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The differential production cross sections of B mesons are measured via the exclusive decay channels

B* = J/wK* — uTpu~K* as a function of transverse momentum in pp and Pb-Pb collisions at a center-
of-mass energy /Syy = 5.02 TeV per nucleon pair with the CMS detector at the LHC. The pp(Pb — Pb)
data set used for this analysis corresponds to an integrated luminosity of 28.0 pb~! (351 ub~!). The
measurement is performed in the B* meson transverse momentum range of 7 to 50 GeV/c, in the rapidity
interval |y| < 2.4. In this kinematic range, a strong suppression of the production cross section by about a
factor of 2 is observed in the Pb-Pb system in comparison to the expectation from p p reference data. These
results are found to be roughly compatible with theoretical calculations incorporating beauty quark

diffusion and energy loss in a quark-gluon plasma.

DOI: 10.1103/PhysRevLett.119.152301

Relativistic heavy ion collisions allow the study of
quantum chromodynamics (QCD) at high energy density.
Under such extreme conditions, a state consisting of
deconfined quarks and gluons, the quark-gluon plasma
(QGP) [1,2], is predicted by lattice QCD calculations [3].
Hard-scattered partons are expected to lose energy via
elastic collisions and medium-induced gluon radiation as
they traverse the QGP. This phenomenon, known as jet
quenching [4-7], results in the suppression of the yield of
high transverse momentum (p7) hadrons, compared to the
expectation based on proton-proton (p p) data, in which the
outgoing partons traverse the QCD vacuum. Measurements
of the jet quenching dependence on the type of initiating
parton (both quark vs gluon and light vs heavy quarks) are
key to constrain the QGP properties [8—12].

The production of B mesons was studied at the Large
Hadron Collider (LHC) in pp collisions at center-of-mass
energies of /s =7 [13-19], 8 [20,21] and 13 TeV [22]
over wide pr and rapidity (y) intervals, and in proton-lead
(pPb) collisions at a center-of-mass energy per nucleon pair
V/Swv =5.02 TeV [23]. The CMS Collaboration also
measured the nonprompt (i.e., from decays of b hadrons)
J/w meson production in lead-lead (Pb-Pb) and pp
collisions at /syy = 2.76 TeV [24]. For nonprompt
J/w, a strong suppression was observed in the nuclear
modification factor R,,, the ratio of the nonprompt J/y
cross section in Pb-Pb collisions with respect to that in pp
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collisions scaled by the number of binary nucleon-nucleon
(NN) collisions. In this Letter, we extend the study of
heavy-quark production by performing the first measure-
ment of exclusive B¥ meson decays in Pb-Pb collisions.
This provides direct information about the b hadron
kinematics and flavor content, compared to the measure-
ments of nonprompt J/y, which are decay products of
various beauty mesons and baryons.

The B* mesons are measured in the interval |y| < 2.4
and in five p bins ([7, 10], [10, 15], [15, 20], [20, 30], [30,
50] GeV/c), via the reconstruction of the decay channels
B* - J/wK* — utu~K*, which have the branching
fraction B = (6.12 £ 0.19) x 107 [25]. Throughout the
Letter, unless otherwise specified, the y and p; variables
given are those of the B* mesons. This analysis does not
distinguish between the charge conjugates.

The central feature of the CMS detector is a super-
conducting solenoid that provides a magnetic field of
3.8 T. Within the solenoid volume are a silicon tracker,
which measures charged particles within the pseudorapidity
range || < 2.5, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter.
For typical particles of 1 < p; < 10 GeV/c and || < 1.4,
the track resolutions are typically 1.5% in py and 25-90
(45-150) pum in the transverse (longitudinal) impact param-
eter [26]. Muons are measured in the range || < 2.4, with
detection planes made using three technologies: drift tubes,
cathode strip chambers, and resistive-plate chambers. The
muon reconstruction algorithm starts by finding tracks in the
muon detectors, which are then fitted together with tracks
reconstructed in the silicon tracker to form “global muons.”
Matching muons to tracks measured in the silicon tracker
results in arelative py resolution for muons with 20 < pr <
100 GeV/c of 1.3-2.0% in the barrel (|| < 1.2) and better
than 6% in the end caps (1.6 < || < 2.4). For muons with
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higher p; up to 1 TeV/c, the p; resolution in the barrel is
better than 10% [27]. The hadron forward (HF) calorimeter
uses steel as an absorber and quartz fibers as the sensitive
material. The two halves of the HF are located 11.2 m away
from the interaction point, one on each end, providing
together coverage in the range 3.0 < |p| < 5.2. In this
analysis, the HF information is used for performing an
offline event selection. A detailed description of the CMS
experiment and coordinate system can be found in Ref. [28].

For the decay channel measured in this analysis, the
background consists primarily of two sources. A combi-
natorial background originates from randomly pairing a
J/w with an unrelated charged particle. This gives rise to a
falling contribution in the invariant mass spectrum.
A heightened background in the invariant mass region
below 5.4 GeV/c? is also present, which corresponds to
partially reconstructed » hadron decays from processes
other than the one of interest. As an example, a heightened
structure can be created by B? — J/wK*(892)° —
wrpu Ktn~ [B — J/wK*(892)° —» utu~K~nt] decays
in which one decay product is lost, resulting in a B™
(B7) candidate. Several Monte Carlo (MC) simulated event
samples are used to evaluate background components,
signal efficiencies and detector acceptance corrections.
This includes samples containing only the B* meson
decays channels being measured, and samples with
inclusive (prompt and nonprompt) J/y mesons. Proton-
proton collisions are generated with PYTHIA 8 [29] tune
CUETP8M1 [30] and propagated through the CMS detec-
tor using the GEANT4 package [31]. The decay of the B
mesons is modeled with the EVTGEN 1.3.0 [32], and final-
state photon radiation in the B decays is simulated with
PHOTOS 2.0[33]. For the Pb-Pb MC samples, each PYTHIA §
event is embedded into a Pb-Pb collision event generated
with HYDJET 1.8 [34], which is tuned to reproduce global
event properties, such as the charged-hadron p; spectrum
and particle multiplicity.

