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Measurement of the relative B�
c =B� production cross section

with the ATLAS detector at
ffiffi
s

p
= 8 TeV

M. Aaboud et al.
*

(ATLAS Collaboration)

(Received 6 December 2019; accepted 21 June 2021; published 26 July 2021)

The total cross section and differential cross sections for the production of B�
c mesons, times their

branching fraction to J=ψπ�, are measured relative to those for the production of B� mesons, times their
branching fraction to J=ψK�. The data used for this study correspond to an integrated luminosity of
20.3 fb−1 of pp collisions recorded by the ATLAS detector at the Large Hadron Collider in 2012 at a
center-of-mass energy of

ffiffiffi
s

p ¼ 8 TeV. The measurement is performed differentially in bins of transverse
momentum pT for 13 GeV < pTðB�

c Þ < 22 GeV and pTðB�
c Þ > 22 GeV and in bins of rapidity y for

jyj < 0.75 and 0.75 < jyj < 2.3. The relative cross section times branching fraction for the full range
pT > 13 GeV and jyj < 2.3 is ð0.34� 0.04stat

þ0.06
−0.02 sys � 0.01lifetimeÞ%. The differential measurements

suggest that the production cross section of the B�
c decreases faster with pT than the production cross

section of the B�, while no significant dependence on rapidity is observed.

DOI: 10.1103/PhysRevD.104.012010

I. INTRODUCTION

The B�
c meson is a bound state of the two heaviest

distinct quarks able to form a stable state, c and b̄ for Bþ
c or

c̄ and b for B−
c . Measurements of its production can provide

unique insight into heavy-quark hadronization: unlike
lighter B-states, production of a B�

c meson requires
collinear production of two distinct heavy quarks.
A measurement of the production cross section times

branching fraction for B�
c → J=ψπ�, relative to that for

B� → J=ψK�, at
ffiffiffi
s

p ¼ 8 TeV of pp collisions and differ-
ential in transverse momentum pT and in rapidity1 y, has
not yet been reported for the fiducial region considered in
this article and defined below, although measurements of
the individual cross sections have been published. Atffiffiffi
s

p ¼ 7 TeV, the LHCbCollaboration reported [1] a relative
cross section times branching fraction of ð0.68� 0.10stat �
0.03syst � 0.05lifetimeÞ% for pTðB�

c Þ > 4 GeV in the pseu-
dorapidity2 range 2.5 < η < 4.5. LHCb reported [2] for the

same differential relative Bþ
c cross section at

ffiffiffi
s

p ¼ 8 TeV a
measurement of ð0.683� 0.018stat � 0.009systÞ% in the
rapidity range 2.0 < y < 4.5 for the interval 0 < pTðBþ

c Þ <
20 GeV. The measurement [2] by the LHCb Collaboration
at

ffiffiffi
s

p ¼ 8 TeV has a very slight overlap with the fiducial
region (defined below) of this one. In the fiducial region
13 < pTðBÞ < 20 GeV and 2.0 < yðBÞ < 2.3, where the
two experiments are both sensitive, the LHCb data show
no trend in the ratio as a function of pT. However, the LHCb
dataset is dominated by Bc candidates with pT lower than
those in this ATLAS analysis. The CMS Collaboration
measured the same quantity in the rapidity range jyj<1.6
for pTðB�

c Þ > 15 GeV to be ð0.48� 0.05stat � 0.03syst �
0.05lifetimeÞ% [3] at

ffiffiffi
s

p ¼ 7 TeV. The values reported here
by ATLAS are smaller than those obtained by the other
experiments at different energies and with different fiducial
volumes, and evidence of dependence of this relative
production cross section on transverse momentum is shown
here for the first time.
Theoretical predictions for the hadronic B�

c production
cross section have been reported by several authors [4–10]
and this study is motivated by the range of predicted values.
Theoretical calculations predict that the total production
cross section σBc

is in the range of 1 nb to 31.5 nb atffiffiffi
s

p ¼ 1.8 TeV and 44 nb to 190 nb at
ffiffiffi
s

p ¼ 14 TeV, but
no published calculation for the relative cross section atffiffiffi
s

p ¼ 8 TeV is available at this time. These calculations
depend on the square of the decay constant fB�

c
[4,11,12],

which in the nonrelativistic approach is proportional to the
absolute value of the wave function at the origin.

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

1The rapidity y is defined as ð1=2Þ × ln½ðEþ pzÞ=ðE − pzÞ�,
where E is the energy of a particle and pz is its component of
momentum along the beam axis.

2The pseudorapidity η is defined as − ln½tanðθ=2Þ�, where θ is
the angle between the particle momentum and the positive
direction of the beam axis.
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In this measurement of the cross section times branching
fraction for B�

c →J=ψπ� relative to that for B� → J=ψK�,
the J=ψ mesons are reconstructed from their decays into
μþμ−. The relative cross section measurement is differential
in two bins of the transverse momentum pT of the B�

c ,
13 GeV < pTðB�

c Þ < 22 GeV and pTðB�Þ > 22 GeV, for
rapidity jyj < 2.3, and in two bins of rapidity y of the B�

c ,
jyj < 0.75 and 0.75 < jyj < 2.3, for pTðB�

c Þ > 13 GeV.
The relative cross section is also measured for the

inclusive dataset with pT > 13 GeV and jyj < 2.3. The
fiducial volume is defined by the requirements on pTðB�

c Þ
and yðB�

c Þ. The bins are selected to equalize yields of the
B�
c . The same bin sizes are used for the B�

c and the B�. The
data were recorded in 2012 by the ATLAS [13] experiment
at a center-of-mass energy of

ffiffiffi
s

p ¼ 8 TeV.
The article is organized as follows. After this introduc-

tion, Sec. II provides an overview of the ATLAS detector
including the trigger system and the objects used.
Section III describes the simulation, reconstruction, and
event selection. Section IV shows the relative cross-section
calculation. Section V presents the fits to the mass
distributions. Section VI describes the calculation of the
efficiency and acceptance ratios. Section VII reports the
systematic uncertainties. Section VIII presents the results of
the measurements. Conclusions are drawn in Sec. IX.

