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Abstract

Energy correlators that describe energy-weighted distances between two or three par-
ticles in a hadronic jet are measured using an event sample of

p
s = 13 TeV proton-

proton collisions collected by the CMS experiment and corresponding to an inte-
grated luminosity of 36.3 fb�1. The measured distributions are consistent with the
trends in the simulation that reveal two key features of the strong interaction: con-
finement and asymptotic freedom. By comparing the ratio of the measured three-
and two-particle energy correlator distributions with theoretical calculations that re-
sum collinear emissions at approximate next-to-next-to-leading logarithmic accuracy
matched to a next-to-leading order calculation, the strong coupling is determined at
the Z boson mass: aS(mZ) = 0.1229+0.0040

�0.0050, the most precise aS(mZ) value obtained
using jet substructure observables.
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In high energy proton-proton (pp) collisions, quarks and gluons undergo cascades of radiation
and hadronization processes, resulting in the production of hadrons that can cluster in jets. Col-
lisions at the LHC have produced an unprecedented number of events containing jets, span-
ning a broad range of energies. Studies of jets provide information on the strong interaction,
described by quantum chromodynamics (QCD) [1]. Jet substructure has been widely studied
at the LHC [2–11]. Comparing high precision measurements of jet substructure observables
with Monte Carlo (MC) simulations and perturbative QCD (pQCD) calculations improves our
understanding of QCD.

New observables have been recently proposed to describe multiparticle energy correlations
within jets [12]. They evolved from the event shape observable energy-energy correlator (EEC) [13],
which was extensively studied in e+e� experiments [14–17]. The new observables study cor-
relations inside jets, therefore being more sensitive than EEC in the small angle limit [18].
They are derived from energy-flow operators, are collinear- and infrared-safe [19], and can
be formulated with correlation functions of light-ray operators [20–23] widely used in confor-
mal field theory. Analytical calculations with all-orders resummation at next-to-leading log-
arithmic (NLL) [24, 25] and approximate next-to-NLL (NNLLapprox) [26] accuracy in pQCD,
matched to next-to-leading order (NLO) pQCD calculations, denoted as NLO + NNLLapprox,
can be achieved for these observables. This allows comparisons between theory and data with
5% accuracy [26]. We focus on the two- and three-particle energy correlators (E2C and E3C,
respectively), for which there are predictions with NLO + NNLLapprox precision [26].

Studies of jet substructure can be used to determine the strong coupling aS [27–30]. Among the
interaction couplings of the standard model, aS is the least precisely known [31]. The world
average aS at the Z boson mass is aS(mZ) = 0.1180, with a 0.8% precision [31]. Methods
that mainly rely on fixed-order calculations provide aS extractions with 1–3% precision at the
LHC [32–37]; jet substructure is more sensitive to collinear physics effects, allowing for mea-
surements in complementary phase space regions. In these regions, studies based on event
shapes in e+e� collisions at LEP [38–40] obtained a value of aS about 5% lower than the world
average, emphasizing the importance of new studies. It has been estimated that a value of aS
with 10% precision could be achieved using the soft-drop groomed jet mass [27]. There are two
major difficulties in reaching a high-precision aS extraction with this observable: its depen-
dence on the relative fraction of quark- and gluon-initiated jets, since a larger gluon jet fraction
can be misinterpreted as a larger aS value; and the large uncertainty in the nonperturbative
corrections. A jet substructure measurement using heavy-flavor jets provided an aS value with
⇡ 10% precision [41]. Other approaches have been proposed to tackle the parton-flavor depen-
dence [30]. An approach based on the ratio of multiparticle energy correlators was proposed
to solve both problems and improve the precision of jet substructure aS determinations [12].

Unlike observables such as the jet charge, which provide a single value for each jet, E2C and
E3C provide distributions because each jet has many particles and, hence, many pairs and
triplets. These distributions depend on xL, defined as the angular distance between the two
particles of the E2C pair,

p
(Dhi,j)

2 + (Dfi,j)
2, where Dh and Df are the distances in pseudo-

rapidity and azimuthal angle of the particles, respectively, or as the largest angular distance
among the three pair combinations of an E3C triplet. A jet with n particles contributes n

2 en-
tries to the E2C xL distribution, each having a weight EiEj/E

2, the product of the fractional
energy of the jet carried by each of the particles. The entry with j = i adds to the xL = 0 bin,
which contributes to the overall normalization of the distribution. Similarly, a jet contributes
n

3 entries to the E3C xL distribution, with weights EiEjEk/E
3, where the indices represent the

three particles in the triplet. The fractional energy weights ensure that E2C and E3C are in-
sensitive to soft radiation, without the need for jet grooming techniques [12], and that their
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distributions are normalized to the number of jets in the event sample. Additionally, taking the
ratio of two energy correlators further suppresses nonperturbative effects.

