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Charge-dependent azimuthal particle correlations with respect to the second-order event plane in p-Pb
and PbPb collisions at a nucleon-nucleon center-of-mass energy of 5.02 TeV have been studied with the
CMS experiment at the LHC. The measurement is performed with a three-particle correlation technique,
using two particles with the same or opposite charge within the pseudorapidity range || < 2.4, and a third
particle measured in the hadron forward calorimeters (4.4 < |5| < 5). The observed differences between
the same and opposite sign correlations, as functions of multiplicity and n gap between the two charged
particles, are of similar magnitude in p-Pb and PbPb collisions at the same multiplicities. These results pose
a challenge for the interpretation of charge-dependent azimuthal correlations in heavy ion collisions in

terms of the chiral magnetic effect.

DOI: 10.1103/PhysRevLett.118.122301

In relativistic heavy ion collisions, metastable domains
of gluon fields may form with nontrivial topological
configurations [1-4]. The interaction of quarks with these
gluon fields will lead to an imbalance in left- and right-
handed quarks, which violates local parity (P) symmetry
[3.4]. In the presence of a strong magnetic field in a
noncentral nucleus-nucleus (AA) collision, this chirality
imbalance leads to an electric current perpendicular to the
reaction plane, resulting in a final-state charge separation
phenomenon, known as the chiral magnetic effect (CME)
[5]. Attempts to measure this charge separation in heavy
ion collisions were made by the STAR experiment at RHIC
[6-10] and the ALICE experiment at the LHC [11]. In these
measurements, a charge dependence of azimuthal correla-
tions with respect to the reaction plane was observed, which
is qualitatively consistent with the expectation of a charge
separation from the CME.

The charge separation can be characterized by the P-odd
sine term (a;) in a Fourier decomposition of the particle
azimuthal distribution [12]:

Y 33 oY+ S Ya).
(1)

where ¢p — Wrp represents the particle azimuthal angle with
respect to the reaction plane angle Wyp (determined by the
impact parameter and beam axis), v, and a, denote the
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coefficients of P-even and P-odd Fourier terms, respec-
tively. Although the reaction plane is not an experimental
observable, it can be approximated by the second-order
event plane, Wgp, determined by the direction of the beam
and the maximal particle density in the elliptic azimuthal
anisotropy. An azimuthal correlator proposed to explore the
first coefficient, a;, of the P-odd Fourier terms character-
izing the charge separation [12] is

(cos(¢py + s —2%gp)) = (cos(¢py — Pp) cos(dy — Pep))
— (sin(¢p, — Pgp) Sin(¢ﬁ — Wep)).
(2)

Here, o and f denote particles with the same or opposite
charge sign and the brackets reflect an averaging over
particles and events. Assuming particles «, f# are uncorre-
lated except for their individual correlations with respect to
the event plane, the first term on the right-hand side of
Eq. (2) becomes (v, ,v;4), which is generally small and
independent of charge [7], while the second term is
sensitive to charge separation and can be expressed as
(aj 4a; ), which can be measured.

The observation of the CME in heavy ion collisions
remains inconclusive because of several identified sources
of background correlations that can account for part or all
of the observed charge-dependent azimuthal correlations
[13-15]. For example, the effect of local charge conserva-
tion, coupled with the anisotropic emission of particles
(v,), can generate an effect resembling charge separation
with respect to the reaction plane [15]. The charge-
dependent azimuthal correlation signals observed in the
data can be qualitatively described by models that do not
include CME, such as the AMPT [16] and EPOS LHC [17]
models. A significant amount of recent experimental and
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theoretical effort is directed toward quantifying possible
mechanisms, including the CME, that can lead to charge-
dependent azimuthal correlations [18].

This Letter presents the first application of charge-
dependent azimuthal correlation analysis with respect to
the event plane in proton-nucleus collisions, using p-Pb
data collected with the CMS detector at the LHC at
V/Sny = 5.02 TeV. High-multiplicity pp and p-Pb colli-
sions have been shown to generate large final-state azimu-
thal anisotropies, comparable to those in AA collisions
[19-32]. However, the CME contribution to any charge-
dependent signal is expected to be small in a high-
multiplicity p-Pb collision, as the proton likely intersects
the Pb nucleus at a small impact parameter. Consequently,
the magnetic field in the proton-nucleus overlap region is
expected to be smaller than in peripheral PbPb collisions at
similar multiplicities. Furthermore, based on Monte Carlo
(MC) Glauber calculations [33], the angle between the
magnetic field direction and the event plane of elliptic
anisotropy is randomly distributed in p-Pb collisions,
contrary to the situation for PbPb collisions. With a reduced
magnetic field strength and a random field orientation,
the CME contribution to any charge-dependent signal is
expected to be small. The high-multiplicity events in p-Pb
collisions exhibit collective effects and bulk properties
similar to those found in AA collisions [29,31,34] but
possess very different strengths and configurations of the
initial magnetic field. Thus, they can provide a new way to
explore the possible CME and local strong parity violation.
With the implementation of a high-multiplicity trigger, the
p-Pb data sample gives access to multiplicities comparable
to those in peripheral PbPb collisions (e.g., ~55% central-
ity, where centrality is defined as the fraction of the total
inelastic cross section, with 0% denoting the most central
collisions), allowing for a direct comparison of the two
systems with very different CME contributions in the
overlap zone. The measurement is presented in different
charge combinations as functions of event multiplicity
and pseudorapidity (1) difference of correlated particles.
In p-Pb collisions, the particle correlations with respect
to the event planes that are obtained using particles with
4.4 < |n| < 5 from the p- and Pb-going beam direction, are
also explored.