II. THE ATLAS DETECTOR, TRIGGER, AND
BASIC TRACK SELECTIONS

ATLAS is a general-purpose particle detector [13]
consisting of several subsystems including the inner detec-
tor (ID), the electromagnetic and hadronic calorimeters,
and the muon spectrometer (MS). Muons pass through the
calorimeters and reach the MS if their momentum is above
approximately 3 GeV. The ID features a three-component
tracking system, consisting of two silicon-based detectors,
the pixel detector and the microstrip semiconductor tracker
(SCT), and the transition radiation tracker (TRT).
ID tracks are reconstructed if their transverse momentum

is greater than 400 MeV and if the magnitude of their
pseudorapidity, jηj, is less than 2.5. Muon candidates are
either formed from a stand-alone MS track that is matched
to an ID track (so-called combined muons) or from an ID
track extrapolated to the MS and matched to track segments
in the MS (so-called tagged muons) [14]. The ID and MS
subsystems are of particular importance to this study. Only
the data taken when both of these subsystems were properly
operational and when LHC beams were stable are used,
corresponding to an integrated luminosity of 20.3 fb−1.
Although both the ID and the MS provide momentum
measurements, in the pT range relevant to this analysis, the
MS momentum resolution is worse than that of the ID due
to energy loss in the calorimeters. Therefore, the MS is used
only to identify muons, and the pT measurement is taken
from the ID. The muon candidates are required to have the

number of pixel hits plus the number of crossed dead pixel
sensors greater than zero, the number of SCT hits plus the
number of crossed dead SCT sensors greater than four, and
the number of pixel holes3 plus the number of SCT holes on
the track less than three.
ID tracks from charged hadrons are required to have at

least two pixel hits and at least six hits in the SCT (eight hits
in total). If a track crosses a dead sensor, it is not counted
as a hit in the corresponding subdetector; the number of
pixelþ SCT holes is required to be less than three. For
tracks with 0.1 < jηj < 1.9 it is required that n > 5 and
noutTRT < 0.9n, where n ¼ nTRT þ noutTRT, and nTRTðnoutTRTÞ
stands for the number of TRT hits (outliers [14]) on
the track.
The trigger system [15] for data collected up to and

including 2012 comprises three levels: the hardware-based
first-level (L1) trigger and the high-level triggers (HLT),
consisting of the second-level trigger and the event filter.
The L1 trigger uses resistive plate chambers and thin gap
chambers to trigger on muons in the pseudorapidity ranges
of jηj < 1.05 and 1.05 < jηj < 2.5, respectively. One or
more regions-of-interest (RoI), identified by the L1 muon
trigger, seed the HLT muon reconstruction algorithms,
where the tracks from both the ID and the MS are
combined. For this analysis the HLT selection of the
J=ψ requires two oppositely charged muons, originating
at a common vertex, with the invariant mass of the muon
pair lying between 2.5 GeV and 4.3 GeV. The individual
muon pT thresholds are both 4 GeV. The pseudorapidity
range of the muon selection is jηj < 2.5.

III. SIMULATION, RECONSTRUCTION,
AND EVENT SELECTION

Samples for the signal (B�
c →J=ψπ� and B� → J=ψK�)

were generated with the PYTHIA Monte Carlo (MC)
generator [16,17]. For the generation of the B�

c meson a
dedicated PYTHIA extension was used, based on theoretical
input [5,9]. The parameters of the MC simulation are
described in Sec. VI. The response of the ATLAS detector
was simulated with the ATLFAST2 procedure [18] using
the GEANT4 package [19], and the events are recon-
structed with the same software as is used to process
the data from the detector. The effect of multiple proton-
proton collisions per beam crossing, also known as
pileup, is included.
The J=ψ candidates are reconstructed from pairs of

oppositely charged muon candidates. To allow the
most accurate corrections for trigger efficiencies, each
reconstructed muon candidate is required to match a

3In this context, a hole is counted when a hit is expected in an
active sensor located on the track trajectory between the first and
the last hit associated with this track, but no such hit is found.
If the corresponding sensor is known to be inactive and therefore
not expected to provide a hit, no hole is counted.
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trigger-identified muon candidate within a cone4 of size
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
¼ 0.01. The efficiency of match-

ing the reconstructed muon candidates to the trigger muon
candidates is comparable for the two B-meson species
according to MC simulation. The muon pair is fitted to a
common vertex with the requirement that at least one of the
muons is a combined muon. The procedure is described in
Ref. [20]. The following requirements are applied to choose
a J=ψ candidate:

(i) The pT of each of the two muon candidates must be
above 4 GeV.

(ii) The vertex fit quality χ2=ðNd:o:f: ¼ 1Þmust be below
15. This soft requirement is chosen to remove highly
unlikely muon combinations.

(iii) The invariant mass mðμþμ−Þ calculated from the
refitted track parameters must lie in a mass window
that depends on the pseudorapidity of the muons.
The η ranges are determined from the resolution of
the muon detectors. Three mass windows are de-
fined for the J=ψ around the world average value of
3096.916 MeV [21], as follows. If the jηj of both
muons is less than (greater than) 1.05, the mass
window is �120 MeV (�270 MeV). If the jηj of
one muon is less than 1.05 and the jηj of the other
muon is between 1.05 and 2.5, the mass window
is �180 MeV.

The muon mass is assigned to each track in the J=ψ
reconstruction. The refitted track parameters are derived
from the vertex fit.
The B candidates (where B represents B�

c or B�) are
reconstructed by fitting the tracks of the two muons from
the J=ψ candidate, together with a charged-hadron track, to
a common vertex. For the B� candidates the kaon mass is
assigned to the hadron track while for the B�

c candidates
the pion mass is assigned to the hadron track. The mass of
the J=ψ meson is constrained in the fit to its world
average value.
The primary pp interaction vertex is found by extrapo-

lating the flight direction of the reconstructed B candidate
to the z-axis and then selecting the closest vertex in the z
direction [22]. The selected vertex is refitted with the three
signal tracks (two muonic and one hadronic) removed.
A significant part of the combinatorial background

consists of J=ψ mesons that combine with light hadrons
that are not associated with the decay. This background can
be reduced by applying a minimum value for the signifi-
cance of the impact parameter of the hadron track relative to

the primary vertex in the transverse plane, d0xy=σðd0xyÞ,
where d0xy is the projection of the impact parameter onto the
transverse plane and σðd0xyÞ is the uncertainty of d0xy.
Another significant source of background which is

especially important for the B�
c is the partially recon-

structed semileptonic decays of the B�
c such as B�

c →
J=ψμ�νμ. This background is reduced by removing com-
binations in which one of the hadronic candidates is
identified as a muon by the MS.
Reconstructed B candidates are required to satisfy the

following selection criteria:
(i) The χ2=ðNd:o:f: ¼ 4Þ of the fit of the B vertex must

be below 1.8.
(ii) The rapidity jyðBÞj must be less than 2.3.
(iii) The pT of the hadron candidate must be above

2.0 GeV.
(iv) To suppress combinatorial background due to pro-

mpt5 J=ψ candidates, the impact parameter signifi-
cance d0xy=σðd0xyÞ of the hadron candidate must
exceed 1.2. MC studies demonstrated that this
criterion is more efficient for the B�

c candidate
selection than a requirement on the lifetime.