The distinctive shape of the xL-differential E2C and E3C correlators provides information on
the time scale of hadron formation, still an open question in QCD [1]. The different xL regions
probe the dynamics of jet formation, governed by the DGLAP evolution equations [42–45].
Most jet substructure observables are dominated by terms proportional to the coupling aS, to
a large logarithm due to collinear divergences ln xL, and to a color factor Ci [27]. The quark-
gluon composition, essential to extract aS, can be calculated from parton distribution functions
(PDFs), at the price of introducing large uncertainties [27]. The PDF dependence is largely
suppressed in the E3C/E2C ratio, which remains sensitive to aS because E3C and E2C have
different dependences on aS, Ci and its higher order expansion terms. The calculation at lead-
ing logarithmic accuracy implies that the ratio is approximately linear in aS ln xL [12], so that
measuring its slope with respect to ln xL, as a function of the jet momentum transverse to the
pp collision axis (pT), gives the dependence of aS on the jet energy.

In this Letter we report the E2C and E3C distributions versus xL and the aS(mZ) value obtained
by comparing their ratio with theoretical predictions at NLO + NNLLapprox accuracy [26]. This
is the first measurement of E2C at a hadron collider, probing a much higher energy scale than
at the e+e� experiments, and the first ever measurement of E3C. The analysis is based on an
event sample of pp collisions at

p
s = 13 TeV collected by CMS in 2016 and corresponding to

an integrated luminosity of 36.3 fb�1 [46]. The CMS detector has been designed [47] to trig-
ger on [48, 49] and identify electrons, muons, photons, and hadrons [50–53]. The particles are
reconstructed [54–56] from information provided by a silicon tracker, an electromagnetic cal-
orimeter, and a hadron calorimeter, placed in a 3.8 T superconducting solenoid, and by muon
detectors placed outside.

The hadronic jets are clustered with the anti-kT algorithm [57, 58] with a resolution parameter
of 0.4, a value suited for parton shower (PS) studies at relatively small angles [25, 26]. The
jet four-momentum is determined as the vectorial sum of all particle four-momenta in the jet.
We select the dijet process to measure E2C and E3C because of its large cross section and wide
energy range. Background processes beyond those produced by the strong interaction have
a negligible contribution [33], allowing for a direct comparison between data and predictions.
A series of eight triggers are used, each requiring a leading jet with increasing pT thresholds,
the lowest one being 60 GeV. The events must contain at least two jets, with pT > 97 GeV and
|h| < 2.1. The h selection ensures that the jet constituents are reconstructed with good spatial
and momentum resolutions. In addition, the two leading jets are required to be back-to-back
in the transverse plane, with |Df| > 2. Jets with lower pT are not considered because the corre-
sponding pQCD calculations can only be performed in a limited xL range, so that the different
stages in jet formation cannot be reliably identified. To study the E2C and E3C energy depen-
dence, the two leading jets in each event are binned in eight pT bins, in the 97–1784 GeV range.
The boundaries are optimized so that the corresponding trigger has an efficiency exceeding
99.5% [33]. Weights corresponding to the trigger prescales are applied [48]. All the neutral and
charged particles with pT > 1 GeV within the jets are used to compute the energy correlators.
Each jet contributes multiple entries to the E2C and E3C distributions and each event provides
two leading jets, causing statistical correlations across xL and pT bins, amounting to 40% on
average. Covariance matrices are calculated for the two distributions. Since the analysis is not
statistically limited, we measure the E2C and E3C distributions from two independent data
samples, built by splitting the data in two halves, to avoid keeping track of the correlations
between the two variables, which would lead to larger matrices and computational challenges.
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In order to obtain the E2C and E3C distributions at particle level, we unfold the measured
distributions for the detector response, using the iterative D’Agostini unfolding method [59],
implemented in ROOUNFOLD [60, 61]. We stop the iterations once the p-value between consec-
utive unfolded distributions exceeds 0.05, meaning that the distributions become statistically
consistent. The reconstructed jets and particles are considered matched to the generated ones
if their relative angular distance is smaller than 0.2 and 0.05, respectively. If multiple matches
are found, the one with the closest pT is chosen. The jet matching efficiency is above 99%. The
fractions of correctly matched charged particles, photons, and neutral particles are 80–84%,
54–70%, and 20–35%, respectively, corresponding to 88–95%, 80–97%, and 40–92% of the total
energy of these particle types. The unmatched objects are considered to be misreconstructed
and their contribution is subtracted from the data. After unfolding, bin-by-bin inefficiency cor-
rections are applied, derived from the particle-level unmatched objects. Given the correlations
between the variables, the unfolding is performed in three dimensions: xL, pT, and the energy
weight. Simulations are used to derive the response matrices.

