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Abstract

Proton-proton interactions resulting in final states with two photons are studied
in a search for the signature of flavor-changing neutral current interactions of top
quarks (t) and Higgs bosons (H). The analysis is based on data collected at a center-
of-mass energy of 13 TeV with the CMS detector at the LHC, corresponding to an inte-
grated luminosity of 137 fb−1. No significant excess above the background prediction
is observed. Upper limits on the branching fractions (B) of the top quark decaying
to a Higgs boson and an up (u) or charm quark (c) are derived through a binned fit
to the diphoton invariant mass spectrum. The observed (expected) 95% confidence
level upper limits are found to be 0.019 (0.031)% for B(t → Hu) and 0.073 (0.051)%
for B(t → Hc). These are the strictest upper limits yet determined.
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Flavor-changing quark decays mediated by neutral currents (FCNCs) are forbidden at tree level
in the standard model (SM). They may proceed at higher orders in the perturbative expansion;
however, these rates are heavily suppressed by the Glashow–Iliopoulos–Maiani mechanism [1]
or Cabibbo–Kobayashi–Maskawa unitarity constraints [2]. The SM branching fractions for the
decay of a top quark (t) into a Higgs boson (H) and up quark (u), t → Hu, or charm quark (c),
t → Hc, are expected to be O(10−17) and O(10−15), respectively [3–6], well below the current
sensitivity of the LHC experiments [7]. Thus, any observation of a t → Hq FCNC interaction
would be an unambiguous sign of new physics. Here, the symbol q denotes either an up or
charm quark.

In many scenarios of physics beyond the SM, the t → Hq branching fractions are enhanced
by many orders of magnitude beyond the SM values. Notable beyond-the-SM models lead-
ing to enhanced FCNC interactions include those of warped extra dimensions [8], composite
Higgs boson models [9], two-Higgs doublet models (2HDM) [10–13], including supersymmet-
ric models with R-parity violation [14], and quark-singlet models [15]. While these scenarios
lead to sizable FCNC interactions for a variety of neutral mediators other than the Higgs bo-
son, including the Z boson, photon, and gluon, some of the most significant enhancements are
found for t → Hq interactions. The t → Hc interaction in particular can be enhanced in 2HDM
models [16], including scenarios of flavor-violating Yukawa couplings [17] or 2HDM for the
top quark [18–20].

Recent searches for FCNC interactions of the top quark and Higgs boson were performed by
the ATLAS [7, 21, 22] and CMS [23] Collaborations, with Ref. [7] providing the strictest ex-
perimental upper limits on the t → Hu and t → Hc branching fractions at 0.12 and 0.11%,
respectively. This Letter reports improved upper limits on these two branching fractions, ex-
ploiting both the associated production of a single top quark with a Higgs boson via an up or
charm quark (ST production mode) and the decay of a top quark to a Higgs boson and an up
or charm quark in tt production (TT production mode), as shown in Fig. 1, where the H → γγ
decay is considered.
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Figure 1: Representative Feynman diagrams for the production modes considered: FCNC as-
sociated production of a single top quark with a Higgs boson (ST, left), and tt production with
the FCNC decay of the top quark to a Higgs boson and an up or charm quark (TT, right). The
Higgs boson decay to two photons is considered. The FCNC vertex in each process is denoted
with a red circle.

The results are based on the analysis of proton-proton (pp) collisions at a center-of-mass energy
of 13 TeV, targeting the H → γγ decay mode. The data were collected with the CMS detector at
the LHC between 2016–2018, and correspond to an integrated luminosity of 137 fb−1. Tabulated
results are provided in the HEPData record for this analysis [24].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
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ter, 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 (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are measured in gaseous detectors embedded in the steel flux-return yoke outside the solenoid.
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. [25].

The signal and background processes are simulated using several Monte Carlo (MC) pro-
grams. The signal samples corresponding to ST and TT production modes are simulated at
leading order (LO) with MADGRAPH5 aMC@NLO 2.4.2 (ST) and 2.6.0 (TT) [26]. Both the signal
and background samples are interfaced with PYTHIA 8.205 [27] for parton showering, frag-
mentation, and hadronization. The underlying event is also modeled with PYTHIA, with the
CUETP8M1 [28] and CP5 [29] tunes used for the simulation of 2016 and 2017/2018 data, re-
spectively. The parton distribution functions (PDFs) are taken from the NNPDF 3.0 [30] set for
simulation of 2016 data and the NNPDF 3.1 [31] set for simulation of 2017/2018 data.