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume, there
are four primary subdetectors including a silicon pixel and
strip tracker detector, a lead tungstate crystal electromag-
netic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel
and two end cap sections. Muons are measured in gas-
ionization detectors embedded in the steel flux-return
yoke outside the solenoid. The silicon tracker measures
charged particles within the range || < 2.5. For charged
particles with transverse momentum 1 < pp < 10 GeV

and || < 1.4, the track resolutions are typically 1.5% in
pr and 25-90 (45-150) um in the transverse (longitudinal)
impact parameter [35]. Iron and quartz-fiber Cherenkov
hadron forward (HF) -calorimeters cover the range
2.9 < |n] < 5.2. A detailed description of the CMS detec-
tor, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in
Ref. [36].

The p-Pb data at VNN = 5.02 TeV, collected in 2013 at
the LHC, correspond to an integrated luminosity of
35 nb~!. The beam energies are 4 TeV for the protons
and 1.58 TeV per nucleon for the lead nuclei. A subset of
peripheral PbPb data at /sy = 5.02 TeV collected in
2015 (30%—-80% centrality) is also used. The PbPb data
were reprocessed using the same reconstruction algorithm
as the p-Pb data, in order to directly compare the two
systems at similar multiplicities. The event reconstruction,
event selections, and the triggers, including the dedicated
triggers to collect a large sample of high-multiplicity p-Pb
events, are identical to those used in previous CMS particle
correlation measurements [19,29]. In the offline analysis
of p-Pb (PbPb) collisions, hadronic events are selected
by requiring the presence of at least one (three) energy
deposit(s) greater than 3 GeV in each of the two HF
calorimeters. Events are also required to contain a primary
vertex within 15 cm of the nominal interaction point along
the beam axis and 0.15 cm in the transverse direction. In the
p-Pb data sample, there is a 3% probability to have at least
one additional interaction in the same bunch crossing
(pileup). The procedure used to reject pileup events in
p-Pb collisions yields a purity of 99.8% for single p-Pb
collision events and is described in Ref. [29]. The pileup in
PbPb data is negligible.

Primary tracks, i.e., tracks that originate at the primary
vertex and satisfy the high-purity criteria of Ref. [35], are
used to define the event charged-particle multiplicity
(Noifiney “and to perform correlation measurements. In
addition, the impact parameter significance of the track
with respect to the primary vertex in the direction along the
beam axis, d,/o(d,) is required to be less than 3, as is the
corresponding impact parameter significance in the trans-
verse plane, dp/c(dy). The relative uncertainty in pr,
o(pt)/ pr, mustbe less than 10%. Each track is also required
to leave at least one hit in one of the three layers of the pixel
tracker. To ensure high tracking efficiency, only tracks with
|| < 2.4 and py > 0.3 GeV are used in this analysis.

The p-Pb and PbPb data are compared in classes of
N@iline - where primary tracks with || < 2.4 and pp >
0.4 GeV are counted. To compare with results from other
experiments, the PbPb data are also analyzed based on
centrality classes for the 30%—80% centrality range. The
average values of multiplicity, before and after correcting
for detector and algorithm inefficiencies, in each multi-
plicity class of p-Pb and PbPb data, can be found
in Ref. [29].

122301-2



PRL 118, 122301 (2017)

PHYSICAL REVIEW LETTERS

week ending
24 MARCH 2017

Without directly reconstructing the event plane,
the expression shown in Eq. (2) can be alternatively
evaluated using a three-particle correlator with respect to
a third particle [6,7], (cos(¢, + ¢p —2¢.))/ V2., Where
vy corresponds to the elliptic flow of the particle c.
The three-particle correlator is measured via the scalar
product method of Q vectors [7,37]. The particles a and
are taken from the tracker with |y| <2.4 and 0.3 <
pr < 3 GeV, and are corrected for tracking efficiency to
account for reconstruction effects. The particle ¢ is mea-
sured by using the tower energies in the HF calorimeters
with 4.4 < || < 5.0. This choice of n range for HF towers
imposes an x gap of at least 2 units with respect to particles
a and f from the tracker, to minimize possible short-range
correlations. To account for any occupancy effect of the HF
detectors resulting from the large granularities in # and ¢,
each tower is weighted by its E1 value when calculating the
Q vector. The v, . is obtained following the standard scalar-
product method [6,7], by correlating the Q vectors from the
tracker region at midrapidity and the two HF detectors at
forward rapidity. The three-particle correlator is evaluated
for particles o and f carrying same sign (SS) and opposite
sign (OS), as a function of pseudorapidity difference |Az|
(=14 = ng|). The SS combinations, (+, +) and (-, —), give
consistent results within statistical uncertainty and are
therefore combined. For p-Pb collisions, the three-particle
correlator is also measured with particle ¢ from HF+ and
HF—, corresponding to the p- and Pb-going direction,
respectively. For symmetric PbPb collisions, the results
from HF+ and HF— are consistent with each other
within statistical uncertainty and are therefore averaged.
The effect of the nonuniform detector acceptance is found
to be negligible by evaluating the cumulants of Q-vector
products [38].

The absolute systematic uncertainty of the three-particle
correlator has been studied. Varying the d,/c(d.) and
dr/o(dy) from less than 3 (default) to less than 2 and 5,
and the o(pr)/pr < 10% (default) to o(pr)/pr < 5%,
together yield a systematic uncertainty of £1.0 x 107>, The
longitudinal primary vertex position (V) has been varied,
using ranges |V.| <3 cm and 3 < |V,| < 15 cm, where
the difference with respect to the default range |V.| <
15 cmis 1.0 x 107>, taken as the systematic uncertainty.
In p-Pb collisions only, using the lower threshold of the
high-multiplicity trigger yields a systematic uncertainty of
+3.0 x 1073, which accounts for the possible trigger bias
from the inefficiency of the default trigger around the
threshold. A final test of the analysis procedures is done by
comparing “known” charge-dependent signals based on the
EPOS event generator to those found after events are passed
through a GEANT4 [39] simulation of the CMS detector
response. Based on this test, a systematic uncertainty of
+2.5x 1073 is assigned. The tracking efficiency and
acceptance of positively and negatively charged particles
have been evaluated separately, and the difference has been

found to be negligible. All sources of systematic uncer-
tainty are uncorrelated and added in quadrature to obtain
the total absolute systematic uncertainty. No dependence of
the systematic uncertainties on the sign combination,
multiplicity, or Ay is found. The systematic uncertainties
in our results as a function of |Ay| and multiplicity are
point-to-point correlated. In p-Pb collisions, the systematic
uncertainty is also observed to be independent of particle ¢
pointing to the Pb- or p-going direction, and thus is quoted
to be the same for these two situations.