Four samples of simulated events are used to model hadronization effects and to evaluate the
detector response. They are generated with PYTHIA8.240 [62], HERWIG7.1.4 [63, 64], and MAD-
GRAPH5 aMC@NLO [65, 66], the latter being interfaced with PYTHIA8 or HERWIG7. Dijet events
are generated at leading order (LO) in pQCD, with NNPDF3.1 PDFs [67], and interfaced with
GEANT4 [68]. In the MADGRAPH5 aMC@NLO samples, final states with up to four partons are
generated at tree level, and the MLM jet matching scheme is applied [66]. Simulated pileup
interactions are included, normalized to a total inelastic cross section of 69.2 mb [69]. The un-
folding uses the PYTHIA8 event sample, which is the largest one. Other event samples are
generated at the particle level to provide predictions that can be directly compared with the
(unfolded) measured distributions. They reflect several alternative PS and hadronization mod-
els. More details of the simulated samples can be found in Appendix A.

The energy scale uncertainty of the jet constituents, 3% for photons, 5% for neutral particles,
and 1% for charged particles, affects the energy of these particles and, hence, the jet pT. The
track reconstruction efficiency uncertainty, 3%, reflects the mismodeling of the efficiency to
reconstruct charged-particle tracks in the dense core of the jets [56]. The MC event generators
differ in the PS and hadronization modeling, in the tuning of parameters, and in the fixed-order
matrix calculation for the hard scattering. These differences are not covered by the renormal-
ization scale uncertainty nor by varying the underlying event (UE) in PYTHIA8. Therefore, we
use the differences between the results obtained with the baseline PYTHIA8 MC and the other
samples to evaluate one-sided uncertainties in the MC modeling. The (unfolded) particle-level
data distributions are recomputed with the responses corresponding to the variations men-
tioned above, to establish their uncertainty. The variations in MC modeling contribute the
largest source of uncertainty, 2–10% depending on xL and pT, followed by the neutral particle
energy scale, which contributes an uncertainty of 1–2%.

The measured (unfolded) E2C distributions are shown in Fig. 1, in four illustrative jet pT ranges,
together with the predictions of three models: PYTHIA8 (with the CP5 tune and pT-ordered
showers), HERWIG7 (with the CH3 tune and angular-ordered showers), and SHERPA2 (with de-
fault settings). The E2C distributions in the other four jet pT ranges, the E3C distributions, and
comparisons with all the considered MC models are collected in Appendix A, while tabulated
results are provided in the HEPData record for this analysis [71]. The lower panels show the
ratios between the data and the PYTHIA8 reference. The uncertainty in the PYTHIA8 MC pre-
diction (blue band) reflects the following sources. The uncertainties from the missing higher
orders in the hard scattering computation and from the PS modeling are obtained by indepen-
dently varying the renormalization and factorization scales by factors of 0.5 and 2, keeping
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Figure 1: Measured (unfolded) and simulated E2C xL distributions, in four pT bins. The lower
panels show the ratios to the PYTHIA8 reference. The data statistical (bars) and systematic
(boxes) uncertainties are also shown, as is the PYTHIA8 uncertainty (blue band).

their ratio between 0.5 and 2. The PDF uncertainty is evaluated using an envelope of 100 PDF
sets, corresponding to the variations of the uncertainty eigenvectors of the default set. The
uncertainty in the infrared approximation of the PYTHIA8 PS splitting kernels is evaluated by
varying the coefficient of the nonsingular term by ±2 [72]. The uncertainty in the UE model is
evaluated by using the Monash tune [73]. The measured and PYTHIA8 distributions show good
agreement, given the uncertainties. The lower panels of Fig. 1 also show the ratios between the
HERWIG7 and SHERPA2 MC distributions and the PYTHIA8 reference, to illustrate the level of
variation that exists among models.

