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This Letter describes a search for Higgs boson pair production using the combined results from four final
states: bbγγ, bbττ, bbbb, and bbVV, where V represents a W or Z boson. The search is performed using
data collected in 2016 by the CMS experiment from LHC proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV,

corresponding to an integrated luminosity of 35.9 fb−1. Limits are set on the Higgs boson pair production
cross section. A 95% confidence level observed (expected) upper limit on the nonresonant production cross
section is set at 22.2 (12.8) times the standard model value. A search for narrow resonances decaying to
Higgs boson pairs is also performed in the mass range 250–3000 GeV. No evidence for a signal is observed,
and upper limits are set on the resonance production cross section.
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The discovery of the Higgs boson (H) by the ATLAS and
CMS Collaborations [1–3] was a major step in the under-
standing of the mechanism of electroweak symmetry
breaking. The Higgs boson mass was jointly determined
by the two experiments using the CERN LHC Run 1 data to
be mH ¼ 125.09� 0.24 GeV [4] and recently by CMS
using partial Run 2 data with even better accuracy, mH ¼
125.26� 0.21 GeV [5]. With the Higgs boson mass known
with a precision better than 0.2%, the structure of the Higgs
scalar field potential and the Higgs boson self-couplings are
precisely predicted in the standard model (SM). The current
measurements of the properties of the Higgs boson are
compatible with the SM predictions [6,7]. The measure-
ment of the Higgs boson self-coupling provides an inde-
pendent test of the SM and verification that the Higgs
mechanism is truly responsible for the electroweak sym-
metry breaking by giving access to the shape of the Higgs
scalar field potential [8]. Access to the Higgs boson
trilinear coupling can be obtained by measuring the
production of pairs of Higgs bosons (HH) at the LHC.
At the same time, several theories predict heavy resonances
that decay into HH [9–16]. Studies of pair production of
Higgs bosons, each of which can decay in different
channels, allow one to probe different regions of the
anomalous couplings space and of the resonant invariant
mass spectrum. A combination of different channels is

therefore needed to obtain the best possible sensitivity for
the HH production.
The HH SM production cross section, which partly

depends on the Higgs trilinear coupling, was computed
at next-to-next-to-leading order in quantum chromodynam-
ics (QCD), including next-to-next-to-leading-logarithmic
corrections and finite top quark mass effects at next-to-
leading order. Its value is σHH ¼ 33.53þ4.3%

−6.0%ðQCD scaleÞ �
5.9%ðotherÞ fb in proton-proton (pp) collisions at 13 TeV
for a Higgs boson mass of 125 GeV [17–21], where “other”
includes contributions from parton distribution function
(PDF) uncertainties evaluated using the PDF4LHC recom-
mendations [22–24], strong coupling constant αS depend-
ence, and top quark mass effects.
Physics beyond the SM (BSM) can significantly modify

the cross section and the kinematic properties of nonreso-
nant Higgs boson pair production. In order to provide
model independent constraints on these effects, we intro-
duce an effective field theory (EFT) Lagrangian that
extends the SM with dimension-6 operators [25]. This
approach results in five anomalous Higgs boson couplings
relevant for HH production: the H coupling to the top
quark, yt; the trilinear coupling, λHHH; and three additional
couplings, denoted by c2, c2g, and cg, that represent,
respectively, the interactions of a top quark pair with a
Higgs boson pair, of a gluon pair with a Higgs boson pair,
and of a gluon pair with a single H [17]. We define kλ ¼
λHHH=λSM and kt ¼ yt=ySMt . Since a full five-dimensional
scan of all possible coupling combinations would be
computationally excessive, a clustering strategy [26] has
been developed to group together possible combinations of
coupling values that present similar kinematic properties.
Twelve clusters have been identified, in addition to the
SM and the λHHH ¼ 0 scenarios. Within each cluster, a
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representative point in the EFT space that we refer to as a
benchmark is selected. Each benchmark thus represents a
possible modification of theHH signal yield and kinematic
distributions due to BSM effects.
In the searches discussed in the Letter, the resonant

signal is represented by either a CP-even particle of spin-0
(radion) or spin-2 (graviton) with a width that is much
smaller than the detector resolution for the whole range
under study.
The ATLAS and CMS Collaborations performed studies

of Higgs boson pair production at
ffiffiffi

s
p ¼ 8 TeV [27–29].

Limits on nonresonant HH production were set by the
CMS Collaboration in the bbγγ and bbττ final states.
Here and in the rest of the text the indication of the charge
of the decay products is omitted for simplicity of notation.
The combination of those searches allowed the CMS
Collaboration to set an upper limit on HH production at
43 times the SM expectation [29]. Using the data collected
in 2016 at

ffiffiffi

s
p ¼ 13 TeV, the CMS and ATLAS

Collaborations performed searches in the bbγγ [30,31],
bbττ [32,33], and bbbb [34–38] final states, with the CMS
Collaboration having results in the bbVV [39] channel as
well, where V denotes either a W or a Z boson that decays
leptonically. All four channels studied at CMS are included
in this combination.
The CMS apparatus features a superconducting solenoid

of 6 m internal diameter, providing a magnetic field of
3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter,
each composed of a barrel and two end cap sections.
Forward calorimeters extend the pseudorapidity 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. Events of interest
are selected using a two-tiered trigger system [40]. The
particle-flow algorithm [41] aims to reconstruct and iden-
tify each individual particle in an event with an optimized
combination of information from the various elements of
the CMS detector. Dedicated b tagging algorithms [42] are
used to identify jets originating from b quarks (b jets). A
more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [43].
With the current data, the bbγγ [30] analysis is the most

