ−K+K−π+) −
m(μ+μ−) + mJ/ψ − m(K+K−π+) + mD+

s
, where mJ/ψ

and mD+
s

are the nominal masses of the respective par-
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Fig. 4 Mass distribution of the a J/ψ and b D+
s candidates after

the full B+
c → J/ψD(∗)+

s selection (without mass constraints in the
cascade fit) in the mass window of the B+

c candidate 5900 MeV <

m(J/ψD+
s ) < 6400 MeV. The spectra are fitted with a sum of an

exponential and a modified Gaussian function. The uncertainties of the
shown J/ψ and D+

s yields are statistical only

ticles. The mass of the B+
c candidate is required to be

5900 MeV < m(J/ψD+
s ) < 6400 MeV while the mass

windows for the corresponding intermediate resonances are
widened to the plotting ranges. The J/ψ and D+

s mass dis-
tributions are fitted with a sum of an exponential function
describing the background and a modified Gaussian func-
tion [23,24] describing the corresponding signal peak. The
modified Gaussian function is defined as

Gaussmod ∼ exp

�

− x1+ 1
1+x/2

2

�

, (1)

where x = |m0 − m|/σ with the mean mass m0 and
width σ being free parameters. The fitted masses of J/ψ
(3095.1 ± 2.4 MeV) and Ds (1969.0 ± 4.1 MeV) agree with
their nominal masses, the widths are consistent with those in
the simulated samples, and the signal yields are found to be
NJ/ψ = 568 ± 28 and ND±

s
= 175 ± 36.

The information about the helicity in B+
c → J/ψD∗+

s
decay is encoded both in the mass distribution of the J/ψD+

s
system and in the distribution of the helicity angle, θ �(μ+),
which is defined in the rest frame of the muon pair as the
angle between the μ+ and the D+

s candidate momenta. Thus,
a two-dimensional extended unbinned maximum-likelihood
fit of the m(J/ψD+

s ) and | cos θ �(μ+)| distributions is per-
formed. The A++ and A−− helicity amplitude contributions
are described by the same mass and angular shapes because
of the parity symmetry of the J/ψ and D∗+

s decays. This
is confirmed by the MC simulation. Thus these components
are treated together as the A±± component, while the shape
of the A00 component is different and is therefore treated
separately. A simultaneous fit to the mass and angular dis-
tributions significantly improves the sensitivity to the contri-
butions of the helicity amplitudes in B+

c → J/ψD∗+
s decay

with respect to a one-dimensional mass fit.

Four two-dimensional probability density functions
(PDFs) are defined to describe the B+

c → J/ψD+
s signal,

the A±± and A00 components of the B+
c → J/ψD∗+

s signal,
and the background. The signal PDFs are factorised into mass
and angular components. The effect of correlations between
their mass and angular shapes is found to be small and is
accounted for as a systematic uncertainty.

The mass distribution of the B+
c → J/ψD+

s signal is
described by a modified Gaussian function. For the B+

c →
J/ψD∗+

s signal components, the mass shape templates
obtained from the simulation with the kernel estimation tech-
nique [25] are used. The branching fractions of D∗+

s →
D+
s π0 and D∗+

s → D+
s γ decays for the simulation are set to

the world average values [22]. The position of the templates
along the mass axis is varied in the fit simultaneously with the
position of the B+

c → J/ψD+
s signal peak. The background

mass shape is described with a two-parameter exponential
function, exp

�
a · m(J/ψD+

s ) + b · m(J/ψD+
s )2

�
.

To describe the | cos θ �(μ+)| shapes, templates from the
kernel estimation are used. The templates for the signal
angular PDFs are extracted from the simulated samples.
Although their shapes are calculable analytically, using the
templates allows the fit to account for detector effects. The
background angular description is based on the | cos θ �(μ+)|
shape of the candidates in the sidebands of J/ψD+

s mass
spectra. Two templates are produced from the angular dis-
tributions of the candidates in the left and right mass side-
bands as defined in Sect. 3. The angular PDF for the back-
ground is defined as a conditional PDF of | cos θ �(μ+)|
given the per-candidate m(J/ψD+

s ). For the candidates
in the lower half of the left sideband (5640–5770 MeV),
the template from the left sideband is used. Similarly, the
template from the right sideband is used for the upper
half of the right sideband (6560–6760 MeV). For the can-
didates in the middle part of the mass spectrum (5770–
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Table 1 Parameters of the B+
c → J/ψD(∗)+

s signals obtained with the
unbinned extended maximum-likelihood fit. The width parameter of the
modified Gaussian function is fixed to the MC value. Only statistical
uncertainties are shown. No acceptance corrections are applied to the
signal yields

