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Abstract

A search for the production of pairs of heavy Majorana neutrinos (Nℓ) from the de-
cays of Z′ bosons is performed using the CMS detector at the LHC. The data were
collected in proton-proton collisions at a center-of-mass energy of

√
s = 13 TeV, with

an integrated luminosity of 138 fb−1. The signature for the search is an excess in the
invariant mass distribution of the final-state objects, two same-flavor leptons (e or µ)
and at least two jets. No significant excess of events beyond the expected background
is observed. Upper limits at 95% confidence level are set on the product of the Z′

production cross section and its branching fraction to a pair of Nℓ, as functions of Nℓ
and Z′ boson masses (mN

ℓ
and mZ′ , respectively) for mZ′ from 0.4 to 4.6 TeV and mN

ℓ
from 0.1 TeV to mZ′/2. In the theoretical framework of a left-right symmetric model,
exclusion bounds in the mN

ℓ
-mZ′ plane are presented in both the electron and muon

channels. The observed upper limit on mZ′ reaches up to 4.42 TeV. These are the most
restrictive limits to date on the mass of Nℓ as a function of the Z′ boson mass.
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1 Introduction
The observation of neutrino oscillations [1–4] established that at least two of the standard
model (SM) neutrinos have mass. The nonzero masses of the neutrinos are clear evidence of
physics beyond the SM, in which neutrinos are massless. Upper limits on the neutrino masses
have been obtained from cosmological observations [5]. A direct measurement from tritium
beta decays [6] indicates that the electron-type neutrino mass is less than 0.8 eV. The fact that
neutrino masses are so much smaller than the other fermion masses and that right-handed neu-
trinos are not observed suggest that neutrino masses may have an origin other than a Yukawa
coupling to the Higgs field.

In addition to its inability to explain neutrino mass, the SM does not provide any clear
answer as to what is the source of the parity violation in the weak sector or of the
matter dominance of the universe. One of the leading theoretical solutions is to intro-
duce a left-right symmetry model (LRSM) [7]. The LRSM is based on a gauge group of
SU(3)C

⊗
SU(2)L

⊗
SU(2)R

⊗
U(1)B−L, established by a symmetry between the left- and right-

handed SU(2) groups. In this model, there are three additional gauge bosons, W±
R and Z′, as

well as three right-handed neutrinos (Ne , Nµ , and Nτ ). The spontaneous symmetry break-
ing of the LRSM, at some energy scale, can generate the gauge group of the SM in a way
that naturally includes the observed parity violation in the weak sector, and also provides an
additional source of CP violation that can explain the asymmetry between matter and anti-
matter in the universe. Heavy right-handed neutrinos and light left-handed neutrinos are also
naturally generated by the symmetry breaking, through a process referred to as the see-saw
mechanism [8–12].

As the LRSM provides explanations for these basic observations of beyond the SM physics, it is
compelling to probe signatures of this model. Although there have been previous searches for
both new heavy gauge bosons and heavy right-handed neutrinos [13–17], the unique signature
of the LRSM is the presence of events that have an extra gauge boson as well as heavy right-
handed neutrinos. In this analysis, we search for the pair production of heavy right-handed
neutrinos through an extra neutral gauge boson (Z′). The resonance production of a Z′ boson
and its decay into heavy neutrinos are shown in Fig. 1. In the benchmark model used in this
study, the heavy right-handed neutrino is a Majorana particle and decays into a lepton plus
two quarks. We therefore select events with two electrons or two muons, and at least two
reconstructed jets, to search for an excess in the invariant mass distribution of them. We use
opposite- and same-sign leptons inclusively, and mixing between heavy neutrinos of electron
type and muon type is not considered. Detailed underlying assumptions for this LRSM will be
discussed in Section 3.

Searches for a W±
R boson and its decay to a heavy Majorana neutrino (Nℓ) have been performed

in the framework of the LRSM by the ATLAS and the CMS Collaborations at the LHC [18–
28]. The most stringent lower limit on the W±

R mass from the ATLAS Collaboration is about
6.4 TeV [28], which was obtained using a data set of proton-proton (pp) collisions at a center-
of-mass energy of 13 TeV, corresponding to an integrated luminosity of 139 fb−1. A search for
an extra gauge boson Z′ and its decay to a pair of Nℓ has also been performed by the ATLAS
Collaboration, which obtained a lower limit on the Z′ mass (mZ′ ) of 2.2 TeV [21] using a data
sample corresponding to 20.3 fb−1 at

√
s = 8 TeV.

