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An inclusive search for the standard model Higgs boson (H) produced with large transverse
momentum (pT) and decaying to a bottom quark-antiquark pair (bb̄) is performed using a data set of
pp collisions at

ffiffiffi
s

p ¼ 13 TeV collected with the CMS experiment at the LHC. The data sample
corresponds to an integrated luminosity of 35.9 fb−1. A highly Lorentz-boosted Higgs boson decaying to
bb̄ is reconstructed as a single, large radius jet, and it is identified using jet substructure and dedicated b
tagging techniques. The method is validated with Z → bb̄ decays. The Z → bb̄ process is observed for the
first time in the single-jet topology with a local significance of 5.1 standard deviations (5.8 expected). For a
Higgs boson mass of 125 GeV, an excess of events above the expected background is observed (expected)
with a local significance of 1.5 (0.7) standard deviations. The measured cross section times branching
fraction for production via gluon fusion of H → bb̄ with reconstructed pT > 450 GeV and in the
pseudorapidity range −2.5 < η < 2.5 is 74� 48ðstatÞþ17

−10 ðsystÞ fb, which is consistent within uncertainties
with the standard model prediction.

DOI: 10.1103/PhysRevLett.120.071802

In the standard model (SM) [1–3], the Brout-Englert-
Higgs mechanism [4–8] is responsible for electroweak
symmetry breaking and the mass of elementary particles.
Although a Higgs boson (H) was discovered [9–11], the
LHC data sets of pp collisions at

ffiffiffi
s

p ¼ 7 and 8 TeV were
not sufficient to establish the coupling to bottom quarks
[12], despite the 58.1% expected branching fraction of the
Higgs boson to bottom quark-antiquark (bb̄) pairs [13]. The
most sensitive method to search for H → bb̄ decays at a
hadron collider is to use events in which the Higgs boson is
produced in association with a W or Z boson (VH)
decaying to leptons, and recoiling with a large transverse
momentum (pT) [14], in order to suppress the overwhelm-
ing irreducible background from quantum chromodynam-
ics (QCD) multijet production of b quarks. Because of this
background, an observation of Hðbb̄Þ decays in the gluon
fusion production mode (GGF) as considered impossible.
This Letter presents the first inclusive search for H → bb̄,
where the Higgs boson is produced with high-pT .
Measurements of high-pT Hðbb̄Þ decays may resolve the
loop induced and tree-level contributions to the GGF
process [15] and provide an alternative approach to study

the top quark Yukawa coupling in addition to the tt̄H
process.
The results reported in this Letter are based on a data set

of pp collisions at
ffiffiffi
s

p ¼ 13 TeV, collected with the CMS
detector at the LHC in 2016, and corresponding to an
integrated luminosity of 35.9 fb−1. The main experimental
difficulties for this search originate from the large cross
section for background multijet events at low jet mass and
the restrictive trigger requirements needed to reduce the
data recording rate. Therefore, we require events to have a
high-pT Higgs boson candidate and define six pT catego-
ries from 450 GeV to 1 TeV with variable width from 50 to
200 GeV. Combinatorial backgrounds are reduced by
requiring the Higgs boson’s decay products to be clustered
in a single jet [14]. The jet is required to have a two-prong
substructure and b tagging properties consistent with the
Hðbb̄Þ signal. The nontrivial jet mass shape is difficult to
model parametrically. For this reason, the dominant back-
ground from SM QCD multijet production is estimated in
data by inverting the b tagging requirement, which is, by
design, decorrelated from jet mass and pT . A simultaneous
fit to the distributions of the jet mass in all categories is
performed in the range 40 to 201 GeV to extract the
inclusive Hðbb̄Þ and Zðbb̄Þ production cross sections and
to determine the normalizations and shapes of the jet mass
distributions for the backgrounds.
A detailed description of the CMS detector, together with

a definition of the coordinate system and the relevant
kinematic variables, can be found in Ref. [16]. The central
feature of the CMS apparatus is a superconducting solenoid
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of 6 m internal diameter, providing a magnetic field of
3.8 T. A silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter, and a brass and scin-
tillator hadron calorimeter, each composed of a barrel and
two end cap sections, reside within the solenoid. Forward
calorimeters extend the pseudorapidity (η) [16] coverage
provided by the barrel and end cap detectors. Muons are
detected in gas-ionization chambers embedded in the steel
flux-return yoke outside the solenoid.
Simulated samples of signal and background events are

produced using various Monte Carlo (MC) event gener-
ators, with the CMS detector response modeled using the
GEANT4 [17] program. The MADGRAPH5_aMC@NLO 2.3.3