Measurements of the charge-dependent three-particle
correlator are shown in Fig. 1 as a function of the |Az|
between charged particles @ and f with the same and
opposite signs, in the multiplicity range 185 < NOffline <
220 for p-Pb and PbPb collisions at /sy = 5.02 TeV.
The p-Pb data are obtained with particle ¢ in the Pb- and
p-going sides separately. In both p-Pb and PbPb systems, a
charge dependence of the three-particle correlator is
observed for |Ay| up to about 1.6. In this range, the SS
correlators  show significant negative values as |Ay|
decreases, while the OS correlators become positive
towards |Azn| ~ 0. For |Ay| > 1.6, the SS and OS correla-
tors converge to a common positive value, which is weakly
dependent on |An| up to about 4.8 units. Similar |Az|
dependence of the three-particle correlator has been
reported at /sy = 0.2 [6] and 2.76 TeV [11], measured
up to |Ay| ~ 1.6. In p-Pb collisions, three-particle corre-
lators obtained with particle ¢ from the p-going side are
shifted toward more positive values than those from the
Pb-going side by approximately the same amount for both
the SS and OS pairs. The Pb-going side results for the p-Pb
collisions are of similar magnitude as the results for
PbPb collisions. The common shift of SS and OS corre-
lators between the p- and Pb-going side reference (c)
particle, may be related to sources of correlations that are

x107 x107° cMs
T T T T T L B B L L B
P @ PPb s =5.02TeV 1 (b) PbPb Y, =5.02 TeV
o T8 185 <NgI™ <220 + 185 < N < 220
N 1
X ]
o 05fmd by 1 ]
SO 9 é ¥ R | Tu wh ' *
€ o4t ] :
3 <) L] ﬂ i LI =
£ e 1
[2] F [} ] .
8 05¢ ¢¢ ss 0s T ss 0s b
~ [e ® * ® ¢ (Pb-going) 1 . e m PbPb
L] .
_q © O ofp-going) T e

FIG. 1. The same and opposite sign three-particle correlator as a
function of |An| = |n, — 14| for 185 < N&ine < 220 in (a) p-Pb
and (b) PbPb collisions at /sy = 5.02 TeV. The p-Pb results
obtained with particle ¢ in Pb-going (solid markers) and p-going
(open markers) sides are shown separately. Statistical and
systematic uncertainties are indicated by the error bars and

shaded regions, respectively.
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FIG. 2. The same sign and opposite sign three-particle corre-
lator averaged over [, —ny| < 1.6 as a function of Ng™™ in
p-Pb and PbPb collisions at /sy = 5.02 TeV are shown.
Statistical and systematic uncertainties are indicated by the error
bars and shaded regions, respectively.

charge-independent, such as directed flow and the
momentum conservation effect, the latter being sensitive
to the difference in multiplicity between p- and Pb-going
directions.

To explore the multiplicity or centrality dependence of
the three-particle correlator, an average of the results in
Fig. 1 over |An| < 1.6 (charge-dependent region) is taken,
where the average is weighted by the number of particle
pairs in each |An| range. The resulting |Az|-averaged three-
particle correlators are shown in Fig. 2 as a function of
Nfrfkﬂi“e for p-Pb (particle ¢ from the Pb-going side) and
PbPb collisions at \/syy = 5.02 TeV. Up to N&fftine — 300,
the p-Pb and PbPb results are measured in the same NOifline
ranges. The centrality scale on the top of Fig. 2 relates to
the PbPb experimental results. Within uncertainties, the SS
and OS correlators in p-Pb and PbPb collisions exhibit the
same magnitude and trend as a function of event multi-
plicity. The OS correlator reaches a value close to zero for
N¢fline > 200, while the SS correlator remains negative,
but the magnitude gradually decreases as N increases.
Part of the observed multiplicity (or centrality) dependence
is understood as a dilution effect that falls with the inverse
of event multiplicity [7]. The notably similar magnitude
and multiplicity dependence of the three-particle correlator
observed in p-Pb collisions relative to that in PbPb
collisions again indicates that the dominant contribution
of the signal is not related to the CME. The results of SS
and OS three-particle correlators as functions of centrality
in PbPb collisions at /sy = 5.02 TeV are also found to
be consistent with the results from lower energy AA
collisions [7,11].