sensitive to SM Higgs boson pair production in CMS.
Despite a low branching fraction [BðHH → bbγγÞ ¼
0.26%], the analysis profits from a very small background
contribution, thanks to the excellent diphoton mass reso-
lution of the CMS experiment for this channel (≈1.6 GeV
[30]). To exploit this feature, the analysis relies on a 2D fit
of the H → γγ and H → bb invariant mass distributions,
where the background coming from the Nγ þ jets ðN ¼
f0; 1; 2;…gÞ continuum is estimated from the mass side-
bands. Other background contributions can arise from

single H production and constitute up to a third of the
total background in the nonresonant searches. They are
modeled from Monte Carlo (MC) simulations, including
gluon fusion, vector boson fusion, VH, tt̄H, and bb̄H
production processes. In the nonresonant searches
events are classified into low- and high-mass categories
according to the HH pair reduced mass M̃X ¼ Mjjγγ−
Mjj −Mγγ þ 250 GeV, which increases the sensitivity to
HH production. A further categorization based on the
purity of the events is applied to both resonant and
nonresonant searches. The signal purity is estimated by
means of a boosted decision tree (BDT) built from the b
tagging probability of each jet, the angles between the
products of the HH system decay, and the transverse
momentum of each H candidate. The category most
sensitive to nonresonant production is the one with the
highest signal purity and reduced mass, with a SM signal
over background ratio (S=B) of ≈5%. The low reduced
mass categories enhance sensitivity to large kλ values. In
the resonant search, two different BDTs are trained for
resonance masses mX higher or lower than 600 GeV.
The bbττ analysis [32] combines a relatively low

background contamination with a relatively large branch-
ing fraction (7.3%), for a final S=B of ≈0.4% in the most
sensitive category. At least one isolated hadronically
decaying τ lepton must be present in the event, together
with a second isolated lepton that is oppositely charged.
The second lepton can be either an electron or a muon
(semileptonic final state) or another hadronically decaying
τ lepton (fully hadronic final state). Events are categorized
according to the number of b -tagged jets (one or two) in
the event. Events with a boosted H jet candidate are
assigned to a dedicated boosted category. A BDT dis-
criminant based on the kinematic differences between the
HH and tt̄ processes is used in the semileptonic channels
in order to reduce the large amount of tt̄ background. A
kinematic fit [44] is performed to reconstruct the Higgs
boson mass. For the nonresonant searches, the so-called
“stransverse mass” mT2 [32,45,46] is found to provide the
best separation between the background and the signal
[45]. For the resonant searches, a further kinematic fit,
detailed in Ref. [47], is performed to reconstruct the
most probable mass of the resonance. The largest back-
ground contributions come from Drell-Yan, tt̄, processes
and events comprised uniquely of jets produced via the
strong interaction (QCD multijet). Additional background
sources considered are VH, VV, and W þ jets. The Drell-
Yan background is estimated from a leading order
simulation with a scale factor obtained from data in a
Z boson enriched control region to account for higher-
order corrections. The QCD multijet background is
estimated using three control regions with different lepton
charge (same-sign region) and isolation requirements. All
other background contributions are estimated from MC
simulations.
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The bbbb final state has the highest HH decay branch-
ing fraction (33.6%). Three optimized resonance searches
are performed, targeting resonances of different masses.
For a resonance mass below 0.7 TeV, four b-tagged jets [34]
are required in the final state. For high-mass searches
(mX > 1.2 TeV), selected events must contain two “H jet
candidates,” where each H jet candidate is a jet associated
with a boosted H decaying into a bb̄ pair merged into a
single jet [35]. This candidate reconstruction uses jet
substructure and jet flavor tagging techniques [48]. The
search sensitivity in the intermediate mass range, 0.7–
1.2 TeV, is improved by considering both the final state
with four b jets and the case with one Higgs jet candidate
and two b jets [36]. A dedicated nonresonant HH search is
performed in the four b jet final state [37]. Triggers using b
tagging and jet substructure techniques are used to collect
these events. The sensitivity of the analysis is improved
using a BDT that employs jet-related and HH decay
kinematic variables and global event properties. Under
SM assumptions, the S=B can be as high as 1% in the most
sensitive BDT bins. Further sensitivity to BSM nonreso-
nant HH production, which often results in boosted
topologies, is obtained adding the final states with one
or two H jet candidates [36]. The dominant background
comes from QCD multijet events and it is estimated using
data sideband regions [34–36] and a hemisphere mixing
technique [37]. The residual background is dominated by tt̄
events and is estimated using simulation. Such events
correspond to 10, 15, and 1% of the total background in
the low-, intermediate-, and high-mass ranges, respectively,
for resonant searches and 5 (15)% for nonresonant searches
in the final states with four b -tagged jets (with H jet
candidates).
The bbVV analysis [39] includes the HH → bbWW →

bblνlν and the HH → bbZZ → bbllνν processes, for a
total branching fraction BðHH → bblνlνÞ ¼ 2.72%when
all possible lepton flavor decays are considered (including
the τ leptonic decays). This channel has large backgrounds,
which are predominantly from tt̄ and Drell-Yan processes.
All background sources are estimated fromMC simulations
with the exception of Drell-Yan, which is estimated from
data. In order to improve the rejection of these large
backgrounds, a deep neural network (DNN) discriminant
technique has been implemented. Two separate parame-
trized DNNs have been trained, one for the resonant and
one for the nonresonant search. The first is parametrized
according to the mass of the resonance, while the second
depends on the parameters kλ and kt. For each nonresonant
benchmark, the closest point in the ðkλ; ktÞ plane, according
to the statistical measure defined in Ref. [26], has been used
to define the DNN parameters. An S=B ratio of ≈0.18%
is obtained in the most sensitive DNN region for SM
nonresonant production.
For both the resonant and nonresonant searches, like-