Since the MC models provide a reasonably good description of the measured xL dependence
of E2C, we can discuss it in terms of three phases in the evolution of the produced jets. The
momentum exchange between two particles is proportional to pTxL [12], so that xL reflects the
energy scale of the interaction. In the large xL region, dominated by wide-angle splittings from
the emission of additional partons during the PS stage, we see that E2C decreases as xL in-
creases, as predicted by pQCD [25]. The small xL region, where we have the opposite trend,
reflects a phase dominated by noninteracting hadrons. The intermediate xL region corresponds
to a transition phase, where the partons get confined in the final hadrons. To determine the xL
boundaries, shown as dashed vertical lines in Fig. 1, we fit the xL distributions in each jet
pT range and identify the regions that follow the quantitative scaling predictions: in the free-
hadron region, the E2C and E3C particle-level distributions are expected to increase with xL
as exp(2 ln xL) [74]; in the perturbative region, the E3C/E2C ratio of parton-level distributions
is expected to increase with xL as ln xL [26], with small differences at the hadron level. The
fits of the parton- and hadron-level distributions are made using the simulated trends, which
describe well the shapes of the measured distributions. As the jet pT increases, the boundaries
shift towards smaller xL, so that the energy scale at which the transition occurs, Q = apTxL [12],
remains the same. The constant a is unknown but the boundaries derived from simulation sug-
gest that Q/a ⇡ 20 GeV for the transition between the perturbative and confinement regions
and ⇡ 0.8 GeV for the transition between the confinement and free-hadron regions. The bound-
aries are sensitive to aS. We only compare data and pQCD where the calculations are reliable.

Figure 2 shows the ratio between the E3C and E2C xL distributions, both measured and pre-
dicted at NLO + NNLLapprox [26]. The renormalization scale is set to p

jet
T R/2 in each region,

where R = 0.4. This choice approximates the energy scale of the parton splitting and improves
the convergence of the pQCD calculation [26]. Hadronization and UE effects are corrected us-
ing PYTHIA8 and HERWIG7 simulations, accounting for the 1 GeV threshold on the hadron pT.
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The corrections are applied to the parton-level calculations and are in the 5–40% range for the
E2C and E3C distributions, decreasing with increasing xL and jet pT; they largely cancel in the
ratio, decreasing to the 0–3% range. The difference between the PYTHIA8 and HERWIG7 correc-
tion factors is considered as the nonperturbative theoretical uncertainty [33]. Figure 3 shows
the slope of the xL dependence of the E3C over E2C ratio, defined as D(E3C/E2C)/D log xL,
accounting for the covariance matrix and systematic uncertainties. Since the slope is approxi-
mately proportional to aS(Q) [12], the trend reflects the running of aS with jet energy.
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Figure 2: Measured E3C/E2C ratio (left) and their ratio to predictions (right) in the perturbative
xL region and four jet pT bins. The NLO+NNLLapprox predictions [26] are corrected to hadron-
level and normalized to the data. The statistical and experimental systematic uncertainties are
shown with bars and boxes, respectively.
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Figure 3: Fitted slopes of the measured E3C/E2C ratios, in the eight jet pT bins, compared to
theoretical predictions for three aS values.

Comparing the measured E3C/E2C ratio, as a function of xL, with the corresponding theoreti-
cal predictions (using the median value of the predictions in each xL bin), we obtain c2 values
as a function of aS(mZ). We consider the theoretical uncertainties described above, except that
the PS renormalization scale uncertainty is replaced by the NLO+NNLLapprox uncertainty [26].
Only the perturbative region is used; the xL < 0.234 selection avoids boundary effects of the
jet clustering algorithm [25]. Since the theory normalization is unknown in the perturbative
region, a free parameter is introduced in each pT bin, and we only consider the shape effects of
the uncertainties. For each aS(mZ) value, the c2 is defined as

c2 = [~vm(~q)�~vth(aS,~q)]|V
�1
m [~vm(~q)�~vth(aS,~q)] + Â

j

q2
j
,
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where the variables vm and vth are the measured and predicted differential E3C/E2C ratios,
respectively, and Vm is the covariance matrix of the unfolded data. The experimental and the-
oretical uncertainties are considered through n nuisance parameters, ~q = (q1, . . ., qn), where qj

is the number of standard deviations by which the uncertainty “j” is varied. The qj variation
changes the shapes of the E2C and E3C distributions simultaneously across all the bins.

The best fit value of aS(mZ) is 0.1229+0.0014
�0.0012 (stat)+0.0030

�0.0033 (theo)+0.0023
�0.0036(exp), where theo and exp

stand for theoretical and experimental systematic uncertainties, respectively. The central value
is determined by minimizing the c2 with respect to the nuisance parameters, simultaneously
varied, and the uncertainties are given by the aS(mZ) values that lead to c2 values exceeding the
minimum by 1. The high precision stems from the cancelation of most E2C and E3C systematic
uncertainties in their ratio. The largest sources of uncertainty are the renormalization scale in
the theoretical calculation (2.4%) and the energy scales of the jet constituents (2.3%).