In events with multiple B candidates, the candidate with
the best χ2 from the vertex fits is used. The fraction of
multiple-candidate events is negligible for this analysis,
as observed in data and confirmed by MC studies. This
analysis uses all the ground-state B candidates including
those produced directly and those produced from the
cascade decay of excited states.

IV. RELATIVE CROSS SECTION CALCULATION

The relative cross section times branching fraction is
given by:

σðB�
c Þ · BðB�

c → J=ψπ�Þ · BðJ=ψ → μþμ−Þ
σðB�Þ · BðB� → J=ψK�Þ · BðJ=ψ → μþμ−Þ

¼ NrecoðB�
c Þ

NrecoðB�Þ ·
ϵðB�Þ
ϵðB�

c Þ
: ð1Þ

The notation NrecoðXÞ refers to the number of recon-
structed collision data events, where X is either B�

c or B�.
The ϵðB�Þ and ϵðB�

c Þ are the efficiencies of B� and B�
c

reconstruction that correct the numbers NrecoðB�
c Þ

and NrecoðB�Þ for detector effects, selection criteria,
differences between interactions of K� and π� with the
detector material, as well as efficiencies associated with
the trigger.

4ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam line. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates ðr;ϕÞ are used in the transverse plane, ϕ
being the azimuthal angle around the z-axis and r the distance
from the IP in the transverse plane.

5“Prompt” here refer to states that are produced directly by
short-lived QCD sources, i.e., those not produced in the beauty
hadron decays.
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V. FIT TO THE MASS DISTRIBUTIONS

Extended unbinned maximum-likelihood fits to the mass
distributions of the B�

c and the B� are performed to extract
NrecoðB�

c Þ and NrecoðB�Þ from the data in each bin in pT
and jyj. This involves calculating the parameters that
maximize the likelihood function, defined as

L ¼ e−Nsig−Nbkg

N!

YN
i¼1

½NsigF signalðmi
J=ψXh

; δmi
J=ψXh

Þ

þ NbkgF bkgðmi
J=ψXh

Þ�

where N is the total number of J=ψXh candidates, Xh
represents the corresponding hadron, Nsig is the total
number of signal events, and Nbkg is the total number of
background events. The contribution from the signal F signal

is modeled by a Gaussian probability density function with
event-by-event errors. It is given for the B�

c by

F signalðmi
J=ψπ; δm

i
J=ψπÞ ∝ exp

 
−
ðmi

J=ψπ� −mB�
c
Þ2

2ðs1δmi
J=ψπ�Þ2

!

and for the B� by

F signalðmi
J=ψK� ; δmi

J=ψK�Þ ∝ exp

 
−
ðmi

J=ψK� −mB�Þ2
2ðs2δmi

J=ψK�Þ2
!

where mB� and mB�
c
are the masses of the B� and B�

c ,
respectively. The variables mB� and mB�

c
are taken as free

parameters in the fit. The widths s1δmi
J=ψπ� and s2δmi

J=ψK�

are the products of the corresponding scale factors s1 and s2
and the event-by-event mass resolution. The event-by-event
mass uncertainty is calculated from the tracking covariance
matrices by error propagation. The scale factors are free
parameters of the fit which account for imperfection in
estimates of the mass errors. Ideally the value of s1;2 is one.
The mass resolution σm is obtained from the fits and
appears in the relevant tables below. It is defined as the half-
width of the region of the J=ψ mass distribution for which
the integral of the sum of F signalðmJ=ψXh

; δmJ=ψXh
Þ over all

candidates contains 68.27% of Nsig.
The background to B�

c production is modeled with an
exponential function plus a constant term,

F bkg ∝ expða ·mi
J=ψπ�Þ þ b:

In the B� mass region, partially reconstructed b-hadron
decays populate the lower part of the B� mass spectrum.
Their contributions are estimated with a complementary
error function

F ð1Þ
bkgðmi

J=ψK�Þ ∝ 1 − erf

�mi
J=ψK� −m0

s0

�

¼ 1 −
2ffiffiffi
π

p
Z

A

0

e−t
2

dt

where A ¼ mi
J=ψK�−m0

s0
, and m0 and s0 determine the position

and the slope of the error function, respectively.
The Cabibbo-suppressed decay B� → J=ψπ� populates

the high part of the B� mass spectrum. It is modeled by a
Gaussian function

F ð2Þ
bkgðmi

J=ψK�Þ ∝ exp

 
−
ðmi

J=ψK� −mB�;π�Þ2
2ðs3δmi

J=ψK�Þ2
!
;

where s3 is the corresponding scale factor. The variable
mB�;π� is the median of the mass distribution in the data for
B� → J=ψπ� events when the kaon mass instead of the
pion mass is assumed for the charged-hadron track.
The remaining background is mostly due to production

of J=ψ mesons from decays of b-hadrons other than
the B�, which are combined with a random hadron track.
They are described with an exponential function

F ð3Þ
bkgðmi

J=ψK�Þ ∝ exp ðd ·mi
J=ψK�Þ; ð2Þ

where d is a constant.
The models for the background contributions are

combined with different fractions, which are fitted to the
data. The relative fractions are left free in the fit, as

(a × F ð1Þ
bkg þ b × F ð2Þ

bkg þ ð1 − ðaþ bÞÞ × F ð3Þ
bkg), where a

and b are free parameters of the fit.
The projections of the results of the invariant-mass fits of

the B� and the B�
c for the various pT and y bins considered

in this measurement are given in Figs. 1–6. The inset below
each plot shows the bin-by-bin difference between each
data point and the value obtained from the fit function
divided by the quadrature sum of the statistical uncertainty
and the systematic uncertainties obtained from varying the
fit model and discussed in Sec. VII. Tables I and II show a
summary of the main parameters of the fits.