Events were collected with the same trigger during the
pp and Pb-Pb data taking, requiring the presence of two
muon candidates, with no explicit momentum threshold.
For the offline analysis, events have to pass a set of
selection criteria designed to reject events from background
processes (beam-gas collisions and beam scraping events)
as described in Ref. [35]. Events are required to have at
least one reconstructed primary interaction vertex with a
distance from the center of the nominal interaction region
of less than 15 cm along the beam axis. In Pb-Pb collisions,
the shapes of the clusters in the pixel detector have to be
compatible with those expected from particles produced
by a Pb-Pb collision [36]. The Pb-Pb collision event is
also required to have at least three towers in each of the
HF detectors with energy deposits of more than 3 GeV
per tower. These criteria select (99 &2)% of inelastic
hadronic Pb-Pb collisions. Selection efficiencies higher
than 100% are possible, reflecting the possible presence of

ultraperipheral (i.e., nonhadronic) collisions in the selected
event sample. The Pb-Pb sample corresponds to an inte-
grated luminosity of approximately 351 ub~"!. This value is
indicative only, as the Pb-Pb yield is normalized by the total
number of minimum-bias events sampled, Nyg. The pp
data set corresponds to an integrated luminosity of
28.0 pb~!, which is known to an accuracy of 2.3% from
the uncertainty in the calibration based on a van der Meer
scan [37].

Kinematic limits are imposed on the single muons so that
their reconstruction efficiency stays above 10%. These
limits are p4>3.5GeV/c for|p'|<1.2, pi > 1.8 GeV/c
for 2.1 < || < 2.4, and linearly interpolated in the inter-
mediate |#7#| region. The muons are also required to match
the muons that triggered the event online, and pass
selection criteria optimized for low p; (the so-called
soft selection [27]). Two muons of opposite charge with
an invariant mass within 150 MeV/c?> of the world-
average J/w meson mass [25] are selected to reconstruct
a J/y candidate, with a mass resolution of typically
18-55 MeV/c?, degrading as a function of the dimuon
rapidity and py. Opposite-sign muon pairs are fitted with a
common vertex constraint and are kept if the y> probability
of the fit is greater than 1%, lowering the background from
charm- and beauty-hadron semileptonic decays. Each B
meson candidate is formed from the combination of a J /y
candidate with a charged-particle track, which are required
to pass standard selections described in Ref. [35]. Without
using particle identification, assumptions need to be made
about the masses of the charged particles. In calculating the
mass of the B candidates, the single charged particle is
always assumed to have the mass of a charged kaon, and
the muon pair is assumed to have the mass of a J/y meson.
A single-track low-py threshold of 0.5 GeV/c¢ for pp
collisions and 0.8 GeV /¢ for Pb-Pb collisions is applied to
reduce the combinatorial background, which is further
minimized by additional selection criteria. In particular,
B* candidates are selected according to the y* probability
of their decay vertex (the probability for the muon tracks
from the J/y meson decay and the other charged track to
point to a common vertex), the three-dimensional (3D)
flight distance (normalized by its uncertainty) between the
primary and decay vertices, and the pointing angle, which
is defined as the angle between the line segment connecting
the primary and decay vertices and the momentum vector
of the BT meson in the plane transverse to the beam
direction. The selection is optimized in each p; bin,
separately for pp and Pb-Pb results, using a multivariate
technique that utilizes the genetics algorithm [38], in order
to maximize the statistical significance of the B* mesons
signal.

The raw yields of B* mesons in pp and Pb-Pb collisions
are extracted using a binned maximum likelihood fit to the
B* meson invariant mass distributions in the mass range
5-6 GeV/c?. The estimation of the statistical uncertainties
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FIG. 1.
region 10-15 GeV/c.

of the fitted raw yields is based on the second derivatives of
the negative log-likelihood function. Examples of fits to the
invariant mass distributions in pp and Pb-Pb collisions are
shown in Fig. 1, for the p; region 10-15 GeV/c. The
signal shape is modeled by two Gaussian functions with a
common mean, a free parameter of the fit, and different
widths determined from MC simulation for each p; bin,
individually for the pp and Pb-Pb results. The relative
contribution of the two Gaussian functions to the signal
yield is also fixed at the value given by the MC sample. The
combinatorial background is modeled by a first-order
polynomial as determined by studies of the inclusive
J/w MC sample. The peaking background, labeled B —
J/wX in Fig. 1, is studied with the embedded MC sample
including all B meson decays into final states with a J/y
meson and found to be well described by the superposition
of a double-sided Gaussian function and an error function.
The shape is determined from a fit of the MC sample with
all parameters free. The resulting functional form, with the
overall normalization left floating, is included in the global
fit function.

The differential cross section for B* production in
ly| < 2.4 is computed in each p; interval according to

do®

dpr

:lL 1 Ngi;JrB_)(PT)
ly|<2.4 ZB‘CAPTapp(pT)epp(pT) [y|<2.4

(1)

for pp data, and for Pb-Pb data according to

+
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Invariant mass distributions of B* candidates in pp (left) and Pb-Pb (right) collisions measured in |y| < 2.4 and in the py

corresponding acceptance times efficiency, and B is the
branching fraction of the decay chain. For the pp cross
section, £ represents the integrated luminosity. For the
Pb-Pb cross section, the T 44 is the nuclear overlap function
[39], equal to the number of NN binary collisions divided
by the NN total inelastic cross section, and which can be
interpreted as the NN-equivalent integrated luminosity per
heavy ion collision.

The T4, value for inclusive Pb-Pb collisions at \/syy =
5.02 TeV is 5.61 mb~!, as estimated from a Monte Carlo
Glauber model [35,39].