The FCNC interactions, including those with the Higgs boson as a mediator, can be described
within the effective field theory framework in terms of dimension-six operators added to the
SM Lagrangian [32, 33]. The coefficients of these operators are best constrained by combining
the results of the FCNC processes in which the Higgs boson, Z boson, photon, and gluon are
the FCNC mediators. To perform this combination, it is important to have the most sensitive
analysis for each individual process. In this paper, the theoretical interpretation of the FCNC
interactions with the Higgs boson as the mediator is done by using the following effective
Lagrangian, which is equivalent to the effective field theory approach at LO,

L = ∑
q=u,c

g√
2

tκHqt

(
FL

Hq PL + FR
Hq PR

)
qH + h.c., (1)

where g is the weak coupling constant, PL and PR are chirality projectors in spin space, κHqt is
the effective coupling constant, with q = u or c, and FL

Hq and FR
Hq are left- and right-handed

complex chiral parameters satisfying a unitarity constraint |FL
Hq |2 + |FR

Hq |2 = 1. The effective
Lagrangian is implemented in the FEYNRULES package [34], with the universal FEYNRULES

output [35] used to generate the model. The complex chiral parameters are set to FL
Hq = 1

and FR
Hq = 0. Up to two additional partons are generated at matrix element level for the TT

production mode. No additional partons are considered for the ST production mode to avoid
overlap between the ST and TT modes. The hard-process simulation is interfaced with parton
shower modeling using the MLM [36] matching prescription. Signal samples are generated in
two scenarios, assuming exactly one nonzero coupling of unity: κHut or κHct = 1. The cross sec-
tion of the ST production mode is calculated with MADGRAPH at LO precision and equals 72.6
(10.0) pb for the scenarios of κHut(κHct) = 1. The tt cross section is taken as 832 pb, from cal-
culation with the TOP++ program [37] at next-to-next-to-LO (NNLO) in perturbative quantum
chromodynamics (QCD), which includes soft-gluon resummation to next-to-next-to-leading-
logarithmic order. The cross section times branching fraction for the TT FCNC production
mode depends on the branching fraction of t → Hu and t → Hc, which is 0.144 (as calculated
by MADGRAPH at LO) when assuming a coupling of κHut = κHct = 1. The effective coupling
constant and branching fraction are related by

κ2
Hqt = B(t → Hq)

Γt

ΓHqt
, (2)
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where Γt is the full width of the top quark [38], and ΓHqt is the partial width of the anomalous
t → Hq decay.

Calculations of the top quark transverse momentum (pT) distribution at LO and next-to-LO
(NLO) are known to show disagreement with the observed spectrum [39–42]. Since the effect
may be partially due to missing higher-order calculations, the simulated top pT distribution in
TT signal events is corrected at generator level to match the NNLO QCD + NLO electroweak
prediction [41].

Background processes with a Higgs boson decaying to two photons (resonant backgrounds),
including ggH, vector boson fusion (VBF), WH, ZH, tHq, tHW, ttH, and bbH production,
are modeled with MADGRAPH5 aMC@NLO 2.4.2 at NLO [26] in QCD, with cross sections and
decay branching fractions taken from Ref. [43]. Additional samples for SM Higgs boson pro-
cesses are generated with POWHEG 2.0 [44–47] at NLO in QCD. They are used to increase the
size of the SM data sample needed for training the multivariate discriminants described below.

The MADGRAPH5 aMC@NLO program is also used to simulate most background processes
without a Higgs boson (nonresonant backgrounds). These include tt + γγ, tt + γ, tt + jets,
γ + jets, V + γ, Drell–Yan, diboson, and t + V production, where V is a W or Z boson. The
diphoton background (γγ + jets) is simulated with SHERPA 2.2.4 [48], which includes tree-level
processes with up to three additional jets, as well as box processes at LO accuracy. Simulation
of nonresonant background samples is used for developing and optimizing the analysis, but
this background is estimated from data in the fits used to extract a possible signal contribution.
Finally, for both signal and background samples, the detector response is modeled with the
GEANT4 package [49].

The CMS trigger [50] selects events with two photon candidates satisfying a loose calorimetric
identification [51], and asymmetric photon pT thresholds of 30 and 18 (22) GeV for the data
collected during 2016 (2017/2018). The trigger efficiency is >95% and is measured with the
“tag-and-probe” method [52].