VI. DETERMINATION OF THE Bc=B�
EFFICIENCY AND ACCEPTANCE RATIO

In order to correct the MC distributions to match the
observed data, a sPlot-based MC reweighting technique
[23] is exploited. This procedure is applied separately to
the B�

c and B� candidates. The following MC variables are
reweighted: pT of the B candidate, y of the B candidate, χ2

of the secondary vertex, and the transverse impact param-
eter significance d0xy=σðd0xyÞ.
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The reconstruction efficiencies are determined using the
MC samples for the B�

c and B� signals. The efficiencies are
averaged over each bin in pT and each bin in jyj. They are
calculated from the ratio of the number of reconstructed

MC events Nreco
MC to the number of generated MC events

Ngen
MC in the associated bins in the fiducial region. Bin-to-bin

migration is included and found to be less than 0.1%, and
the associated systematic uncertainties are significantly
smaller than uncertainties from other sources.
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FIG. 2. The projection of the fit of the invariant mass distri-
bution for the B� meson. “Signal” stands for the signal
component of the fit, “Comb. bkg” stands for the combinatorial
background component of the fit, and “Total fit” stands for the fit
to the sum of the signal and all background components. The fit
for the inner rapidity bin (jyðB�Þj < 0.75) is shown at the top,
and that for the outer rapidity bin (0.75 < jyðB�Þj < 2.3) is
shown at the bottom. The pT requirement is pTðB�Þ > 13 GeV.
The fits are used to extract NrecoðBþÞ þ NrecoðB−Þ and its
uncertainty in each bin. The inset below each plot shows the
bin-by-bin difference between the data point and the value
obtained from the fit function divided by the quadrature sum
of the statistical uncertainty and the systematic uncertainties
obtained from varying the fit model.
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FIG. 1. The projection of the fit of the invariant mass distri-
bution for the B� meson. “Signal” stands for the signal
component of the fit, “Comb. bkg” stands for the combinatorial
background component of the fit, and “Total fit” stands for the fit
to the sum of the signal and all background components. The fit
for the low transverse momentum bin (13 GeV < pTðB�Þ <
22 GeV) is shown at the top, and that for the high transverse
momentum bin (pTðB�Þ > 22 GeV) is shown at the bottom. The
rapidity requirement is jyðB�Þj < 2.3. The fits are used to extract
NrecoðBþÞ þ NrecoðB−Þ and its uncertainty in each bin. The inset
below each plot shows the bin-by-bin difference between the data
point and the value obtained from the fit function divided by the
quadrature sum of the statistical uncertainty and the systematic
uncertainties obtained from varying the fit model.
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The efficiencies can be factorized into the product of the
efficiency of the J=ψ trigger ϵtrigger, the efficiency of the
muon spectrometer ϵMS, the efficiency of the inner detector
ϵID, the efficiency of fitting the muon and hadron tracks to a
common decay vertex ϵvertex, and the efficiency of the
selection criteria ϵselection [24]:

ϵ ¼ ϵtrigger · ϵMSðμþÞ · ϵMSðμ−Þ · ðϵIDðμ�ÞÞ2 · ϵIDðXhÞ
· ϵvertexðBÞ · ϵselectionðBÞ;

where ϵðXhÞ is the K� efficiency in the B� channel and π�

efficiency in the B�
c channel, while B stands for the B�

and B�
c candidates. Muon trigger efficiencies are calculated

using the method outlined in Ref. [25], which can be briefly
summarized as follows. The single-muon trigger efficiency
is determined from a tag-and-probe study of the J=ψ and ϒ
dimuon decays in Ref. [26]. The efficiency map is calculated
as a function of pTðμÞ and q × ηðμÞ, where q ¼ �1 is the
electric charge of the μ�, expressed in units of e.
Besides the product of two single-muon terms, the

trigger efficiency includes components that account for
reductions in efficiency due to closely spaced muons
firing only a single RoI, for vertex quality and opposite-
sign charge requirements.

For the calculation of ϵMSðμ�Þ, the muon reconstruction
maps [27] are used. These maps are based on a sample of
about two million J=ψ → μþμ− events collected with
unbiased triggers (single muonic and “muonþ track”).
The efficiency is measured in bins of pT and η using the
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FIG. 3. The projection of the fit of the invariant mass distri-
bution for the B� meson using the complete dataset (pTðB�Þ >
13 GeV, jyðB�Þj < 2.3). “Signal” stands for the signal compo-
nent of the fit, “Comb. bkg” stands for the combinatorial
background component of the fit, and “Total fit” stands for
the fit to the sum of the signal and all background components.
The fit is used to extract NrecoðBþÞ þ NrecoðB−Þ and its un-
certainty in each bin. The inset below each plot shows the bin-by-
bin difference between the data point and the value obtained from
the fit function divided by the quadrature sum of the statistical
uncertainty and the systematic uncertainties obtained from
varying the fit model.
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FIG. 4. The projection of the fit of the invariant mass distri-
bution for the B�

c meson. “Signal” stands for the signal
component of the fit, “Background” stands for the combinatorial
background component of the fit, and “Total fit” stands for the fit
to the sum of the signal and background components. The fit for
the low transverse momentum bin (13GeV<pTðB�

c Þ<22GeV)
is shown at the top, and that for the high transverse momentum
bin (pTðB�

c Þ > 22 GeV) at the bottom. The rapidity requirement
is jyðB�

c Þj < 2.3. The fits are used to extract NrecoðBþ
c Þ þ

NrecoðB−
c Þ and its uncertainty in each bin. The inset below each

plot shows the bin-by-bin difference between the data point and
the value obtained from the fit function divided by the quadrature
sum of the statistical uncertainty and the systematic uncertainties
obtained from varying the fit model.
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same tag-and-probe method. Combined muons are used as
the tag muons and the ID tracks with the standard quality
requirements are used as probes. The efficiency ϵIDðμ�Þ of
the muon track reconstruction with the ID is conservatively
taken to be ð99� 1Þ% [28,29].