lihood fits are performed using the statistical toolkits,

ROOFIT [49] and ROOSTATS [50]. The signal strength (μ),
defined as the ratio between the observed and expected
signal rates, is estimated with its corresponding confidence
interval via the profile likelihood ratio test statistic [51].
The latter depends on the signal strength as well as on the
nuisance parameters, which account for various experi-
mental and theoretical uncertainties. The reference value
for the expected signal strength is chosen as the SM gluon
fusion HH production cross section (33.53 fb) in nonreso-
nant searches. The likelihood fits are performed with
respect to the observed data or a data set constructed using
μ ¼ 1 for assessing expected results using the asymptotic
approximation [52,53]. Limits are set at 95% confidence
level (C.L.) using the CLs criterion [54,55]. For all
measurements, the H mass is fixed at mH ¼ 125 GeV,
and branching fractions are assumed to be equal to the SM
predictions. When investigating signal models correspond-
ing to the shape benchmarks, the singleH production cross
sections are all assumed to have their SM values.
When combining results, the systematic uncertainties

from various sources are accounted for as follows. A
polynomial interpolation between alternative shape varia-
tions is used to model systematic effects on the shape of the
discriminant variables. Lepton and photon reconstruction
and identification efficiencies and energy scale corrections
are assumed to be fully correlated across the channels and
analysis categories that use the same objects. The uncer-
tainties in the jet energy scale corrections are divided into
multiple sources. The effect of each source on the rate and
shape of the final observable for different processes is
considered in the bbVV analysis and is treated as fully
correlated with the normalization effects in the bbττ and
bbγγ channels. In these latter channels, the shape effects
from the individual sources have been verified to be
negligible, and only the cumulative effects on the shape
are considered. They are assumed to be correlated with the
normalization and shape variation from the bbbb analysis.
Jet energy resolution effects are negligible in the bbττ
channel and assumed to be fully correlated between the
bbVV and the bbbb channels. The effects of jet energy
scale and resolution are included in the functional form for
the shape used in the bbγγ channel and are assumed to be
uncorrelated with the other channels. Uncertainties related
to the b tagging are dominated by the modeling of heavy
flavor production when measuring data/MC scale factors,
and are considered correlated across the bbττ, bbγγ,
resonant bbbb, and bbVV channels. The nonresonant
bbbb analysis uses a different b tagging method and is
considered uncorrelated.
An integrated luminosity uncertainty of 2.5% [56] is

applied in a fully correlated way to all channels and all
processes estimated from simulation. Different uncertain-
ties are applied to background processes that are estimated
from data. The uncertainties in the total cross sections of
the common background processes are assumed to be
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correlated across all channels, and are of the order of 5% for
the most relevant ones (single top, tt̄, VH). The uncertainty
in the same-sign to opposite-sign candidate ratio in the
bbττ channel is propagated to the estimation of the multijet
background, and the uncertainties in the scale factors
applied to the Z=γ� → ll background estimation to correct
for higher-order effects are also taken into account. A
normalization uncertainty is considered in the bbbb non-
resonant search to account for residual biases in the
hemisphere mixing technique. Some background estimates
in the bbττ, bbVV, and nonresonant bbbb analyses have
non-negligible statistical uncertainties due to the limited
number of events passing the selection in data control
regions or simulated data samples. These are taken into
account by allowing each bin in each template shape to
fluctuate independently according to a Poisson distribution.
These uncertainties are assumed to be uncorrelated across
bins in the individual template shapes. The nonresonant
signal uncertainties include contributions coming from
variations in the renormalization and factorization scales,
these amount to þ4.3%

−6.0% [17,20] of the nonresonant signal
cross section. Other theoretical uncertainties such as those
in αS, PDFs, and finite top quark mass effects at next-to-
next-to-leading order result in a further 5.9% uncertainty
[18,19,21]. These effects are assumed to be fully correlated
across the different channels. The αS, PDFs, and scale
variation effects are also included for single H background
contributions. These uncertainties are considered fully
correlated for the VH production in the bbττ, bbVV,
and bbγγ channels. The uncertainty in the branching
fraction of the Higgs boson to bb [17] is also assumed
to be fully correlated across all channels.
The event yield in data is small, so the statistical

uncertainties are much larger than the systematic ones.
Those with the largest effect on the final result are the
statistical fluctuations in the yield in the most sensitive bins
of the BDTand the overall background normalization in the
bbbb channel, the hadronically decaying τ lepton energy
scale effects in the bbττ analysis, and the uncertainty in the
functional form used to model the signal shape in the bbγγ
channel. These effects are as large as 10 (5)% for the bbbb
and bbττ (bbγγ) uncertainties. Due to its lower overall
sensitivity, the systematic uncertainties affecting the bbVV
analysis have little effect on the combined result. The
largest sources of systematic uncertainty for this channel
arise from the uncertainties in the tt̄ cross section, electron
identification efficiency, and b tagging efficiency.
With all the correlations across the channels included,

the observed and expected limits at 95% confidence level
on the nonresonant HH production signal strength are
measured to be 22.2 and 12.8 times the SM expectations,
respectively. They are shown in Fig. 1 for the individual
channels and their combination. Small excesses, compat-
ible with statistical fluctuations, are observed in the bbbb,
bbττ, and bbγγ final states and result in a small excess in