The particle-flow (PF) algorithm [53] reconstructs individual particles (photons, charged and
neutral hadrons, muons, and electrons) by combining information from all subdetectors. Jets
are built from PF particles using the anti-kT algorithm [54, 55] with a distance parameter of 0.4.
The missing transverse momentum (~pmiss

T ) [56] is defined as the negative vector pT sum of all PF
particles. Its magnitude is referred to as pmiss

T . The primary pp interaction vertex is taken as the
vertex with the largest value of summed physics-object p2

T. Charged hadrons originating from
other pp interactions in the same or nearby bunch crossings are removed from the analysis.
Jets from the hadronization of bottom quarks (b jets) are tagged by an algorithm based on the
score from a deep neural network [57] called DEEPJET [58, 59].

Higgs boson candidates are built from pairs of photon candidates. Photon candidates are re-
constructed from energy clusters in the ECAL not linked to charged particle tracks (with the
exception of converted photons). The photon energy is corrected for the containment of elec-
tromagnetic showers in the clustered crystals and the energy losses of converted photons with
a multivariate regression technique based on simulation [51]. The ECAL energy scale in data
is corrected based on studies of Z → e+e− events. The offline diphoton selection criteria are
similar to, but more stringent than, those used in the trigger [51].

Photons are further required to satisfy a loose identification (photon ID [51]) criterion based
on a boosted decision tree (BDT) classifier trained to separate photons from jets. In simula-
tion, inputs to the photon ID such as shower shape and isolation variables are corrected with
a chained quantile regression method [60] based on studies of Z → e+e− events. The cumu-
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lative distribution function of each variable in simulation is corrected with a set of BDTs that
take the previously corrected features as inputs. This method ensures that both the individual
distributions and correlations between variables in the MC simulation are corrected to match
those in data.

After the selection described above, the diphoton invariant mass (mγγ ) is required to be in
the range 100–180 GeV. The upper bound of 180 GeV is selected to ensure a sufficient number
of events for the procedures used to model the nonresonant background and to validate the
modeling of input features to the BDTs, both described later. We additionally impose mass-
dependent photon pT requirements of pT/mγγ > 1/3 and >1/4 for the highest pT (leading)
and second-highest pT (subleading) photons, respectively. Events are next divided into two
mutually exclusive channels. The leptonic channel preselection is aimed at selecting events
with a leptonically decaying top quark, and requires the presence of ≥1 jet with pT > 25 GeV
and |η| < 2.4, ≥1 isolated lepton (e or µ) with |η| < 2.4 and pT > 10 (20)GeV for electrons
(muons) [61]. The hadronic channel preselection targets events with a hadronically decaying
top quark, requiring at least three jets, of which at least one is identified as a b jet, and no
isolated leptons (e/µ).

Dedicated BDT discriminants are employed in each channel to distinguish signal (ST and TT
production modes) from background events. Separate BDTs are trained for each of the two
nonzero κHqt coupling scenarios, each of the two channels, and each of the two primary cat-
egories of SM background, resonant (BDT-res) and nonresonant (BDT-nonres). This results in
eight BDTs in total: one for each coupling (κHut or κHct), channel (hadronic or leptonic), and
background (resonant or nonresonant). The BDTs are trained with the XGBOOST [62] frame-
work on MC samples of signal and background processes, with one exception as noted below.
The nonresonant background MC samples include γ + jets, γγ + jets, tt + jets, tt + γ, tt + γγ,
and V + γ processes, as well as a variety of other rarer backgrounds (designated in figures as
“Other”), including ttZ, ttW, WW, WZ, ZZ, and t + γ + jets. The resonant background MC
samples include ttH, WH, ZH, VBF, ggH, tHq, and tHW. In the training, all backgrounds are
normalized to their SM cross sections.

The dominant backgrounds after the hadronic channel preselection are the multijet and γ + jets
processes, where at least one jet is misidentified as a photon. To improve the description of
these backgrounds for training the machine learning algorithms, they are modeled using a
sample of data events in which one photon candidate fails the photon ID requirement, follow-
ing the procedure of Ref. [63]. For this procedure, the photon ID value of the photon candidate
failing the photon ID requirement is replaced by a value drawn from the MC photon ID dis-
tribution for misidentified jets passing the photon ID requirement. This sample of events from
data, denoted with (γ) + jets, is used instead of the simulated γ + jets sample in the hadronic
nonresonant background BDT training.