Assuming that in the kinematic region accessible by the
present measurement B and B~ production cross sections
are equal, the factor 1/2 accounts for the fact that the yields
are measured for particles and antiparticles added together,
but the cross section is given for one species only.

The cross sections are affected by several sources of
systematic uncertainties arising from the signal extraction,
corrections, B, £, or T 4, determination. The uncertainty of
the modeling of the signal and background shapes (2.9%
and 2.6% for p p and Pb-Pb cases, respectively) is evaluated
on the p; integrated bin, by varying the probability
distribution functions used to describe the signal and
background distributions. As an alternative combinatorial
background shape, an exponential function and also sec-
ond- and a third-order polynomials are used. The uncer-
tainty of the signal modeling is evaluated by considering
two fit variations: (i) leaving the width parameters free and
(ii) using a sum of three Gaussian functions with common
mean. The maximum of the signal variations is added in
quadrature to the maximum of all the background varia-
tions, and propagated as the systematic uncertainty.

The systematic uncertainty due to the selection of the B
meson candidates (3.8% for pp and 12.0% for Pb-Pb
collisions) is estimated, in the p; integrated bin, from
several variations of the selection value for each of the
following: y? probability of the decay vertex, the 3D flight
distance, the pointing angle, the track pr, the track #, and
the choice of the algorithm in the multivariate analysis.
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FIG. 2. The py -differential production cross section of B* in pp (left) and Pb-Pb (right) collisions at 1/s = 5.02 TeV. The vertical
bars (boxes) correspond to statistical (systematic) uncertainties. The systematic uncertainty boxes here include both the correlated and
uncorrelated contributions added in quadrature. The global systematic uncertainty is listed in the legend and not included in the point-to-
point uncertainties. For the pp cross section, they comprise the uncertainties in the integrated luminosity measurement and in the
branching fraction B. For the Pb-Pb cross section, they comprise the uncertainties in 7’44, Ny, and B. The p p cross section is compared
to fixed-order plus next-to-leading logarithm (FONLL) calculations [41-43] represented by the colored boxes with the heights

indicating the theoretical uncertainty.

In each case, a systematic uncertainty is estimated from all
variations, as the maximum of 1 minus the ratio of the
selection efficiencies (the ratio of the nominal yield and the
yield after applying the modified selection) estimated in
data and simulation. The total uncertainty for the selection
of the B meson candidates is the quadratic sum of the
individual contributions from the six settings.

The bin-by-bin systematic uncertainties associated with
the acceptance correction (0.1-0.4%) are estimated by
varying the shape of the generated B* meson p; and y
spectra within limits defined by differences (including their
statistical uncertainties) between data and MC calculations.
Using these shape variations, “toy” MC simulations are
used to recalculate the acceptance in each kinematic bin,
the maximum variation between the nominal acceptance
and the toys being propagated as the systematic uncertainty.

The uncertainty (2.8-5.5% in pp and 3.4-6.3% in
Pb-Pb collisions) in the efficiency of the trigger, muon
reconstruction, and muon identification is evaluated bin by
bin using a data-driven technique [40]. Another systematic
uncertainty is assigned for the track reconstruction effi-
ciency (4% per track in p p collisions [26] and 6% in Pb-Pb
collisions [35]). This uncertainty, together with all the others
listed above as estimated on the p; integrated bin, is
considered as a correlated systematic uncertainty. The
uncertainties calculated bin by bin are considered uncorre-
lated. The systematic uncertainty in the cross section
measurement is computed as the sum in quadrature of the
different contributions mentioned above. The uncertainty of
the B* meson decay B is 3.1% [25]. The uncertainty of the
number of minimum bias events in Pb-Pb, Ny, is 1.0%.
The T4, uncertainty is +2.8%, —3.4% [35].

In Fig. 2, the pp-differential production cross sections in
pp and Pb-Pb collisions measured in the interval |y| < 2.4

are presented. The p p result is compared to the cross section
obtained from FONLL calculations [41]. The FONLL
reference cross section is obtained by scaling the FONLL
total b-quark production [41-43] by the world-average
production fractions of B of 40.2% [25]. The calculated
B* FONLL reference is consistent with the measured B* pp
spectrum, similarly to what was observed in the previous
publications in pp collisions at /s = 7 TeV [13-17].

The nuclear modification factor R4, shown in Fig. 3, is
computed as

1 dNB: doB:
Raa(pr) = - oo / 4oy 3)

Tyn dpr dpr .

A clear suppression (R4, < 1) of BX mesons production
in Pb-Pb collisions at VSNN = 5.02 TeV is observed.
The R4 is around 0.3-0.6 for B+ mesons p; from 7 to
50 GeV/c.

The psy dependence of R,, is compared to the predic-
tions of (a) two perturbative QCD-based models that
include both collisional and radiative energy loss
(Djordjevic [46], cUJET3.0 [47-49]), (b) a transport theo-
retical model based on a Langevin equation that includes
collisional energy loss and heavy quark diffusion in the
medium (TAMU [44,45]), and (c) a model based on the
anti—de Sitter/conformal field theory correspondence that
includes thermal fluctuations in the energy loss for heavy
quarks in a strongly coupled plasma (AdS/CFT HH
[50,51]). The AdS/CFT HH calculation is provided for
two settings of the diffusion coefficient D of the heavy-
quark propagation through the medium: either dependent
on or independent of the quark momentum. The four
theoretical calculations differ in several aspects, e.g., the
modeling of the Pb-Pb medium (hydrodynamically [45,47]
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FIG. 3. The p; dependence of the nuclear modification factor
R4, of B measured in Pb-Pb collisions at /Syn = 5.02 TeV.
The vertical bars (boxes) correspond to statistical (systematic)
uncertainties. The global systematic uncertainty, represented as a
grey box at R4, = 1, comprises the uncertainties in the integrated
luminosity measurement and 744 value. Four theoretical calcu-
lations are also shown for comparison: TAMU [44,45], Djord-
jevic [46], CUIET3.0 [47-49], and anti—de Sitter/conformal field
theory (AdS/CFT) HH [50,51]. The line width of the theoretical
calculation from Ref. [44,45] represents the size of its statistical
uncertainty.