To eliminate sources of correlations that are charge
independent (e.g., directed flow, »;) and to explore a
possible charge separation effect generated by the CME,
the difference of three-particle correlators between the OS
and SS is shown as a function of |Ay| in the multiplicity
range 185 < Noifline < 220 [Fig. 3(a)] and as a function
of Noifline ayeraged over |An| < 1.6 [Fig. 3(b)] for p-Pb and

x107° CMS
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:l.(a.)..|....|....|.*...|$.._
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—_
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—
I

o
o
T
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o

(cos(<|)(x+<|)B-2<1>C)>/v2’C (OS - SS)

PbPb centrality(%)
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FIG. 3. The difference of the opposite sign and same sign
three-particle correlators (a) as a function of |n, —n4| for
185 < Noifline < 220 and (b) as a function of N, averaged
over |y, —ns| <16, in p-Pb and PbPb collisions at
/Snn = 5.02 TeV. The p-Pb results are obtained with particle
¢ from Pb- and p-going sides separately. Statistical and system-
atic uncertainties are indicated by the error bars and shaded

regions, respectively.
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PbPb collisions at /sy = 5.02 TeV. After taking the
difference, the p-Pb data with particle ¢ from both the
p- and Pb-going sides, and PbPb data, show nearly
identical values. The charge-dependent difference is largest
at |Ay| ~0 and drops to zero for |An| > 1.6, and also
decreases as a function of N°in¢. The striking similarity in
the observed charge-dependent azimuthal correlations
strongly suggests a common physical origin. In PbPb
collisions, it was suggested that the charge dependence
of the three-particle correlator as well as its |Ay| depend-
ence are indications of the charge separation effect with
respect to the event plane due to the CME [7,11]. However,
as argued earlier, a strong charge separation signal from the
CME is not expected in a very high-multiplicity p-Pb
collision. The similarity seen between high-multiplicity
p-Pb and peripheral PbPb collisions challenges the attri-
bution of the observed charge-dependent correlations to
the CME. Note that there is a hint of a slight difference
between p-Pb and PbPb in the slopes of the NOifline
dependence in Fig. 3(b), where the systematic uncertainties
are point-to-point correlated. This difference is worth
further investigation.

In summary, charge-dependent azimuthal correlations of
same and opposite sign particles with respect to the second-
order event plane have been measured in p-Pb and PbPb
collisions at \/syy = 5.02 TeV by the CMS experiment at
the LHC. The correlation is extracted via a three-particle
correlator as functions of particle |An| and charged-particle
multiplicity of the event. The difference between opposite
and same sign particles as functions of |Az| and multiplicity
is found to agree for p-Pb and PbPb collisions, possibly
indicating a common underlying mechanism that generates
the observed correlation. These results challenge the CME
interpretation for the observed charge-dependent azimuthal
correlations in nucleus-nucleus collisions at RHIC and
the LHC.
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G. M. Dallavalle,®*® F. Fabbri,®** A. Fanfani,®****® D. Fasanella,”****® P. Giacomelli,*** C. Grandi,** L. Guiducci %
S. Marcellini,®** G. Masetti,®** A. Montanari,®** F. L. Navarria,>*%® A. Perrotta,®** A. M. Rossi,”**®" T. Rovelli,***%*®
G.P. Siroli,?****® N. Tosi, 363 g Albergo,64a’64b S. Costa,®**%® A Di Mattia,*** F. Giordano,***%** R. Potenza,®**%*
A. Tricomi,”**®* C. Tuve,*****"* G. Barbagli,”™ V. Ciulli,”***" C. Civinini,"** R. D’Alessandro,”*%" E. Focardi,**%"
P. Lenzi,*%® M. Meschini,®® S. Paoletti,”>* G. Sguazzoni,”* L. Viliani,>***" L. Benussi,”® S. Bianco,”® F. Fabbri,*
D. Piccolo,”® F. Primavera,’®" V. Calvelli,””*®"® F. Ferro,”* M. Lo Vetere,””*** M. R. Monge,*”**"* E. Robutti,*”

S. Tosi,”’**”" L. Brianza,”*" M. E. Dinardo,”***® S. Fiorendi,”****"" S. Gennai,®®* A. Ghezzi,”"*® P. Govoni,”*®
M. Malberti,®®* S. Malvezzi,®®* R. A. Manzoni,?**®® D. Menasce,’*® L. Moroni,?** M. Paganoni,”***** D. Pedrini,®®
S. Pigazzinif&‘1 S. Ragazzi,68a’68b T. Tabarelli de Fatis,®%%% S, Buontempo,™* N. Cavallo,”*** G. De Nardo,*?

S. Di Guida,®*%" M. Esposito,69a’69b F. Fabozzi,®**° F. Fienga,@a‘69b A.O. M. Torio,***® G. Lanza,*® L. Lista,*®
S. Meola,?**%" P, Paolucci,®*" C. Sciacca,”*%*° F. Thyssen,éga P. Azzi,”**" N. Bacchetta,™ L. Benato, 7%

D. Bisello,””*"® A. Boletti,**’® R. Carlin,”**’® A. Carvalho Antunes De Oliveira,”**’® P. Checchia,”®
M. Dall’Osso, ™™ P. De Castro Manzano, ™ T. Dorigo,™ U. Dosselli,’” F. Gasparini,” ™" U. Gasparini,”*’"
A. Gozzelino,”™ S. Lacaprara,”® M. Margoni,”’® A.T. Meneguzzo, ®'® J. Pazzini,”""® N. Pozzobon, *"®
P. Ronchese,””’® F. Simonetto, "™ E. Torassa,”™ M. Zanetti,™ P. Zotto,””"® G. Zumerle,”"™™ A. Braghieri,”"
A. Magnani,”"*”"® P. Montagna,”"*”"* S. P. Ratti,”"*”" V. Re,”™* C. Riccardi,”"*”" P. Salvini,”"* I. Vai,”"*""® P. Vitulo,”"*"'"
L. Alunni Solestizi,”"® G. M. Bilei,”® D. Ciangottini,”**’® L. Fand,”"® P. Lariccia, **’** R. Leonardi, "
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G. Mantovani,””*’*® M. Menichelli,”* A. Saha,”™ A. Santocchia,”**"® K. Androsov, "¢ P. Azzurri,”**" G. Bagliesi,”™
J. Bernardini,”*® T. Boccali,”* R. Castaldi,””® M. A. Ciocci, **¢¢ R. Dell’Orso,”** S. Donato, **"* 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, **"* F. Margaroli,”**"*
B. Marzocchi,”*"*® P. Meridiani,”** G. Organtini,”**"*" R. Paramatti,** F. Preiato,”*"*" S. Rahatlou,”**"*" C. Rovelli,”**
F. Santanastasio,*’** N. Amapane,”*"" R. Arcidiacono,”*”>*" S. Argiro,””*”® M. Arneodo,””*”** N. Bartosik, **
R. Bellan,”*"" C. Biino,”* N. Cartiglia,”™* F. Cenna,””*”*® M. Costa,””*"** R. Covarelli,””*”*® A. Degano, ”*"*"