The vertexing efficiency ϵvertex is estimated with data and
MC simulation for the B� and the B�

c . The efficiency ratio
ϵvertexðB�Þ=ϵvertexðB�

c Þ is found to be 1.01� 0.01stat.
The MC samples (B�

c → J=ψπ� and B� → J=ψK�)
were generated with requirements on the hadron of pT >
500 MeV and jηj < 2.5. The requirements on muons were
pT > 2.5 GeV and jηj < 2.7. These are called the minimal
selection criteria (MSC). To determine corrections to the
efficiencies due to MSC, a dedicated MC sample was
produced for each channel with no selection on pion,
kaon, and muon momenta and with a requirement that
their absolute rapidity be less than 10. The MC sam-
ples are corrected to take into account the MSC, and
these correction factors are propagated to the analysis
results. The following values are computed: fcorðB�

c Þ ¼
NðB�

c ÞMSC=NðB�
c Þno MSC, and fcorðB�Þ ¼ NðB�ÞMSC=

NðB�Þno MSC, where NðBÞno MSC and NðBÞMSC stand for
the numbers of B decays before and after applying the
MSC, respectively, in the pT and jyj bins used in the
analysis. These correction factors range from 8% to 22%
depending on the pT and jyj of the B candidates. The value
of the ratio fcorðB�

c Þ=fcorðB�Þ is propagated as a correc-
tion factor to the relative B�

c =B� cross section. The
corrections obtained, along with their uncertainties, are
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FIG. 5. The projection of the fit of the invariant mass distri-
bution for the B�

c meson. “Signal” stands for the signal
component of the fit, “Background” stands for the combinatorial
background component of the fit, and “Total fit” stands for the fit
to the sum of the signal and background components. The fit for
the inner rapidity bin (jyðB�

c Þj < 0.75) is shown at the top, and
that for the outer rapidity bin (0.75 < jyðB�

c Þj < 2.3) at the
bottom. The pT requirement is pTðB�

c Þ > 13 GeV. The fits are
used to extract NrecoðBþ

c Þ þ NrecoðB−
c Þ and its uncertainty in each

bin. The inset below each plot shows the bin-by-bin difference
between the data point and the value obtained from the fit
function divided by the quadrature sum of the statistical un-
certainty and the systematic uncertainties obtained from varying
the fit model.
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FIG. 6. The projection of the fit of the invariant mass distri-
bution for the B�

c meson using the complete dataset (pTðB�
c Þ >

13 GeV, jyðB�
c Þj < 2.3). “Signal” stands for the signal compo-

nent of the fit, “Background” stands for the combinatorial
background component of the fit, and “Total fit” stands for
the fit to the sum of the signal and background components. The
fit is used to extract NrecoðBþ

c Þ þ NrecoðB−
c Þ and its uncertainty in

each bin. The inset below each plot shows the bin-by-bin
difference between the data point and the value obtained from
the fit function divided by the quadrature sum of the statistical
uncertainty and the systematic uncertainties obtained from
varying the fit model.
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summarized in Table III. Each entry in the rightmost
column in Table III is then multiplied by the correspond-
ing value of the ratio of efficiencies ϵðB�Þ=ϵðB�

c Þ. The
systematic uncertainty on the MSC procedure is estimated
as the difference between the raw MC prediction and the
one reweighted using the sPlot-based technique. The
uncertainties in these corrections and each of the uncer-
tainties contributing to the final efficiency ratios are added
in quadrature.
The efficiency of the analysis selection criteria, ϵselection,

derived from MC simulation, is incorporated into the
final efficiency ratios given below. The efficiency ratios
ϵðB�Þ=ϵðB�

c Þ, excluding the MSC corrections, are found to

be 2.19� 0.05 for 13 GeV < pT < 22 GeV, 1.22� 0.03
for pT > 22 GeV, 1.75� 0.03 for pT > 13 GeV, 1.74�
0.05 for jyj < 0.75, and 1.76� 0.04 for 0.75 < jyj < 2.3
(see Section VII). Here and below, when the range of a
single variable is specified, it is implicitly understood that
the full range is selected for the other variable, namely
pT > 13 GeV and jyj < 2.3. The reason for the efficiency
ratios being larger than one is primarily that the B� has a
longer lifetime than the B�

c . Due to the shorter B�
c lifetime,

the combination of the d0xy=σðd0xyÞ and pT (hadron)
selections criteria affects the B�

c more than the B�, this
fact explains the factor two difference in the relative
analysis efficiency between the pT bins.

TABLE I. Summary of the main parameters of the B� fits. The uncertainties quoted are statistical.

Analysis bin Fitted mass of the B� [MeV] Number of the B� candidates σm of the B� [MeV]

pTðBÞ > 13 GeV, jyðBÞj < 2.3 5278.6� 0.1 ð398.3� 0.8Þ × 103 37.5� 0.1
13 < pTðBÞ < 22 GeV, jyðBÞj < 2.3 5278.5� 0.1 ð207.6� 0.6Þ × 103 37.5� 0.1
pTðBÞ > 22 GeV, jyðBÞj < 2.3 5278.8� 0.1 ð190.9� 0.6Þ × 103 38.1� 0.1
pTðBÞ > 13 GeV, jyðBÞj < 0.75 5278.4� 0.1 ð147.9� 0.5Þ × 103 26.6� 0.1
pTðBÞ > 13 GeV, 0.75 < jyðBÞj < 2.3 5279.1� 0.1 ð248.8� 0.6Þ × 103 45.9� 0.1

TABLE II. Summary of the main parameters of the B�
c fits. The uncertainties quoted are statistical.

Analysis bin Fitted mass of the B�
c [MeV] Number of the B�

c candidates σm of the B�
c [MeV]

pTðBÞ > 13 GeV, jyðBÞj < 2.3 6281.0� 4.5 798þ92
−84 52.4� 5.6

13 < pTðBÞ < 22 GeV, jyðBÞj < 2.3 6283.7� 6.9 417þ68
−63 59.5� 9.2

pTðBÞ > 22 GeV, jyðBÞj < 2.3 6278.4� 5.7 363þ59
−56 45.7� 6.7

pTðBÞ > 13 GeV, jyðBÞj < 0.75 6275.1� 1.7 319þ57
−52 31.5� 5.7

pTðBÞ > 13 GeV, 0.75 < jyðBÞj < 2.3 6275.2� 9.0 454þ71
−66 67.1� 10.4

TABLE III. Summary of corrections due to the minimal selection criteria in the MC simulation. The first uncertainty is statistical, the
second one is systematic.

