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Abstract

A search for nonresonant triple Higgs boson (HHH) production in the final state with
six bottom quarks is performed using proton-proton collisions at

√
s = 13 TeV corre-

sponding to an integrated luminosity of 138 fb−1 recorded by the CMS experiment.
No significant excess of events over the background prediction is seen. Observed
(expected) 95% confidence level upper limits on the signal cross section are set at 44
(43) fb, corresponding to 588 (572) times the standard model expectation. The ob-
served (expected) constraint on the trilinear coupling modifier κ3 is −7.4 < κ3 < 12.4
(−6.4 < κ3 < 11.2), assuming the quartic coupling modifier κ4 = 1. The correspond-
ing constraint on κ4 is −177 < κ4 < 185 (−180 < κ4 < 190), assuming κ3 = 1.
This analysis provides the most stringent constraint to date on nonresonant HHH
production and excludes, for the first time, part of the (κ3, κ4) space allowed by the
perturbative unitarity bound.
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Following the discovery of the Higgs boson (H) [1–9], probing the structure of the Higgs
potential has become a central goal of the LHC physics program. In the standard model
(SM), the potential is determined by the vacuum expectation value v ≈ 246 GeV and the H
mass mH = 125 GeV, leading to trilinear (λ3) and quartic (λ4) self-couplings, both equal to

λSM = m2
H/(2v2). Deviations from this prediction could have profound consequences for the

early universe and its stability [10–13].

At the LHC, λ3 and λ4 can be directly probed via H pair (HH) and triple H (HHH) produc-
tion. In proton-proton (pp) collisions at

√
s = 13 TeV, the dominant production mechanism

for both processes is gluon-gluon fusion (ggF), with cross sections of σ
HH
ggF = 31+2

−7 fb [14–23]

and σ
HHH
ggF = 0.08 ± 0.01 fb [24–27], respectively, calculated at next-to-next-to-leading order

(NNLO). Deviations from the SM predictions are parameterized by the H self-coupling mod-
ifiers, defined as κ3 = λ3/λSM and κ4 = λ4/λSM, respectively, following the convention used
in the κ framework [28]. Both the HH and HHH processes are under active investigation at
the LHC, with searches in multiple final states [29–43]. Although HH production is primarily
sensitive to κ3, it also depends on κ4 through electroweak corrections. This dependence is sub-
leading for LHC energies [44, 45], and no dedicated extraction of κ4 from HH measurements
is currently available. The ATLAS and CMS experiments have set 95% confidence level (CL)
upper limits on the HH signal-strength modifier, defined as µHH = σHH/σSM

HH , of µHH < 2.9

and < 3.5, respectively, assuming SM production [38, 39, 46]. The κ3 coupling modifier is con-
strained by ATLAS and CMS to be −1.2 < κ3 < 7.2 [38] and −1.4 < κ3 < 7.0 [39, 46] at 95%
CL, respectively. The HHH production provides direct sensitivity to both κ3 and κ4, but suf-
fers from a small cross section due to destructive interference among contributing diagrams.
The ATLAS Collaboration reported an observed (expected) limit on the signal strength, rel-

ative to the SM, of µHHH = 760 (750) in the HHH → 6b final state using 139 fb−1 of data

at
√

s = 13 TeV [43], with coupling modifier constraints −11 < κ3 < 17 for κ4 = 1 and
−230 < κ4 < 240 for κ3 = 1. Perturbative unitarity of the HH → HH scattering imposes
bounds on κ3 and κ4, thereby delineating the region where interpretations remain theoretically
consistent [47]. Extended Higgs sectors motivated by the electroweak phase transition can pro-
duce large deviations of the HHH cross section with respect to the SM prediction, with modest
modifications to the HH cross section, while spontaneous flavor violation provides additional
well-motivated scenarios with distinctive H phenomenology [48–50]. The HHH production
has also been studied as a probe of the H self-couplings at future 100 TeV pp colliders [51, 52].