N. Demaria,”® L. Finco,”®”® B. Kiani,”*”® C. Mariotti,””* S. Maselli,”* E. Migliorejs‘r"75b V. Monaco,>*7®
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,’** F. Cossutti,* G. Della Ricca,”**"%
A. Zanetti,76a D.H. Kim,77 G.N. Kim,77 M. S. Kim,77 S. Lee,77 S. W. Lee,77 Y.D. Oh,77 S. Sekmen,77 D.C. Son,77
Y. C. Yang,”” A. Lee,”® H. Kim,”” J. A. Brochero Cifuentes,™ T.J. Kim,** S. Cho,*' S. Choi,* Y. Go,*' D. Gyun,* S. Ha,*'
B. Hong,*' Y. Jo,*' Y. Kim,* B. Lee,*' K. Lee,* K. S. Lee,” S. Lee,* J. Lim,*' S.K. Park,*" Y. Roh,*' J. Almond,*
J. Kim,** H. Lee,** S.B. Oh,** B. C. Radburn-Smith,** S. h. Seo,*” U. K. Yang,** H. D. Yoo,* G.B. Yu,** M. Choi,*
H. Kim,* J. H. Kim,* J. S. H. Lee,* 1. C. Park,* G. Ryu,*” M. S. Ryu,* Y. Choi,* J. Goh,* C. Hwang,** J. Lee,** I. Yu,**
V. Dudenas,85 A. Juodagalvis,85 J. Vaitkus,85 I Ahmed,86 Z.A. Ibr.alhim,86 J.R. Komaragiri,86 M. A.B. Md Ali,%’ii
F. Mohamad Idris,**¥ W. A. T. Wan Abdullah,*® M. N. Yusli,*® Z. Zolkapli,*® H. Castilla-Valdez,*” E. De La Cruz-Burelo,”’
I. Heredia-De La Cruz,87’kk A. Hernandez—Almada,87 R. Lopez-Fernandez,87 R. Magaiia Villalba,87 J. Mejia Guisao,87
A. Sanchez-Hernandez,”’ S. Carrillo Moreno,* C. Oropeza Barrera,*® F. Vazquez Valencia,™ S. Carpinteyro,89 L. Pedraza,”
H. A. Salazar Ibarguen,89 C. Uribe Estrada,89 A. Morelos Pineda,90 D. Krofcheck,91 P.H. Butler,92 A. Ahmad,93
M. Ahmad,93 Q. Hassan,93 H.R. Hoorani,93 W. A. Kham,93 A. Saddique,93 M. A. Shah,93 M. Shoaib,93 M. Waqas,93
H. Bialkowska,94 M. Bluj,94 B. Boimska,94 T. Frueboes,94 M. Gc’)rski,94 M. Kazana,94 K. Nawrocki,94
K. Romanowska—Rybinska,94 M. Szleper,94 P. Zalewski,94 K. Bunkowski,95 A. Byszul<,95’ll K. Doroba,95 A. Kalinowski,95
M. Konecki,95 I Krolikowski,95 M. Misiura,95 M. Olszewski,95 M. Walczak,95 P. Balrgassa,96 C. Beirdao Da Cruz E Silva,96
B. Calpas,96 A. Di Francesco,96 P. Faccioli,96 P. G. Ferreira Pzau‘racho,96 M. Gallinaro,96 J. Hollalr,96 N. Leonardo,96
L. Lloret Iglesias,96 M. V. Nemallapudi,96 J. Rodrigues Antunes,96 I Seixas,96 0. Toldaiev,96 D. Vadruccio,96 J. Valrela,96
P. Vischia,96 S. Afanasiev,97 P. Bunin,97 M. Gavn'lenko,97 I Golutvin,97 I. Gorbunov,97 A. Kamenev,g7 V. Karjavin,97
A. Lanev,” A. Malakhov,”” V. Matveev,”™"™ V. Palichik,”’ V. Perelygin,97 S. Shmatov,”” S. Shulha,”” N. Skatchkov,”’
V. Smirnov,”’ N. Voytishin,”” A. Zarubin,”’ L. Chtchipounov,” V. Golovtsov,”® Y. Ivanov,” V. Kim,”**° E. Kuznetsova, >
V. Murzin,98 V. Oreshkin,98 V. Sulimov,98 A. Vorobyev,98 Yu. Andreev,99 A. Delmenev,99 S. Gninenko,99 N. Golubev,99
A. Karneyeu,99 M. Kirsanov,99 N. Krasnikov,99 A. Pashenkov,99 D. Tlisov,99 A. Toropin,99 V. Epshteyn,loo V. Gavn'lov,100
N. Lychkovskaya,100 V. Popov,loo L. Pozdnyakov,100 G. Safronov,'” A. Spiridonov,loo M. Toms,'” E. Vlasov,'”