In summary, the two- and three-particle jet substructure observables E2C and E3C have been
measured using a sample of proton-proton collision events at

p
s = 13 TeV, collected by the

CMS experiment and corresponding to an integrated luminosity of 36.3 fb�1. A multidimen-
sional unfolding has been performed, of the jet pT, of the (largest) distance between particles in
a pair or a triplet, and of the product of their energy weights, to compare the data with distribu-
tions simulated with several parton showering and hadronization models. This high-precision
measurement of jet properties described by QCD can help validate future higher-order cor-
rections in parton shower algorithms. The strong coupling at the Z boson mass is extracted
by comparing the measured E3C/E2C ratio with calculations at approximate next-to-next-to-
leading logarithmic accuracy matched to a next-to-leading perturbative QCD order corrected
for nonperturbative effects. The result, aS(mZ) = 0.1229+0.0040

�0.0050, is consistent with the world
average, 0.1180. This is the most precise determination of aS using jet substructure techniques.
The result benefits from the development of novel jet substructure observables, which reduce
the sensitivity to the quark-gluon composition, and from the availability of high-precision the-
oretical calculations.
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A Additional analysis figures
Figures A.1 and A.2 show the measured (unfolded) E2C and E3C distributions, compared to
various MC predictions in the eight pT regions of the analysis. The MC predictions include
PYTHIA8.240 using VINCIA [75] and DIRE [76] showers, with the CP5 tune; HERWIG7.1.4 using
dipole showers, with the CH3 tune; and SHERPA2.2 [77], with its default tune. The value of
aS(mZ) is set to 0.118, with its energy evolution computed at two-loop order. The E3C/E2C
ratios are compared with MC predictions in Fig. A.3 and with theoretical predictions in Fig. A.4.
The c2 values determined from the fit of measured data as a function of aS(mZ) are shown in
Fig. A.5. The statistical correlation matrices of the unfolded E2C and E3C distributions, and of
their ratio, are shown in Figs. A.6–A.8.
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Figure A.1: Measured (unfolded) E2C distributions compared with the PYTHIA8 CP5 predic-
tion (upper) and all the MC predictions (lower) in the eight pT regions. Statistical and exper-
imental systematic uncertainties are shown with error bars and hatched bands, respectively.
The theory uncertainty in the PYTHIA8 CP5 prediction is shown with the blue bands.
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Figure A.2: Measured (unfolded) E3C distributions compared with the PYTHIA8 CP5 predic-
tion (upper) and all the MC predictions (lower) in the eight pT regions. Statistical and exper-
imental systematic uncertainties are shown with error bars and hatched bands, respectively.
The theory uncertainty in the PYTHIA8 CP5 prediction is shown with the blue bands.
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Figure A.3: Ratio of the unfolded E3C and E2C distributions compared with the PYTHIA8 CP5
prediction (upper) and all the MC predictions (lower) in the eight pT regions. Statistical and
experimental systematic uncertainties are shown with error bars and hatched bands, respec-
tively. The theory uncertainty in the PYTHIA8 CP5 prediction is shown with the blue bands.
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Figure A.4: Ratio of the unfolded E3C and E2C distributions in the eight pT regions. The NLO+
NNLLapprox theoretical predictions [26] and the corresponding uncertainties are corrected to
hadron-level and normalized to the measured data. The statistical and experimental systematic
uncertainties are shown with error bars and boxes, respectively.
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Figure A.5: The c2 values determined from the fit of the measured data, as a function of aS(mZ).



18

1−

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120 140 160 180 200 220
 bin indexLx *  jet

T
p

0

20

40

60

80

100

120

140

160

180

200

220

 b
in

 in
de

x
Lx

 * 
 je

t
Tp

 (13 TeV)-136.3 fbCMSSupplementary

Figure A.6: The statistical correlation matrix of the bins of the unfolded E2C distribution. The
bin number n in this figure is defined by n = 22ipT

+ ixL
, where ipT

and ixL
are the indices of

the pT and xL bins. In total there are ten pT bins, the eight presented in the analysis plus the
overflow and underflow bins. The number of xL bins per pT region is 22.
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Figure A.7: The statistical correlation matrix of the bins of the unfolded E3C distribution. The
bin number n in this figure is defined by n = 22ipT

+ ixL
, where ipT

and ixL
are the indices of

the pT and xL bins. In total there are ten pT bins, the eight presented in the analysis plus the
overflow and underflow bins. The number of xL bins per pT region is 22.
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Figure A.8: The statistical correlation matrix of the bins of the unfolded E3C/E2C distribution.
The bin number n in this figure is defined by n = 22ipT