[18] generator is used for the diboson, W þ jets, Z þ jets,
QCD multijet samples at leading order (LO) accuracy, with
matching [19] between jets from the matrix element
calculation and the parton shower description, while
POWHEG 2.0 [20–22] at next-to-leading order (NLO) pre-
cision is used to model the tt̄ and single-top processes. For
parton showering and hadronization, the POWHEG and
MADGRAPH5_aMC@NLO samples are interfaced with
PYTHIA 8.212 [23]. The PYTHIA parameters for the under-
lying event description are set to the CUETP8M1 tune [24].
The production cross sections for the diboson samples are
calculated to next-to-next-to-leading-order (NNLO) accu-
racy with the MCFM 7.0 program [25]. The cross section for
top quark pair production is computed with TOP++ 2.0 [26]
at NNLO. The cross sections for W þ jets and Z þ jets
samples include higher-order QCD and electroweak (EW)
corrections and improve modeling of high-pT W and Z
bosons events [27–30]. The parton distribution function
(PDF) set NNPDF3.0 [31] is used to produce all simulated
samples, with the accuracy (LO or NLO) corresponding to
that of the generator used. The Higgs boson signal samples
are produced using the POWHEG event generator with
mH ¼ 125 GeV. For the GGF production mode, the
POWHEG generated sample with up to one extra jet in
matrix element calculations is normalized to the inclusive
cross section at next-to-next-to-next-to-leading order
(N3LO) accuracy [32–35]. The resulting Higgs boson pT
spectrum neglects the effects of the finite top quark mass
[36] and associated higher-order QCD corrections [37–40],
which are expected to be large for pT greater than
approximately twice the mass of the top quark [36]. A
pT-dependent correction has been derived to account for
both of these effects. The POWHEG GGF pT spectrum is
reweighted to the 0–2 jet CKKW-L [26,41,42] merged
LO GGF process incorporating the finite top quark
mass (mt) [13,43–45]. This spectrum is then corrected
by the approximate NLO to LO ratio, obtained by expand-
ing in powers of 1/m2

t up to 1/m4
t , and the effective NNLO

to NLO ratio [46,47] in the infinite top quark mass
approximation. The overall pT-dependent correction to
the initial N3LO POWHEG GGF spectrum is found to be
1.27� 0.38, resulting in a GGF cross section times Hðbb̄Þ

branching fraction of 31.7� 9.5 fb for reconstructed Higgs
boson pT > 450 GeV and jηj < 2.5. An uncertainty of
30% to the overall correction is estimated from the
comparison of different predictions obtained by using
(i) a merging scale of 100 instead of 20 GeV, (ii) the
inclusive two-jet GGF process generation, and (iii) the
MADGRAPH5_aMC@NLO effective field theory approxima-
tion [13,46] normalized to the inclusive N3LO cross
section. The pT spectrum of the Higgs boson for the vector
boson fusion (VBF) production mode is reweighted to
account for N3LO corrections to the cross section. These
corrections [48,49] have a negligible effect on the yield for
this process for events with Higgs boson pT > 450 GeV.
The particle-flow event algorithm [50] is employed to

reconstruct and identify each individual particle with an
optimized combination of information from the various
elements of the CMS detector. The algorithm identifies
each reconstructed particle as an electron, a muon, a
photon, or a charged or a neutral hadron. The missing
transverse momentum vector is defined as the negative
vectorial sum of the transverse momenta of all the particles
identified in the event, and its magnitude is referred to
as pmiss

T .
The particles are clustered into jets using the anti-kT

algorithm [51] with a distance parameter of 0.8 (AK8 jets).
To mitigate the effect of pileup, the pileup per particle
identification (PUPPI) algorithm [52] assigns a weight to
each particle prior to jet clustering based on the likelihood
of the particle originating from the hard scattering vertex.
Further corrections are applied to the jet energy as a
function of jet η and pT to account for detector response
nonlinearities.
To isolate the Higgs boson signal, a high-pT signal jet is

required. Combinations of several online selections are
used, all requiring the total hadronic transverse energy in
the event (HT) or jet pT to be above a given threshold. In
addition, a minimum threshold on the jet mass is imposed
after removing remnants of soft radiation with the jet
trimming technique [53] to reduce the HT or pT thresholds
and improve the signal acceptance. The online selection is
fully efficient at selecting events offline with at least one
AK8 jet with pT > 450 GeV and jηj < 2.5. Events con-
taining identified and isolated electrons, muons, or τ
leptons with pT > 10, 10, or 18 GeV and jηj < 2.5, 2.4,
or 2.3, respectively, are vetoed to reduce backgrounds from
SM EW processes. Since no genuine pmiss

T is expected for
signal processes, events with pmiss

T > 140 GeV are
removed in order to further reduce the top quark back-
ground contamination. The leading (in pT) jet in the event
is assumed to be the Higgs boson candidate, the H jet. The
soft-drop algorithm [54,55] is used to remove soft and
wide-angle radiation with a soft radiation fraction z less
than 0.1. The parameter β is set to zero, which corresponds
to the case in which approximately the same fraction of
energy is groomed away, regardless of the initial jet energy.
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The use of soft-drop grooming reduces the jet mass (mSD)
for background QCD events when large jet masses arise
from soft gluon radiation. For signal events, the jet mass is
primarily determined by the Hðbb̄Þ decay kinematics and
its distribution peaks at the mass of the Higgs boson.
DedicatedmSD corrections [56] are derived from simulation
and data in a region enriched with merged Wðqq̄Þ decays
from tt̄ events. They remove a residual dependence on the
jet pT and match the jet mass scale and resolution to those
observed in data.
The dimensionless mass scale variable for QCD jets, ρ ¼

logðmSD
2/pT

2Þ [54,57], whose distribution is roughly
invariant in different ranges of jet pT , is used to characterize
the correlation between the jet b tagging discriminator, jet
mass, and jet pT . Only events in the range −6.0 < ρ <
−2.1 are considered, to avoid instabilities at the edges of the
distribution due to finite cone limitations from the AK8 jet
clustering (ρ≳ −2.1) and to avoid the nonperturbative
regime of the soft-drop mass calculation (ρ≲ −6.0).
This requirement is fully efficient for the Higgs boson
signal.
The N1