A. Zhokin,'® A. Bylinkin,lm’nn O. Markin,'”* E. Tarkovskii,'” V. Andreev,'” M. Azarkin,'”*™ 1. Dremin,'®™
M. Kirakosyan,103 A. Leonidov,m’nn A. Terkulov,lo3 A. Baskakov,104 A. Belyaev,104 E. Boos,104 A. Ershov,lo4
A. Gribushin,'™ A. Kaminskiy,'**% O. Kodolova,'™ V. Korotkikh,'™ I. Lokhtin,'"™ 1. Miagkov,'™ S. Obraztsov,'™
S. Petrushanko,'™ V. Savrin,'™ A. Snigirev,'"™ I. Vardanyan,'™ V. Blinov,'*>™ Y. Skovpen,'®> D. Shtol,'"”" I. Azhgirey,'*
L. Bayshev,'” S. Bitioukov,'” D. Elumakhov,'® V. Kachanov,'” A. Kalinin,'”® D. Konstantinov,'"”® V. Krychkine,'®
V. Petrov,'” R. Ryutin,'® A. Sobol,'” S. Troshin,'® N. Tyurin,'® A. Uzunian,' A. Volkov,'® P. Adzic,'""*

P. Cirkovic,lo7 D. Devetak,107 M. Dordevic,lo7 J. Milosevic,lo7 V. Rekovic,107 J. Alcaraz Maes.tre,108 M. Barrio Luna,108
E. Calvo,lo8 M. Cerrada,108 M. Chamizo Llatas,lo8 N. Colino,108 B. De La Cruz,lo8 A. Delgado Peris,108
A. Escalante Del Valle,108 C. Fernandez Bedoyal,]o8 J. P. Fernandez Ramos,108 J. Flix,108 M.C. Fouz,108 P. Garcial-Abia,108
O. Gonzalez Lopez,lo8 S. Goy Lopez,108 J.M. Hernandez,108 M. L Josa,108 E. Navarro De Martino,108
A. Pérez-Calero Yzquierdo,108 J. Puerta Pelayo,108 A. Quintario Olmeda,lo8 1. Redondo,108 L. Romero,lo8 M. S. Soares,108
J.F de Trocc’)niz,109 M. Missiroli,m D. Moran,109 J. Cuevas,110 J. Fernandez Menendez,110 I. Gonzalez Caballero,110
J.R. Gonzalez Fernéndez,110 E. Palencia Cortezon,110 S. Sanchez Cruz,110 1. Suarez Andrés,110 J. M. Vizan Garcia,110
I.J. Cabrillo,lll A. Calderon,lll J. R. Castifieiras De Saa,111 E. Curras,lll M. Femandez,111 J. Garcia—Ferrero,111
G. Gomez,111 A. Lopez Virto,lll J. Marco,111 C. Martinez Rivero,111 F. Matorras,111 J. Piedra Gomez,111 T. Rodrigo,lll
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A. Ruiz—Jimeno,111 L. Scodellaro,111 N. Trevisani,111 1. Vila,lll R. Vilar Cortabitarte,lll D. Abbaneo,112 E. Auffray,112
G. Auzinger,''> M. Bachtis,''* P. Baillon,''? A. H. Ball,''> D. Barney,'"> P. Bloch,''? A. Bocci,''? A. Bonato,''? C. Botta,' 2
T. Camporesi,”2 R. Castello,112 M. Cepeda,”2 G. Cerminara,”2 M. D’Alfonso,112 D. d’Enterria,”2 A. Dabrowski,1|2
V. Daponte,1 2A. DaVid,] 2 M. De Gruttola,1 2A. De Roeck,1 2E. Di Marco,1 1280\, Dobson,1 2B, Dorney,1 2T du Pree,1 12
D. Duggan,112 M. Dl'inser,112 N. Dupont,112 A. Elliott—Peisert,112 S. Fartoukh,112 G. Franzoni,112 J. Fulcher,112 W. Funk,112
D. Gigi,112 K. Gill,112 M. Girone,112 F. Glege,112 D. Gulhan,112 S. Gundacker,112 M. Guthoff,112 J. Hammer,112 P. Harris,112
J. Hegeman,112 V. Innocente,112 P. Janot,112 J. Kieseler,112 H. Kirschenmann,112 V. Knijnz,112 A. Kornmayer,“z’r
M. J. Kortelainen,'"> K. Kousouris,''”> M. Krammer,''** C. Lange,112 P. Lecoq,112 C. Lourengo,112 M. T. Lucchini,'"?
L. Malgelri,112 M. Mannelli,112 A. Malrtelli,112 F. Meijers,112 JA. Merlin,112 S. Mers.i,112 E. Mes.chi,112 P. Milenovic,“z’uu
F. Moortgat,]12 S. Morovic,112 M. Mulders.,”2 H. Neugebauer,”2 S. Or’fanelli,]12 L. Orsini,]12 L. Pape,112 E. Perez,112
M. Peruzzi,''? A. Petrilli,''? G. Petrucciani,''? A. Pfeiffer,''”> M. Pierini,''> A. Racz,!"> T. Reis,!'? G. Rolandi,''*"
M. Rovere,112 M. Ruan,]12 H. Sakulin,112 J.B. Sauvan,112 C. Sch'zifer,112 C. Schwick,112 M. Seidel,112 A. Sharma,112
P. Silva,112 P. Sphicas,“z’WW J. Steggemann,112 M. Stoye,112 Y. Takahashi,112 M. Tosi,112 D. Treille,112 A. Triossi,112
A. Tsirou,'"? V. Veckalns,"'>™* G.1. Veres,"'*" M. Verweij,''* N. Wardle,'"? H. K. Wohri,''* A. Zagozdzinska,''*"
W.D. Zeuner,112 W. Bertl,113 K. Deiters,113 W. Erdmann,113 R. Horisberger,113 Q. Ingram,113 H.C. Kaestli,113
D. Kotlinski,'"® U. Langenegger,113 T. Rohe,'"® F. Bachmair,'"* L. Béni,'"* L. Bianchini,'"* B. Casal,'"* G. Dissertori,'"*
M. Dittmar,114 M. Donegél,114 C. Grab,114 C. Heidegger,114 D. Hits,114 J. Hoss,114 G. Kasieczka,114 P. Lecomte,m’*1
W. Lustermann,”4 B. Mangano,114 M. Malrionneau,”4 P. Martinez Ruiz del Arbol,”4 M. Masciovecchio,]14
M.T. Meinhard,114 D. Meister,114 F. Micheli,114 P. Musella,114 F. Nessi-Tedalldi,”4 F. Pandolﬁ,]14 J. Pal’[a,114 F. Pauss,114
G. Perrin,114 L. Perrozzi,114 M. Quittnat,114 M. Rossini,114 M. Schénenberger,114 A. Starodumov,m’yy V.R. Tavolaro,114
K. Theoﬁlatos,114 R. Wallny,114 T. K. Aarrestad,115 C. Amsler,”s’ZZ L. Caminada,115 M.FE Canelli,115 A. De Cosa,115
C. Galloni,115 A. Hinzmann,115 T. Hreus,115 B. Kilminster,115 J. Ngadiuba,115 D. Pinna,115 G. Rauco,115 P. Robmann,115
D. Salerno,115 Y. Yang,115 A. Zucchetta,115 V. Candelise,116 T H. Doan,116 Sh. Jain,“(’ R. Khurana,116 M. Konyushikhin,116
C.M. Kuo,116 W. Lin,116 Y.J. Lu,116 A. Pozdnyakov,116 S.S. Yu,“(’ Arun Kumar,117 P. Chang,117 Y. H. Chang,117
Y. W. Chang,'"” Y. Chao,'"” K. F. Chen,'"” P. H. Chen,""” C. Dietz,""” F. Fiori,'"” W.-S. Hou,""” Y. Hsiung,""” Y. F. Liu,'"’
R.-S. Lu,117 M. Minano Moya,]17 E. Paganis,I17 A. Psallidas,117 J.f. Tsai,”7 Y. M. Tzeng,”7 B. Asavapibhop,”8
G. Singh,' '8 N. Srimanobhas,'"® N. Suwonjamdee,1 BA. Adiguzel,1 198, Cerci,'"”** S. Damarseckin,'"’ Z. S. Demiroglu,1 19
C. Dozen,'"’ L Dumanoglu,119 S. Girgis,119 G. Gokbulut,'” Y. Guler,'"” I. Hos,'""™ E.E. Kangal,”g’CCC O. Kara,'"”
A. Kayis Topaksu,'" U. Kiminsu,'"” M. Oglakei,'"” G. Onengut,""***! K. Ozdemir,"'**** D. Sunar Cerci,"'**** B. Tali,'"***
S. Turkcapar,'" 1. S. Zorbakir,""? C. Zorbilmez,'""” B. Bilin,'* S. Bilmis,'* B. Isildak,'**™ G. Karapinar,'**#