+ ixL
, where ipT

and ixL
are the indices

of the pT and xL bins. In total there are ten pT bins, the eight presented in the analysis plus the
overflow and underflow bins. The number of xL bins per pT region is 22.
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M. Teroerde

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
S. Diekmann , A. Dodonova , N. Eich , D. Eliseev , F. Engelke , J. Erdmann,
M. Erdmann , P. Fackeldey , B. Fischer , T. Hebbeker , K. Hoepfner , F. Ivone ,
A. Jung , M.y. Lee , F. Mausolf , M. Merschmeyer , A. Meyer , S. Mukherjee ,
D. Noll , F. Nowotny, A. Pozdnyakov , Y. Rath, W. Redjeb , F. Rehm, H. Reithler ,
U. Sarkar , V. Sarkisovi , A. Schmidt , A. Sharma , J.L. Spah , A. Stein ,
F. Torres Da Silva De Araujo22 , L. Vigilante, S. Wiedenbeck , S. Zaleski

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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P. Assiourasa , G. Barbaglia , G. Bardellia,b , B. Camaiania,b , A. Cassesea ,
R. Ceccarellia , V. Ciullia,b , C. Civininia , R. D’Alessandroa,b , E. Focardia,b ,
T. Kelloa, G. Latinoa ,b , P. Lenzia ,b , M. Lizzoa , M. Meschinia , S. Paolettia ,
A. Papanastassioua,b, G. Sguazzonia , L. Viliania

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi , S. Bianco , S. Meola50 , D. Piccolo

INFN Sezione di Genovaa, Università di Genovab, Genova, Italy
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Basilicatac, Potenza, Italy; Scuola Superiore Meridionale (SSM)d, Napoli, Italy
S. Buontempoa , A. Cagnottaa,b , F. Carnevalia,b, N. Cavalloa,c , F. Fabozzia,c ,
A.O.M. Iorioa,b , L. Listaa,b,51 , P. Paoluccia,30 , B. Rossia , C. Sciaccaa,b
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S. Ajmala,b , G.M. Bileia , D. Ciangottinia,b , L. Fanòa,b , M. Magherinia,b ,
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P. Merlo, A. Mestvirishvili88 , J. Nachtman , O. Neogi, H. Ogul89 , Y. Onel , A. Penzo ,
C. Snyder, E. Tiras90

Johns Hopkins University, Baltimore, Maryland, USA
B. Blumenfeld , L. Corcodilos , J. Davis , A.V. Gritsan , L. Kang , S. Kyriacou ,
P. Maksimovic , M. Roguljic , J. Roskes , S. Sekhar , M. Swartz

The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , P. Baringer , A. Bean , Z. Flowers ,
D. Grove , J. King , G. Krintiras , M. Lazarovits , C. Le Mahieu , J. Marquez ,
N. Minafra , M. Murray , M. Nickel , M. Pitt , S. Popescu91 , C. Rogan , C. Royon ,
R. Salvatico , S. Sanders , C. Smith , Q. Wang , G. Wilson

Kansas State University, Manhattan, Kansas, USA
B. Allmond , A. Ivanov , K. Kaadze , A. Kalogeropoulos , D. Kim, Y. Maravin ,
J. Natoli , D. Roy , G. Sorrentino

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

University of Maryland, College Park, Maryland, USA
A. Baden , A. Belloni , Y.M. Chen , S.C. Eno , N.J. Hadley , S. Jabeen ,
R.G. Kellogg , T. Koeth , Y. Lai , S. Lascio , A.C. Mignerey , S. Nabili , C. Palmer ,
C. Papageorgakis , M.M. Paranjpe, L. Wang

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
J. Bendavid , I.A. Cali , M. D’Alfonso , J. Eysermans , C. Freer , G. Gomez-Ceballos ,
M. Goncharov, G. Grosso, P. Harris, D. Hoang, D. Kovalskyi , J. Krupa , L. Lavezzo ,
Y.-J. Lee , K. Long , A. Novak , C. Paus , D. Rankin , C. Roland , G. Roland ,
S. Rothman , G.S.F. Stephans , Z. Wang , B. Wyslouch , T. J. Yang

University of Minnesota, Minneapolis, Minnesota, USA
B. Crossman , B.M. Joshi , C. Kapsiak , M. Krohn , D. Mahon , J. Mans ,
B. Marzocchi , S. Pandey , M. Revering , R. Rusack , R. Saradhy , N. Schroeder ,
N. Strobbe , M.A. Wadud

University of Mississippi, Oxford, Mississippi, USA
L.M. Cremaldi

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , D.R. Claes , G. Haza , J. Hossain , C. Joo , I. Kravchenko , J.E. Siado ,
W. Tabb , A. Vagnerini , A. Wightman , F. Yan , D. Yu