2 variable [58], which is based on a ratio of 2-point
and 3-point generalized energy correlation functions
(ECFs) [59], is exploited to determine how consistent a
jet is with having a two-prong substructure. The calculation
of N1

2 is based on the jet constituents after application of the
soft-drop grooming algorithm to the jet. It provides
excellent discrimination between two-prong signal jets
and QCD background jets [58]. However, any selection
on N1

2 or other similar variables [60] shapes the jet mass
distributions differently depending on the pT of the jet.
Therefore a transformation of N1

2 to N1;DDT
2 is applied,

where DDT stands for designed decorrelated tagger [57], to
reduce its correlation with ρ and pT in multijet events. We
define N1;DDT

2 ¼ N1
2 − N1

2ð26%Þ, where N1
2ð26%Þ is the 26th

percentile of the N1
2 distribution in simulated QCD events

as a function of ρ and pT . This ensures that the selection
N1;DDT

2 < 0 yields a constant QCD background efficiency
of 26% across the entire ρ and pT range considered in this
search. The chosen percentile maximizes the sensitivity to
the Higgs boson signal. In order to select events in which
the H jet is most likely to contain two b quarks, we use the
double-b tagger algorithm [61]. Several observables that
characterize the distinct properties of b hadrons and their
flight directions in relation to the jet substructure are used
as input variables to this multivariate algorithm in order to
distinguish between H jets and QCD jets. An H jet is
considered double-b tagged if its double-b tag discrimina-
tor value is above a threshold corresponding to a 1%
misidentification rate for QCD jets and a 33% efficiency for
Hðbb̄Þ jets.
Events with (without) a double-b tagged H jet define the

passing (failing) region. In the passing region, the gluon
fusion process dominates, although other Higgs boson

production mechanisms contribute: VBF (12%), VH
(8%), and tt̄H (5%). They are all taken into account when
extracting the Higgs boson yield.
The contribution of tt̄ production to the total SM

background is estimated to be less than 3%. It is obtained
from simulation corrected with scale factors derived from a
tt̄-enriched control sample in which an isolated muon is
required. This sample is included in a global fit used to
extract the signal and the scale factors are treated as
unconstrained parameters. They multiply the tt̄ contribu-
tion, correcting its overall normalization and the double-b
mistag efficiency for jets originating from top quark
decays.
The main background in the passing region, QCD

multijet production, has a nontrivial jet mass shape that
is difficult to model parametrically and dependent on jet
pT , so we constrain it using the signal-depleted failing
region. Since the double-b tagger discriminator and the jet
mass are largely uncorrelated, the passing and failing
regions have similar QCD jet mass distributions, and their
ratio, the “pass-fail ratio” Rp/f, is expected to be nearly
constant as a function of jet mass and pT . To account for the
residual difference between the shapes of passing and
failing events, Rp/f is parametrized as a polynomial in ρ
and pT , Rp/fðρ; pTÞ ¼

P
k;laklρ

kpl
T . The coefficients ak;l

have no external constraints but are determined from a
simultaneous fit to the data in passing and failing regions
across the whole jet mass range. To determine the order of
the polynomial necessary to fit the data, a Fisher F-test [62]
is performed. Based on its results, a polynomial of second
order in ρ and first order in pT is selected.
The systematic uncertainties associated with the jet mass

scale, the jet mass resolution, and the N1;DDT
2 selection

efficiency are correlated among the W, Z, and Hðbb̄Þ
processes. These uncertainties are estimated using an
independent sample of merged W jets. Additional details
are available in the Supplemental Material [63], which
includes Ref. [64]. The efficiency of the double-b tagger is
measured in data and simulation in a sample enriched in bb̄
from gluon splitting [61]. Scale factors relating data and
simulation are then computed and applied to the simulation.
These scale factors determine the initial distributions of the
jet mass for the Wðqq̄Þ, zðqq̄Þ, and Hðbb̄Þ processes, and
they are further constrained in the fit to data due to the
presence of the W and Z resonances in the jet mass
distribution. The uncertainty associated with the modeling
of the GGF Higgs pT spectrum is propagated to the overall
normalization of the GGF Higgs signal. In addition, the
shape of the GGF Higgs pT distribution is allowed to vary
depending on the Higgs boson pT by up to 30% at
1000 GeV, without changing the overall normalization.
To account for some potentially pT-dependent deviations
due to missing higher-order corrections, uncertainties are
applied to the Wðqq̄Þ and Zðqq̄Þ yields that are pT-
dependent and correlated per pT bin. An additional
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systematic uncertainty is included to account for potential
differences between the W and Z higher-order corrections
(EW W/Z decorrelation). Finally, additional systematic
uncertainties are applied to the Wðqq̄Þ, Zðqq̄Þ, and
Hðbb̄Þ yields to account for the uncertainties due to the
jet energy scale and resolution [65], variations in the
amount of pileup, and the integrated luminosity determi-
nation [66]. A quantitative summary of the systematic
effects considered is shown in Table I.
In order to validate the background estimation

method and associated systematic uncertainties, studies
are performed on simulated samples injecting signal
events and determining the bias on the measured signal
cross section. No significant bias is observed in these
studies.
A binned maximum likelihood fit to the observed mSD

distributions in the range 40 to 201 GeV with 7 GeV bin
width is performed using the sum of the Hðbb̄Þ, W, Z, tt̄,
and QCD multijet contributions. The fit is done simulta-
neously in the passing and failing regions of the six pT
categories within 450 < pT < 1000 GeV, and in the tt̄-
enriched control region. The production cross sections
relative to the SM cross sections (signal strengths) for
the Higgs and the Z bosons, μH and μZ, respectively, are
extracted from the fit. Figure 1 shows the mSD distributions
in data for the passing and failing regions with measured
SM background and Hðbb̄Þ contributions. Contributions
from W and Z boson production are clearly visible in
the data.
The measured Z boson signal strength is μZ ¼