Input features of both BDT-res and BDT-nonres include the kinematic properties of the physics
objects: jets, leptons, photons and diphotons (excluding mγγ ), jet and lepton multiplicities,
pmiss

T , b tagging scores of jets from the DEEPJET algorithm, and the output of the photon ID
BDT for both photons. The pT of the individual photons and diphotons are normalized by mγγ

to ensure the inputs to the BDTs cannot be used to calculate mγγ . The output of a variety of
algorithms aimed at reconstructing top quarks in each event are also used as input features to
the BDTs, as detailed below.

First, a set of mass variables is used for events with at least four jets in the hadronic channel.
The invariant mass of the diphoton candidate plus the light jet from t → Hq decays (mγγ j)
should be consistent with the top quark mass (mt), as should the invariant mass of the three
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jets (mjjj) from the hadronically decaying top quark candidate. The mass variables mγγ j and mjjj
are constructed from three of the leading four jets by choosing the combination that minimizes
the quantity ∆M = |mγγ j −mt |+ |mjjj −mt |. Second, kinematic reconstructions of top quarks
and their decay products for both hadronic and leptonic decays are performed, with the re-
construction for hadronic decays similar to that in Ref. [23] and the reconstruction for leptonic
decays similar to that in Ref. [64]. The kinematic properties of the reconstructed top quarks and
their decay products are used as input features to the BDTs. Third, a set of neural networks is
trained with the TMVA package [65] on MC samples of signal processes to identify the jets and
leptons that originate from the top quark(s) decays. Permutations of jets and leptons matched
to a top quark decay are considered as signal, while all incorrect permutations are considered
as background. Separate neural networks are trained for each signal production mode (ST and
TT) and each channel (hadronic and leptonic).

The modeling of the input features is validated by comparing their distributions in data and
simulation for events passing the preselection and having mγγ in the sidebands, defined as the
mγγ ranges of 100–120 or 130–180 GeV. The resulting BDT scores are also validated in the same
way, as shown in Fig. 2 for the t → Hu search. We note that the sample of events from data used
to model the multijet and γ + jets processes is only used in the BDT training and optimization
and does not enter the fits used to extract possible FCNC signals. Consequently, no systematic
uncertainty is considered for the sample, despite that is not a perfect representation of these
processes.

For each scenario of a nonzero FCNC coupling (κHut or κHct = 1), and for each channel
(hadronic or leptonic), events are either removed from consideration or assigned to categories.
The categories are defined by ranges of the BDT-nonres and BDT-res scores, shown, for ex-
ample, with the four categories in the t → Hu search in the hadronic channel indicated by
the horizontal and vertical dotted lines in Fig. 2 (right). In the same fashion, three categories
are defined for the t → Hu search in the leptonic channel, using the leptonic BDT-nonres and
BDT-res scores. The procedure is repeated for the t → Hc search, resulting in a total of seven
categories for each of the t → Hu and t → Hc searches. Each resulting set of seven mγγ distri-
butions is then fitted simultaneously to extract a possible FCNC signal. The categories for the
t → Hu (t → Hc) search contain between 13–26 (2–5)% of the total signal from ST production.

The expected mγγ distributions of signal and resonant background events are modeled using
the sum of a double-sided Crystal Ball function [66] and a Gaussian function. The models are
derived from simulation for signal as well as each type of resonant background (ggH, VBF,
WH, ZH, tHq, tHW, ttH, and bbH), with the Higgs boson mass (mH) fixed to its most pre-
cisely measured value of 125.38 GeV [67]. The nonresonant background is modeled directly
from data, using the discrete profiling method [68], in which the systematic uncertainty asso-
ciated with the choice of analytic function used to model the mγγ distribution is treated as a
discrete nuisance parameter. All sources of experimental and theoretical systematic uncertain-
ties are treated as nuisance parameters.