or via a Glauber model [46]) and of the energy loss sources
(partonic only [45,47] or also hadronic [45]), the set of the
(nuclear) parton distribution functions used for the initial
heavy-quark p7 distributions, etc. Given the current stat-
istical and systematic uncertainties, all these theoretical
predictions are roughly compatible with the measurement
presented. However, while the present results cannot help to
resolve the disagreements between different models because
of the large uncertainties, including those of the theoretical
calculations, they can already be used to optimize parameter
settings in such models (e.g., the parton-medium coupling
parameters in the AdS/CFT model). More precise mea-
surements of the B mesons R4, and future results on the
angular correlations of B* mesons with other hadrons will
allow one to draw a firmer conclusion on the relevance of
collisional and radiative processes in the b quark energy loss
[52,53]. The measurement of exclusive BT gives for the first
time an unambiguous access to the b hadron quark-flavor
content, and represents the first attempt to understand the
interactions of beauty and light quarks with each other and
with the medium they traverse before hadronization. This
lays the groundwork for future measurements of azimuthal
asymmetries or relative production ratios like B;/B* [54].

In summary, the first measurement of the differential
production cross section of B* mesons in pp and Pb-Pb
collisions at /syy = 5.02 TeV has been presented. The
B~ mesons are measured with the CMS detector at the LHC
in the rapidity range |y| < 2.4 and transverse momentum

interval 7 < pr < 50 GeV/c via the reconstruction of one
of their exclusive hadronic decay channels, B* —J /yK* —
utu~K*. The nuclear modification factor of B* is mea-
sured as a function of its py. A strong suppression by about
a factor of 2 is observed in the Pb-Pb system in comparison
to expectations from the scaled pp reference data. The
results are found to be roughly compatible with theoretical
calculations incorporating beauty quark diffusion and
energy loss in a quark-gluon plasma.
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S. Mukhopadhyay,™ S. Nandan,” A. Purohit,”> A. Roy,” D. Roy,”” S. Roy Chowdhury,”” S. Sarkar,”> M. Sharan,”
S. Thakur,” P. K. Behera,”® R. Chudasama,”’ D. Dutta,”’ V. Jha,”” V. Kumar,”’ A. K. Mohanty,””™ P. K. Netrakanti,”’

L. M. Pant,’’ P. Shukla,”” A. Topkar,”’ T. Aziz,”® S. Dugad,”® B. Mahakud,”® S. Mitra,”® G. B. Mohanty,”® B. Parida,”®

N. Sur,58 B. Sutalr,5 s, Barlelrjee,59 S. Bhattacharya,59 S. Chattelrjee,59 P. Das,5 ’ M. Guchait,59 Sa. Jain,59 S. Kumar,59
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M. Maity,”" G. Majumder,” K. Mazumdar,” T. Sarkar,’> N. Wickramage,”" S. Chauhan,®® S. Dube,*’ V. Hegde,60
A. Kapoor,60 K. Kothekar,60 S. Pandey,60 A. Rane,60 S. Sharma,60 S. Chenarani,m’X E. Eskandari Tadavani,61
S.M. Etesami,”"* M. Khakzad,®' M. Mohammadi Najafabadi,®’ M. Naseri,®' S. Paktinat Mehdiabadi,®"”

F. Rezaei Hosseinabadi,61 B. Safarzadeh,6l’Z M. Zeinali,61 M. Felcini,62 M. Grunewald,62 M. Abbrescia,63a’63b
C. Calabria,”*®" C. Caputo,”***® A. Colaleo,” D. Creanza,”*** L. Cristella,”*®" N. De Filippis,™**®*

M. De Palma,®*** L. Fiore,"** G. Iaselli,”**®*¢ G. Maggi,®***** M. Maggi,*** G. Miniello,”**** S. My,**** §. Nuzzo,**%*
A. Pompili,”*%" G. Pugliese,”*®*¢ R. Radogna,”*®® A. Ranieri,”™ G. Selvaggi,®**®*" A. Sharma,®* L. Silvestris,***™
R. Venditti,®* P. Verwilligen,”™ G. Abbiendi,*** C. Battilana,*** D. Bonacorsi,”***** S. Braibant-Giacomelli,*****"

L. Brigliadori,”**** R. Campanini,****** P. Capiluppi,****** A. Castro,****** F.R. Cavallo,** S.S. Chhibra,*****"

M. Cuffiani,****** G. M. Dallavalle,®** F. Fabbri,*** A. Fanfani,®**** D. Fasanella,®***** P. Giacomelli,*** L. Guiducci,***
S. Marcellini,*** G. Masetti,*** F. L. Navarria,>***** A. Perrotta,*** A. M. Rossi,®****® T. Rovelli,****** G. P. Siroli,***
N. Tosi,®**®*™ S Albergo,”**%" S. Costa,””** A. Di Mattia,”>* F. Giordano,”**® R. Potenza,”*®" A. Tricomi,®***®"
C. Tuve,”*%" G. Barbagli,”®* K. Chatterjee,**%® V. Ciulli,?***® C. Civinini,*** R. D’ Alessandro,***® E. Focardi,***%®
P. Lenzi,"**%® M. Meschini,®® S. Paoletti,”® L. Russo,”*** G. Sguazzoni,® D. Strom,*® L. Viliani,*****™ L. Benussi,"’
S. Bianco,”” F. Fabbri,*” D. Piccolo,”” F. Primavera,’”™ V. Calvelli,®**%*® F. Ferro,®* E. Robutti,®®* S. Tosi,?**®%