0.78� 0.14ðstatÞþ0.19
−0.13ðsystÞ, which corresponds to an

observed significance of 5.1 standard deviations (σ) with
5.8σ expected. This constitutes the first observation of the
Z boson signal in the single-jet topology [67] and validates
the substructure and b tagging techniques for the Higgs
boson search in the same topology. The measured cross
section for the Z þ jets process for jet pT > 450 GeV and
jηj < 2.5 is 0.85� 0.16ðstatÞþ0.20

−0.14ðsystÞ pb, which is

TABLE I. Summary of the systematic uncertainties affecting
the signal, W and Z þ jets processes. Instances where the
uncertainty does not apply are indicated by “…”.

Systematic source W/Z H

Integrated luminosity 2.5% 2.5%
Trigger efficiency 4% 4%
Pileup <1% <1%

N1;DDT
2 selection
efficiency

4.3% 4.3%

Double-b tag 4% (Z) 4%
Jet energy scale/
resolution

10/15% 10/15%

Jet mass scale (pT) 0.4%/100 GeV (pT) 0.4%/100 GeV (pT)
Simulation sample
size

2–25% 4–20% (GGF)

H pT correction … 30% (GGF)
NLO QCD
corrections

10% …

NLO EW
corrections

15–35% …

NLO EW W/Z
decorrelation

5–15% …
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FIG. 1. The mSD distributions in data for the failing (left) and
passing (right) regions and combined pT categories. The QCD
multijet background in the passing region is predicted using
the failing region and the pass-fail ratio Rp/f . The features at
166 and 180 GeV in the mSD distribution are due to the
kinematic selection on ρ, which affects each pT category
differently. In the bottom panel, the ratio of the data to its
statistical uncertainty, after subtracting the nonresonant back-
grounds, is shown.
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consistent within uncertainties with the SM production
cross section of 1.09� 0.11 pb [30]. Likewise, the
measured Higgs boson signal strength is μH¼2.3�
1.5ðstatÞþ1.0

−0.4ðsystÞ and includes the corrections to the
Higgs boson pT spectrum described earlier. The corre-
sponding observed (expected) upper limit on the Higgs
boson signal strength at a 95% confidence level is 5.8 (3.3),
while the observed (expected) significance is 1.5σ (0.7σ).
The observed μH implies a measured GGF cross section
times Hðbb̄Þ branching fraction for jet pT > 450 GeV and
jηj < 2.5 of 74� 48ðstatÞþ17

−10ðsystÞ fb, assuming the SM
values for the ratios of the different Hðbb̄Þ production
modes. This measurement is consistent within uncertainties
with the SM GGF cross section times Hðbb̄Þ branching
fraction of 31.7� 9.5 fb.
Table II summarizes the measured signal strengths and

significances for the Higgs and Z boson processes. In
particular, they are also reported for the case in which no
corrections to the Higgs boson pT spectrum are applied.
Figure 2 shows the profile likelihood test statistic scan in
data as function of the Higgs and Z boson signal strengths
(μH, μZ).

In summary, an inclusive search for the standard model
Higgs boson with pT > 450 GeV decaying to bottom
quark-antiquark pairs and reconstructed as a single,
large-radius jet is presented. The Z þ jets process is
observed for the first time in the single-jet topology with
a significance of 5.1σ. The Higgs production is measured
with an observed (expected) significance of 1.5σ (0.7σ)
when including Higgs boson pT spectrum corrections
accounting for higher-order and finite top quark mass
effects. The measured cross section times branching frac-
tion for the gluon fusion Hðbb̄Þ production for recon-
structed pT and jηj < 2.5 is 74� 48ðstatÞþ17

−10ðsystÞ fb,
which is consistent with the SM prediction within
uncertainties.
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D. Gelé,32 U. Goerlach,32 M. Jansová,32 A.-C. Le Bihan,32 N. Tonon,32 P. Van Hove,32 S. Gadrat,33 S. Beauceron,34

C. Bernet,34 G. Boudoul,34 R. Chierici,34 D. Contardo,34 P. Depasse,34 H. El Mamouni,34 J. Fay,34 L. Finco,34 S. Gascon,34

M. Gouzevitch,34 G. Grenier,34 B. Ille,34 F. Lagarde,34 I. B. Laktineh,34 M. Lethuillier,34 L. Mirabito,34 A. L. Pequegnot,34