The total tt cross section uncertainty is taken as 6%, estimated from the uncertainty in the tt
NNLO cross section, due to variation of the factorization (µF) and renormalization (µR) scales,
the PDFs, and strong coupling constant αS [69–72]. We assign an uncertainty in the ST signal
production mode cross section of 30% that is typically attributed to the missing higher-order
corrections in the LO generation used in the analysis. The typical effect of varying µF and µR on
the shapes of the BDT-nonres and BDT-res distributions is around 1 (10)% for the TT (ST) signal
production mode. The uncertainties in the cross sections of the resonant background processes
are estimated by varying µF and µR, PDFs, and αS [43].
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Figure 2: Left: distribution of the BDT-nonres scores used for the hadronic event categorization
targeting t → Hu FCNC interactions from data (points) and predictions from simulation (col-
ored histograms). The “Other” category includes contributions from ttZ, ttW, WW, WZ, ZZ,
and t + γ + jets. The “top + H” category includes ttH, tHq, and tHW, while the “Other H” cat-
egory includes ggH, VBF, WH, and ZH. The nonresonant background histograms are stacked,
while the two signal, “Other H”, and “top + H” distributions are shown separately. Boundaries
defining event categories are indicated with dotted lines in the upper panel. Events in the grey
shaded region are not considered in the analysis. The lower panel shows the ratio of the data
to the sum of the nonresonant background predictions. The simulated signal and background
distributions are normalized to the integrated luminosity of the data, assuming a coupling of
unity for the signal. Statistical and total (statistical ⊕ systematic) background uncertainties are
represented by the grey- and red-shaded bands, respectively. The (γ) + jets sample of multijet
and γ + jets events from data is not assigned a systematic uncertainty, as described in the text.
Right: hadronic event categorization targeting t → Hu FCNC interactions from requirements
placed on BDT-nonres (horizontal dotted lines) and BDT-res (vertical dotted lines). The color
denotes the s/

√
b of each category.

The dominant experimental uncertainties are those related to the b jet and photon identifica-
tions, the integrated luminosity [73–75], the jet energy scale and resolution, reconstruction of
~pmiss

T , and the preselection and trigger efficiencies. The impact of each of these uncertainties on
the final upper limits is ≤5%.

No significant excess above the background prediction is observed in any of the categories.
Binned fits of the mγγ distributions are performed simultaneously in each set of seven cat-
egories (14 total) to extract the 95% confidence level (CL) upper limits on B(t → Hu) and
B(t → Hc). The derivation of upper limits assumes one nonzero coupling at a time and uses
the modified frequentist approach for confidence levels (CLs technique), with the LHC profile
likelihood ratio as a test statistic [76, 77] in the asymptotic approximation [78].

The mγγ distributions for events entering the analysis are shown in Fig. 3, with events weighted
by the quantity S/(S + B) of their respective category. Here S (B) is defined as the number of
signal (background) events in the range mH ± σeff, where σeff is the effective width of the signal
model, defined as half of the range that contains 68% of the total number of events. The number
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H u ) a n d B ( t → H c ) of 0. 0 1 9 ( 0. 0 3 1 ) % a n d 0. 0 7 3 ( 0. 0 5 1 ) %, r e s p e cti v el y, a r e t h e m o st st ri n g e nt
e x p e ri m e nt al li mit s p u bli s h e d t o d at e.

A c k n o wl e d g m e nt s

We c o n g r at ul at e o u r c oll e a g u e s i n t h e C E R N a c c el e r at o r d e p a rt m e nt s f o r t h e e x c ell e nt p e rf o r-
m a n c e of t h e L H C a n d t h a n k t h e t e c h ni c al a n d a d mi ni st r ati v e st aff s at C E R N a n d at ot h e r C M S
i n stit ut e s f o r t h ei r c o nt ri b uti o n s t o t h e s u c c e s s of t h e C M S eff o rt. I n a d diti o n, w e g r at ef ull y a c-
k n o wl e d g e t h e c o m p uti n g c e nt e r s a n d p e r s o n n el of t h e W o rl d wi d e L H C C o m p uti n g G ri d a n d
ot h e r c e nt e r s f o r d eli v e ri n g s o eff e cti v el y t h e c o m p uti n g i nf r a st r u ct u r e e s s e nti al t o o u r a n al y-
s e s. Fi n all y, w e a c k n o wl e d g e t h e e n d u ri n g s u p p o rt f o r t h e c o n st r u cti o n a n d o p e r ati o n of t h e
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1−1 0

1 
H
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 (
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→
B 

(t
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σ 2±

 H u)→9 5 % C L u p p er li mit s: B(t 

C M S  ( 1 3 T e V)- 11 3 7 f b

H a dr o ni c 1

H a dr o ni c 2

H a dr o ni c 3

H a dr o ni c 4

L e pt o ni c 1

L e pt o ni c 2

L e pt o ni c 3
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2−1 0

1−1 0
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(

%)
→

B 
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O b s er v e d

E x p e ct e d

σ 1±

σ 2±

 H c)→9 5 % C L u p p er li mit s: B(t 

C M S  ( 1 3 T e V)- 11 3 7 f b

Fi g u r e 4: T h e o b s e r v e d ( s oli d li n e) a n d e x p e ct e d ( d ott e d li n e) 9 5 % C L u p p e r li mit s o n B ( t →
H u ) (l eft) a n d B ( t → H c ) ( ri g ht) f o r e a c h of t h e h a d r o ni c a n d l e pt o ni c c at e g o ri e s, d e fi n e d a s
d e s c ri b e d i n t h e t e xt. T h e l a st bi n gi v e s t h e o v e r all c o m bi n e d u p p e r li mit. T h e ± 1 a n d ± 2
st a n d a r d d e vi ati o n v a ri ati o n s o n t h e e x p e ct e d li mit a r e gi v e n b y t h e g r e e n a n d y ell o w b a n d s,
r e s p e cti v el y.