the combined result. A scan is performed for different
values of the kλ parameter, while keeping all other EFT
parameters fixed at their SM values. The value of kλ affects
both the expected cross section and the HH decay
kinematics. For each value, these differences are fully
simulated and considered in the scan. Resulting limits are
reported in Fig. 2. The exclusion limit as a function of kλ
closely follows the features of the HH production cross
section and HH invariant mass distribution MHH [57],
which are sculpted by the interference between the HH
production via the trilinear Higgs coupling and the
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FIG. 1. The 95% C.L. upper limits on the signal strength
μ ¼ σHH=σSMHH. The inner (green) band and the outer (yellow)
band indicate the regions containing 68 and 95%, respectively, of
the limits on μ expected under the background-only hypothesis.
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emission of an HH pair from a top quark loop. The
minimum at kλ ¼ 2.46 corresponds to the maximum
negative interference between the two diagrams, which
results in a minimum of the cross section but at the same
time enhances the relative importance of tails in the MHH
distribution. The maximum at kλ ≈ 5 is due to the softness
of the MHH spectrum for such values of the trilinear
coupling, causing a larger fraction of events to fall outside
experimental acceptance. As jkλj increases, the production
via the trilinear Higgs coupling becomes dominant and the
limit asymptotically approaches the same value for both
kλ ≪ −10 and kλ ≫ 10. This is reflected in the observed
exclusion limit as well, where the significance of the small
observed excess is relatively less important in the more
sensitive small kλ region than at large values of kλ. When
fixing all the other EFT parameters to their SM values, the
kλ parameter is observed (expected) to be constrained to the
range −11.8 < kλ < 18.8 (−7.1 < kλ < 13.6) at 95% C.L.
The observed exclusions for the different EFT benchmarks
[26] are in the range of 100–3000 fb, and can be seen in
Supplemental Material [58]. A small excess, similar to that
observed at the SM value, is present across most of the
phase space with the exception of the more boosted
topologies.
The resonant search is performed in the range of masses

from 250 to 3000 GeV. Under the hypothesis of a narrow-
width resonance, no significant excess is found across the
whole range for either a spin-0 or a spin-2 resonance. The
results of the combined resonant search are shown in Fig. 3
for the spin-0 model, and in the Supplemental Material [58]
for the spin-2 case.
In summary, a combination of searches for nonresonant

and resonant Higgs boson pair production has been
presented. The combination includes the bbγγ, bbττ,

bbbb, and bbVV channels, where V represents a W or
Z boson, using a data sample collected in proton-proton
collisions at

ffiffiffi

s
p ¼ 13 TeV, which corresponds to an

integrated luminosity of 35.9 fb−1. Upper limits at
95% confidence level (C.L.) on the Higgs boson pair
production cross section are obtained. For the nonresonant
production mechanism, the observed (expected) 95% C.L.
corresponds to 22.2 (12.8) times the theoretical prediction
for the standard model cross section. An effective field
theory framework is used to parametrize the cross section
as a function of anomalous couplings of the Higgs boson.
When varying only the ratio kλ between the Higgs trilinear
coupling λHHH and its standard model expectation, values
of kλ in the region −11.8 < kλ < 18.8 (−7.1 < kλ < 13.6)
are still allowed by the observed (expected) data. For the
resonant production mechanism, upper exclusion limits at
95% C.L. are obtained for the production of a narrow
resonance with mass ranging from 250 to 3000 GeV. These
results represent both the most sensitive and most com-
prehensive study of double Higgs production at the LHC
to date.
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C. Collard,33 E. Conte,33,n J.-C. Fontaine,33,n D. Gelé,33 U. Goerlach,33 M. Jansová,33 A.-C. Le Bihan,33 N. Tonon,33

P. Van Hove,33 S. Gadrat,34 S. Beauceron,35 C. Bernet,35 G. Boudoul,35 N. Chanon,35 R. Chierici,35 D. Contardo,35

P. Depasse,35 H. El Mamouni,35 J. Fay,35 L. Finco,35 S. Gascon,35 M. Gouzevitch,35 G. Grenier,35 B. Ille,35 F. Lagarde,35

I. B. Laktineh,35 H. Lattaud,35 M. Lethuillier,35 L. Mirabito,35 S. Perries,35 A. Popov,35,o V. Sordini,35 G. Touquet,35

M. Vander Donckt,35 S. Viret,35 A. Khvedelidze,36,i Z. Tsamalaidze,37,i C. Autermann,38 L. Feld,38 M. K. Kiesel,38

K. Klein,38 M. Lipinski,38 M. Preuten,38 M. P. Rauch,38 C. Schomakers,38 J. Schulz,38 M. Teroerde,38 B. Wittmer,38

A. Albert,39 D. Duchardt,39 M. Erdmann,39 S. Erdweg,39 T. Esch,39 R. Fischer,39 S. Ghosh,39 A. Güth,39 T. Hebbeker,39

C. Heidemann,39 K. Hoepfner,39 H. Keller,39 L. Mastrolorenzo,39 M. Merschmeyer,39 A. Meyer,39 P. Millet,39

S. Mukherjee,39 T. Pook,39 M. Radziej,39 H. Reithler,39 M. Rieger,39 A. Schmidt,39 D. Teyssier,39 S. Thüer,39 G. Flügge,40