S. Perries,34 A. Popov,34,o V. Sordini,34 M. Vander Donckt,34 S. Viret,34 A. Khvedelidze,35,i Z. Tsamalaidze,36,i

C. Autermann,37 L. Feld,37 M. K. Kiesel,37 K. Klein,37 M. Lipinski,37 M. Preuten,37 C. Schomakers,37 J. Schulz,37

T. Verlage,37 V. Zhukov,37,o A. Albert,38 E. Dietz-Laursonn,38 D. Duchardt,38 M. Endres,38 M. Erdmann,38 S. Erdweg,38

T. Esch,38 R. Fischer,38 A. Güth,38 M. Hamer,38 T. Hebbeker,38 C. Heidemann,38 K. Hoepfner,38 S. Knutzen,38

M. Merschmeyer,38 A. Meyer,38 P. Millet,38 S. Mukherjee,38 T. Pook,38 M. Radziej,38 H. Reithler,38 M. Rieger,38

F. Scheuch,38 D. Teyssier,38 S. Thüer,38 G. Flügge,39 B. Kargoll,39 T. Kress,39 A. Künsken,39 J. Lingemann,39 T. Müller,39

A. Nehrkorn,39 A. Nowack,39 C. Pistone,39 O. Pooth,39 A. Stahl,39,p M. Aldaya Martin,40 T. Arndt,40

C. Asawatangtrakuldee,40 K. Beernaert,40 O. Behnke,40 U. Behrens,40 A. Bermúdez Martínez,40 A. A. Bin Anuar,40

K. Borras,40,q V. Botta,40 A. Campbell,40 P. Connor,40 C. Contreras-Campana,40 F. Costanza,40 C. Diez Pardos,40

G. Eckerlin,40 D. Eckstein,40 T. Eichhorn,40 E. Eren,40 E. Gallo,40,r J. Garay Garcia,40 A. Geiser,40 A. Gizhko,40

J. M. Grados Luyando,40 A. Grohsjean,40 P. Gunnellini,40 M. Guthoff,40 A. Harb,40 J. Hauk,40 M. Hempel,40,s H. Jung,40

A. Kalogeropoulos,40 M. Kasemann,40 J. Keaveney,40 C. Kleinwort,40 I. Korol,40 D. Krücker,40 W. Lange,40 A. Lelek,40

T. Lenz,40 J. Leonard,40 K. Lipka,40 W. Lohmann,40,s R. Mankel,40 I.-A. Melzer-Pellmann,40 A. B. Meyer,40 G. Mittag,40

J. Mnich,40 A. Mussgiller,40 E. Ntomari,40 D. Pitzl,40 A. Raspereza,40 B. Roland,40 M. Savitskyi,40 P. Saxena,40

R. Shevchenko,40 S. Spannagel,40 N. Stefaniuk,40 G. P. Van Onsem,40 R. Walsh,40 Y. Wen,40 K. Wichmann,40 C. Wissing,40

PHYSICAL REVIEW LETTERS 120, 071802 (2018)

071802-8



O. Zenaiev,40 R. Aggleton,41 S. Bein,41 V. Blobel,41 M. Centis Vignali,41 T. Dreyer,41 E. Garutti,41 D. Gonzalez,41 J. Haller,41

A. Hinzmann,41 M. Hoffmann,41 A. Karavdina,41 R. Klanner,41 R. Kogler,41 N. Kovalchuk,41 S. Kurz,41 T. Lapsien,41

I. Marchesini,41 D. Marconi,41 M. Meyer,41 M. Niedziela,41 D. Nowatschin,41 F. Pantaleo,41,p T. Peiffer,41 A. Perieanu,41

C. Scharf,41 P. Schleper,41 A. Schmidt,41 S. Schumann,41 J. Schwandt,41 J. Sonneveld,41 H. Stadie,41 G. Steinbrück,41

F. M. Stober,41 M. Stöver,41 H. Tholen,41 D. Troendle,41 E. Usai,41 L. Vanelderen,41 A. Vanhoefer,41 B. Vormwald,41

M. Akbiyik,42 C. Barth,42 S. Baur,42 E. Butz,42 R. Caspart,42 T. Chwalek,42 F. Colombo,42 W. De Boer,42 A. Dierlamm,42

B. Freund,42 R. Friese,42 M. Giffels,42 D. Haitz,42 M. A. Harrendorf,42 F. Hartmann,42,p S. M. Heindl,42 U. Husemann,42

F. Kassel,42,p S. Kudella,42 H. Mildner,42 M. U. Mozer,42 Th. Müller,42 M. Plagge,42 G. Quast,42 K. Rabbertz,42

M. Schröder,42 I. Shvetsov,42 G. Sieber,42 H. J. Simonis,42 R. Ulrich,42 S. Wayand,42 M. Weber,42 T. Weiler,42

S. Williamson,42 C. Wöhrmann,42 R. Wolf,42 G. Anagnostou,43 G. Daskalakis,43 T. Geralis,43 V. A. Giakoumopoulou,43

A. Kyriakis,43 D. Loukas,43 I. Topsis-Giotis,43 G. Karathanasis,44 S. Kesisoglou,44 A. Panagiotou,44 N. Saoulidou,44

K. Kousouris,45 I. Evangelou,46 C. Foudas,46 P. Kokkas,46 S. Mallios,46 N. Manthos,46 I. Papadopoulos,46 E. Paradas,46

J. Strologas,46 F. A. Triantis,46 M. Csanad,47 N. Filipovic,47 G. Pasztor,47 O. Surányi,47 G. I. Veres,47,t G. Bencze,48

C. Hajdu,48 D. Horvath,48,u Á. Hunyadi,48 F. Sikler,48 V. Veszpremi,48 A. J. Zsigmond,48 N. Beni,49 S. Czellar,49

J. Karancsi,49,v A. Makovec,49 J. Molnar,49 Z. Szillasi,49 M. Bartók,50,t P. Raics,50 Z. L. Trocsanyi,50 B. Ujvari,50

S. Choudhury,51 J. R. Komaragiri,51 S. Bahinipati,52,w S. Bhowmik,52 P. Mal,52 K. Mandal,52 A. Nayak,52,x D. K. Sahoo,52,w