This Letter presents a search for nonresonant HHH → 6b production, using pp collision data
collected by the CMS experiment between 2016 and 2018 at

√
s = 13 TeV, corresponding to

an integrated luminosity of 138 fb−1 [53–55]. The CMS apparatus [56, 57] is a multipurpose,
nearly hermetic detector, designed to trigger on [58–60] and identify electrons, muons, photons,
charged and neutral hadrons [61–63]. The ggF HHH signal is modeled with the leading-order
(LO) MADGRAPH5 aMC@NLO event generator [64] and normalized to the NNLO cross section;
the irreducible ggF HH background is simulated at next-to-LO (NLO) with the POWHEG pro-
gram [23, 65–74] and normalized to NNLO. Parton showering and hadronization are modeled
with PYTHIA 8.205 [75] using the CP5 tune [76] and NNPDF3.1 NNLO parton distribution func-
tions (PDFs) [77]. Events are reconstructed with the particle-flow algorithm [78]. The effects of
additional pp interactions in the same or neighboring bunch crossings (pileup) are mitigated
using charged-hadron subtraction for small-radius jets [79] and the PUPPI algorithm for large-
radius jets [80, 81]. Jets are clustered with the anti-kT algorithm [82] using distance parame-
ters 0.4 (small-radius) and 0.8 (large-radius), as implemented in FASTJET [83], and b jets are
identified with the PARTICLENET tagger [84, 85], with performance calibrated as in Ref. [86].



2

Large-radius H candidates from H → bb decays are tagged with the PARTICLENET bb dis-
criminator, calibrated as in Ref. [87]. Events are selected with multijet triggers [58–60], giving
an acceptance of ∼80–90% for signal events in the analysis phase space. The offline selection
requires at least four small-radius jets with pT > 25 GeV and |η| < 2.4–2.5, depending on the
data-taking period, and large-radius jets with pT > 300 GeV and |η| < 2.5. Further details
of the signal and background simulated samples, detector subsystems, trigger requirements,
and object definitions are provided in the End Matter. Tabulated results are provided in the
HEPData record for this analysis [88].

Owing to the large branching fraction of H → bb (∼60%), this final state offers a rich topol-
ogy in which each H is reconstructed either from two small-radius jets (resolved) or a single
large-radius jet (merged). To maximize sensitivity, novel H tagging techniques are employed
as well as an attention-based deep neural network with a transformer architecture that enables
inclusive identification of signal events across all combinations of resolved and merged H can-
didates. An inclusive strategy is employed that targets four distinct reconstruction topologies
of the H candidates: resolved, where all three H are reconstructed from pairs of small-radius
jets; partially resolved and partially merged, where, respectively, one or two H are reconstructed
from a single large-radius jet and the remainder from small-radius jets; and merged, where all
three H are reconstructed from large-radius jets.

A symmetry-preserving attention network (SPANET) [89–91] is trained on simulated samples
to separate the signal from the main backgrounds: quantum chromodynamics (QCD) multijet,
top quark-antiquark (tt), and HH → 4b production. The same network is also used to catego-
rize the signal among distinct topologies by assigning or combining jets to form H candidates.
The SPANET algorithm addresses the jet assignment problem by explicitly preserving the per-
mutation symmetry of identical final-state particles, and has recently been shown to be poten-
tially effective for both HH and HHH event reconstruction [92, 93]. It yields per-jet assignment
probabilities and topology scores that are used to define signal-enriched categories. The fea-
tures input to SPANET include the transverse momentum pT, pseudorapidity η, cos φ, sin φ,
where φ is the azimuthal angle, and mass of up to ten small-radius and three large-radius jets,
ordered by decreasing b- and bb-tagging scores. The corresponding discretized PARTICLENET

b and bb tagging scores are also included. Small- and large-radius jets are both retained as
network inputs, including spatially overlapping jets. For training-target definition and object
calibration, overlaps are resolved by prioritizing large-radius jets, which avoids double count-
ing and reduces combinatorics. Additional inputs comprise jet pairwise angular separations,
dijet masses, and event-level variables, such as the scalar jet pT sum HT and missing trans-
verse momentum pmiss

T . The data-taking period is also included as a discrete input feature to
account for differences in conditions, including trigger configurations, detector performance,
and pileup.

The classification proceeds in two stages to enhance the sensitivity to the HHH → 6b signal.
The first stage, referred to as the inclusive classifier, is trained on events passing the trigger
selection and containing at least four small-radius jets to classify them into four categories:

HHH → 6b, HH → 4b, QCD multijet, and tt. Its normalized outputs, Probincl
j , can be inter-

preted as the probabilities for an event to originate from process j. Events in which Probincl
HHH

is maximal are selected, retaining ∼80% of HHH → 6b events while accepting ∼2% of QCD
multijet, 3% of tt, and 20% of HH → 4b events.