O. Hlushchenko,40 T. Kress,40 T. Müller,40 A. Nehrkorn,40 A. Nowack,40 C. Pistone,40 O. Pooth,40 D. Roy,40 H. Sert,40

A. Stahl,40,p M. Aldaya Martin,41 T. Arndt,41 C. Asawatangtrakuldee,41 I. Babounikau,41 K. Beernaert,41 O. Behnke,41

U. Behrens,41 A. Bermúdez Martínez,41 D. Bertsche,41 A. A. Bin Anuar,41 K. Borras,41,q V. Botta,41 A. Campbell,41

P. Connor,41 C. Contreras-Campana,41 V. Danilov,41 A. De Wit,41 M. M. Defranchis,41 C. Diez Pardos,41

D. Domínguez Damiani,41 G. Eckerlin,41 T. Eichhorn,41 A. Elwood,41 E. Eren,41 E. Gallo,41,r A. Geiser,41

J. M. Grados Luyando,41 A. Grohsjean,41 M. Guthoff,41 M. Haranko,41 A. Harb,41 J. Hauk,41 H. Jung,41 M. Kasemann,41

J. Keaveney,41 C. Kleinwort,41 J. Knolle,41 D. Krücker,41 W. Lange,41 A. Lelek,41 T. Lenz,41 J. Leonard,41 K. Lipka,41

W. Lohmann,41,s R. Mankel,41 I.-A. Melzer-Pellmann,41 A. B. Meyer,41 M. Meyer,41 M. Missiroli,41 G. Mittag,41 J. Mnich,41

V. Myronenko,41 S. K. Pflitsch,41 D. Pitzl,41 A. Raspereza,41 M. Savitskyi,41 P. Saxena,41 P. Schütze,41 C. Schwanenberger,41

R. Shevchenko,41 A. Singh,41 H. Tholen,41 O. Turkot,41 A. Vagnerini,41 G. P. Van Onsem,41 R. Walsh,41 Y. Wen,41

K. Wichmann,41 C. Wissing,41 O. Zenaiev,41 R. Aggleton,42 S. Bein,42 L. Benato,42 A. Benecke,42 V. Blobel,42 T. Dreyer,42

A. Ebrahimi,42 E. Garutti,42 D. Gonzalez,42 P. Gunnellini,42 J. Haller,42 A. Hinzmann,42 A. Karavdina,42 G. Kasieczka,42

PHYSICAL REVIEW LETTERS 122, 121803 (2019)

121803-8



R. Klanner,42 R. Kogler,42 N. Kovalchuk,42 S. Kurz,42 V. Kutzner,42 J. Lange,42 D. Marconi,42 J. Multhaup,42 M. Niedziela,42

C. E. N. Niemeyer,42 D. Nowatschin,42 A. Perieanu,42 A. Reimers,42 O. Rieger,42 C. Scharf,42 P. Schleper,42 S. Schumann,42

J. Schwandt,42 J. Sonneveld,42 H. Stadie,42 G. Steinbrück,42 F. M. Stober,42 M. Stöver,42 A. Vanhoefer,42 B. Vormwald,42

I. Zoi,42 M. Akbiyik,43 C. Barth,43 M. Baselga,43 S. Baur,43 E. Butz,43 R. Caspart,43 T. Chwalek,43 F. Colombo,43

W. De Boer,43 A. Dierlamm,43 K. El Morabit,43 N. Faltermann,43 B. Freund,43 M. Giffels,43 M. A. Harrendorf,43

F. Hartmann,43,p S. M. Heindl,43 U. Husemann,43 I. Katkov,43,o S. Kudella,43 S. Mitra,43 M. U. Mozer,43 Th. Müller,43

M. Musich,43 M. Plagge,43 G. Quast,43 K. Rabbertz,43 M. Schröder,43 I. Shvetsov,43 H. J. Simonis,43 R. Ulrich,43

S. Wayand,43 M. Weber,43 T. Weiler,43 C. Wöhrmann,43 R. Wolf,43 G. Anagnostou,44 G. Daskalakis,44 T. Geralis,44

A. Kyriakis,44 D. Loukas,44 G. Paspalaki,44 G. Karathanasis,45 P. Kontaxakis,45 A. Panagiotou,45 I. Papavergou,45

N. Saoulidou,45 E. Tziaferi,45 K. Vellidis,45 K. Kousouris,46 I. Papakrivopoulos,46 G. Tsipolitis,46 I. Evangelou,47

C. Foudas,47 P. Gianneios,47 P. Katsoulis,47 P. Kokkas,47 S. Mallios,47 N. Manthos,47 I. Papadopoulos,47 E. Paradas,47

J. Strologas,47 F. A. Triantis,47 D. Tsitsonis,47 M. Bartók,48,t M. Csanad,48 N. Filipovic,48 P. Major,48 M. I. Nagy,48

G. Pasztor,48 O. Surányi,48 G. I. Veres,48 G. Bencze,49 C. Hajdu,49 D. Horvath,49,u Á. Hunyadi,49 F. Sikler,49 T. Á. Vámi,49

V. Veszpremi,49 G. Vesztergombi,49,a,v N. Beni,50 S. Czellar,50 J. Karancsi,50,t A. Makovec,50 J. Molnar,50 Z. Szillasi,50

P. Raics,51 Z. L. Trocsanyi,51 B. Ujvari,51 S. Choudhury,52 J. R. Komaragiri,52 P. C. Tiwari,52 S. Bahinipati,53,w C. Kar,53

P. Mal,53 K. Mandal,53 A. Nayak,53,x D. K. Sahoo,53,w S. K. Swain,53 S. Bansal,54 S. B. Beri,54 V. Bhatnagar,54 S. Chauhan,54