N. Sahoo,52 S. K. Swain,52 S. Bansal,53 S. B. Beri,53 V. Bhatnagar,53 R. Chawla,53 N. Dhingra,53 A. K. Kalsi,53 A. Kaur,53

M. Kaur,53 S. Kaur,53 R. Kumar,53 P. Kumari,53 A. Mehta,53 J. B. Singh,53 G. Walia,53 Ashok Kumar,54 Aashaq Shah,54

A. Bhardwaj,54 S. Chauhan,54 B. C. Choudhary,54 R. B. Garg,54 S. Keshri,54 A. Kumar,54 S. Malhotra,54 M. Naimuddin,54

K. Ranjan,54 R. Sharma,54 R. Bhardwaj,55 R. Bhattacharya,55 S. Bhattacharya,55 U. Bhawandeep,55 S. Dey,55 S. Dutt,55

S. Dutta,55 S. Ghosh,55 N. Majumdar,55 A. Modak,55 K. Mondal,55 S. Mukhopadhyay,55 S. Nandan,55 A. Purohit,55 A. Roy,55

D. Roy,55 S. Roy Chowdhury,55 S. Sarkar,55 M. Sharan,55 S. Thakur,55 P. K. Behera,56 R. Chudasama,57 D. Dutta,57 V. Jha,57

V. Kumar,57 A. K. Mohanty,57,p P. K. Netrakanti,57 L. M. Pant,57 P. Shukla,57 A. Topkar,57 T. Aziz,58 S. Dugad,58

B. Mahakud,58 S. Mitra,58 G. B. Mohanty,58 N. Sur,58 B. Sutar,58 S. Banerjee,59 S. Bhattacharya,59 S. Chatterjee,59 P. Das,59

M. Guchait,59 Sa. Jain,59 S. Kumar,59 M. Maity,59,y G. Majumder,59 K. Mazumdar,59 T. Sarkar,59,y N. Wickramage,59,z

S. Chauhan,60 S. Dube,60 V. Hegde,60 A. Kapoor,60 K. Kothekar,60 S. Pandey,60 A. Rane,60 S. Sharma,60 S. Chenarani,61,aa

E. Eskandari Tadavani,61 S. M. Etesami,61,aa M. Khakzad,61 M. Mohammadi Najafabadi,61 M. Naseri,61

S. Paktinat Mehdiabadi,61,bb F. Rezaei Hosseinabadi,61 B. Safarzadeh,61,cc M. Zeinali,61 M. Felcini,62 M. Grunewald,62

M. Abbrescia,63a,63b C. Calabria,63a,63b A. Colaleo,63a D. Creanza,63a,63c L. Cristella,63a,63b N. De Filippis,63a,63c

M. De Palma,63a,63b F. Errico,63a,63b L. Fiore,63a G. Iaselli,63a,63c S. Lezki,63a,63b G. Maggi,63a,63c M. Maggi,63a

G. Miniello,63a,63b S. My,63a,63b S. Nuzzo,63a,63b A. Pompili,63a,63b G. Pugliese,63a,63c R. Radogna,63a A. Ranieri,63a

G. Selvaggi,63a,63b A. Sharma,63a L. Silvestris,63a,p R. Venditti,63a P. Verwilligen,63a G. Abbiendi,64a C. Battilana,64a,64b

D. Bonacorsi,64a,64b L. Borgonovi,64a,64b S. Braibant-Giacomelli,64a,64b R. Campanini,64a,64b P. Capiluppi,64a,64b

A. Castro,64a,64b F. R. Cavallo,64a S. S. Chhibra,64a G. Codispoti,64a,64b M. Cuffiani,64a,64b G. M. Dallavalle,64a F. Fabbri,64a

A. Fanfani,64a,64b D. Fasanella,64a,64b P. Giacomelli,64a C. Grandi,64a L. Guiducci,64a,64b S. Marcellini,64a G. Masetti,64a

A. Montanari,64a F. L. Navarria,64a,64b A. Perrotta,64a A. M. Rossi,64a,64b T. Rovelli,64a,64b G. P. Siroli,64a,64b N. Tosi,64a

S. Albergo,65a,65b S. Costa,65a,65b A. Di Mattia,65a F. Giordano,65a,65b R. Potenza,65a,65b A. Tricomi,65a,65b C. Tuve,65a,65b

G. Barbagli,66a K. Chatterjee,66a,66b V. Ciulli,66a,66b C. Civinini,66a R. D’Alessandro,66a,66b E. Focardi,66a,66b P. Lenzi,66a,66b

M. Meschini,66a S. Paoletti,66a L. Russo,66a,dd G. Sguazzoni,66a D. Strom,66a L. Viliani,66a,66b,p L. Benussi,67 S. Bianco,67

F. Fabbri,67 D. Piccolo,67 F. Primavera,67,p V. Calvelli,68a,68b F. Ferro,68a E. Robutti,68a S. Tosi,68a,68b A. Benaglia,69a

L. Brianza,69a,69b F. Brivio,69a,69b V. Ciriolo,69a,69b M. E. Dinardo,69a,69b S. Fiorendi,69a,69b S. Gennai,69a A. Ghezzi,69a,69b