All these results are limited by a reduced efficiency for the signals in the kinematic region
where the heavy neutrino mass (mN

ℓ
) is much smaller than the mass of the extra gauge boson.

It is important to recover the efficiency in this kinematic region, because the dominant decay of
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Figure 1: Feynman diagram representing the pair production of Nℓ via Z′ boson exchange,
where ℓ = e or µ. Each Nℓ decays into a lepton and two quarks, and we assume that the W±

R
is heavier than the Nℓ. Both opposite- and same-sign dileptons from the decays of the heavy
neutrino pair are allowed, because of the Majorana nature of Nℓ.

extra gauge bosons is to heavy neutrinos. Here we present a method that is sensitive to a broad
range of Nℓ masses, including the region where mN

ℓ
is much smaller than mZ′ . The analysis

presented here uses a pp collision data set at
√

s = 13 TeV collected with the CMS detector,
corresponding to an integrated luminosity of 138 fb−1.

Tabulated results are provided in the HEPData record for this analysis [29].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [30].

3 Simulated samples
Signal and background events are produced using Monte Carlo event generators and a detailed
simulation of the CMS detector. The expected background processes include Drell–Yan (DY)
dilepton plus jets production, and production of tt , dibosons, W+jets and single top quarks.
The DY events are simulated with MADGRAPH5 aMC@NLO 2.2.2 [31] with up to four jets at
leading order (LO) in quantum chromodynamics (QCD) for 2016. For 2017 and 2018, MAD-
GRAPH5 aMC@NLO 2.4.2 is used. The W events associated with jets are obtained with the
MADGRAPH5 aMC@NLO 2.3.3 [31] generator with up to four jets at LO. The MLM scheme [32]
is used to match partons from matrix element calculations and parton showers for these two
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samples. The tt production is simulated with the POWHEG v2 [33–36] generator at next-to-LO
(NLO). Diboson (WW, WZ, and ZZ) events are simulated with the PYTHIA 8.212 [37] gen-
erator at LO. The t-channel and tW single top quark events are produced with the POWHEG

v1 [33–35, 38, 39] generator. Single top quark production in the s-channel is simulated with the
MADGRAPH5 aMC@NLO generator at NLO precision. The tt production in association with a
W (Z) boson is simulated using MADGRAPH5 aMC@NLO at NLO (LO) precision. QCD multijet
events are produced using MADGRAPH5 aMC@NLO at LO precision.

The NNPDF3.0 [40] parton distribution function (PDF) set is used to simulate background
events corresponding to the data recorded in 2016. For the 2017 and 2018 backgrounds and
all signal events, the NNPDF3.1 [41] PDF set is used. Parton showering and hadronization pro-
cesses with the choice of NNPDF3.0 (or 3.1) are modeled using PYTHIA 8.226 (8.230) [37] with
the CUETP8M1 (CP5) [42, 43] tune. Finally, the response of the CMS detector is modeled using
GEANT4 [44] for all simulated samples.

The signal events shown in Fig. 1 are simulated using MADGRAPH5 aMC@NLO 2.6.0 at NLO
precision with the LRSM model cards [45]. Heavy neutrinos with electron and muon flavors
are considered, and no mixing between the two flavors is assumed. Both opposite- and same-
charge configurations of dileptons are simulated according to the nature of Majorana neutrinos.
The signal samples are simulated for various mZ′ and mN

ℓ
hypotheses, with mZ′ between 400

and 5000 GeV, and mN
ℓ

between 100 GeV and mZ′/2. In the simulation, the WR mass is as-
sumed to be 5 TeV, so that the heavy neutrinos are always lighter than the WR boson. The
product of the NLO cross section and the branching fraction (BF) in the dilepton channel is
27.77 pb for mZ′ = 400 GeV, and 8.60 × 10−5 pb for mZ′ = 5000 GeV with mN

ℓ
= 100 GeV. With

mN
ℓ
= 2400 GeV, it is 4.94 × 10−7 pb for mZ′ = 5000 GeV.