Parameter Value

mB+
c →J/ψD+

s
(MeV) 6279.9 ± 3.5

NB+
c →J/ψD+

s
36 ± 10

NB+
c →J/ψD∗+

s
95 ± 27

f±± 0.37 ± 0.22

6560 MeV), a linear interpolation between the two templates
is used.

The fit has seven free parameters: the mass of the B+
c

meson, mB+
c →J/ψD+

s
; the relative contribution of the A±±

component to the total B+
c → J/ψD∗+

s decay rate in
the selected sample, f±±; the two parameters of the expo-
nential background; the yields of the two signal modes,
NB+

c →J/ψD+
s

and NB+
c →J/ψD∗+

s
, and the background yield.

The width of the modified Gaussian function, σB+
c →J/ψD+

s
,

is fixed to the value obtained from the fit to the simulated
signal, σB+

c →J/ψD+
s

= 9.95 MeV. Leaving this parame-
ter free in the data fit results in the value 7.9 ± 3.0 MeV,
consistent with the simulation in the range of statistical
uncertainty.

It was checked that the fit procedure provides unbiased
values and correct statistical uncertainties for the extracted
parameters using pseudo-experiments. The values of the rel-
evant parameters obtained from the fit are given in Table 1.
The fitted B+

c mass agrees with the world average value [22].

The mass and angular projections of the fit on the selected
J/ψD+

s candidate dataset are also shown in Figs. 3 and 5a,
respectively. In order to illustrate the effect of the angu-
lar part of the fit in separating the helicity amplitudes, the
| cos θ �(μ+)| projection for the subset of candidates with the
masses 5950 MeV < m(J/ψD+

s ) < 6250 MeV correspond-
ing to the region of the observed B+

c → J/ψD∗+
s signal is

shown in Fig. 5b.
The statistical significance for the observed B+

c signal esti-
mated from toy MC studies is 4.9 standard deviations.

5 B+
c → J/ψπ+ candidate reconstruction and fit

B+
c → J/ψπ+ candidates are reconstructed by fitting a

common vertex of a pion candidate track and the two muons
from a J/ψ candidate, selected as described in Sect. 3. For
the pion candidate, tracks identified as muons are vetoed in
order to suppress the substantial background from B+

c →
J/ψμ+νμX decays. The invariant mass of the two muons
in the vertex fit is constrained to the J/ψ nominal mass.
The quality of the fit must satisfy χ2/ndf < 3. The follow-
ing selection requirements applied to the B+

c → J/ψπ+
candidates are analogous to those for B+

c → J/ψD+
s can-

didates described in Sect. 3: the candidates must be within
the kinematic range pT(B+

c ) > 15 GeV, |η(B+
c )| < 2.0; the

refitted values of the transverse momenta and pseudorapidi-
ties of the muons are required to satisfy pT(μ±) > 3 GeV,
|η(μ±)| < 2.3; the same requirements on pointing to the pri-
mary vertex and the ratio pT(B+

c )/
�

pT(trk) are applied.
The refitted pion track kinematics must satisfy pT(π+) >

5 GeV and |η(π+)| < 2.5. The transverse decay length
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Fig. 5 The projection of the likelihood fit on the variable | cos θ �(μ+)|,
where the helicity angle θ �(μ+) is the angle between the μ+ and D+

s
candidate momenta in the rest frame of the muon pair from J/ψ decay,
for a the full selected J/ψD+

s candidate dataset and b a subset of the
candidates in a mass range 5950 MeV < m(J/ψD+

s ) < 6250 MeV
corresponding to the observed signal of B+

c → J/ψD∗+
s decay. The

red solid line represents the full fit projection. The contribution of the
B+
c → J/ψD+

s decay is shown with the magenta long-dashed line (it
is not drawn in b because this contribution vanishes in that mass range);
the brown dash-dot and green dotted lines show the B+

c → J/ψD∗+
s

A00 and A±± component contributions, respectively; the blue dashed
line shows the background model
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Fig. 6 The mass distribution for the selected B+
c → J/ψπ+ candi-

dates. The red solid line represents the result of the fit to the model
described in the text. The brown dotted and blue dashed lines show
the signal and background component projections, respectively. The
uncertainty of the shown signal yield is statistical only

is required to be Lxy(B+
c ) > 0.2 mm, and not to exceed

10 mm.
To further suppress combinatorial background, the follow-

ing selection is applied:

• cos θ∗(π) > −0.8, where θ∗(π) is the angle between the
pion momentum in the μ+μ−π+ rest frame and the B+

c
candidate line of flight in laboratory frame. This angular
variable behaviour for the signal and the background is
the same as that of cos θ∗(D+

s ) used for J/ψD+
s candi-

dates selection.
• | cos θ �(μ+)| < 0.8, where θ �(μ+) is the angle between

the μ+ and π+ momenta in the muon pair rest frame. The
signal distribution follows a sin2 θ �(μ+) shape, while the
background is flat.

After applying the above-mentioned requirements, 38542
J/ψπ+ candidates are selected in the mass range 5640–
6760 MeV. Figure 6 shows the mass distribution of the
selected candidates. An extended unbinned maximum-
likelihood fit of the mass spectrum is performed to evalu-
ate the B+

c → J/ψπ+ signal yield. The signal contribu-
tion is described with the modified Gaussian function while
an exponential function is used for the background. The B+

c
mass,mB+

c →J/ψπ+ , the width of the modified Gaussian func-
tion, σB+

c →J/ψπ+ , the yields of the signal, NB+
c →J/ψπ+ , and

the background, and the slope of the exponential background
are free parameters of the fit. The fit results are summarised
in Table 2, and the fit projection is also shown in Fig. 6. The
extracted B+

c mass value is consistent with the world aver-
age [22], and the signal peak width agrees with the simulation
(37.4 MeV).

Table 2 Signal parameters of the J/ψπ+ mass distribution obtained
with the unbinned extended maximum-likelihood fit. Only statistical
uncertainties are shown. No acceptance corrections are applied to the
signal yields

Parameter Value

mB+
c →J/ψπ+ (MeV) 6279.9 ± 3.9

σB+
c →J/ψπ+ (MeV) 33.9 ± 4.2

NB+
c →J/ψπ+ 1140 ± 120

6 Branching fractions and polarisation measurement

The ratios of the branching fractions RD+
s /π+ and RD∗+

s /π+
are calculated as

R
D(∗)+
s /π+ =

B
B+
c →J/ψD(∗)+

s

BB+
c →J/ψπ+

= 1

BD+
s →φ(K+K−)π+

× AB+
c →J/ψπ+

A
B+
c →J/ψD(∗)+

s

×
N
B+
c →J/ψD(∗)+

s

NB+
c →J/ψπ+

, (2)

where AB+
c →X and NB+

c →X are the total acceptance and the
yield of the corresponding mode. For BD+

s →φ(K+K−)π+ , the
CLEO measurement [26] of the partial D+

s → K+K−π+
branching fractions, with a kaon-pair mass within various
intervals around the nominal φ meson mass, is used. An
interpolation between the partial branching fractions, mea-
sured for ±5 and ±10 MeV intervals, using a relativis-
tic Breit–Wigner shape of the resonance yields the value
(1.85±0.11)% for the ±7 MeV interval which is used in the
analysis. The effect of admixture of other D+

s decay modes
with (K+K−π+) final state which are not present in the
MC simulation is studied separately and accounted for as a
systematic uncertainty.

The acceptance for the B+
c → J/ψD∗+

s decay mode
is different for the A±± and A00 components, thus the full
acceptance for the mode is

AB+
c →J/ψD∗+

s

=
�

f±±
AB+

c →J/ψD∗+
s ,A±±

+ 1 − f±±
AB+

c →J/ψD∗+
s ,A00

�−1

, (3)

where the subscripts indicate the helicity state and f±± is the
value extracted from the fit (Table 1). The acceptances are
determined from the simulation and shown in Table 3.

The ratio RD∗+
s /D+

s
is calculated as

RD∗+
s /D+

s
= BB+

c →J/ψD∗+
s

BB+
c →J/ψD+

s

= NB+
c →J/ψD∗+

s

NB+
c →J/ψD+

s

× AB+
c →J/ψD+

s

AB+
c →J/ψD∗+

s

, (4)
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Table 3 The acceptance AB+
c →X for all decay modes studied. Only

uncertainties due to MC statistics are shown

Mode AB+
c →X (%)

B+
c → J/ψπ+ 4.106 ± 0.056

B+
c → J/ψD+

s 1.849 ± 0.034

B+
c → J/ψD∗+

s , A00 1.829 ± 0.053

B+
c → J/ψD∗+

s , A±± 1.712 ± 0.035

where the ratio of the yields NB+
c →J/ψD∗+

s
/NB+

c →J/ψD+
s

and
its uncertainty is extracted from the fit as a parameter in order
to account for correlations between the yields.