P. Govoni,69a,69b M. Malberti,69a,69b S. Malvezzi,69a R. A. Manzoni,69a,69b D. Menasce,69a L. Moroni,69a M. Paganoni,69a,69b

K. Pauwels,69a,69b D. Pedrini,69a S. Pigazzini,69a,69b,ee S. Ragazzi,69a,69b N. Redaelli,69a T. Tabarelli de Fatis,69a,69b

S. Buontempo,70a N. Cavallo,70a,70c S. Di Guida,70a,70d,p F. Fabozzi,70a,70c F. Fienga,70a,70b A. O. M. Iorio,70a,70b

W. A. Khan,70a L. Lista,70a S. Meola,70a,70d,p P. Paolucci,70a,p C. Sciacca,70a,70b F. Thyssen,70a P. Azzi,71a N. Bacchetta,71a

L. Benato,71a,71b M. Biasotto,71a,ff D. Bisello,71a,71b A. Boletti,71a,71b R. Carlin,71a,71b A. Carvalho Antunes De Oliveira,71a,71b

P. Checchia,71a M. Dall’Osso,71a,71b P. De Castro Manzano,71a T. Dorigo,71a U. Gasparini,71a,71b A. Gozzelino,71a

S. Lacaprara,71a P. Lujan,71a M. Margoni,71a,71b A. T. Meneguzzo,71a,71b N. Pozzobon,71a,71b P. Ronchese,71a,71b

R. Rossin,71a,71b F. Simonetto,71a,71b E. Torassa,71a S. Ventura,71a M. Zanetti,71a,71b P. Zotto,71a,71b A. Braghieri,72a

PHYSICAL REVIEW LETTERS 120, 071802 (2018)

071802-9



A.Magnani,72a P. Montagna,72a,72b S. P. Ratti,72a,72b V. Re,72a M. Ressegotti,72a,72b C. Riccardi,72a,72b P. Salvini,72a I. Vai,72a,72b

P. Vitulo,72a,72b L. Alunni Solestizi,73a,73b M. Biasini,73a,73b G. M. Bilei,73a C. Cecchi,73a,73b D. Ciangottini,73a,73b

L. Fanò,73a,73b P. Lariccia,73a,73b R. Leonardi,73a,73b E. Manoni,73a G. Mantovani,73a,73b V. Mariani,73a,73b M. Menichelli,73a

A. Rossi,73a,73b A. Santocchia,73a,73b D. Spiga,73a K. Androsov,74a P. Azzurri,74a,p G. Bagliesi,74a T. Boccali,74a L. Borrello,74a

R. Castaldi,74a M. A. Ciocci,74a,74b R. Dell’Orso,74a G. Fedi,74a L. Giannini,74a,74c A. Giassi,74a M. T. Grippo,74a,dd

F. Ligabue,74a,74c T. Lomtadze,74a E. Manca,74a,74c G. Mandorli,74a,74c L. Martini,74a,74b A. Messineo,74a,74b F. Palla,74a

A. Rizzi,74a,74b A. Savoy-Navarro,74a,gg P. Spagnolo,74a R. Tenchini,74a G. Tonelli,74a,74b A. Venturi,74a P. G. Verdini,74a

L. Barone,75a,75b F. Cavallari,75a M. Cipriani,75a,75b N. Daci,75a D. Del Re,75a,75b,p E. Di Marco,75a,75b M. Diemoz,75a

S. Gelli,75a,75b E. Longo,75a,75b F. Margaroli,75a,75b B. Marzocchi,75a,75b P. Meridiani,75a G. Organtini,75a,75b R. Paramatti,75a,75b

F. Preiato,75a,75b S. Rahatlou,75a,75b C. Rovelli,75a F. Santanastasio,75a,75b N. Amapane,76a,76b R. Arcidiacono,76a,76c

S. Argiro,76a,76b M. Arneodo,76a,76c N. Bartosik,76a R. Bellan,76a,76b C. Biino,76a N. Cartiglia,76a F. Cenna,76a,76b

M. Costa,76a,76b R. Covarelli,76a,76b A. Degano,76a,76b N. Demaria,76a B. Kiani,76a,76b C. Mariotti,76a S. Maselli,76a

E. Migliore,76a,76b V. Monaco,76a,76b E. Monteil,76a,76b M. Monteno,76a M.M. Obertino,76a,76b L. Pacher,76a,76b N. Pastrone,76a

M. Pelliccioni,76a G. L. Pinna Angioni,76a,76b F. Ravera,76a,76b A. Romero,76a,76b M. Ruspa,76a,76c R. Sacchi,76a,76b

K. Shchelina,76a,76b V. Sola,76a A. Solano,76a,76b A. Staiano,76a P. Traczyk,76a,76b S. Belforte,77a M. Casarsa,77a F. Cossutti,77a

G. Della Ricca,77a,77b A. Zanetti,77a D. H. Kim,78 G. N. Kim,78 M. S. Kim,78 J. Lee,78 S. Lee,78 S.W. Lee,78 C. S. Moon,78

Y. D. Oh,78 S. Sekmen,78 D. C. Son,78 Y. C. Yang,78 A. Lee,79 H. Kim,80 D. H. Moon,80 G. Oh,80 J. A. Brochero Cifuentes,81