Analysis bin Correction to the B�
c Correction to the B� Ratio of the corrections

pTðBÞ > 13 GeV, jyðBÞj < 2.3 0.0969� 0.0004� 0.0024 0.0929� 0.0004� 0.0022 0.959� 0.006� 0.024
13 < pTðBÞ < 22 GeV, jyðBÞj < 2.3 0.0829� 0.0004� 0.0031 0.0826� 0.0004� 0.0029 0.996� 0.007� 0.039
pTðBÞ > 22 GeV, jyðBÞj < 2.3 0.2164� 0.0014� 0.0018 0.2213� 0.0013� 0.0017 1.023� 0.009� 0.009
pTðBÞ > 13 GeV, jyðBÞj < 0.75 0.0984� 0.0007� 0.0033 0.0996� 0.0007� 0.0035 1.012� 0.010� 0.035
pTðBÞ > 13 GeV, 0.75 < jyðBÞj < 2.3 0.0952� 0.0005� 0.0014 0.0859� 0.0005� 0.0016 0.902� 0.007� 0.014

TABLE IV. Summary of the absolute values of systematic uncertainties for the analysis efficiency ratios.

Absolute value of the uncertainty in the efficiency ratio

Source of uncertainty pT > 13 GeV 13 < pT < 22 GeV pT > 22 GeV jyj < 0.75 0.75 < jyj < 2.3

Size of the MC samples and the event counting 0.03 0.05 0.03 0.05 0.04
sPlot-based MC reweighting procedure 0.04 0.03 0.03 0.05 0.06
Minimal selection criteria 0.04 0.09 0.02 0.06 0.03
Tracking uncertainty 0.01 0.01 0.01 0.01 0.01
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VII. SYSTEMATIC UNCERTAINTIES

A summary of all sources of uncertainty that contribute
to the analysis efficiency values is given in Table IV.
These are absolute values, not percentages. The absolute
values for the efficiency ratios are presented in Sec. VI.
They propagate directly to the final results via Eq. (1).
The uncertainty in the ratio of efficiencies of detecting
a kaon versus a pion is shown in Table IV in the row
titled “Tracking uncertainty”. Tables V–VII contain
the systematic uncertainties related to the number of
signal events.
The systematic uncertainties of the efficiency ratios are

primarily given by the systematic uncertainties of ϵIDðXhÞ.
They are dominated by the material description in the
simulation of the detector [30]. The material density affects
the K� and π� detection in different ways.

The uncertainty in the efficiencies is due to the size of
the MC sample and systematic uncertainties in the event
counting. The precision of the efficiencies due to the size
of the MC sample is calculated according to Bernoulli
statistics. The uncertainty in the probability of generated
events to fall into a specific bin in pT or jyj and the
uncertainty in the probability of reconstructing these events
are added in quadrature.
The sPlot-based MC reweighting procedure produces

an additional systematic uncertainty that is estimated by
varying the reweighted distributions while preserving
agreement with the data at the 1σ level. The maximum
deviation for the analysis efficiency is taken as the
systematic uncertainty of the analysis efficiency derived
from the sPlot-based MC reweighting procedure. The
uncertainties in the efficiency ratios are found to be 0.03
for 13GeV<pT<22GeV, 0.03 for pT>22GeV, 0.04
for pT > 13 GeV, 0.05 for jyj < 0.75, and 0.06 for
0.75 < jyj < 2.3.
The systematic uncertainties of the fitting procedure

(which influence the number of signal events) involve the
choice of signal model and the choice of background
model. They are estimated by fitting the invariant mass
distributions of the B�

c and B� using alternative models for
the signal and background shapes and varying the mass
range of the fit. The sources of uncertainty are treated as
uncorrelated. The maximum deviations from the nominal
values when performing alternative fits for each of the
sources are added in quadrature to form the systematic
uncertainty of the fitted number of events.

TABLE V. Summary of all systematic uncertainties for the number of signal events in the two pT bins.

Uncertainty value

B�
c B�

Source of uncertainty 13 GeV < pT < 22 GeV pT > 22 GeV 13 GeV < pT < 22 GeV pT > 22 GeV

Signal model of the fit 2.4% 1.1% 0.1% 0.2%
CS and PRD components þ19.3%

−2.4%
þ19.9%
−2.4% 0.5% 0.5%

Background model of the fit 1.7% 1.2% 0.2% 0.2%
Trigger and reconstruction effects 0.9% 0.8% 1.2% 1.2%
B-meson lifetime uncertainty 1.1% 0.9% <0.1% <0.1%

TABLE VI. Summary of all systematic uncertainties for the number of signal events in the two jyj bins.
Uncertainty value

B�
c B�

Source of uncertainty jyj < 0.75 0.75 < jyj < 2.3 jyj < 0.75 0.75 < jyj < 2.3

Signal model of the fit 2.5% 2.8% 0.1% 0.2%
CS and PRD components þ11.2%

−2.4%
þ23.2%
−2.4% 0.5% 0.5%

Background model of the fit 2.8% 1.3% 0.2% 0.2%
Trigger effects and reconstruction effects 1.1% 1.0% 1.2% 1.1%
B-meson lifetime uncertainty 1.0% 0.9% <0.1% <0.1%

TABLE VII. Summary of all systematic uncertainties for the
number of signal events in the combined bin (pT > 13 GeV,
jyj < 2.3).