State University of New York at Buffalo, Buffalo, New York, USA
H. Bandyopadhyay , L. Hay , I. Iashvili , A. Kharchilava , M. Morris , D. Nguyen ,
S. Rappoccio , H. Rejeb Sfar, A. Williams

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , J. Dervan, Y. Haddad , Y. Han , A. Krishna , J. Li ,

https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0002-5574-4192
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0003-3922-6464
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0550-4083
https://orcid.org/0000-0003-0744-1063
https://orcid.org/0009-0000-2570-1100
https://orcid.org/0000-0002-4210-2780
https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0001-7299-7653
https://orcid.org/0000-0002-7366-4225
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0001-6091-6772
https://orcid.org/0000-0002-3826-1332
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0002-3021-5032
https://orcid.org/0000-0001-8739-9648
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-8591-5247
https://orcid.org/0000-0003-3951-3420
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0003-3436-047X
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6751-3108
https://orcid.org/0000-0001-6488-6195
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-0941-4512
https://orcid.org/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-5311-3007
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-9000-2215
https://orcid.org/0000-0001-5770-5077
https://orcid.org/0000-0002-7349-350X
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-8314-2052
https://orcid.org/0000-0002-0740-2462
https://orcid.org/0000-0001-9652-9854
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-5565-3119
https://orcid.org/0000-0001-5924-1130
https://orcid.org/0000-0003-3887-4048
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0003-0419-1329
https://orcid.org/0000-0003-2461-5985
https://orcid.org/0000-0002-0345-2171
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-7672-9709
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-9491-6022
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0003-3804-3244
https://orcid.org/0000-0003-0917-4763
https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0001-6675-3564
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0002-2253-819X
https://orcid.org/0000-0001-8934-9329
https://orcid.org/0000-0002-3586-3354
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0002-5795-4783
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0001-9235-521X
https://orcid.org/0000-0002-0082-0514
https://orcid.org/0000-0002-7795-8693
https://orcid.org/0000-0001-8579-5874
https://orcid.org/0000-0001-5164-6969
https://orcid.org/0000-0002-6893-1018
https://orcid.org/0000-0002-5801-5737
https://orcid.org/0000-0003-4548-0346
https://orcid.org/0000-0003-3443-0626
https://orcid.org/0000-0002-7907-1789
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0003-1683-9460
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0002-1364-9920
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-8411-9620
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-8983-2169
https://orcid.org/0000-0002-1377-9119
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649
https://orcid.org/0000-0003-4317-4660
https://orcid.org/0000-0002-2700-5085
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0002-2640-5941
https://orcid.org/0000-0003-2840-1087
https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0003-0440-6019
https://orcid.org/0000-0001-5051-0293
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0001-8720-293X
https://orcid.org/0000-0002-8336-6141
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0002-0653-0761
https://orcid.org/0000-0001-5550-7827
https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0003-4198-8919
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0001-5144-7919
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0002-3913-0326
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0002-6417-5913
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0002-3510-6505
https://orcid.org/0000-0002-4319-818X
https://orcid.org/0000-0001-5245-2074


35

M. Lu , G. Madigan , R. Mccarthy , D.M. Morse , V. Nguyen , T. Orimoto ,
A. Parker , L. Skinnari , B. Wang , D. Wood

Northwestern University, Evanston, Illinois, USA
S. Bhattacharya , J. Bueghly, Z. Chen , S. Dittmer , K.A. Hahn , Y. Liu , Y. Miao ,
D.G. Monk , M.H. Schmitt , A. Taliercio , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
G. Agarwal , R. Band , R. Bucci, S. Castells , A. Das , R. Goldouzian , M. Hildreth ,
K.W. Ho , K. Hurtado Anampa , T. Ivanov , C. Jessop , K. Lannon , J. Lawrence ,
N. Loukas , L. Lutton , J. Mariano, N. Marinelli, I. Mcalister, T. McCauley , C. Mcgrady ,
C. Moore , Y. Musienko16 , H. Nelson , M. Osherson , A. Piccinelli , R. Ruchti ,
A. Townsend , Y. Wan, M. Wayne , H. Yockey, M. Zarucki , L. Zygala

The Ohio State University, Columbus, Ohio, USA
A. Basnet , B. Bylsma, M. Carrigan , L.S. Durkin , C. Hill , M. Joyce , M. Nunez Or-
nelas , K. Wei, B.L. Winer , B. R. Yates