R. Chawla,54 N. Dhingra,54 R. Gupta,54 A. Kaur,54 M. Kaur,54 S. Kaur,54 P. Kumari,54 M. Lohan,54 A. Mehta,54

K. Sandeep,54 S. Sharma,54 J. B. Singh,54 A. K. Virdi,54 G. Walia,54 A. Bhardwaj,55 B. C. Choudhary,55 R. B. Garg,55

M. Gola,55 S. Keshri,55 Ashok Kumar,55 S. Malhotra,55 M. Naimuddin,55 P. Priyanka,55 K. Ranjan,55 Aashaq Shah,55

R. Sharma,55 R. Bhardwaj,56,y M. Bharti,56,y R. Bhattacharya,56 S. Bhattacharya,56 U. Bhawandeep,56,y D. Bhowmik,56

S. Dey,56 S. Dutt,56,y S. Dutta,56 S. Ghosh,56 K. Mondal,56 S. Nandan,56 A. Purohit,56 P. K. Rout,56 A. Roy,56

S. Roy Chowdhury,56 G. Saha,56 S. Sarkar,56 M. Sharan,56 B. Singh,56,y S. Thakur,56,y P. K. Behera,57 R. Chudasama,58

D. Dutta,58 V. Jha,58 V. Kumar,58 P. K. Netrakanti,58 L. M. Pant,58 P. Shukla,58 T. Aziz,59 M. A. Bhat,59 S. Dugad,59

G. B. Mohanty,59 N. Sur,59 B. Sutar,59 Ravindra Kumar Verma,59 S. Banerjee,60 S. Bhattacharya,60 S. Chatterjee,60 P. Das,60

M. Guchait,60 Sa. Jain,60 S. Karmakar,60 S. Kumar,60 M. Maity,60,z G. Majumder,60 K. Mazumdar,60 N. Sahoo,60

T. Sarkar,60,z S. Chauhan,61 S. Dube,61 V. Hegde,61 A. Kapoor,61 K. Kothekar,61 S. Pandey,61 A. Rane,61 A. Rastogi,61

S. Sharma,61 S. Chenarani,62,aa E. Eskandari Tadavani,62 S. M. Etesami,62,aa M. Khakzad,62 M. Mohammadi Najafabadi,62

M. Naseri,62 F. Rezaei Hosseinabadi,62 B. Safarzadeh,62,bb M. Zeinali,62 M. Felcini,63 M. Grunewald,63 M. Abbrescia,64a,64b

C. Calabria,64a,64b A. Colaleo,64a D. Creanza,64a,64c L. Cristella,64a,64b N. De Filippis,64a,64c M. De Palma,64a,64b

A. Di Florio,64a,64b F. Errico,64a,64b L. Fiore,64a A. Gelmi,64a,64b G. Iaselli,64a,64c M. Ince,64a,64b S. Lezki,64a,64b G. Maggi,64a,64c

M. Maggi,64a G. Miniello,64a,64b S. My,64a,64b S. Nuzzo,64a,64b A. Pompili,64a,64b G. Pugliese,64a,64c R. Radogna,64a

A. Ranieri,64a G. Selvaggi,64a,64b A. Sharma,64a L. Silvestris,64a R. Venditti,64a P. Verwilligen,64a G. Zito,64a G. Abbiendi,65a

C. Battilana,65a,65b D. Bonacorsi,65a,65b L. Borgonovi,65a,65b S. Braibant-Giacomelli,65a,65b R. Campanini,65a,65b

P. Capiluppi,65a,65b A. Castro,65a,65b F. R. Cavallo,65a S. S. Chhibra,65a,65b C. Ciocca,65a G. Codispoti,65a,65b M. Cuffiani,65a,65b

G. M. Dallavalle,65a F. Fabbri,65a A. Fanfani,65a,65b E. Fontanesi,65a P. Giacomelli,65a C. Grandi,65a L. Guiducci,65a,65b

F. Iemmi,65a,65b S. Lo Meo,65a S. Marcellini,65a G. Masetti,65a A. Montanari,65a F. L. Navarria,65a,65b A. Perrotta,65a

F. Primavera,65a,65b,p T. Rovelli,65a,65b G. P. Siroli,65a,65b N. Tosi,65a S. Albergo,66a,66b A. Di Mattia,66a R. Potenza,66a,66b

A. Tricomi,66a,66b C. Tuve,66a,66b G. Barbagli,67a K. Chatterjee,67a,67b V. Ciulli,67a,67b C. Civinini,67a R. D’Alessandro,67a,67b

E. Focardi,67a,67b G. Latino,67a P. Lenzi,67a,67b M. Meschini,67a S. Paoletti,67a L. Russo,67a,cc G. Sguazzoni,67a D. Strom,67a

L. Viliani,67a L. Benussi,68 S. Bianco,68 F. Fabbri,68 D. Piccolo,68 F. Ferro,69a R. Mulargia,69a,69b F. Ravera,69a,69b

E. Robutti,69a S. Tosi,69a,69b A. Benaglia,70a A. Beschi,70a,70b F. Brivio,70a,70b V. Ciriolo,70a,70b,p S. Di Guida,70a,70b,p

M. E. Dinardo,70a,70b S. Fiorendi,70a,70b S. Gennai,70a A. Ghezzi,70a,70b P. Govoni,70a,70b M. Malberti,70a,70b S. Malvezzi,70a

A. Massironi,70a,70b D. Menasce,70a F. Monti,70a L. Moroni,70a M. Paganoni,70a,70b D. Pedrini,70a S. Ragazzi,70a,70b

T. Tabarelli de Fatis,70a,70b D. Zuolo,70a,70b S. Buontempo,71a N. Cavallo,71a,71c A. De Iorio,71a,71b A. Di Crescenzo,71a,71b