The selected events are then passed to a second classifier, trained on this signal-enriched sub-
set using the same architecture, hyperparameters, and target classes as the first stage to further
refine the identification of the target topology. In this selected sample, the background is dom-
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inated by QCD multijet production (∼95%), with tt contributing the remaining ∼5%. The
outputs are interpreted as class probabilities ProbHHH , ProbHH , ProbQCD, and Probtt (normal-
ized to sum to unity). In this stage, an additional reduction is achieved, retaining ∼90% of
the HHH → 6b signal, while reducing the QCD multijet, tt , and HH → 4b backgrounds by
additional factors of 4, 2, and 1.3, respectively. This two-stage approach is effectively a boost-
ing ensemble method [94]: the first network performs a coarse event selection, and the second
focuses on the signal-enriched sample, adapting to the remaining difficult-to-classify events
and thereby improving the overall discrimination power. No further gain is observed from
additional classifier stages.

Based on simulations, only 27% of signal events have three H (3H) that can be reconstructed
within the detector acceptance, 52% have two reconstructible H (2H), and 21% have one (1H)
or zero (0H) reconstructible H. Considering the classifications according to reconstructible H,
a third deep neural network, trained with optimized hyperparameters using the same input
features, assigns each event to one of ten categories, defined by the number of merged H (mh)
and resolved H (h): 0mh0h, 0mh1h, 1mh0h, 2mh0h, 1mh1h, 0mh2h, 3mh0h, 2mh1h, 1mh2h,
and 0mh3h. For events with maximal ProbHHH , the signal regions (SRs) are formed by the
seven 3H and 2H categories, while the three 1H and 0H categories define control regions (CRs)
used to assess the agreement between data and the background model.

Signal extraction is performed via a binned maximum likelihood fit to the ProbMultiH ≡
ProbHH + ProbHHH distribution. In each category, only the region with ProbMultiH > 0.8
is considered and divided into ten bins. This requirement preserves 56% of the highest purity
HHH → 6b events, summed over all SR categories. The most sensitive bin is defined such
that the relative statistical uncertainty originating from the background model is ∼20%. The
remaining nine bins are evenly spaced in ProbMultiH.

At high values of ProbHHH , the kinematic properties of the QCD multijet and tt backgrounds
mimic those of the HHH and HH signals. Many QCD multijet events exhibit signal-like kine-
matics, but fail the selection because of their jet flavor composition. To model the background
in the SRs, data events failing the inclusive HHH → 6b and HH → 4b classifications are used.
Their discretized b and bb tagging scores are replaced with the corresponding set of scores
sampled from events in the SR, so that event-level patterns, such as correlations among high b
tagging scores across the jets, are preserved. In each category, the normalization of this back-
ground model is fixed to the corresponding data yield. The SPANET inference is applied to
these embedded events, yielding an inclusive description of all backgrounds. The method is
validated in categories enriched with HH → 4b events, where HHH → 6b contamination is
negligible, and in sidebands of the multijet mass with respect to the 3H expectation. It is found
to reproduce the data within uncertainties. A separate tt CR is included, defined by events

with high predicted tt score Probincl
tt and a purity of ∼99%. Agreement between data and tt

simulation validates the analysis strategy and the jet-tagging calibrations.

While the ggF HH contribution is nonnegligible in the SR, particularly for constraints on H
self-couplings, other H and HH production modes are negligible even under variations of the
trilinear coupling modifier κ3. These include HH production via vector boson fusion (VBF),
and H and HH production in association with top quarks (ttH, ttHH) or electroweak vec-
tor bosons (VH, VHH). Their yields depend only weakly on κ3 and κ4 [95–97], and they are
therefore omitted from the signal extraction.

Three primary sources of systematic uncertainties are considered: theoretical uncertainties, un-
certainties related to corrections affecting the HHH and HH signal templates, and uncertain-
ties in the background estimate using control samples in data. Theoretical uncertainties in the
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HHH and HH signals are evaluated through renormalization and factorization scales (∼20%),
PDF (∼3%), and branching fraction (∼1%) variations. These affect the overall normalization
and induce small shape variations through bin migration driven by changes in jet kinematics.