The fraction of the A±± component contribution in B+
c →

J/ψD∗+
s decay is calculated from the f±± value quoted in

Table 1 by applying a correction to account for the different
acceptances for the two component contributions:

�±±/� = f±± × AB+
c →J/ψD∗+

s

AB+
c →J/ψD∗+

s ,A±±
. (5)

7 Systematic uncertainties

The systematic uncertainties of the measured values are
determined by varying the analysis procedure and repeat-
ing all calculations. Although some sources can have rather
large effects on the individual decay rate measurements, they
largely cancel in the ratios of the branching fractions due to
correlation between the effects on the different decay modes.
The following groups of systematic uncertainties are consid-
ered.

The first group of sources of systematic uncertainty relates
to possible differences between the data and simulation
affecting the acceptances for the decay modes. Thus, an
effect of the B+

c production model is evaluated by vary-
ing the simulated pT and |η| spectra while preserving agree-
ment with the data distributions obtained using the abundant
B+
c → J/ψπ+ channel. These variations have very simi-

lar effects on the acceptances for the different decay modes,
thus giving rather moderate estimates of the uncertainties,
not exceeding 3 % in total, on the ratios of branching frac-
tions. The effect of presence of other D+

s decay modes with
(K+K−π+) final state on the calculated acceptances is stud-
ied with a separate MC simulation. Its conservative estimate
yields 0.4 % which is assigned as RD+

s /π+ and RD∗+
s /π+

uncertainties. An uncertainty on the tracking efficiency is
dominated by the uncertainty of the detector material descrip-
tion in the MC simulation. Samples generated with distorted
geometries and with increased material are used to estimate
the effect on track reconstruction efficiencies. When prop-
agated to the ratios of branching fractions, these estimates
give 0.5 % uncertainty for RD+

s /π+ and RD∗+
s /π+ due to

the two extra tracks in B+
c → J/ψD(∗)+

s modes. Limited
knowledge of the B+

c and D+
s lifetimes leads to an addi-

tional systematic uncertainty. The simulated proper decay
times are varied within one standard deviation from the
world average values [22] resulting in uncertainties of ∼1 %
assigned to RD+

s /π+ and RD∗+
s /π+ due to the B+

c lifetime,
and 0.3 % due to the D+

s lifetime. Removing the requirement
on pT(B+

c )/
�

pT(trk) is found to produce no noticeable
effect on the measured values.

The next group of uncertainties originates from the sig-
nal extraction procedure. These uncertainties are evaluated
separately for J/ψD+

s and J/ψπ+ candidate fits. For the
former, the following variations of the fit model are applied
and the difference is treated as a systematic uncertainty:

• different background mass shape parametrisations (three-
parameter exponential, second- and third-order polyno-
mials), different fitted mass range (reduced by up to
40 MeV from each side independently);

• a double Gaussian or double-sided Crystal Ball func-
tion [27–29] for B+

c → J/ψD+
s signal description; vari-

ation of the modified Gaussian width within 10 % of the
MC simulation value;

• variation of the smoothness of the B+
c → J/ψD∗+

s sig-
nal mass templates, which is controlled by a parameter
of the kernel estimation procedure [25];

• similar variation of the smoothness of the B+
c →

J/ψD(∗)+
s signal angular templates;

• variation of the smoothness of the sideband templates
used for the background angular PDF construction; dif-
ferent ranges of the sidebands; different sideband inter-
polation procedure;

• modelling of the correlation between the mass and angu-
lar parts of the signal PDFs. This correlation takes
place only at the detector level and manifests itself in
degradation of the mass resolution for higher values of
| cos θ �(μ+)|. A dedicated fit model accounting for this
effect is used for the data fit. The impact on the result is
found to be negligible compared to the total uncertainty.

The first two items give the dominant contributions to
the uncertainties of the ratios of branching fractions while
the transverse polarisation fraction measurement is mostly
affected by the background angular modelling variations. For
the normalisation channel fit model, the similar variations of
the background and signal mass shape parametrisation are
applied. The deviations produced by the variations of the
fits reach values as high as 10–15 % thus making them the
dominant sources of systematic uncertainty.