L H C, t h e C M S d et e ct o r, a n d t h e s u p p o rti n g c o m p uti n g i nf r a st r u ct u r e p r o vi d e d b y t h e f oll o w-
i n g f u n di n g a g e n ci e s: B M B W F a n d F W F ( A u st ri a); F N R S a n d F W O ( B el gi u m); C N P q, C A P E S,
F A P E RJ, F A P E R G S, a n d F A P E S P ( B r a zil); M E S a n d B N S F ( B ul g a ri a); C E R N; C A S, M o S T, a n d
N S F C ( C hi n a); MI N CI E N CI A S ( C ol o m bi a); M S E S a n d C S F ( C r o ati a); RI F ( C y p r u s); S E N E S C Y T
( E c u a d o r); M o E R, E R C P U T a n d E R D F ( E st o ni a); A c a d e m y of Fi nl a n d, M E C, a n d HI P ( Fi n-
l a n d); C E A a n d C N R S /I N 2 P 3 ( F r a n c e); B M B F, D F G, a n d H G F ( G e r m a n y); G S RI ( G r e e c e); N K-
FI A ( H u n g a r y); D A E a n d D S T (I n di a); I P M (I r a n); S FI (I r el a n d); I N F N (It al y); M SI P a n d N R F
( R e p u bli c of K o r e a); M E S ( L at vi a); L A S ( Lit h u a ni a); M O E a n d U M ( M al a y si a); B U A P, CI N-
V E S T A V, C O N A C Y T, L N S, S E P, a n d U A S L P- F AI ( M e xi c o); M O S ( M o nt e n e g r o); M BI E ( N e w
Z e al a n d); P A E C ( P a ki st a n); M S H E a n d N S C ( P ol a n d); F C T ( P o rt u g al); JI N R ( D u b n a); M O N,
R o s At o m, R A S, R F B R, a n d N R C KI ( R u s si a); M E S T D ( S e r bi a); S EI DI, C P A N, P C TI, a n d F E D E R
( S p ai n); M O S T R ( S ri L a n k a); S wi s s F u n di n g A g e n ci e s ( S wit z e rl a n d); M S T ( T ai p ei); T h E P C e n-
t e r, I P S T, S T A R, a n d N S T D A ( T h ail a n d); T U BI T A K a n d T A E K ( T u r k e y); N A S U ( U k r ai n e); S T F C
( U nit e d Ki n g d o m); D O E a n d N S F ( U S A).
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The University of Kansas, Lawrence, Kansas, USA
A. Abreu, J. Anguiano, C. Baldenegro Barrera , P. Baringer , A. Bean , A. Bylinkin ,
Z. Flowers, T. Isidori, S. Khalil , J. King, G. Krintiras , A. Kropivnitskaya , M. Lazarovits,
C. Lindsey, J. Marquez, N. Minafra , M. Murray , M. Nickel, C. Rogan , C. Royon,
R. Salvatico , S. Sanders, E. Schmitz, C. Smith , J.D. Tapia Takaki , Q. Wang , Z. Warner,
J. Williams , G. Wilson

Kansas State University, Manhattan, Kansas, USA
S. Duric, A. Ivanov , K. Kaadze , D. Kim, Y. Maravin , T. Mitchell, A. Modak, K. Nam

Lawrence Livermore National Laboratory, Livermore, California, USA
F. Rebassoo, D. Wright

University of Maryland, College Park, Maryland, USA
E. Adams, A. Baden, O. Baron, A. Belloni , S.C. Eno , N.J. Hadley , S. Jabeen ,
R.G. Kellogg, T. Koeth, A.C. Mignerey, S. Nabili, C. Palmer , M. Seidel , A. Skuja , L. Wang,
K. Wong