Jet-related uncertainties, including the energy scale, energy resolution, and mass resolution,
affect jet and dijet kinematics and hence the SPANET prediction. For each variation, the event
classification and categorization score is recalculated, and new signal templates are constructed
to assess both shape and normalization uncertainties. Changes in event selection efficiency due
to these variations lead to normalization shifts. Corrections related to flavor tagging result in
a ∼15% reduction of the HHH signal yield in the highest ProbMultiH bins. Associated uncer-
tainties are propagated to the signal templates following the prescription of Ref. [86]. For small-
radius jets, uncertainties are decomposed into sources corresponding to data-to-simulation
scale factors (SFs) for b tagging derived from the Z+jets, W+jets, and tt processes, as well
as modeling effects from parton showering, b fragmentation, pileup, integrated luminosity,
and jet-related uncertainties. For large-radius jets, a single bb tagging uncertainty is applied,
corresponding to that in the data-to-simulation SF measured in Z → bb events. All sources
are treated as uncorrelated and implemented as event weight variations. The dominant un-
certainty arises from the statistical precision of the b-tagging calibration on small-radius jets,
leading to a ∼5% uncertainty in the yield. For large-radius jets, the bb tagging uncertainty in
the yield is ∼22%.

The uncertainty in the QCD multijet background estimate based on control samples in data
accounts for potential mismodeling beyond statistical fluctuations. As an extreme variation,
the shape of the background model in the 1H category is assigned as an alternative back-
ground model in the HHH SR and treated as uncorrelated across categories. This decorrelated
shape variation allows the fit to adjust for mismodeling in the lower-score bins of the falling
ProbMultiH distribution.

The precision of the analysis is primarily limited by data statistical uncertainties, which ac-
count for ∼52% of the nominal expected limit. The dominant systematic uncertainty arises
from the QCD multijet background model, including its shape uncertainty and the per-bin sta-
tistical variance. Theory uncertainties in the signal and experimental uncertainties from jet
reconstruction and flavor identification are subdominant.

The contribution from the HH process in the SR is suppressed by requiring events to have a
maximum probability in ProbHHH . In the SR, the expected HH yield is about one order of
magnitude larger than the HHH yield for the SM hypothesis; this hierarchy is even stronger
for anomalous couplings, because the HH cross section increases more rapidly than the HHH
cross section [45]. In the statistical model, the central value of the HH contribution is fixed
to its SM expectation, µHH = 1, while its uncertainty is profiled. The SM top quark Yukawa
coupling is assumed.

No evidence for an HHH signal is observed, and two interpretations are presented: an upper
limit (UL) on the SM-like HHH production rate and constraints in the (κ3, κ4) parameter space.
The post-fit distributions in the 3H SR are shown in Fig. 1.

The ULs at 95% CL on the HHH signal strength are derived based on the asymptotic formulae
for the profile likelihood ratio test statistic −2∆ ln(L) [98, 99] and the CLs [100, 101] criterion.
The results have been obtained using the CMS statistical analysis tool COMBINE [102], which is
based on the ROOFIT [103] and ROOSTATS [104] frameworks. Figure 2 (left) shows the resulting
limits across resolved, partially resolved and partially merged, and merged event topologies.
The resolved categories provide the highest sensitivity. Partially resolved, partially merged,
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A End Matter

A.1 The CMS detector

The CMS apparatus [56, 57] is a multipurpose, nearly hermetic detector, designed to trigger
on [58–60] and identify electrons, muons, photons, charged and neutral hadrons [61–63]. A
global “particle-flow” algorithm [78] aims to reconstruct all individual particles in an event,
combining information provided by the all-silicon tracker, and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors interleaved with the layers of the flux-return
yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of 4 µs [58]. The second level,
known as the high-level trigger, consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing, and reduces the event rate to a few
kHz before data storage [59, 60].