L. Brianza,”*%" E. Brivio,”*®® V. Ciriolo,****® M. E. Dinardo,”**" S. Fiorendi,”***® S. Gennai,** A. Ghezzi,?**"
P. Govoni,”**" M. Malberti,”***" S. Malvezzi,** R. A. Manzoni,”**" D. Menasce,”® L. Moroni,””* M. Paganoni,””***
K. Pauwels,”**® D. Pedrini,* S. Pigazzini,69a’6%’m S. Ragazzi,6%’69b T. Tabarelli de Fatis,®**" §. Buontempo,70a
N. Cavallo,”*®® S. Di Guida,”**7%™ M. Esposito,ma’mb F. Fabozzi,"""® F. Fienga,mf"’70b A. 0. M. Iorio, 7%

W. A. Khan,”® G. Lanza,”™ L. Lista,”® S. Meola,”**™ P. Paolucci,”®™ C. Sciacca,”®’® F. Thyssen,”™ P. Azzi,”'*™
N. Bacchetta,”'* L. Benato,”'*”'® D. Bisello,”"*"'® A. Boletti,”'*"!® R. Carlin,”"®"'* A. Carvalho Antunes De Oliveira,”'®"'
M. Dall’Osso, """ P. De Castro Manzano,”"* T. Dorigo,”"® F. Gasparini,”"*’"® U. Gasparini,”"*""* A. Gozzelino, "
S. Lacaprara, ™ M. Margoni,”"*”"® A. T. Meneguzzo,” ">’ D. Pantano,”"* N. Pozzobon, "*""* P. Ronchese,”"*""

R. Rossin,”"*"'* M. Sgaravatto,”"* F. Simonetto,”"*”"" E. Torassa,”"* S. Ventura,”'® M. Zanetti,”'*’"® P. Zotto,”"*"'®
A. Braghieri,”™ F. Fallavollita,””"® A. Magnani,”*** P. Montagna,”**’*® S.P. Ratti,”*’** V. Re,”™ M. Ressegotti,
C. Riccardi,”" P. Salvini,” 1. Vai,””*"*® P. Vitulo,”*"® L. Alunni Solestizi,”*"** G. M. Bilei,”** D. Ciangottini,”**"*"
L. Fand,*”" P, Lariccia, **”*® R. Leonardi, **”*® G. Mantovani, **"*" V. Mariani,”**"*®® M. Menichelli,** A. Saha,”
A. Santocchia,**"*" D. Spiga,ml K. Androsov,”* P. Azzurri, ™ G. Bagliesi,ma J. Bernardini,"** T. Boccali,”**

L. Borrello,”* R. Castaldi,”* M. A. Ciocci,”**"* R. Dell’Orso,”** G. Fedi,”** A. Giassi,”* M. T. Grippo, ****

F. Ligabue,**™* T. Lomtadze,”** L. Martini,”**"*" A. Messineo, """ F. Palla,”** A. Rizzi,”*’*® A. Savoy-Navarro, ***®
P. Spagnolo,”* R. Tenchini,* G. Tonelli,” ™" A. Venturi,”* P. G. Verdini,”* L. Barone,””*”" F. Cavallari,”*

M. Cipriani,””*”" D. Del Re,”*”**™ M. Diemoz,”* S. Gelli,”*"" E. Longo,””*"*" E. Margaroli,”*"*" B. Marzocchi, **"*"
P. Meridiani,”* G. Organtini,”*”** R. Paramatti,”*”® F. Preiato,”*"" S. Rahatlou,””*”® C. Rovelli,”**

F. Santanastasio, *®">® N. Amapane,76a’7(’b R. Arcidiacono, ®®7%™ §, Argiro,m‘76b M. Arneodo,”®*’® N. Bartosik,’®
R. Bellan,”**"® C. Biino,”* N. Calrtiglial,7621 F. Cenna,’**"® M. Costa,”®*"® R. Covarelli, ®*’* A. Degano,%a’76b
N. Demaria,”® B. Kiani,”®*’®® C. Mariotti,”™ S. Maselli,”** E. Migliore,”**’®® V. Monaco,”*’® E. Monteil,”**"®"
M. Monteno, ® M. M. Obertino,”**’® L. Pacher,’**’® N. Pastrone,”® M. Pelliccioni,”® G.L. Pinna Angioni, ®*"®
F. Ravera,®’® A. Romero, ®"® M. Ruspa, ®"® R. Sacchi,”*’® K. Shchelina,”*’®" V. Sola,”** A. Solano,’**"®
A. Staiano,”® P. Traczyk, ®"®" S. Belforte,””* M. Casarsa,””* E. Cossutti,”’* G. Della Ricca,” " A. Zanetti,”’* D. H. Kim,”®
G.N. Kim,”® M. S. Kim,”® J. Lee,”® S. Lee,”® S. W. Lee,” Y. D. Oh,”® S. Sekmen,”® D. C. Son,”® Y. C. Yang,”® A. Lee,”
H. Kim,*® D. H. Moon,® J. A. Brochero Cifuentes,” J. Goh,* T.J. Kim,*' S. Cho,** S. Choi,** Y. Go,” D. Gyun,* S. Ha,*
B. Hong,82 Y. Jo,82 Y. Kim,82 K. Lee,82 K.S. Lee,82 S. Lee,82 J. Lim,82 S. K. Park,82 Y. Roh,82 J. Almond,83 J. Kim,83
H. Lee,83 S.B. Oh,83 B.C. Raldburn-Smith,83 S.h. Seo,83 U.K. Yang,83 H.D. Yoo,83 G.B. Yu,83 M. Choi,84 H. Kim,84
J.H. Kim,84 J.S.H. Lee:,84 I.C. Park,84 G. Ryu,84 Y. Choi,85 C. Hwalng,85 L. Lee,85 I Yu,85 V. Dudenas,86 A. Juodalgallvis,86
J. Vaitkus,*® 1. Ahmed,”” Z. A. Ibrahim,*” M. A. B. Md Ali,*”* F. Mohamad Idris,*”** W. A. T. Wan Abdullah,”’