The branching fractions of D∗+
s [22] are varied in simula-

tion within their uncertainties to estimate their effect on the
measured quantities. Very small uncertainties are obtained
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Table 4 Relative systematic
uncertainties on the measured
ratios of branching fractions
RD+

s /π+ , RD∗+
s /π+ , RD∗+

s /D+
s

and on the transverse
polarisation fraction �±±/�

Source Uncertainty (%)

RD+
s /π+ RD∗+

s /π+ RD∗+
s /D+

s
�±±/�

Simulated pT(B+
c ) spectrum 0.4 0.9 0.5 0.4

Simulated |η(B+
c )| spectrum 1.9 2.4 0.6 0.2

Other D+
s decay modes contribution 0.4 0.4 – –

Tracking efficiency 0.5 0.5 <0.1 <0.1

B+
c lifetime 1.2 1.3 <0.1 <0.1

D+
s lifetime 0.3 0.3 <0.1 <0.1

B+
c → J/ψD(∗)+

s signal extraction 4.4 10.5 10.7 17.4

B+
c → J/ψπ+ signal extraction 8.5 8.5 – –

D∗+
s branching fractions <0.1 <0.1 <0.1 1.1

MC sample sizes 2.3 2.4 2.7 2.2

Total 10.1 14.0 11.0 17.6

BD+
s →φ(K+K−)π+ 5.9 5.9 – –

for the RD∗+
s /π+ and RD∗+

s /D+
s

, while for �±±/�, the esti-
mate is ∼1 %.

The statistical uncertainties on the acceptance values due
to the MC sample sizes are also treated as a separate source
of systematic uncertainty and estimated to be 2–3 %.

In order to check for a possible bias from using three-muon
triggers, vetoing the D+

s meson daughter tracks identified as
muons is tested and found not to affect the measurement.

Finally, since BD+
s →φ(K+K−)π+ enters Eq. (2), its uncer-

tainty, evaluated from Ref. [26] as 5.9 %, is propagated to
the final values of the relative branching fractions.

The systematic uncertainties on the measured quantities
are summarised in Table 4.

8 Results

The following ratios of the branching fractions are measured:

RD+
s /π+ = BB+

c →J/ψD+
s

BB+
c →J/ψπ+

= 3.8 ± 1.1(stat.) ± 0.4(syst.) ± 0.2(BF), (6)

RD∗+
s /π+ = BB+

c →J/ψD∗+
s

BB+
c →J/ψπ+

= 10.4 ± 3.1(stat.) ± 1.5(syst.) ± 0.6(BF), (7)

RD∗+
s /D+

s
= BB+

c →J/ψD∗+
s

BB+
c →J/ψD+

s

= 2.8+1.2
−0.8(stat.) ± 0.3(syst.), (8)

where the BF uncertainty corresponds to the knowledge of
BD+

s →φ(K+K−)π+ . The relative contribution of the A±± com-
ponent in B+

c → J/ψD∗+
s decay is measured to be

�±±/� = 0.38 ± 0.23(stat.) ± 0.07(syst.) (9)

These results are compared with those of the LHCb mea-
surement [10] and to the expectations from various theoret-
ical calculations in Table 5 and Fig. 7. The measurement
agrees with the LHCb result. All ratios are well described
by the recent perturbative QCD predictions [8]. The expec-
tations from models in Refs. [3,5,7] as well as the sum-rules
prediction [4] for the ratio RD∗+

s /D+
s

are consistent with the
measurement. The QCD relativistic potential model predic-
tions [3] are consistent with the measured RD+

s /π+ ratio
while the expectations from the sum rules [4] and models in
Refs. [5–7] are somewhat smaller than the measured value.
The predictions in Refs. [3–5,7] are also generally smaller
than the measured ratio RD∗+

s /π+ ; however, the discrepan-
cies do not exceed two standard deviations when taking into
account only the experimental uncertainty.

The measured fraction of the A±± component agrees
well with the prediction of the relativistic independent quark
model [9] and perturbative QCD [8].