A.2 Datasets and object reconstruction

Signal samples for ggF HHH production, with representative Feynman diagrams shown in
Fig. 3, are generated at LO with MADGRAPH5 aMC@NLO 2.6.5 [64], using the model file of
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Ref. [25]. Nine samples with different (κ3, κ4) values are produced using the implementation
of Ref. [25], and intermediate points are obtained by event reweighting following Refs. [41,
46]. The samples are normalized to the inclusive cross section at NNLO in perturbative QCD,
including finite top quark mass effects [26]. A single SM K-factor [26] is applied to all beyond-
SM points, derived for the SM case to match the NNLO prediction. The ggF HH process is
simulated at NLO using POWHEG 2.0 [23, 65–74], with additional κ3 points constructed by
reweighting and normalized to the corresponding NNLO cross sections [14–21]. Associated
ttHH and VHH production processes are generated at LO with MADGRAPH5 aMC@NLO and
included to study contamination effects, using the model files of Refs. [95, 108].

H

H

H

H

λ3

H

H

λ3

H

λ3

H

H

λ4

H

H

H

Figure 3: Representative leading-order Feynman diagrams for nonresonant HHH production
via gluon fusion. The last three diagrams provide direct sensitivity to the trilinear (λ3) and
quartic (λ4) H self-couplings.

The dominant background, accounting for ∼95% of events, is QCD multijet production. It is
modeled with a method fully based on control samples in data, while simulated samples pro-
duced with MADGRAPH5 aMC@NLO 2.6.5 [64] at LO with up to four partons in the matrix
element and binned in HT are used exclusively for analysis optimization. The next-to-largest
background is tt production, generated at NLO with POWHEG 2.0 [65–67, 109, 110] and normal-
ized to the NNLO cross section using TOP++ [111, 112]. Samples of W and Z bosons produced
in association with jets, diboson processes, and single H production are simulated with MAD-
GRAPH5 aMC@NLO or POWHEG and contribute negligibly after the final selection.

Parton showering, hadronization, and the underlying event are modeled with PYTHIA 8.205 [75]
using the CP5 tune [76] and NNPDF 3.1 NNLO PDFs [77]. The CMS detector response is sim-
ulated with GEANT4 [113], and pileup interactions are overlaid and reweighted to match the
distribution observed in data.

The HHH → 6b process is characterized by six b quarks reconstructed as jets, balanced trans-
verse momentum, and the absence of isolated charged leptons. Standard jet energy corrections
are applied as functions of η and pT [114]. The vector ~p miss

T is computed from the pT sum of
all reconstructed particles with PUPPI weights [115] and corrected for the scale of the recon-
structed jets in the event. Electrons and muons are reconstructed and identified according to
Refs. [61, 62, 116, 117], and events containing isolated leptons within the tracker and muon
detector acceptance are vetoed.

Events of interest are selected using a two-tiered trigger system [58–60]. In 2016, triggers re-
quired at least six jets with pT > 40 GeV and HT > 450 GeV with one b-tagged jet, or six jets
with pT > 30 GeV, HT > 400 GeV, and two b-tagged jets. In 2017 (2018), triggers required at
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least four jets with pT > 40, 45, 60, and 75 GeV, and HT > 300 (330) GeV with at least three
b-tagged jets. To avoid biases, events are required to have HT > 450 GeV, yielding an accep-
tance of ∼80% for HHH → 6b signal events. A high-purity hadronic tt CR is used to derive a
residual HT-dependent nonclosure uncertainty of 5–10%.

In the offline selection, events are required to contain at least four small-radius jets with |η| <
2.4 (2.5) and pT > 25 GeV for 2016 (2017–2018). Small-radius jets must satisfy a tight particle-
flow jet identification working point, and for pT < 50 GeV a medium pileup discriminant re-
quirement. Large-radius jets are selected with pT > 300 GeV and |η| < 2.5.

The identification of jets originating from b quarks and of bb pairs is crucial for the analysis.
The PARTICLENET algorithm [84, 85] is employed for both small- and large-radius jets. For
small-radius jets, a 2D distribution is constructed from pB+C, the probability for a jet to origi-
nate from a heavy-flavor quark (b or c), and pBvsC, the probability for a jet to originate from a
bottom rather than a charm quark. This distribution is discretized into ten categories, follow-
ing the definitions and calibrations in Ref. [86], and all categories are used in the analysis. For
reference, the highest efficiency bin corresponds to a b-tagging efficiency of ∼44% for b jets
with pT > 60 GeV, and misidentification probabilities of 0.01 and 0.10% for light-flavor quark
or gluon jets and charm jets, respectively. The PARTICLENET algorithm is also used for the
identification of H → bb in large-radius jets, with the discriminator output discretized into
three categories corresponding to two tagging-efficiency working points, with efficiencies of 40
and 20%, respectively, and calibrated using the Z → bb process, as described in Ref. [87].