M. N. Yusli,*” Z. Zolkapli,*” H. Castilla-Valdez,*® E. De La Cruz-Burelo,*® 1. Heredia-De La Cruz,*

R. Lopez—Femandez,88 J. Megjia Guisao,88 A. Sanchez—Hemamdez,88 S. Carrillo Moreno,89 C. Oropeza Barrera,89
F. Vazquez Valencia,89 I Pedraza,90 H. A. Salazar Ibarguen,90 C. Uribe Estrada,90 A. Morelos Pineda,91 D. Krofcheck,92
P.H. Butler,” A. Ahmad,”* M. Ahmad,”* Q. Hassan,”* H.R. Hoorani,”* A. Saddique,”* M. A. Shah,”* M. Shoaib,”*

152301-9



week endin
PRL 119, 152301 (2017) PHYSICAL REVIEW LETTERS 13 OCTOBER 2017

M. Waqas,94 H. Bialkowska,95 M. Bluj,95 B. Boimska,95 T. Flrueboes,95 M. Gérski,95 M. Kazana,95 K. Naw1r0cki,95
K. Romanows.ka—Rybins.ka,95 M. Szleper,95 P. Zalewski,95 K. Bunkowski,96 A. Byszuk,%’ff K. Doroba,96 A. Kalinowski,96
M. Konecki,96 1. Krolikowski,96 M. Misiural,96 M. Olszewski,96 A. Pyskir,96 M. Walczak,96 P. Bargassa,97
C. Beirdo Da Cruz E Silva,97 B. Calpas,97 A. Di Francesco,97 P. Faccioli,97 M. Gallinaro,97 J. Hollar,97 N. Leonardo,97
L. Lloret Iglesias,97 M. V. Nemallapudi,97 J. Seixas,97 0. Toldaiev,g7 D. Vadruccio,97 . Varela,97 S. Afanasiev,98 P. Bunin,98
M. Gavrilenko,98 1. Golutvin,98 I. Gorbunov,98 A. Kamenev,98 V. Karjavin,98 A. LaneV,98 A. Malakhov,98 V. Matveev,gg’gg’hh
V. Palichik,” V. Perelygin,”® S. Shmatov,” S. Shulha,”® N. Skatchkov,”® V. Smirnov,” N. Voytishin,”® A. Zarubin,”®
Y. Ivanov,99 V. Kim,gg’ii E. Kuznetsova,gg’jj P. Levchenko,99 V. Murzin,99 V. Oreshkin,99 1. Smirnov,99 V. Sulimov,99
L. Uvarov,99 S. Vavilov,99 A. Vorobyev,99 Yu. Andreev,lo0 A. Dermenev,loo S. Gninenko,loo N. Golubev,loo A. Karneyeu,loo
M. Kirsanov,100 N. Klrasnikov,]o0 A. Pashenkov,100 D. Tlisov,loo A. Toropin,100 V. Epshteyn,m] V. Gavrilov,101
N. Lychkovskaya,lm V. Popov,lm I Pozdnyakov,101 G. Safronov,lm A. Spiridonov,101 M. Toms,lo1 E. Vlasov,101
A. Zhokin,lm T. Aushev,102 A. Bylinkin,mz’hh R. Chistov,m’kk M. Danilov,m’kk S. Polikarpov,103 V. Andreev,104
M. Azarl<in,104’hh I Drernin,m’hh M. Kirakosyan,104 A. Terkulov,104 A. Baskakov,105 A. Belyaev,lo5 E. Boos,105
A. Demiyanov,'” A. Ershov,'” A. Gribushin,'” 0. Kodolova,'” V. Korotkikh,'® 1. Lokhtin,'"” I. Miagkov,'®
S. Obraztsov,lo5 S. Petrushanko,105 V. Savrin,105 A. Snigirev,105 1. Vardanyan,105 V. Blinov,l%’” Y. Skovpen,l%’"

D. Shtol,'%! 1, Azhgirey,107 L. Bayshev,107 S. Bitioukov,'”” D. Elumakhov,'”” V. Kachanov,'”” A. Kalinin,'"’

D. Konstantinov,107 V. Krychkine,107 V. Petrov,107 R. Ryutin,107 A. Sobol,lo7 S. Troshin,107 N. Tyurin,107 A. Uzunian,107
A. Volkov,'"” P. Adzic,'®™™ P. Cirkovic,'® D. Devetak,'”® M. Dordevic,'® J. Milosevic,'® V. Rekovic,'®
J. Alcaraz Maestre,109 M. Barrio Luna,109 M. Cerrada,lo9 N. Colino,109 B. De La Cruz,lo9 A. Delgado Peris,109
A. Escalante Del Valle,109 C. Fernandez Bedoya,lo9 J. P. Fernandez Ramos,109 J. Flix,109 M. C. F()uz,109 P. Garcia-Abia,109
O. Gonzalez Lopez,lo9 S. Goy Lopez,109 J.M. Hernandez,lo9 M. L Josa,109 A. Pérez-Calero Yzquierdo,109
J. Puerta Pelayo,109 A. Quintario Olmeda,109 I. Redondo,109 L. Romero,109 M. S. Soares,109 J.F. de Trocéniz,110
M. Missiroli,110 D. Moran,“o J. Cuevas,111 C. Erice,lll J. Fernandez Menendez,111 I. Gonzalez Caballero,lll
J.R. Gonzilez Fernzindez,lll E. Palencia Cortezon,lll S. Sanchez Cruz,111 1. Suérez Andrés,111 P. Vischia,111
J. M. Vizan Galrcia,lll I.7J. Cabrillo,112 A. Calderon,112 B. Chazin Quero,112 E. Curras,112 M. Fernandez,112
J. Garcia—Ferrero,112 G. Gomez,112 A. Lopez Vilrto,”2 J. Marco,I12 C. Martinez Rivero,112 F. Matorras,]12
J. Piedra Gomez,1 2T Rodrigo,] ZA. Ruiz—Jimeno,1 2L Scodellaro,1 2N. Trevisani,1 2 Vila,1 2R, Vilar Cortabitalrte,1 12
D. Abbaneo,113 E. Auffray,113 P. Baillon,113 A.H. Balll,113 D. Bzurney,113 M. Bianco,113 P. Bloch,113 A. Bocci,113 C. Botta,113
T. Camporesi,113 R. Castello,113 M. Cepeda,113 G. Cerminara,113 Y. Chen,113 D. d’Enterria,113 A. Dabrowski,113
V. Daponte,'” A. David,'” M. De Gruttola,'"> A. De Roeck,'"® E. Di Marco,'"*™ M. Dobson,'” B. Dorney,'"’