Princeton University, Princeton, New Jersey, USA
F.M. Addesa , H. Bouchamaoui , P. Das , G. Dezoort , P. Elmer , A. Frankenthal ,
B. Greenberg , N. Haubrich , G. Kopp , S. Kwan , D. Lange , A. Loeliger ,
D. Marlow , I. Ojalvo , J. Olsen , A. Shevelev , D. Stickland , C. Tully

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

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi , V.E. Barnes , S. Chandra , R. Chawla , S. Das , A. Gu , L. Gutay,
M. Jones , A.W. Jung , D. Kondratyev , A.M. Koshy, M. Liu , G. Negro ,
N. Neumeister , G. Paspalaki , S. Piperov , V. Scheurer, J.F. Schulte , M. Stojanovic ,
J. Thieman , A. K. Virdi , F. Wang , W. Xie

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

Rice University, Houston, Texas, USA
D. Acosta , T. Carnahan , K.M. Ecklund , P.J. Fernández Manteca , S. Freed, P. Gardner,
F.J.M. Geurts , W. Li , O. Miguel Colin , B.P. Padley , R. Redjimi, J. Rotter ,
E. Yigitbasi , Y. Zhang

University of Rochester, Rochester, New York, USA
A. Bodek , P. de Barbaro , R. Demina , J.L. Dulemba , A. Garcia-Bellido ,
O. Hindrichs , A. Khukhunaishvili , N. Parmar, P. Parygin92 , E. Popova92 , R. Taus

The Rockefeller University, New York, New York, USA
K. Goulianos

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , Y. Gershtein , E. Halkiadakis , M. Heindl , C. Houghton ,
D. Jaroslawski , O. Karacheban28 , I. Laflotte , A. Lath , R. Montalvo, K. Nash,
H. Routray , S. Salur , S. Schnetzer, S. Somalwar , R. Stone , S.A. Thayil , S. Thomas,
J. Vora , H. Wang

University of Tennessee, Knoxville, Tennessee, USA
H. Acharya, D. Ally , A.G. Delannoy , S. Fiorendi , S. Higginbotham , T. Holmes ,

https://orcid.org/0000-0002-6999-3931
https://orcid.org/0000-0001-8796-5865
https://orcid.org/0000-0002-9391-2599
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0003-1278-9208
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-9421-3335
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/0000-0002-5359-9614
https://orcid.org/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0002-2023-2082
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0003-2618-3856
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0002-3212-4505
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0002-8821-2045
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
https://orcid.org/0000-0001-5592-0785
https://orcid.org/0000-0002-9760-9976
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0002-3151-1386
https://orcid.org/0000-0002-3696-689X
https://orcid.org/0000-0001-8204-6157
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0001-8460-0019
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-1112-5880
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0003-0484-5804
https://orcid.org/0000-0002-9776-1935
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-5017-1487
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4600-0228
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0000-0001-6939-3445
https://orcid.org/0009-0000-7412-4071
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0002-6230-1138
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0002-7874-2480
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-9861-2942
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0001-7556-8969
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0002-6230-9535
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0002-2785-3762
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0002-9694-4625
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0002-3027-0752
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0002-3959-5174


36

A.R. Kanuganti , N. Karunarathna , L. Lee , E. Nibigira , S. Spanier

Texas A&M University, College Station, Texas, USA
D. Aebi , M. Ahmad , O. Bouhali93 , R. Eusebi , J. Gilmore , T. Huang ,
T. Kamon94 , H. Kim , S. Luo , R. Mueller , D. Overton , D. Rathjens , A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin , J. Damgov , V. Hegde , A. Hussain , Y. Kazhykarim, K. Lamichhane ,
S.W. Lee , A. Mankel , T. Peltola , I. Volobouev , A. Whitbeck

Vanderbilt University, Nashville, Tennessee, USA
E. Appelt , Y. Chen , S. Greene, A. Gurrola , W. Johns , R. Kunnawalkam Elayavalli ,
A. Melo , F. Romeo , P. Sheldon , S. Tuo , J. Velkovska , J. Viinikainen

University of Virginia, Charlottesville, Virginia, USA
B. Cardwell , B. Cox , J. Hakala , R. Hirosky , A. Ledovskoy , C. Neu ,
C.E. Perez Lara

Wayne State University, Detroit, Michigan, USA
P.E. Karchin

University of Wisconsin - Madison, Madison, Wisconsin, USA
A. Aravind, S. Banerjee , K. Black , T. Bose , S. Dasu , I. De Bruyn , P. Everaerts ,
C. Galloni, H. He , M. Herndon , A. Herve , C.K. Koraka , A. Lanaro, R. Loveless ,
J. Madhusudanan Sreekala , A. Mallampalli , A. Mohammadi , S. Mondal, G. Parida ,
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