A.3 Projection for the High-Luminosity LHC program

Projections are derived under the S3 scenario [118, 119], which assumes improved b-tagging
performance based on PARTICLENET optimization studies. The projected limits include the
effects of κ4 in the HH modeling, as done for the main result. Figures 4 and 5 show the current
and HL-LHC sensitivities for the HHH → 6b analysis.

Figure 4: Observed and expected 95% CL upper limits on the HHH signal strength µHHH .

Results are shown for the analyzed dataset of 138 fb−1 of pp collisions at
√

s = 13 TeV, along

with projections for 14 TeV and an integrated luminosity of 3 ab−1.
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√

s = 14 TeV, 3 ab−1). The unitarity boundary is overlaid, and the
best-fit point from the projection is indicated.
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J. Schieck2 , R. Schöfbeck2 , M. Shooshtari , M. Sonawane , N. Van Den Bossche ,
W. Waltenberger , C.E. Wulz2

Universiteit Antwerpen, Antwerpen, Belgium
T. Janssen , D. Ocampo Henao , T. Van Laer , P. Van Mechelen

Vrije Universiteit Brussel, Brussel, Belgium
D. Ahmadi , J. Bierkens , N. Breugelmans, S. Dansana , A. De Moor , M. Delcourt ,
S.A.G. Duponcheel , C. Gupta, F. Heyen, Y. Hong , K. Kang , P. Kashko , S. Lowette ,
I. Makarenko , S. Nandakumar , S. Tavernier , M. Tytgat3 , G.P. Van Onsem ,
S. Van Putte , T. Wybouw
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IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
M. Besancon , F. Couderc , M. Dejardin , D. Denegri, P. Devouge, J.L. Faure , F. Ferri ,
P. Gaigne, S. Ganjour , P. Gras , F. Guilloux , G. Hamel de Monchenault , M. Kumar ,
V. Lohezic , Y. Maidannyk , J. Malcles , F. Orlandi , L. Portales , S. Ronchi ,
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Budapest, Hungary
G. Balint, M. Csanad , K. Farkas , A. Fehérkuti31 , M.M.A. Gadallah32 ,
M. León Coello , G. Pasztor , G.I. Veres

Faculty of Informatics, University of Debrecen, Debrecen, Hungary, Debrecen, Hungary
B. Ujvari , G. Zilizi

HUN-REN ATOMKI - Institute of Nuclear Research, Debrecen, Hungary
G. Bencze, S. Czellar, J. Molnar, Z. Szillasi

Karoly Robert Campus, MATE Institute of Technology, Gyongyos, Hungary
T.F. Csorgo31 , F. Nemes31 , T. Novak , I. Szanyi33



26

Indian Institute of Science (IISC), Bangalore, India
J.R. Komaragiri

Indian Institute of Technology Bhubaneswar, Bhubaneswar, India
S. Bahinipati , R. Raturi

Panjab University, Chandigarh, India
S. Bansal , V. Bhatnagar , B. Chauhan, S. Chauhan , N. Dhingra34 , A. Kaur ,
H. Kaur , S. Kumar , T. Sheokand, A. Singla , K. Verma

University of Delhi, Delhi, India
A. Bhardwaj , A. Chhetri , B.C. Choudhary , A. Kumar , A. Kumar , M. Naimuddin ,
S. Phor , C. Prakash , K. Ranjan , M.K. Saini

Indian Institute of Technology Mandi (IIT-Mandi), Himachal Pradesh, India
M. Kumari, P. Palni , S. Rana, A. Rathore , A. Sarkar

University of Hyderabad, Hyderabad, India
S. Acharya35 , B. Gomber , S.K. Satapathy

Indian Institute of Technology Kanpur, Kanpur, India
S. Mukherjee

Saha Institute of Nuclear Physics, HBNI, Kolkata, India
S. Bhattacharya , S. Das Gupta, S. Dutta, S. Dutta , S. Sarkar

Indian Institute of Technology Madras, Madras, India
M.M. Ameen , P.K. Behera , S. Chatterjee , G. Dash , A. Dattamunsi, P. Jana ,
P. Kalbhor , S. Kamble , P.R. Pujahari , A.K. Sikdar , R.K. Singh , P. Verma ,
S. Verma , A. Vijay