9 Conclusion

A study of B+
c → J/ψD+

s and B+
c → J/ψD∗+

s decays
has been performed. The ratios of the branching fractions
BB+

c →J/ψD+
s
/BB+

c →J/ψπ+ , BB+
c →J/ψD∗+

s
/BB+

c →J/ψπ+ ,
BB+

c →J/ψD∗+
s

/BB+
c →J/ψD+

s
and the transverse polarisation

fraction of B+
c → J/ψD∗+

s decay have been measured
by the ATLAS experiment at the LHC using pp collision
data corresponding to an integrated luminosity of 4.9 fb−1

at 7 TeV centre-of-mass energy and 20.6 fb−1 at 8 TeV. The
polarisation is found to be well described by the available
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Table 5 Comparison of the results of this measurement with those
of LHCb [10] and theoretical predictions based on a QCD relativistic
potential model [3], QCD sum rules [4], relativistic constituent quark
model (RCQM) [5], BSW relativistic quark model (with fixed aver-
age transverse quark momentum ω = 0.40 GeV) [6], light-front quark

model (LFQM) [7], perturbative QCD (pQCD) [8], and relativistic inde-
pendent quark model (RIQM) [9]. The uncertainties of the theoretical
predictions are shown if they are explicitly quoted in the corresponding
papers. Statistical and systematic uncertainties added in quadrature are
shown for the results of ATLAS and LHCb

RD+
s /π+ RD∗+

s /π+ RD∗+
s /D+

s
�±±/� Ref.

3.8 ± 1.2 10.4 ± 3.5 2.8+1.2
−0.9 0.38 ± 0.24 ATLAS

2.90 ± 0.62 – 2.37 ± 0.57 0.52 ± 0.20 LHCb [10]

2.6 4.5 1.7 – QCD potential model [3]

1.3 5.2 3.9 – QCD sum rules [4]

2.0 5.7 2.9 – RCQM [5]

2.2 – – – BSW [6]

2.06 ± 0.86 – 3.01 ± 1.23 – LFQM [7]

3.45+0.49
−0.17 – 2.54+0.07

−0.21 0.48 ± 0.04 pQCD [8]

– – – 0.410 RIQM [9]

+πψJ/→+cB
/BR+

s
DψJ/→+cBBR

1 2 3 4 5

ATLAS

+πψJ/→+cB
/BR+

s
D*ψJ/→+cBBR

5 10
+
s

DψJ/→+cB/BR+
s

D*ψJ/→+cBBR
1 2 3 4

Γ/±±Γ
0.2 0.4 0.6 0.8

ATLAS (Run 1)

LHCb (Run 1)

             model
QCD potential

QCD sum rules

RCQM

BSW
LFQM
pQCD

RIQM

Fig. 7 Comparison of the results of this measurement with those of
LHCb [10] and theoretical predictions based on a QCD relativistic
potential model [3], QCD sum rules [4], relativistic constituent quark
model (RCQM) [5], BSW relativistic quark model (with fixed aver-
age transverse quark momentum ω = 0.40 GeV) [6], light-front quark

model (LFQM) [7], perturbative QCD (pQCD) [8], and relativistic inde-
pendent quark model (RIQM) [9]. The uncertainties of the theoretical
predictions are shown if they are explicitly quoted in the corresponding
papers. Statistical and systematic uncertainties added in quadrature are
quoted for the results of ATLAS and LHCb.

theoretical approaches. The measured ratios of the branching
fraction are generally described by perturbative QCD, sum
rules, and relativistic quark models. There is an indication of
underestimation of the decay rates for the B+