Uncertainty value

Source of uncertainty B�
c B�

Signal model of the fit 2.4% 0.1%
CS and PRD components þ17.4%

−2.4% 0.5%
Background model of the fit 2.9% 0.1%
Trigger effects and reconstruction effects 0.9% 0.9%
B-meson lifetime uncertainty 0.7% <0.1%
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The influence of the choice of signal model on the B�
c signal yield is estimated by replacing the Gaussian function by a

Crystal Ball function [31,32]

FCrystal Ball
signal ðmJ=ψπ�Þ ∝

8<
:

exp ½−ðmJ=ψπ� −mB�
c
Þ2=ð2σ2CBÞ�; for mJ=ψπ� > mB�

c
− ασCB

ðn=αÞn expð−α2=2Þ
½ðmB�c

−mJ=ψπ�Þ=σCBþðn=αÞ−α�n ; for mJ=ψπ� < mB�
c
− ασCB

;

convolved with a Gaussian function. All the parameters in
the convolution are free and their values are obtained from
the fit itself. The resulting uncertainty in NrecoðBþ

c Þ þ
NrecoðB−

c Þ is 2.4% for 13 GeV < pTðB�
c Þ < 22 GeV,

1.1% for pTðB�
c Þ > 22 GeV, 2.5% for jyj < 0.75, 2.8%

for 0.75 < jyj < 2.3, and 2.4% for the combined bin
pTðB�

c Þ > 13 GeV. This comes solely from changing
the signal model; the effect of changing the background
model is described next.
The uncertainty due to the choice of background model

is estimated as the maximum deviation from the nominal
signal yield NrecoðB�

c Þ when the default model is replaced
by fourth-order Chebychev polynomials of the second
kind. The result is 1.7% for 13GeV<pTðB�

c Þ<22GeV,
1.2% for pTðB�

c Þ > 22 GeV, 2.8% for jyj < 0.75, 1.3%
for 0.75 < jyj < 2.3, and 2.9% for the inclusive bin
pTðB�

c Þ > 13 GeV.
To estimate the effect of neglecting the contributions

of the Cabibbo-suppressed (CS) decays B�
c → J=ψK�, the

nominal fit model is adapted to include a CS contribution
and the difference with respect to the nominal result is taken
as a systematic uncertainty. In addition, to estimate the
effect of neglecting both the CS contribution and the
partially reconstructed B�

c decays (PRD), MC pseudo-
experiments have been used. They are generated starting
from the default yield results of the fits and adding CS and
PRD components. The CS component is estimated based
on its branching fraction and efficiency ratio to be 8.6%
of the signal yield [21], while a conservative estimation of
the PRD component is obtained from a fit to the data. The
generated samples are then fit both with the default
configuration (no CS and no PRD) and with a fit including
the CS and PRD components and the differences on the
signal yields are recorded.
The uncertainty in the number of reconstructed B�

events due to the choice of signal model, estimated in
the same way as for the B�

c , is found to be 0.1% for
13GeV<pTðB�Þ<22GeV, 0.2% for pTðB�Þ > 22 GeV,
0.1% for jyj < 0.75, 0.2% for 0.75 < jyj < 2.3, and 0.1%
for the combined bin pTðB�Þ > 13 GeV. The total sys-
tematic uncertainty of the B� fit is calculated by adding the
uncertainties associated with the mass range, the signal
model, and the background model in quadrature.
To determine the systematic uncertainty due to the

choice of background model for the B� fit, the exponential
function in Eq. (2) is replaced by fourth-order Chebychev

polynomials of the second kind. The result is 0.2% for
13GeV<pTðB�Þ<22GeV, 0.2% for pTðB�Þ > 22 GeV,
0.2% for jyj < 0.75, 0.2% for 0.75 < jyj < 2.3, and 0.1%
for the inclusive bin pTðB�Þ > 13 GeV. All these con-
tributions are summarized in Tables V, VI, and VII in the
row labeled “Background model of the fit.”
The CS contribution to the B� fit is estimated by

considering two extreme scenarios: no contribution and
one that is twice the nominal fraction obtained from the
fit. The difference between these scenarios is taken as the
uncertainty in the number of candidates. As a cross-check,
the functional form of the B� → J=ψπ� component is
varied to the sum of a Gaussian and an asymmetric Johnson
function [33,34] and the resulting effects are found to be
covered by the quoted systematic uncertainty.
Dimuon trigger efficiencies are calculated for both decay

modes, and relative trigger efficiencies for both channels
considered are identical within the systematic uncertainty.
The residual minor uncertainty is propagated to the final
combined uncertainty of the result.
The current world average uncertainty in the B�

c lifetime
of 0.507 ps is 0.009 ps [21], which corresponds to about
2%, while the uncertainty in the B� lifetime is four times
smaller. To analytically estimate the upper limit on the
uncertainty due to the lifetime, the d0xy significance is
studied and treated as 100% correlated with the lifetime.
Using the limiting value for the selection criterion, which is
d0xy=σðd0xyÞ ¼ 1.2, the uncertainty is obtained by multiply-
ing 1.2 by 2% to yield 0.024. Applying �0.024 to the d0xy
significance, the resulting change in the number of B�

c
signal events is taken as the uncertainty due to the lifetime.
The absolute values of this uncertainty are shown in
Tables V–VII. As a cross-check, the B�

c MC exclusive
signal sample is reweighted in order to reflect the �2%
lifetime uncertainty mentioned above. The analysis effi-
ciencies are recalculated and the maximum deviations are
found to have smaller impact than those from the main
method, so the largest deviations obtained from the main
method are used as an estimator of the uncertainty.
The central values of the integrated luminosity for the

two B-meson datasets are exactly the same, so the inte-
grated luminosity cancels out completely in the ratio and
the luminosity uncertainty does not contribute to the
uncertainty of this measurement. Removing combinations
in which one of the hadronic candidates is identified
as a muon contributes an uncertainty that is very small
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compared with the total systematic uncertainty and is
consequently neglected.
A summary of all sources of systematic uncertainties

that contribute to the number of signal events is given in
Tables V–VII. The different components of the systematic
uncertainty are added in quadrature. The components of
uncertainties correlated between the B�

c and the B� are
subtracted for the relative production cross section times
branching fractions presented in Sec. VIII.