Indian lnstitute of Science Education and Research Mohali, Mohali, India
A. Chauhan, S. Nayak , H. Rajpoot, B.K. Sirasva

Tata Institute of Fundamental Research-A, Mumbai, India
L. Bhatt, S. Dugad , T. Mishra , G.B. Mohanty , M. Shelake , P. Suryadevara

Tata Institute of Fundamental Research-B, Mumbai, India
A. Bala , S. Banerjee , S. Barman36 , R.M. Chatterjee, J. Chhikara, M. Guchait ,
S. Jain , A. Jaiswal, S. Kumar , M. Maity36, G. Majumder , K. Mazumdar , R. Pramanik,
R. Saxena , P. Sharma, A. Thachayath

National Institute of Science Education and Research, Jatni, Khorda, Odisha 752050, India
Homi Bhabha National Institute, Training School Complex, Anushakti Nagar, Mumbai
400094, India, Odisha, India
R. Kumar Agrawal, D. Maity37 , P. Mal , K. Naskar37 , A. Nayak37 , K. Pal , P. Sadangi,
S. Shuchi, S.K. Swain , S. Varghese37 , D. Vats37

Indian Institute of Science Education and Research (IISER), Pune, India
S. Dube , P. Hazarika , A. Laha , R. Sharma , S. Sharma , K.Y. Vaish

Indian Institute of Technology Hyderabad, Telangana, India
C. Agrawal, B. Babu, S. Ghosh

Isfahan University of Technology, Isfahan, Iran
H. Bakhshiansohi38 , A. Jafari39 , V. Sedighzadeh Dalavi , M. Zeinali40



27

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran
S. Bashiri , S. Chenarani41 , S.M. Etesami , Y. Hosseini , M. Khakzad , E. Khazaie ,
M. Mohammadi Najafabadi , M. Nourbakhsh , S. Tizchang42

University College Dublin, Dublin, Ireland
M. Felcini , M. Grunewald
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G. Abbiendia , S. Balduccia ,b, C. Battilanaa ,b , D. Bonacorsia ,b , P. Capiluppia ,b ,
F.R. Cavalloa , M. Cruciania ,b, M. Cuffiania ,b , G.M. Dallavallea , T. Diotalevia ,b ,
F. Fabbria , A. Fanfania ,b , R. Farinellia , D. Fasanellaa , L. Ferraginaa ,b ,
P. Giacomellia , C. Grandia , M. Lorussoa ,b , L. Lunertia , S. Marcellinia ,
F. Navarriaa ,b , G. Paggia ,b , A. Perrottaa , A. Rossia ,b , S. Rossi Tisbenia ,b ,
T. Rovellia ,b , G.P. Sirolia ,b

INFN Sezione di Cataniaa, Università di Cataniab, Catania, Italy
S. Costaa ,b ,45 , A. Di Mattiaa , A. Lapertosaa , R. Potenzaa ,b, A. Tricomia ,b ,45

INFN Sezione di Firenzea, Università di Firenzeb, Firenze, Italy
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X. Yan , D. Zhang

University of Colorado Boulder, Boulder, Colorado, USA
J.P. Cumalat , W.T. Ford , J. Fraticelli , A. Hart , M. Herrmann, S. Kwan , J. Pearkes ,
N. Schonbeck , K. Stenson , K. Ulmer , S.R. Wagner , N. Zipper , D. Zuolo

The Catholic University of America, Washington, DC, USA
R. Bartek , A. Dominguez , S. Raj , B. Sahu , A.E. Simsek , B. Singhal , S.S. Yu

University of Florida, Gainesville, Florida, USA
C. Aruta , P. Avery , C. Basile , D. Bourilkov , P. Chang , V. Cherepanov ,
M. Dittrich, R.D. Field, C. Huh , E. Koenig , M. Kolosova , J. Konigsberg ,
A. Korytov , G. Mitselmakher , K. Mohrman , A. Muthirakalayil Madhu , N. Rawal ,
S. Rosenzweig , Y. Takahashi , J. Wang

Florida Institute of Technology, Melbourne, Florida, USA
B. Alsufyani , S. Das , S. Demarest, L. Hasa , M. Hohlmann , M. Lavinsky, E. Yanes