c → J/ψD(∗)+
s

decays by some models, although the discrepancies do not
exceed two standard deviations when taking into account
only the experimental uncertainty. The measurement results
agree with those published by the LHCb experiment.
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N. Javadov65,b, T. Javůrek48, L. Jeanty15, J. Jejelava51a,r, G.-Y. Jeng150, D. Jennens88, P. Jenni48,s, J. Jentzsch43,
C. Jeske170, S. Jézéquel5, H. Ji173, J. Jia148, Y. Jiang33b, S. Jiggins78, J. Jimenez Pena167, S. Jin33a, A. Jinaru26a,
O. Jinnouchi157, M. D. Joergensen36, P. Johansson139, K. A. Johns7, K. Jon-And146a,146b, G. Jones170, R. W. L. Jones72,
T. J. Jones74, J. Jongmanns58a, P. M. Jorge126a,126b, K. D. Joshi84, J. Jovicevic159a, X. Ju173, C. A. Jung43, P. Jussel62,
A. Juste Rozas12,o, M. Kaci167, A. Kaczmarska39, M. Kado117, H. Kagan111, M. Kagan143, S. J. Kahn85, E. Kajomovitz45,
C. W. Kalderon120, S. Kama40, A. Kamenshchikov130, N. Kanaya155, M. Kaneda30, S. Kaneti28, V. A. Kantserov98,
J. Kanzaki66, B. Kaplan110, A. Kapliy31, D. Kar53, K. Karakostas10, A. Karamaoun3, N. Karastathis10,107, M. J. Kareem54,
M. Karnevskiy83, S. N. Karpov65, Z. M. Karpova65, K. Karthik110, V. Kartvelishvili72, A. N. Karyukhin130, L. Kashif173,
R. D. Kass111, A. Kastanas14, Y. Kataoka155, A. Katre49, J. Katzy42, K. Kawagoe70, T. Kawamoto155, G. Kawamura54,
S. Kazama155, V. F. Kazanin109,c, M. Y. Kazarinov65, R. Keeler169, R. Kehoe40, J. S. Keller42, J. J. Kempster77,
H. Keoshkerian84, O. Kepka127, B. P. Kerševan75, S. Kersten175, R. A. Keyes87, F. Khalil-zada11, H. Khandanyan146a,146b,
A. Khanov114, A. G. Kharlamov109,c, T. J. Khoo28, V. Khovanskiy97, E. Khramov65, J. Khubua51b,t, H. Y. Kim8,
H. Kim146a,146b, S. H. Kim160, Y. K. Kim31, N. Kimura154, O. M. Kind16, B. T. King74, M. King167, S. B. King168,
J. Kirk131, A. E. Kiryunin101, T. Kishimoto67, D. Kisielewska38a, F. Kiss48, K. Kiuchi160, O. Kivernyk136, E. Kladiva144b,
M. H. Klein35, M. Klein74, U. Klein74, K. Kleinknecht83, P. Klimek146a,146b, A. Klimentov25, R. Klingenberg43,
J. A. Klinger139, T. Klioutchnikova30, E.-E. Kluge58a, P. Kluit107, S. Kluth101, E. Kneringer62, E. B. F. G. Knoops85,
A. Knue53, A. Kobayashi155, D. Kobayashi157, T. Kobayashi155, M. Kobel44, M. Kocian143, P. Kodys129, T. Koffas29,
E. Koffeman107, L. A. Kogan120, S. Kohlmann175, Z. Kohout128, T. Kohriki66, T. Koi143, H. Kolanoski16, I. Koletsou5,
A. A. Komar96,*, Y. Komori155, T. Kondo66, N. Kondrashova42, K. Köneke48, A. C. König106, S. König83, T. Kono66,u,
R. Konoplich110,v, N. Konstantinidis78, R. Kopeliansky152, S. Koperny38a, L. Köpke83, A. K. Kopp48, K. Korcyl39,
K. Kordas154, A. Korn78, A. A. Korol109,c, I. Korolkov12, E. V. Korolkova139, O. Kortner101, S. Kortner101, T. Kosek129,
V. V. Kostyukhin21, V. M. Kotov65, A. Kotwal45, A. Kourkoumeli-Charalampidi154, C. Kourkoumelis9, V. Kouskoura25,
A. Koutsman159a, R. Kowalewski169, T. Z. Kowalski38a, W. Kozanecki136, A. S. Kozhin130, V. A. Kramarenko99,
G. Kramberger75, D. Krasnopevtsev98, M. W. Krasny80, A. Krasznahorkay30, J. K. Kraus21, A. Kravchenko25,
S. Kreiss110, M. Kretz58c, J. Kretzschmar74, K. Kreutzfeldt52, P. Krieger158, K. Krizka31, K. Kroeninger43, H. Kroha101,
J. Kroll122, J. Kroseberg21, J. Krstic13, U. Kruchonak65, H. Krüger21, N. Krumnack64, Z. V. Krumshteyn65,
A. Kruse173, M. C. Kruse45, M. Kruskal22, T. Kubota88, H. Kucuk78, S. Kuday4b, S. Kuehn48, A. Kugel58c,