J. Goh,81 T. J. Kim,81 S. Cho,82 S. Choi,82 Y. Go,82 D. Gyun,82 S. Ha,82 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 J. S. Kim,83 H. Lee,83 K. Lee,83 K. Nam,83 S. B. Oh,83

B. C. Radburn-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 Y. Choi,85 C. Hwang,85 J. Lee,85 I. Yu,85 V. Dudenas,86 A. Juodagalvis,86 J. Vaitkus,86 I. Ahmed,87

Z. A. Ibrahim,87 M. A. B. Md Ali,87,hh F. Mohamad Idris,87,ii W. A. T. Wan Abdullah,87 M. N. Yusli,87 Z. Zolkapli,87

R. Reyes-Almanza,88 G. Ramirez-Sanchez,88 M. C. Duran-Osuna,88 H. Castilla-Valdez,88 E. De La Cruz-Burelo,88

I. Heredia-De La Cruz,88,jj R. I. Rabadan-Trejo,88 R. Lopez-Fernandez,88 J. Mejia Guisao,88 A. Sanchez-Hernandez,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,93 A. Ahmad,94 M. Ahmad,94 Q. Hassan,94

H. R. Hoorani,94 A. Saddique,94 M. A. Shah,94 M. Shoaib,94 M. Waqas,94 H. Bialkowska,95 M. Bluj,95 B. Boimska,95

T. Frueboes,95 M. Górski,95 M. Kazana,95 K. Nawrocki,95 M. Szleper,95 P. Zalewski,95 K. Bunkowski,96 A. Byszuk,96,kk

K. Doroba,96 A. Kalinowski,96 M. Konecki,96 J. Krolikowski,96 M. Misiura,96 M. Olszewski,96 A. Pyskir,96 M. Walczak,96

P. Bargassa,97 C. Beirão Da Cruz E Silva,97 A. Di Francesco,97 P. Faccioli,97 B. Galinhas,97 M. Gallinaro,97 J. Hollar,97

N. Leonardo,97 L. Lloret Iglesias,97 M. V. Nemallapudi,97 J. Seixas,97 G. Strong,97 O. Toldaiev,97 D. Vadruccio,97 J. Varela,97

S. Afanasiev,98 P. Bunin,98 M. Gavrilenko,98 I. Golutvin,98 I. Gorbunov,98 A. Kamenev,98 V. Karjavin,98 A. Lanev,98

A. Malakhov,98 V. Matveev,98,ll,mm V. Palichik,98 V. Perelygin,98 S. Shmatov,98 S. Shulha,98 N. Skatchkov,98 V. Smirnov,98

N. Voytishin,98 A. Zarubin,98 Y. Ivanov,99 V. Kim,99,nn E. Kuznetsova,99,oo P. Levchenko,99 V. Murzin,99 V. Oreshkin,99

I. Smirnov,99 V. Sulimov,99 L. Uvarov,99 S. Vavilov,99 A. Vorobyev,99 Yu. Andreev,100 A. Dermenev,100 S. Gninenko,100

N. Golubev,100 A. Karneyeu,100 M. Kirsanov,100 N. Krasnikov,100 A. Pashenkov,100 D. Tlisov,100 A. Toropin,100

V. Epshteyn,101 V. Gavrilov,101 N. Lychkovskaya,101 V. Popov,101 I. Pozdnyakov,101 G. Safronov,101 A. Spiridonov,101

A. Stepennov,101 M. Toms,101 E. Vlasov,101 A. Zhokin,101 T. Aushev,102 A. Bylinkin,102,mm R. Chistov,103,pp M. Danilov,103,pp

P. Parygin,103 D. Philippov,103 S. Polikarpov,103 E. Tarkovskii,103 V. Andreev,104 M. Azarkin,104,mm I. Dremin,104,mm

M. Kirakosyan,104,mm A. Terkulov,104 A. Baskakov,105 A. Belyaev,105 E. Boos,105 M. Dubinin,105,qq L. Dudko,105

A. Ershov,105 A. Gribushin,105 V. Klyukhin,105 O. Kodolova,105 I. Lokhtin,105 I. Miagkov,105 S. Obraztsov,105

S. Petrushanko,105 V. Savrin,105 A. Snigirev,105 V. Blinov,106,rr Y. Skovpen,106,rr D. Shtol,106,rr I. Azhgirey,107 I. Bayshev,107

S. Bitioukov,107 D. Elumakhov,107 V. Kachanov,107 A. Kalinin,107 D. Konstantinov,107 P. Mandrik,107 V. Petrov,107

R. Ryutin,107 A. Sobol,107 S. Troshin,107 N. Tyurin,107 A. Uzunian,107 A. Volkov,107 P. Adzic,108,ss P. Cirkovic,108

D. Devetak,108 M. Dordevic,108 J. Milosevic,108 V. Rekovic,108 J. Alcaraz Maestre,109 M. Barrio Luna,109 M. Cerrada,109

N. Colino,109 B. De La Cruz,109 A. Delgado Peris,109 A. Escalante Del Valle,109 C. Fernandez Bedoya,109

J. P. Fernández Ramos,109 J. Flix,109 M. C. Fouz,109 P. Garcia-Abia,109 O. Gonzalez Lopez,109 S. Goy Lopez,109
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65bUniversità di Catania, Catania, Italy

66aINFN Sezione di Firenze, Firenze, Italy
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73bUniversità di Perugia, Perugia, Italy

74aINFN Sezione di Pisa, Pisa, Italy
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