Florida State University, Tallahassee, Florida, USA
T. Adams , A. Al Kadhim , D. Alam , A. Askew , S. Bower , R. Goff, R. Hashmi ,
A. Hassani , T. Kolberg , G. Martinez , M. Mazza , H. Prosper , P.R. Prova, R. Yohay

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
M. Albrow , M. Alyari , O. Amram , G. Apollinari , A. Apresyan , L.A. Bauerdick ,
D. Berry , J. Berryhill , P.C. Bhat , K. Burkett , J.N. Butler , A. Canepa , G.B. Cerati ,
H. Cheung , F. Chlebana , C. Cosby , G. Cummings , I. Dutta , V.D. Elvira , J. Free-
man , A. Gandrakota , Z. Gecse , L. Gray , D. Green, A. Grummer , S. Grünendahl ,
D. Guerrero , O. Gutsche , R.M. Harris , J. Hirschauer , V. Innocente , B. Jayatilaka ,
S. Jindariani , M. Johnson , R.S. Kim , S. Lammel , D. Lincoln , R. Lipton ,
T. Liu , K. Maeshima , D. Mason , P. McBride , P. Merkel , S. Mrenna , S. Nahn ,
J. Ngadiuba , D. Noonan , S. Norberg, V. Papadimitriou , N. Pastika , K. Pedro ,
C. Pena86 , C.E. Perez Lara , V. Perovic , F. Ravera , A. Reinsvold Hall87 ,
L. Ristori , M. Safdari , E. Sexton-Kennedy , E. Smith , N. Smith , A. Soha ,
L. Spiegel , S. Stoynev , J. Strait , L. Taylor , S. Tkaczyk , N.V. Tran , L. Uplegger ,
E.W. Vaandering , C. Wang , I. Zoi

University of Illinois Chicago, Chicago, Illinois, USA
M.R. Adams , N. Barnett, A. Baty , C. Bennett , N. Brandman-hughes, R. Ca-
vanaugh , S.J. Das , R. Escobar Franco , O. Evdokimov , C.E. Gerber , H. Gupta ,
M. Hawksworth , A. Hingrajiya, D.J. Hofman , Z. Huang , J.h. Lee , C. Mills ,
S. Nanda , G. Nigmatkulov , B. Ozek , V. Pant, T. Phan, D. Pilipovic , R. Pradhan ,



35

E. Prifti, T. Roy , D. Shekar, N. Singh, F. Strug, A. Thielen, M. Tonjes , N. Varelas ,
M.A. Wadud , A. Wang , J. Yoo

Northwestern University, Evanston, Illinois, USA
S. Dittmer , K.A. Hahn , S. King, D. Li , M. Mcginnis , Y. Miao , D.G. Monk ,
M.H. Schmitt , A. Taliercio , M. Velasco , J. Wang , D. Wilbern

Purdue University Northwest, Hammond, Indiana, USA
N. Parashar , A. Pathak , E. Shumka

University of Notre Dame, Notre Dame, Indiana, USA
G. Agarwal , R. Band , S. Castells , A. Das , A. Datta , A. Ehnis, R. Goldouzian ,
M. Hildreth , T. Ivanov , C. Jessop , K. Lannon , J. Lawrence , D. Lutton ,
J. Mariano , N. Marinelli, P. Mastrapasqua , A. Masud, T. McCauley , C. Mcgrady ,
C. Moore , Y. Musienko88 , H. Nelson , M. Osherson , A. Piccinelli , R. Ruchti ,
A. Townsend , Y. Wan, M. Wayne , H. Yockey

Purdue University, West Lafayette, Indiana, USA
S. Chandra , A. Gu , L. Gutay, L. He, M. Huwiler , M. Jones , A.W. Jung ,
I.G. Karslioglu , D. Kondratyev , J. Li , M. Liu , M. Macedo , G. Negro ,
N. Neumeister , G. Paspalaki , S. Piperov , N.R. Saha , J.F. Schulte , R. Sharma ,
F. Wang , A.L. Wesolek, A. Wildridge , W. Xie , Y. Yao , Y. Zhong

The University of Iowa, Iowa City, Iowa, USA
M. Alhusseini , D. Blend , K. Dilsiz89 , O.K. Köseyan , A. Mestvirishvili59 , O. Neogi,
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