VIII. RESULTS

The yields NrecoðB�
c Þ and NrecoðB�Þ, and their statistical

uncertainties are extracted from the maximum-likelihood
fits of the respective invariant mass distributions. The
differential relative production cross sections times branch-
ing fractions are calculated according to Eq. (1) for all bins
in pT and jyj.
The differential relative production cross section for

the inclusive selection containing all events in the range
pT > 13 GeV and jyj < 2.3 is

σðB�
c Þ · BðB�

c → J=ψπ�Þ
σðB�Þ · BðB� → J=ψK�Þ

¼ ð0.34� 0.04stat
þ0.06
−0.02 syst � 0.01lifetimeÞ%;

(i) for 13 GeV < pT < 22 GeV, jyj < 2.3 is ð0.44�
0.07stat

þ0.09
−0.04 syst � 0.01lifetimeÞ%,

(ii) for pT > 22 GeV, jyj < 2.3 is ð0.24�
0.04stat

þ0.05
−0.01 syst � 0.01lifetimeÞ%,

(iii) for pT > 13 GeV, jyj < 0.75 is ð0.38�
0.06stat

þ0.05
−0.04 syst � 0.01lifetimeÞ%,

(iv) and for pT > 13 GeV, 0.75 < jyj < 2.3 is ð0.29�
0.05stat

þ0.07
−0.02 syst � 0.01lifetimeÞ%.

Figure 7 summarizes the results of the measurement for
the pTðBÞ and jyðBÞj bins as well as for the inclusive bin.
The differential measurement suggests a dependence on

the transverse momentum: the production cross section
of the B�

c decreases faster with pT than the production cross
section of the B�. No significant dependence on rapidity is
observed.

IX. CONCLUSION

The production cross section of the B�
c meson relative to

the production cross section of the B� meson is measured
using B�

c → J=ψπ� and B� → J=ψK� decays recon-
structed by the ATLAS detector analyzing pp collisions
at

ffiffiffi
s

p ¼ 8 TeV delivered by the LHC in 2012. The data
used for this study correspond to an integrated luminosity
of 20.3 fb−1. The relative cross section times branching
fraction for the full range pT > 13 GeV and jyj < 2.3 is
ð0.34� 0.04stat

þ0.06
−0.02 sys � 0.01lifetimeÞ%. The ratio of the Bc

to B� cross sections is measured in two intervals of
transverse momentum and rapidity of the B-meson candi-
dates. The differential measurement suggests a dependence
on the transverse momentum: the production cross section
of the B�

c meson decreases faster with pT than the
production cross section of the B� meson. No significant
dependence on rapidity is observed.
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FIG. 7. Summary of the cross-section measurement presented in this article. The left figure shows the production cross section for the
B�
c relative to the B� (times the corresponding branching fractions) for two bins in pT (black data points) and for the inclusive bin

(horizontal band). The right figure shows the measurement binned in rapidity (black data points). On each point the horizontal bar
indicates the bin width. The vertical inner error bars on the data points indicate the statistical uncertainty. The outer error bars indicate the
size of the quadrature sum of uncertainties from all sources: statistical, systematic, and lifetime. The double hatched error band indicates
statistical uncertainty, while the single hatched bands indicate the quadrature sum of uncertainties from all sources.
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M. G. Herrmann,114 T. Herrmann,48 G. Herten,52 R. Hertenberger,114 L. Hervas,36 T. C. Herwig,137 G. G. Hesketh,95

N. P. Hessey,169a A. Higashida,164 S. Higashino,82 E. Higón-Rodriguez,175 K. Hildebrand,37 E. Hill,177 J. C. Hill,32

K. K. Hill,29 K. H. Hiller,46 S. J. Hillier,21 M. Hils,48 I. Hinchliffe,18 F. Hinterkeuser,24 M. Hirose,133 S. Hirose,52

D. Hirschbuehl,183 B. Hiti,92 O. Hladik,141 D. R. Hlaluku,33f X. Hoad,50 J. Hobbs,156 N. Hod,181 M. C. Hodgkinson,150

A. Hoecker,36 F. Hoenig,114 D. Hohn,52 D. Hohov,65 T. R. Holmes,37 M. Holzbock,114 L. B. A. H. Hommels,32 S. Honda,170

T. Honda,82 T. M. Hong,139 A. Hönle,115 B. H. Hooberman,174 W. H. Hopkins,6 Y. Horii,117 P. Horn,48 A. J. Horton,153

L. A. Horyn,37 J-Y. Hostachy,58 A. Hostiuc,149 S. Hou,159 A. Hoummada,35a J. Howarth,101 J. Hoya,89 M. Hrabovsky,131

J. Hrdinka,77 I. Hristova,19 J. Hrivnac,65 A. Hrynevich,109 T. Hryn’ova,5 P. J. Hsu,64 S.-C. Hsu,149 Q. Hu,29 S. Hu,60c

Y. Huang,15a Z. Hubacek,142 F. Hubaut,102 M. Huebner,24 F. Huegging,24 T. B. Huffman,135 M. Huhtinen,36 R. F. H. Hunter,34

P. Huo,156 A. M. Hupe,34 N. Huseynov,80,aa J. Huston,107 J. Huth,59 R. Hyneman,106 S. Hyrych,28a G. Iacobucci,54

G. Iakovidis,29 I. Ibragimov,152 L. Iconomidou-Fayard,65 Z. Idrissi,35f P. Iengo,36 R. Ignazzi,40 O. Igonkina,120,a,bb

R. Iguchi,164 T. Iizawa,54 Y. Ikegami,82 M. Ikeno,82 D. Iliadis,163 N. Ilic,119 F. Iltzsche,48 G. Introzzi,71a,71b M. Iodice,75a

K. Iordanidou,39 V. Ippolito,73a,73b M. F. Isacson,173 N. Ishijima,133 M. Ishino,164 M. Ishitsuka,166 W. Islam,130 C. Issever,135

S. Istin,161 F. Ito,170 J. M. Iturbe Ponce,63a R. Iuppa,76a,76b A. Ivina,181 H. Iwasaki,82 J. M. Izen,43 V. Izzo,70a P. Jacka,141

P. Jackson,1 R. M. Jacobs,24 V. Jain,2 G. Jäkel,183 K. B. Jakobi,100 K. Jakobs,52 S. Jakobsen,77 T. Jakoubek,141 J. Jamieson,57

D. O. Jamin,130 R. Jansky,54 J. Janssen,24 M. Janus,53 P. A. Janus,84a G. Jarlskog,97 N. Javadov,80,aa T. Javůrek,36

M. Javurkova,52 F. Jeanneau,145 L. Jeanty,132 J. Jejelava,160a,cc A. Jelinskas,179 P. Jenni,52,dd J. Jeong,46 N. Jeong,46
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69aINFN Sezione di Milano, Italy

69bDipartimento di Fisica, Università di Milano, Milano, Italy
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