F. Fabozzi,71a,71c F. Fienga,71a G. Galati,71a A. O. M. Iorio,71a,71b W. A. Khan,71a L. Lista,71a S. Meola,71a,71d,p P. Paolucci,71a,p

C. Sciacca,71a,71b E. Voevodina,71a,71b P. Azzi,72a N. Bacchetta,72a A. Boletti,72a,72b A. Bragagnolo,72a R. Carlin,72a,72b

P. Checchia,72a M. Dall’Osso,72a,72b P. De Castro Manzano,72a T. Dorigo,72a U. Dosselli,72a F. Gasparini,72a,72b

U. Gasparini,72a,72b S. Y. Hoh,72a S. Lacaprara,72a P. Lujan,72a M. Margoni,72a,72b A. T. Meneguzzo,72a,72b M. Passaseo,72a

J. Pazzini,72a,72b N. Pozzobon,72a,72b P. Ronchese,72a,72b R. Rossin,72a,72b F. Simonetto,72a,72b A. Tiko,72a E. Torassa,72a

PHYSICAL REVIEW LETTERS 122, 121803 (2019)

121803-9



M. Tosi,72a,72b M. Zanetti,72a,72b P. Zotto,72a,72b G. Zumerle,72a,72b A. Braghieri,73a A. Magnani,73a P. Montagna,73a,73b

S. P. Ratti,73a,73b V. Re,73a M. Ressegotti,73a,73b C. Riccardi,73a,73b P. Salvini,73a I. Vai,73a,73b P. Vitulo,73a,73b M. Biasini,74a,74b

G. M. Bilei,74a C. Cecchi,74a,74b D. Ciangottini,74a,74b L. Fanò,74a,74b P. Lariccia,74a,74b R. Leonardi,74a,74b E. Manoni,74a

G. Mantovani,74a,74b V. Mariani,74a,74b M. Menichelli,74a A. Rossi,74a,74b A. Santocchia,74a,74b D. Spiga,74a K. Androsov,75a

P. Azzurri,75a G. Bagliesi,75a L. Bianchini,75a T. Boccali,75a L. Borrello,75a R. Castaldi,75a M. A. Ciocci,75a,75b R. Dell’Orso,75a

G. Fedi,75a F. Fiori,75a,75c L. Giannini,75a,75c A. Giassi,75a M. T. Grippo,75a F. Ligabue,75a,75c E. Manca,75a,75c

G. Mandorli,75a,75c A. Messineo,75a,75b F. Palla,75a A. Rizzi,75a,75b G. Rolandi,75a,dd P. Spagnolo,75a R. Tenchini,75a

G. Tonelli,75a,75b A. Venturi,75a P. G. Verdini,75a L. Barone,76a,76b F. Cavallari,76a M. Cipriani,76a,76b D. Del Re,76a,76b

E. Di Marco,76a,76b M. Diemoz,76a S. Gelli,76a,76b E. Longo,76a,76b B. Marzocchi,76a,76b P. Meridiani,76a G. Organtini,76a,76b

F. Pandolfi,76a R. Paramatti,76a,76b F. Preiato,76a,76b S. Rahatlou,76a,76b C. Rovelli,76a F. Santanastasio,76a,76b N. Amapane,77a,77b

R. Arcidiacono,77a,77c S. Argiro,77a,77b M. Arneodo,77a,77c N. Bartosik,77a R. Bellan,77a,77b C. Biino,77a A. Cappati,77a,77b

N. Cartiglia,77a F. Cenna,77a,77b S. Cometti,77a M. Costa,77a,77b R. Covarelli,77a,77b N. Demaria,77a B. Kiani,77a,77b

C. Mariotti,77a S. Maselli,77a E. Migliore,77a,77b V. Monaco,77a,77b E. Monteil,77a,77b M. Monteno,77a M. M. Obertino,77a,77b

L. Pacher,77a,77b N. Pastrone,77a M. Pelliccioni,77a G. L. Pinna Angioni,77a,77b A. Romero,77a,77b M. Ruspa,77a,77c

R. Sacchi,77a,77b R. Salvatico,77a,77b K. Shchelina,77a,77b V. Sola,77a A. Solano,77a,77b D. Soldi,77a,77b A. Staiano,77a

S. Belforte,78a V. Candelise,78a,78b M. Casarsa,78a F. Cossutti,78a A. Da Rold,78a,78b G. Della Ricca,78a,78b F. Vazzoler,78a,78b

A. Zanetti,78a D. H. Kim,79 G. N. Kim,79 M. S. Kim,79 J. Lee,79 S. Lee,79 S.W. Lee,79 C. S. Moon,79 Y. D. Oh,79 S. I. Pak,79

S. Sekmen,79 D. C. Son,79 Y. C. Yang,79 H. Kim,80 D. H. Moon,80 G. Oh,80 B. Francois,81 J. Goh,81,ee 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 K. Lee,82 K. S. Lee,82 S. Lee,82 J. Lim,82 S. K. Park,82 Y. Roh,82

H. S. Kim,83 J. Almond,84 J. Kim,84 J. S. Kim,84 H. Lee,84 K. Lee,84 K. Nam,84 S. B. Oh,84 B. C. Radburn-Smith,84

S. h. Seo,84 U. K. Yang,84 H. D. Yoo,84 G. B. Yu,84 D. Jeon,85 H. Kim,85 J. H. Kim,85 J. S. H. Lee,85 I. C. Park,85 Y. Choi,86

C. Hwang,86 J. Lee,86 I. Yu,86 V. Dudenas,87 A. Juodagalvis,87 J. Vaitkus,87 I. Ahmed,88 Z. A. Ibrahim,88 M. A. B. Md Ali,88,ff