T. du Pree,113 M. Dl'jnser,113 N. Dupont,113 A. Elliott-Peisert,113 P. Everaens,113 G. Franzoni,113 J. Fulcher,113 W. Funk,113
D. Gigi,'” K. Gill,'""” F. Glege,'”® D. Gulhan,'” S. Gundacker,'”> M. Guthoff,'"* P. Harris,'"” J. Hegeman,'"

V. Innocente,113 P. Janot,113 0. Karacheban,m’p J. Kieseler,113 H. Kirschenmann,113 V. Kniinz,113 A. Kornmayer,113 m
M. J. Kortelainen,'"® C. Lange,113 P. Lecoq,113 C. Lourenc;o,113 M. T. Lucchini,'”® L. Malgeri,113 M. Mannelli,'?

A. Martelli,'* F. Meijers,113 J. A. Merlin,'® S. Mersi,'"* E. Meschi,'"* P. Milenovic,''**° F, Moortgat,113 M. Mulders,'"?
H. Neugebauer,113 S. Orfanelli,113 L. Orsini,113 L. Pape,113 E. Perez,113 M. Peruzzi,113 A. Petrilli,113 G. Petrucciani,113
A. Pfeiffer,''> M. Pierini,'”® A. Racz,'” T. Reis,'"” G. Rolandi,'>” M. Rovere,'"* H. Sakulin,'"* J. B. Sauvan,'"

C. Schifer,!"® C. Schwick,'"® M. Seidel,!"* A. Sharma,'"® P. Silva,'"* P. Sphicas,m’qq J. Steggemann,113 M. Stoye,113
M. Tosi,'”® D. Treille,'”® A. Triossi,'” A. Tsirou,'"” V. Veckalns,"*™ G.1. Veres,'"*" M. Verweij,'” N. Wardle,'"

A. Zagozdzinska,m’ff W.D. Zeuner,113 W. Bertl,114 K. Deiters,114 W. Erdmann,114 R. Horisberger,114 Q. Ingram,114
H. C. Kaestli,"* D. Kotlinski,''* U. Lamgenegger,114 T. Rohe,"'* S. A. Wiederkehr,'"* F. Bachmair,'”® L. Bini,'"