M. Yalvac,'” M. Zeyrek,'™ E. Giilmez,'*' M. Kaya,'*""™ 0. Kaya,'"" E. A. Yetkin,""¥ T. Yetkin,'*"** A. Cakir,'**
K. Cankocak,122 S. Sen,m’lll B. Grynyov,123 L. Levchuk,124 P. Sorokin,124 R. Aggleton,125 F. Ball,125 L. Beck,125
J.J. Brooke,125 D. Burns,125 E. Clement,125 D. Cussans,125 H. Flacher,125 J. Goldstein,125 M. Glrimes,125 G.P. Heath,125
H. F. Heath,'® J. Jacob,'® L. Kreczko,'”> C. Lucas,'® D. M. Newbold, ™™™ S. Paramesvaran,'> A. Poll,'* T. Sakuma,'*
S. Seif El Nasr-storey,125 D. Smith,'” V.J. Smith,'* A. Belyaev,l%’“"" C. Brew,'?® R. M. Brown,'* L. Calligan's,126
D. Cieri,126 D.J. A. Cockerill,126 J.A. Coughlan,126 K. Harder,126 S. Harper,126 E. Olaiya,126 D. Petyt,126
C.H. Shepherd-Themistocleous,126 A. Thea,126 I.R. Tomalin,126 T. Williams,126 M. Baber,127 R. Bainbridge,127
0. Buchmuller,127 A. Bundock,127 D. Burton,127 S. Casasso,127 M. Citron,127 D. Colling,127 L. Corpe,127 P. Dauncey,127
G. Davies,””” A. De Wit,'"”’ M. Della Negra,'”” R. Di Maria,'”’ P. Dunne,'”” A. Elwood,'”’ D. Futyan,'”’ Y. Haddad,'”’
G. Hall,'”” G. Iles,"” T. James,'”’ R. Lane,'”’ C. Laner,'”" R. Lucas,'””™" L. Lyons,'*’ A.-M. Magnan,'*’ S. Malik,'*’
L. Mastrolorenzo,'>” J. Nash,'”” A. Nikitenko,'*””” J. Pela,'”” B. Penning,'”’ M. Pesaresi,'*’ D. M. Raymond,'”’
ARkMMQNARmﬁWCS%ﬁNS&mmeWAJ@mﬁnKUmMﬁﬂMVﬂwﬂAmmymwTWM%yh
J. Wright,]27 S.C. Zenz,]27 J.E. Cole,128 P.R. Hobson,]28 A. Khan,128 P. Kyberd,128 D. Leslie,]28 1.D. Reid,128
P. Symonds,128 L. Teodorescu,128 M. Turner,128 A. Borzou,129 K. Call,129 1. Dittmﬁlnn,129 K. Hatakeyama,129 H. Liu,129
N. Pastika,129 S. L Cooper,m C. Henderson,130 P. Rumerio,130 C. West,m D. Arcaro,131 A. Avetisyan,131 T. Bose,131
D. Gastler,"””! D. Rankin,"*' C. Richardson,"' J. Rohlf,"*' L. Sulak,"*' D. Zou,"' G. Benelli,"** E. Berry,"** D. Cutts,"**
A. Garabedian,'* J. Hakala,"” U. Heintz,"** J. M. Hogan,"*> O. Jesus,"*> K. H. M. Kwok,"** E. Laird,'*> G. Landsberg,'**
Z. Mao,132 M. Naratin,132 S. Piperov,132 S. Sagir,132 E. Spencer,132 R. Syarif,132 R. Breedon,133 G. Breto,133 D. Burns,133
M. Calderon De La Barca Sanchez,133 S. Chauhan,133 M. Chertok,13 2 Conway,133 R. Conway,133 P.T. Cox,133