F. Mohamad Idris,88,gg W. A. T. Wan Abdullah,88 M. N. Yusli,88 Z. Zolkapli,88 J. F. Benitez,89 A. Castaneda Hernandez,89

J. A. Murillo Quijada,89 H. Castilla-Valdez,90 E. De La Cruz-Burelo,90 M. C. Duran-Osuna,90 I. Heredia-De La Cruz,90,hh

R. Lopez-Fernandez,90 J. Mejia Guisao,90 R. I. Rabadan-Trejo,90 M. Ramirez-Garcia,90 G. Ramirez-Sanchez,90

R. Reyes-Almanza,90 A. Sanchez-Hernandez,90 S. Carrillo Moreno,91 C. Oropeza Barrera,91 F. Vazquez Valencia,91

J. Eysermans,92 I. Pedraza,92 H. A. Salazar Ibarguen,92 C. Uribe Estrada,92 A. Morelos Pineda,93 D. Krofcheck,94

S. Bheesette,95 P. H. Butler,95 A. Ahmad,96 M. Ahmad,96 M. I. Asghar,96 Q. Hassan,96 H. R. Hoorani,96 A. Saddique,96

M. A. Shah,96 M. Shoaib,96 M. Waqas,96 H. Bialkowska,97 M. Bluj,97 B. Boimska,97 T. Frueboes,97 M. Górski,97

M. Kazana,97 M. Szleper,97 P. Traczyk,97 P. Zalewski,97 K. Bunkowski,98 A. Byszuk,98,ii K. Doroba,98 A. Kalinowski,98

M. Konecki,98 J. Krolikowski,98 M. Misiura,98 M. Olszewski,98 A. Pyskir,98 M. Walczak,98 M. Araujo,99 P. Bargassa,99

C. Beirão Da Cruz E Silva,99 A. Di Francesco,99 P. Faccioli,99 B. Galinhas,99 M. Gallinaro,99 J. Hollar,99 N. Leonardo,99

J. Seixas,99 G. Strong,99 O. Toldaiev,99 J. Varela,99 S. Afanasiev,100 P. Bunin,100 M. Gavrilenko,100 I. Golutvin,100

I. Gorbunov,100 A. Kamenev,100 V. Karjavine,100 A. Lanev,100 A. Malakhov,100 V. Matveev,100,jj,kk P. Moisenz,100

V. Palichik,100 V. Perelygin,100 S. Shmatov,100 S. Shulha,100 N. Skatchkov,100 V. Smirnov,100 N. Voytishin,100 A. Zarubin,100

V. Golovtsov,101 Y. Ivanov,101 V. Kim,101,ll E. Kuznetsova,101,mm P. Levchenko,101 V. Murzin,101 V. Oreshkin,101

I. Smirnov,101 D. Sosnov,101 V. Sulimov,101 L. Uvarov,101 S. Vavilov,101 A. Vorobyev,101 Yu. Andreev,102 A. Dermenev,102

S. Gninenko,102 N. Golubev,102 A. Karneyeu,102 M. Kirsanov,102 N. Krasnikov,102 A. Pashenkov,102 D. Tlisov,102

A. Toropin,102 V. Epshteyn,103 V. Gavrilov,103 N. Lychkovskaya,103 V. Popov,103 I. Pozdnyakov,103 G. Safronov,103

A. Spiridonov,103 A. Stepennov,103 V. Stolin,103 M. Toms,103 E. Vlasov,103 A. Zhokin,103 T. Aushev,104 M. Chadeeva,105,nn

P. Parygin,105 D. Philippov,105 S. Polikarpov,105,nn E. Popova,105 V. Rusinov,105 V. Andreev,106 M. Azarkin,106

I. Dremin,106,kk M. Kirakosyan,106 A. Terkulov,106 A. Baskakov,107 A. Belyaev,107 E. Boos,107 V. Bunichev,107

M. Dubinin,107,oo L. Dudko,107 A. Ershov,107 A. Gribushin,107 V. Klyukhin,107 O. Kodolova,107 I. Lokhtin,107 I. Miagkov,107

S. Obraztsov,107 S. Petrushanko,107 V. Savrin,107 A. Barnyakov,108,pp V. Blinov,108,pp T. Dimova,108,pp L. Kardapoltsev,108,pp

Y. Skovpen,108,pp I. Azhgirey,109 I. Bayshev,109 S. Bitioukov,109 D. Elumakhov,109 A. Godizov,109 V. Kachanov,109

A. Kalinin,109 D. Konstantinov,109 P. Mandrik,109 V. Petrov,109 R. Ryutin,109 S. Slabospitskii,109 A. Sobol,109 S. Troshin,109

N. Tyurin,109 A. Uzunian,109 A. Volkov,109 A. Babaev,110 S. Baidali,110 V. Okhotnikov,110 P. Adzic,111,qq P. Cirkovic,111

D. Devetak,111 M. Dordevic,111 J. Milosevic,111 J. Alcaraz Maestre,112 A. Álvarez Fernández,112 I. Bachiller,112

M. Barrio Luna,112 J. A. Brochero Cifuentes,112 M. Cerrada,112 N. Colino,112 B. De La Cruz,112 A. Delgado Peris,112

PHYSICAL REVIEW LETTERS 122, 121803 (2019)

121803-10



C. Fernandez Bedoya,112 J. P. Fernández Ramos,112 J. Flix,112 M. C. Fouz,112 O. Gonzalez Lopez,112 S. Goy Lopez,112
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