P. Berger,115 L. Bianchini,115 B. Casal,115 G. DiSSCI‘tOI‘i,“S M. Dittmalr,115 M. Donegé,115 C. Grab,115 C. Heidegger,115
D. Hits,115 J. Hoss,”5 G. Kasieczka,115 T. Klijnsmal,]15 W. Lustermann,115 B. Mangano,”5 M. Mau‘ionneau,]15
P. Martinez Ruiz del Arbol,115 M. Masciovecchio,115 M. T. Meinhard,115 D. Meister,115 F. Micheli,115 P. Musella,115
F. Nessi-Tedaldi,115 F. Pandolﬁ,115 1. Pata,115 F. Pauss,115 G. Perrin,115 L. Perrozzi,115 M. Quittnat,115 M. Rossini,115
M. Sch(inenberger,115 A. Starodumov,“s’SS V.R. Tavolaro,115 K. Theoﬁlatos,115 M. L. Vesterbacka Olsson,115 R. Wallny,115
D. H. Zhu,115 T. K. Aarrestad,116 C. Amsler,”6’ll L. Caminada,116 M. E Canelli,116 A. De Cosa,116 S. Donato,116
C. Galloni,”(’ A. Hinzmann,“(’ T. Hreus,“(’ B. Kilminster,“() J. Ngadiuba,n(’ D. Pinna,“(’ G. Rauco,”(’ P. Robmann,116
D. Salerno,116 C. Seitz,116 Y. Yang,116 A. Zucchetta,116 V. Candelise,117 T. H. Doan,117 Sh. Jain,117 R. Khurana,117
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M. Konyushikhin,""” C. M. Kuo,""” W. Lin,""” A. Pozdnyakov,'"” S.S. Yu,""” Arun Kumar,''® P. Chang,'"® Y. H. Chang,'"®
Y. Chao,''® K. F. Chen,"'® P. H. Chen,'"® E. Fiori,'"® W.-S. Hou,"® Y. Hsiung,'”® Y.F. Liu,""® R.-S. Lu,'"®
M. Mifano Moya,118 E. P.':Lganis,]18 A. Psallidas,'"® J. . Tsai,'"® B. Asalvapibhop,119 K. Kovitanggoon,119 G. Singh,”9
N. Srimanobhas,119 A. Adiguzel,lzo’uu F. Boran,120 S. Damarse(:kin,]20 Z.S. Demiroglu,]20 C. Dozen,lzo E. Eskut,m
S. Girgis,"”® G. Gokbulut,'”® Y. Guler,'® I. Hos,"*™"" E. E. Kangal,"**"" O. Kara,'*® A. Kayis Topaksu,'*’ U. Kiminsu,'*
M. Oglakei,'™ G. Onengut,'*** K. Ozdemir,"*"” S. Ozturk,'*** A. Polatoz,'® B. Tali,'**** S. Turkcapar,'*
1. S. Zorbakir,'"™ C. Zorbilmez,'*® B. Bilin,"*' G. Karapinar,"*"™ K. Ocalan,'*"““ M. Yalvac,'*! M. Zeyrek,'*!
E. Giilmez,'** M. Kaya,**%* 0. Kaya,'”*** E. A. Yetkin,'”*"" A. Cakir,'” K. Cankocak,'” B. Grynyov,'** L. Levchuk,'*
P. Sorokin,125 R. Aggleton,126 F. Ball,126 L. Beck,126 J.J. Brooke,126 D. Burns,126 E. Clement,126 D. Cussans,126
H. Flacher,126 J. Goldstein,126 M. Grimes,126 G.P. He.alth,126 H.F Heath,]26 J. Ja(:ob,126 L. Klreczko,]26 C. Lucas.,]26
D. M. Newbold,'?*#2¢ S. Paramesvaran,'*® A. Poll,'*® T. Sakuma,'*® S. Seif El Nast-storey,'?° D. Smith,'*® V. J. Smith,'*
A. Belyaev,m’hhh C. Brew,127 R. M. Brown,]27 L. Calligaris,127 D. Cieri,127 D.J. A. Cockerill,127 J.A. Coughlan,127
K. Harder,127 S. Harper,127 E. Olaiya,127 D. Petyt,127 C.H. Shepherd—Themistocleous,127 A. Thea,127 I.R. Tomalin,127
T. Williams,'*” M. Baber,'*® R. Bainbridge,'* O. Buchmuller,'*® A. Bundock,'* S. Casasso,'*® M. Citron,'*® D. Colling,'**
L. Corpe,128 P. Dauncey,128 G. Davies,128 A. De Wit,128 M. Della Negra,128 R. Di Maria,128 P. Dunne,128 A. Elwood,128
D. Futyan,'™ Y. Haddad,"”® G. Hall,"®* G. Iles,'*® T. James,'*® R. Lane,'*® C. Laner,'”® L. Lyons,'” A.-M. Magnan,'*®
S. Malik,128 L. Mastrolorenzo,128 J. Nash,128 A. Nikitenko,lzg’SS J. Pela,128 M. Pesalresi,128 D.M. Raymond,128
A. Richards,]28 A. Rose,128 E. Scott,]28 C. Seez,128 S. Summers,128 A. Tapper,]28 K. U(:hida,128 M. Vazquez Acosta,lz&i"i
T. Virdee,]zg’m J. Wright,128 S.C. Zenz,128 J.E. Cole,129 P.R. Hobson,129 A. Khan,129 P. Kyberd,]29 1.D. Reid,129
P. Symonds,129 L. Teodorescu,129 M. Turner,129 A. Borzou,130 K. Call,130 . Dittmann,130 K. Hatakeyama,130 H. Liu,130
N. Palstika,130 R. BaI’[ek,131 A. Dominguez,131 A. Buccilli,132 S.L C()oper,132 C. Henderson,132 P. Rumerio,132 C. West,132
llAmmﬁBAjwmwmﬂ%TBmQBDIhMHPﬁDRmMmB%lRMmem”ﬁJ%MﬁBLSMﬁPﬁlzmﬂ%
G. Benelli,134 D. Cutts,134 A. Garabedian,134 J. Hakala,134 U. Heintz,134 J.M. Hogan,134 K. H. M. Kwok,134 E. Laird,134
G. Landsberg,134 Z. Mao,134 M. Nalrain,134 S. Piperov,13 4s. Sagir,134 E. Spencelr,13 ‘R, Syari’f,13 ‘R, Band,135 C. Brainerd,13 3
D. Burns,135 M. Calderon De La Barca Sanchez,135 M. Chertok,135 J. Conway,135 R. Conway,13 SP.T. Cox,135 R. Elrbacher,13 3
C. Flores,]35 G. Funk,135 M. Gardner,135 W. Ko,]35 R. Lander,13 S C. Mclean,135 M. Mulhearn,135 D. Pellett,135 J. Pilot,135
S. Shalhout,135 M. Shi,]35 . Smith,135 M. Squires,135 D. Stolp,135 K. Tos,135 M. Tripathi,135 Z. Wang,]35 M. Bachtis,136
C. Bravo,136 R. Cousins,136 A. Dasgupta,136 A. Florent,136 I Haluser,136 M. Ignatenko,136 N. Mccoll,136 D. Saltzberg,136
C. Schnaible,"*® V. Valuev,"*® E. Bouvier,"” K. Burt,"*’ R. Clare,"”’ J. Ellison,"*” J. W. Gary,"*” S. M. A. Ghiasi Shirazi,"*’
G. Hanson,137 1. Heilman,137 P. Jandir,137 E. Kennedy,137 F. Lacroix,137 O.R. Long,137 M. Olmedo Negrete,137
M. L Paneva,"’ A. Shrinivas,"”” W. S1,"*" H. Wei,"” S. Wimpenny,"*” B.R. Yates,"”” J. G. Branson,"”® G. B. Cerati,"**
S. Cittolin,"*® M. Derdzinski,"*® A. Holzner,"*® D. Klein,"”® G. Kole,"** V. Krutelyov,"*® J. Letts,"*® 1. Macneill,"**
D. Olivito,138 S. Padhi,138 M. Pieri,138 M. Sani,138 V. Sharma,138 S. Simon,138 M. Tadel,138 A. Valrtak,138 S. Wasserbaech,138ijj
F. Wiirthwein,*® A. Yagil,138 G. Zevi Della Porta,"*® N. Amin,'* R. Bhandari,' J. Bradmiller-Feld,"*’ C. Campalgnari,139
A. Dishaw,139 V. Dutta,139 M. Franco Sevilla,139 C. George,139 F. Golf,139 L. Gouskos,139 J. Gran,139 R. Heller,139
. Incandela,139 S.D. Mullin,139 A. OV(:harova,139 H. Qu,139 J. Richman,139 D. Stuart,139 I Suarez,139 J. Y00,139
D. Anderson,140 J. Bendavid,140 A. Bomheim,mo J.M. Lawhorn,140 H.B. Newman,”o C. Pena,140 M. Spiropulu,140
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