122301-10



week ending

PRL 118, 122301 (2017) PHYSICAL REVIEW LETTERS 24 MARCH 2017

R. Erbacher,133 C. Flores,133 G. Funk,133 M. Gardner,133 W. Ko,133 R. Lander,133 C. Mclean,13 M. Mulhearn,133 D. Pellett,13 3
J. Pilot,'” S. Shalhout,** J. Smith,"** M. Squires,133 D. Stolp,133 M. Tripathi,]33 C. Bravo,"* R. Cousins,"** A. Dasgupta,134
P. Everaerts,134 A. Florent,134 1. Hauser,134 M. Ignaltenko,134 N. Mccoll,]34 D. Saltzberg,134 C. Schnalible,134 E. Takalsugi,134
V. Valuev,134 M. Weber,134 K. Burt,135 R. Clare,135 J. Ellison,]35 J.W. Gary,]35 S.M. A. Ghiasi Shirazi,135 G. Hanson,135
J. Heilman,135 P. Jandir,135 E. Kennedy,135 F. Lacroix,135 O.R. Long,135 M. Olmedo Negrete,135 M. L Paneva,135
A. Shrinivas,135 W. Si,135 H. Wei,135 S. Wimpenny,135 B.R. Yates,135 J.G. Branson,136 G.B. Cerati,136 S. Cittolin,136
M. Derdzinski,"*® A. Holzner,"*® D. Klein,"*® V. Krutelyov,'* J. Letts,'*® I. Macneill,"*® D. Olivito,"*® S. Padhi,"*
M. Pieri,"”® M. Sani,"*® V. Sharma,'*® S. Simon,"*® M. Tadel,"*® A. Vartak,*® S. Wasserbaech, **** C. Welke,'* J. Wood,'**
F. Wiilrthwein,13 S A. Yagil,13 % G. Zevi Della Porta,13 °N. Amin,137 R. Bhandan',137 J. Bradmiller—Feld,137 C. Campagnanri,13 !
A. Dishaw,l37 V. Dutta,]37 M. Franco Sevil]a,137 C. George,137 F. Golf,]37 L. Gouskos,137 J. Glran,137 R. Heller,137
J. Incandela,137 S.D. Mullin,137 A. Ovcharova,]37 H. Qu,137 J. Richman,137 D. Stuart,137 L. Suarez,137 J. Y00,137
D. Anderson,138 A. Apresyan,138 J. Bendavid,138 A. Bornheim,138 1. Bunn,138 Y. Chen,138 1. Duarte,138 J. M. Lawhorn,138
A. Mott,138 H. B. Newman,138 C. Pena,138 M. Spiropulu,138 J.R. Vlimant,138 S. Xie,138 R.Y. Zhu,138 M. B. Andrews,139
V. Azzolini,139 T. Ferguson,139 M. Paulini,139 J. Russ,139 M. Sun,139 H. Vogel,139 I Vorobiev,139 M. Weinberg,139
J.P. Cumalat,140 W.T. Ford,140 F. Jensen,140 A. Johnson,140 M. Krohn,140 T. Mulholland,140 K. Stenson,140 S.R. Wagner,140
J. Alexander,141 J. Chaves,141 J. Chu,141 S. Dittmelr,141 K. Mcdermott,141 N. Mirman,141 G. Nicolas Kaufman,141
J.R. Patterson,'*! A. Rinkevicius,'*' A. Ryd,141 L. Skinnari,"*' L. Soffi,'*' S. M. Tan,'*! Z. Tao,"*' J. Thom,'*! J. Tucker,'*!
P. Wittich,141 M. Zientek,]41 D. Winn,142 S. Abdullin,143 M. AlbI‘OW,l43 G. Apollinan',]43 S. Banerjee,]43
L.AT. Baluerdi(:k,143 A. Beretvas,143 J. Berryhill,143 P.C. Bhat,143 G. Bolla,143 K. Burkett,143 J.N. Butler,]43
H. W. K. Cheung,143 F. Chlebana,143 S. Cihangir,m"d M. Cremonesi,143 V.D. ElVira,143 1. Fisk,143 J. Freeman,143
E. Gottschalk,143 L. Gray,143 D. Green,143 S. Grijnendahl,143 0. Gutsche,143 D. Hare,143 R. M. Harris,143 S. Hasegawa,143
J. Hirschauer,143 Z. Hu,143 B. Jayatilaka,143 S. Jindariani,143 M. Johnson,143 U. Joshi,143 B. Klima,143 B. Klreis,143
S. Lammel,143 J. Linacre,143 D. Lincoln,143 R. Lipton,143 T. Liu,143 R. Lopes De Sa’l,143 J. Lykken,143 K. Maeshima,143
N. Magini,143 J. M. Marraffino,'* S. Malruyama,143 D. Mason,'*® P. McBride,'*® P. Merkel,'** S. Mrenna,'* S. Nahn,'*#
C. Newman—Holmes,m’a V. O’Dell,143 K. Pedro,143 0. Prokofyev,143 G. Rakness,143 L. Ristori,143 E. Sexton-Kennedy,143
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