Minimum bias events generated with PYTHIA are superimposed on each simulated hard scat-
tering event to reproduce the effect of extra pp interactions within the same or neighboring
bunch crossings (pileup). The simulated events are weighted such that the distribution of the
number of additional pileup interactions, estimated from the measured instantaneous lumi-
nosity for each bunch crossing, matches that observed in data sets individually for each year
of data taking in 2016–2018. The simulated events are processed with the same reconstruction
software used for pp collision data.

4 Event reconstruction and object identification
Candidate events from decays of heavy neutrino pairs are selected using a two-tiered trigger
system [46]. The first level (L1), 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 time interval of less than 4 µs. The second level, known as the high-level trigger (HLT),
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 around 1 kHz before data storage.

For dielectron channel events, a diphoton trigger is used, which requires two electron or photon
(e/γ) objects detected in the ECAL with a minimum transverse energy (ET) of 60 GeV for 2016
data or 70 GeV for 2017 and 2018 data. Dimuon channel events must pass a single-muon trigger
that requires the presence of a muon with a minimum pT of 50 GeV.

In the dielectron channel, the trigger efficiency of signal events is about 85%, dropping to about
10% in the kinematic region where mN

ℓ
is much smaller than mZ′ . The reduction of efficiency
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is mainly caused by the requirement on H/E, the ratio between energies deposited in HCAL
and ECAL, being smaller than 0.15 (barrel) or 0.10 (endcap). Since the requirement on H/E
is essential for distinguishing electrons and photons from hadrons, there are inevitable signal
losses in the dielectron channel for highly Lorentz-boosted events. This analysis uses a double-
photon trigger, since it has the loosest H/E requirement among all e/γ HLT paths.

The trigger efficiency for signal events in the dimuon channel depends on mN
ℓ

and mZ′ , and
ranges between 80 and 95%, except at the lightest Z′ boson mass points, where it is somewhat
lower because of the high momentum threshold of the muon trigger. For example an efficiency
of about 60% is observed for the mass points at the 400 GeV and 600 GeV. The cross sections for
these mass points are higher than those for heavier Z′ bosons. This allows good sensitivity to
be maintained while keeping the same trigger for all masses.

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [47].

Particles in selected events are reconstructed and identified using the global event reconstruc-
tion (also called particle-flow event reconstruction [48]) with an optimized combination of
all subdetector information. The identification of the particle type (photon, electron, muon,
charged hadron, neutral hadron) plays an important role in the determination of the particle
direction and energy. Photons (e.g., coming from π0 decays or from electron bremsstrahlung)
are identified as ECAL energy clusters not linked to the extrapolation of any charged parti-
cle trajectory to the ECAL. Electrons (e.g., from Z boson leptonic decays) are identified as a
primary charged particle track and potentially many ECAL energy clusters corresponding to
this track extrapolation to the ECAL and to possible bremsstrahlung photons emitted while
traversing the tracker material. Muons (e.g., from W boson leptonic decays) are identified as
tracks in the central tracker matching with either a track or several hits in the muon system, and
associated with calorimeter deposits compatible with the muon hypothesis. Charged hadrons
are identified as charged particle tracks neither identified as electrons, nor as muons. Finally,
neutral hadrons are identified as HCAL energy clusters not linked to any charged hadron tra-
jectory, or as a combined ECAL and HCAL energy excess with respect to the expected charged
hadron energy deposit.

The energy of photons is obtained from the ECAL measurement. The energy of electrons is
determined from a combination of the track momentum at the PV, the corresponding ECAL
cluster energy, and the energy sum of all bremsstrahlung photons associated with the track. The
energy of muons is obtained from the corresponding track momentum. The energy of charged
hadrons is determined from a combination of the track momentum and the corresponding
ECAL and HCAL energies, corrected for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.

4.1 Lepton selection

Electrons are selected in the region of |ηC| < 2.5, where ηC is the pseudorapidity of the ECAL
cluster with respect to the nominal center of the CMS detector. The transition region between
ECAL barrel and endcaps, 1.44 < |ηC| < 1.57, is excluded. The electron ET is required to
be greater than 65 (75) GeV for the 2016 (2017 and 2018) data. In this analysis, two electron
identification criteria are used: “loose” and “tight”. A “loose” electron is an object passing
the “HEEP” selection or passing the selection of a loose cut-based electron with no isolation
criteria [49, 50]. The “HEEP” criteria have been developed for the analysis of high-energy
electrons. A “tight” electron is an object passing the “HEEP” requirement.
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In addition, a “veto” electron is defined using the same criteria as the loose electron but lower-
ing the ET requirement to 10 GeV.