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
D. Abercrombie, G. Andreassi, R. Bi, S. Brandt, W. Busza , I.A. Cali, Y. Chen ,
M. D’Alfonso , J. Eysermans, C. Freer , G. Gomez Ceballos, M. Goncharov, P. Harris, M. Hu,
M. Klute , D. Kovalskyi , J. Krupa, Y.-J. Lee , C. Mironov , C. Paus , D. Rankin ,
C. Roland , G. Roland, Z. Shi , G.S.F. Stephans , J. Wang, Z. Wang , B. Wyslouch

https://orcid.org/0000-0001-9171-1980
https://orcid.org/0000-0002-0324-3054
https://orcid.org/0000-0002-5968-1192
https://orcid.org/0000-0002-7274-9390
https://orcid.org/0000-0003-4563-7702
https://orcid.org/0000-0002-7233-8348
https://orcid.org/0000-0002-6584-2538
https://orcid.org/0000-0002-8440-6854
https://orcid.org/0000-0002-9202-803X
https://orcid.org/0000-0003-3207-6950
https://orcid.org/0000-0002-5074-0539
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0000-0001-6850-8765
https://orcid.org/0000-0003-4182-9096
https://orcid.org/0000-0002-3295-3194
https://orcid.org/0000-0001-5745-3658
https://orcid.org/0000-0002-2475-0055
https://orcid.org/0000-0002-4484-9431
https://orcid.org/0000-0003-3879-4873
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0002-3161-8300
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0002-2957-0301
https://orcid.org/0000-0002-0124-9065
https://orcid.org/0000-0002-9792-8619
https://orcid.org/0000-0001-9930-6445
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0002-8264-156X
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0003-2436-5074
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-3826-7232
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0744-1063
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0003-2165-9501
https://orcid.org/0000-0001-6091-6772
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0001-9053-3182
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0002-3765-3123
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6751-3108
https://orcid.org/0000-0003-4591-2225
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0002-6033-8885
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-6286-120X
https://orcid.org/0000-0001-8630-8046
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-8751-6178
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0002-0098-4279
https://orcid.org/0000-0003-3804-3244
https://orcid.org/0000-0002-9810-7097
https://orcid.org/0000-0003-0917-4763
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0003-0510-141X
https://orcid.org/0000-0003-3550-6151
https://orcid.org/0000-0002-7312-6339
https://orcid.org/0000-0002-9698-1354
https://orcid.org/0000-0002-3831-9071
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0002-8599-2437
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-8411-9620
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-5498-8825
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649


29

University of Minnesota, Minneapolis, Minnesota, USA
R.M. Chatterjee, A. Evans , P. Hansen, J. Hiltbrand, Sh. Jain , M. Krohn, Y. Kubota,
J. Mans , M. Revering, R. Rusack , R. Saradhy, N. Schroeder , N. Strobbe , M.A. Wadud

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , M. Bryson, S. Chauhan , D.R. Claes, C. Fangmeier, L. Finco , F. Golf , C. Joo,
I. Kravchenko , M. Musich, I. Reed, J.E. Siado, G.R. Snow†, W. Tabb, F. Yan, A.G. Zecchinelli

State University of New York at Buffalo, Buffalo, New York, USA
G. Agarwal , H. Bandyopadhyay , L. Hay , I. Iashvili , A. Kharchilava, C. McLean ,
D. Nguyen, J. Pekkanen , S. Rappoccio , A. Williams

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis, Y. Haddad , A. Hortiangtham, J. Li , G. Madigan,
B. Marzocchi , D.M. Morse , V. Nguyen, T. Orimoto , A. Parker, L. Skinnari ,
A. Tishelman-Charny, T. Wamorkar, B. Wang , A. Wisecarver, D. Wood

Northwestern University, Evanston, Illinois, USA
S. Bhattacharya , J. Bueghly, Z. Chen , A. Gilbert , T. Gunter , K.A. Hahn, Y. Liu,
N. Odell, M.H. Schmitt , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
R. Band , R. Bucci, A. Das , N. Dev , R. Goldouzian , M. Hildreth, K. Hur-
tado Anampa , C. Jessop , K. Lannon , J. Lawrence, N. Loukas , D. Lutton, N. Marinelli,
I. Mcalister, T. McCauley , C. Mcgrady, K. Mohrman, Y. Musienko50, R. Ruchti, P. Siddireddy,
A. Townsend, M. Wayne, A. Wightman, M. Zarucki , L. Zygala

The Ohio State University, Columbus, Ohio, USA
B. Bylsma, B. Cardwell, L.S. Durkin , B. Francis , C. Hill , M. Nunez Ornelas , K. Wei,
B.L. Winer, B.R. Yates