F. Kuger174, A. Kuhl137, T. Kuhl42, V. Kukhtin65, Y. Kulchitsky92, S. Kuleshov32b, M. Kuna132a,132b, T. Kunigo68,
A. Kupco127, H. Kurashige67, Y. A. Kurochkin92, R. Kurumida67, V. Kus127, E. S. Kuwertz169, M. Kuze157, J. Kvita115,
T. Kwan169, D. Kyriazopoulos139, A. La Rosa49, J. L. La Rosa Navarro24d, L. La Rotonda37a,37b, C. Lacasta167,
F. Lacava132a,132b, J. Lacey29, H. Lacker16, D. Lacour80, V. R. Lacuesta167, E. Ladygin65, R. Lafaye5, B. Laforge80,
T. Lagouri176, S. Lai48, L. Lambourne78, S. Lammers61, C. L. Lampen7, W. Lampl7, E. Lançon136, U. Landgraf48,
M. P. J. Landon76, V. S. Lang58a, J. C. Lange12, A. J. Lankford163, F. Lanni25, K. Lantzsch30, S. Laplace80, C. Lapoire30,
J. F. Laporte136, T. Lari91a, F. Lasagni Manghi20a,20b, M. Lassnig30, P. Laurelli47, W. Lavrijsen15, A. T. Law137,
P. Laycock74, T. Lazovich57, O. Le Dortz80, E. Le Guirriec85, E. Le Menedeu12, M. LeBlanc169, T. LeCompte6,
F. Ledroit-Guillon55, C. A. Lee145b, S. C. Lee151, L. Lee1, G. Lefebvre80, M. Lefebvre169, F. Legger100, C. Leggett15,
A. Lehan74, G. Lehmann Miotto30, X. Lei7, W. A. Leight29, A. Leisos154,w, A. G. Leister176, M. A. L. Leite24d,
R. Leitner129, D. Lellouch172, B. Lemmer54, K. J. C. Leney78, T. Lenz21, B. Lenzi30, R. Leone7, S. Leone124a,124b,
C. Leonidopoulos46, S. Leontsinis10, C. Leroy95, C. G. Lester28, M. Levchenko123, J. Levêque5, D. Levin89,
L. J. Levinson172, M. Levy18, A. Lewis120, A. M. Leyko21, M. Leyton41, B. Li33b,x, H. Li148, H. L. Li31, L. Li45,
L. Li33e, S. Li45, Y. Li33c,y, Z. Liang137, H. Liao34, B. Liberti133a, A. Liblong158, P. Lichard30, K. Lie165, J. Liebal21,
W. Liebig14, C. Limbach21, A. Limosani150, S. C. Lin151,z, T. H. Lin83, F. Linde107, B. E. Lindquist148, J. T. Linnemann90,
E. Lipeles122, A. Lipniacka14, M. Lisovyi58b, T. M. Liss165, D. Lissauer25, A. Lister168, A. M. Litke137, B. Liu151,aa,
D. Liu151, H. Liu89, J. Liu85, J. B. Liu33b, K. Liu85, L. Liu165, M. Liu45, M. Liu33b, Y. Liu33b, M. Livan121a,121b,
A. Lleres55, J. Llorente Merino82, S. L. Lloyd76, F. Lo Sterzo151, E. Lobodzinska42, P. Loch7, W. S. Lockman137,
F. K. Loebinger84, A. E. Loevschall-Jensen36, A. Loginov176, T. Lohse16, K. Lohwasser42, M. Lokajicek127, B. A. Long22,
J. D. Long89, R. E. Long72, K. A. Looper111, L. Lopes126a, D. Lopez Mateos57, B. Lopez Paredes139, I. Lopez Paz12,
J. Lorenz100, N. Lorenzo Martinez61, M. Losada162, P. Loscutoff15, P. J. Lösel100, X. Lou33a, A. Lounis117, J. Love6,
P. A. Love72, N. Lu89, H. J. Lubatti138, C. Luci132a,132b, A. Lucotte55, F. Luehring61, W. Lukas62, L. Luminari132a,
O. Lundberg146a,146b, B. Lund-Jensen147, D. Lynn25, R. Lysak127, E. Lytken81, H. Ma25, L. L. Ma33d, G. Maccarrone47,
A. Macchiolo101, C. M. Macdonald139, J. Machado Miguens122,126b, D. Macina30, D. Madaffari85, R. Madar34,
H. J. Maddocks72, W. F. Mader44, A. Madsen166, S. Maeland14, T. Maeno25, A. Maevskiy99, E. Magradze54, K. Mahboubi48,

123



4 Page 16 of 24 Eur. Phys. J. C (2016) 76 :4

J. Mahlstedt107, C. Maiani136, C. Maidantchik24a, A. A. Maier101, T. Maier100, A. Maio126a,126b,126d, S. Majewski116,
Y. Makida66, N. Makovec117, B. Malaescu80, Pa. Malecki39, V. P. Maleev123, F. Malek55, U. Mallik63, D. Malon6,
C. Malone143, S. Maltezos10, V. M. Malyshev109, S. Malyukov30, J. Mamuzic42, G. Mancini47, B. Mandelli30,
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