Muons are selected in the region |η| < 2.4 with pT > 65 (75)GeV for 2016 (2017 and 2018).
Higher pT requirements for muons compared to the trigger thresholds are applied to reduce
QCD background. A dedicated muon identification algorithm, HighPtID [51], adapted from
searches for resonances using high-momentum leptons [52] is used for this analysis. Two
muon identification criteria are used, “loose” and “tight”. A “loose” muon is required to
satisfy the HighPtID requirements. A “tight” muon must pass both the HighPtID and isola-
tion requirements. The isolation is defined as the pT sum of tracks within a cone of radius
∆R =

√
(∆η)2 + (∆ϕ)2 = 0.3 around the muon candidate direction, where ϕ is its azimuthal

angle in radians. The momentum of the muon candidate is excluded from the sum. If the sum
is less than 10% of the muon candidate’s pT, it passes the isolation requirement. In addition, a
“veto” muon is defined using the particle-flow muons with pT > 10 GeV.

4.2 Jet selection

For each event, hadronic jets are reconstructed by clustering particle-flow objects using the anti-
kT algorithm [53, 54] with two distance parameters of 0.4 and 0.8, producing AK4 and AK8 jets,
respectively. The jet momentum is determined as the vectorial sum of all particle momenta in
the jet, and is found from the simulation to be within 5 to 10% of the true momentum, on av-
erage, over the entire pT spectrum and detector acceptance. Pileup interactions can contribute
extra tracks and calorimetric energy depositions to the jet momentum.

In order to mitigate the effect of pileup, the pileup-per-particle identification algorithm [55, 56]
is used at the reconstructed-particle level, making use of local shape information, event pileup
properties and tracking information. Charged particles identified to be originating from pileup
vertices are discarded. For each neutral particle, a local shape variable is computed using the
surrounding charged particles compatible with the PV within the tracker acceptance (|η| < 2.5),
and using both charged and neutral particles in the region outside of the tracker coverage. The
momenta of the neutral particles are then rescaled according to their probability to originate
from the PV deduced from the local shape variables, superseding the need for jet-based pileup
corrections [57]. For this analysis, AK4 (AK8) jets are required to have pT > 40 (300)GeV and
|η| < 2.7.

AK8 jets are groomed using the soft-drop algorithm [58, 59]. In this algorithm, the constituents
of the AK8 jets are reclustered using the Cambridge–Aachen algorithm [60, 61]. Soft radiation
and wide-angle radiation from the jet are removed by setting the angular exponent β to zero,
the soft cutoff threshold to 0.1, and the characteristic radius R0 to 0.8 [62]. All AK8 jets are
required to have mass greater than 40 GeV to reduce the number of AK8 jets that originate
from a single parton.

In order to avoid double counting of AK4 jets with a lepton or an AK8 jet, any AK4 jet located
within ∆R < 0.4 of a loose lepton or within ∆R < 1.0 of an AK8 jet is not used in this analysis.

5 Event selections
The signature targeted in this search is two same-flavor leptons and four jets from heavy neu-
trino decays, as shown in Fig. 1. The kinematic distributions of the final state are strongly
dependent on the ratio of twice the heavy neutrino mass and the Z′ boson mass (2mN

ℓ
/mZ′ ).

If the ratio is much smaller than one, the lepton and two jets from a heavy neutrino decay are
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merged into one jet because of the high Lorentz boost provided by the heavy neutrino. As a
consequence, leptons are mostly reconstructed as loose leptons since they seldom satisfy the
isolation criteria. In contrast, leptons and jets are well separated if the ratio is close to unity.
A dedicated strategy is developed to achieve a good signal selection efficiency in the wide
kinematic region covered by this search.

The selected events are required to have exactly two same-flavor (ee or µµ) loose leptons using
both the opposite- and same-charge configurations. Events with additional veto leptons are
removed. To suppress the background contribution from DY events, the mass of the dilepton
pair (mℓℓ) is required to be greater than 150 GeV.