Princeton University, Princeton, New Jersey, USA
F.M. Addesa , B. Bonham , P. Das , G. Dezoort, P. Elmer , A. Frankenthal ,
B. Greenberg , N. Haubrich, S. Higginbotham, A. Kalogeropoulos , G. Kopp, S. Kwan ,
D. Lange, D. Marlow , K. Mei , I. Ojalvo, J. Olsen , D. Stickland , C. Tully

University of Puerto Rico, Mayaguez, Puerto Rico, USA
S. Malik , S. Norberg

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi, V.E. Barnes , R. Chawla , S. Das , L. Gutay, M. Jones , A.W. Jung ,
S. Karmarkar, D. Kondratyev , M. Liu, G. Negro, N. Neumeister , G. Paspalaki,
S. Piperov , A. Purohit, J.F. Schulte , M. Stojanovic16, J. Thieman , F. Wang , R. Xiao ,
W. Xie

Purdue University Northwest, Hammond, Indiana, USA
J. Dolen , N. Parashar

Rice University, Houston, Texas, USA
A. Baty , M. Decaro, S. Dildick , K.M. Ecklund , S. Freed, P. Gardner, F.J.M. Geurts ,
A. Kumar , W. Li, B.P. Padley , R. Redjimi, W. Shi , A.G. Stahl Leiton , S. Yang ,
L. Zhang, Y. Zhang

University of Rochester, Rochester, New York, USA
A. Bodek , P. de Barbaro, R. Demina , J.L. Dulemba , C. Fallon, T. Ferbel , M. Galanti,

https://orcid.org/0000-0002-7427-1079
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0003-2840-1087
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0002-8336-6141
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0002-6544-5794
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0002-7450-4805
https://orcid.org/0000-0002-6681-7668
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0001-5245-2074
https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-2019-6755
https://orcid.org/0000-0003-0796-2475
https://orcid.org/0000-0002-6477-801X
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-4521-6086
https://orcid.org/0000-0001-7560-5790
https://orcid.org/0000-0002-7444-5622
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0003-2792-0491
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0002-1414-6583
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0003-0484-5804
https://orcid.org/0000-0002-2982-7621
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-2057-2025
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0001-6939-3445
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0002-7874-2480
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0001-7292-8527
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0003-0554-4755
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0002-5180-6595
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0000-0002-8102-9002
https://orcid.org/0000-0002-5397-252X
https://orcid.org/0000-0002-2075-8631
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-6733-131X


30

A. Garcia-Bellido , O. Hindrichs , A. Khukhunaishvili, E. Ranken, R. Taus

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , A. Gandrakota , Y. Gershtein , E. Halkiadakis , A. Hart,
M. Heindl , O. Karacheban24 , I. Laflotte, A. Lath , R. Montalvo, K. Nash, M. Osherson,
S. Salur , S. Schnetzer, S. Somalwar , R. Stone, S.A. Thayil , S. Thomas, H. Wang

University of Tennessee, Knoxville, Tennessee, USA
H. Acharya, A.G. Delannoy , S. Fiorendi , S. Spanier

Texas A&M University, College Station, Texas, USA
O. Bouhali94 , M. Dalchenko , A. Delgado , R. Eusebi, J. Gilmore, T. Huang, T. Kamon95,
H. Kim , S. Luo , S. Malhotra, R. Mueller, D. Overton, D. Rathjens , A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin, J. Damgov, V. Hegde, S. Kunori, K. Lamichhane, S.W. Lee , T. Mengke,
S. Muthumuni , T. Peltola , I. Volobouev, Z. Wang, A. Whitbeck

Vanderbilt University, Nashville, Tennessee, USA
E. Appelt , S. Greene, A. Gurrola , W. Johns, A. Melo, H. Ni, K. Padeken , F. Romeo ,
P. Sheldon , S. Tuo, J. Velkovska

University of Virginia, Charlottesville, Virginia, USA
M.W. Arenton , B. Cox , G. Cummings , J. Hakala , R. Hirosky , M. Joyce ,
A. Ledovskoy , A. Li, C. Neu , C.E. Perez Lara , B. Tannenwald , S. White , E. Wolfe

Wayne State University, Detroit, Michigan, USA
N. Poudyal

University of Wisconsin - Madison, Madison, WI, Wisconsin, USA
K. Black , T. Bose , C. Caillol, S. Dasu , I. De Bruyn , P. Everaerts , F. Fienga ,
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87: Also at Università di Torino, TORINO, Italy
88: Also at Bethel University, St. Paul, Minneapolis, USA
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