We define three different signal regions (SRs), depending on the number of AK8 jets found in
the event, as shown in Table 1. The region SR1 contains no AK8 jets, SR2 contains exactly one
AK8 jet, and SR3 contains at least two AK8 jets.

In SR1, we require two tight leptons and at least four AK4 jets, but no AK8 jets. To reconstruct
two heavy neutrinos for an event, the two tight leptons and the leading four AK4 jets are used.
Each heavy neutrino candidate is reconstructed using one lepton and two AK4 jets. From the
12 possible lepton plus two-jet combination combinations, we select the one that minimizes the
difference between the masses of the two heavy neutrino candidates.

In SR2, we require exactly one AK8 jet, at least one tight lepton and at least two AK4 jets.
In events with only one tight lepton, this lepton is paired with the two leading AK4 jets to
reconstruct one heavy neutrino. The AK8 jet is assigned as a proxy to the other heavy neutrino.
If an event has two tight leptons, the AK8 jet is paired with the closer lepton, and the other
lepton is paired with the two leading AK4 jets.

In SR3, we require at least two AK8 jets, and loose leptons are ignored. In cases where an
event has no tight leptons, the two leading AK8 jets are assigned as proxies to the two heavy
neutrinos. If there is only one tight lepton, the lepton is paired with the closer AK8 jet out of the
two leading AK8 jets to reconstruct one heavy neutrino. The remaining AK8 jet is assigned as
a proxy to the other heavy neutrino. If there are two tight leptons, the leading AK8 jet is paired
to the closer lepton while the secondary AK8 jet and the other lepton are used to reconstruct
the other heavy neutrino.

In all three SRs, the invariant mass of the Z′ boson is obtained using the two reconstructed
heavy neutrinos. If a tight lepton is included in the energy of the AK8 jet, the four-momentum
of the AK8 jet is assigned to the four-momentum of the heavy neutrino. For mN

ℓ
= 100 GeV

and mZ′ = 4 TeV, about 2% of the signal events that enter the SR3 are of this type. Once
the Z′ boson and heavy neutrinos are reconstructed, additional requirements (reconstructed
mN

ℓ
> 80 GeV and reconstructed mZ′ > 300 GeV) are applied to reduce backgrounds, and we

start search range from mZ′ = 400 GeV and mN
ℓ
= 100 GeV.

The products of acceptance and efficiency for the simulated signal samples are 20–25 (25–33)%
and 1.2–4.7 (7–16)% in the dielectron (dimuon) channel for the most resolved and boosted mass
points, respectively, depending on mZ′ .

6 Background estimation
The backgrounds are dominated by SM processes containing prompt leptons. These are es-
timated using the simulated samples described in Section 3. The leading background contri-
bution is from tt events. The simulated tt sample is normalized using the QCD next-to-NLO



7

Table 1: Multiplicity requirements for AK8 jets, tight leptons and AK4 jets in the different signal
regions considered in the search.

SR N(AK8 jet) N(tight leptons) N(AK4 jet)
SR1 =0 =2 ≥4
SR2 =1 ≥1 ≥2
SR3 ≥2 — —

cross section, which includes resummation of next-to-next-to-leading logarithmic soft gluon
terms for the top quark mass of 172.5 GeV [63]. A control region (CR), CR1, is defined to val-
idate the tt background using an eµ sideband passing the same single-muon triggers used in
the dimuon SR. The region CR1 has exactly the same event selection as the SR, except the fla-
vors of the two leptons are required to be different. The events of CR1 are classified in three
orthogonal regions according to the same criteria used for the SR, which are summarized in
Table 1. Since no mixing between generations of heavy neutrinos is assumed and the heavy
neutrino always decays into a lepton and two jets in the signal process, the signal in CR1 is
negligible. Additional scale factors are applied to the tt simulated samples, depending on the
AK8 jet multiplicity. The scale factors are extracted from a simultaneous fit to all CRs and SRs.
A comparison between the pre-fit and post-fit results in Fig. 2 shows that the obtained scale
factors are reasonable.

Because of the large production cross section, DY events constitute the second largest back-
ground, although most of these are removed by the requirement, mℓℓ > 150 GeV. A second CR
(CR2) is chosen to verify that the simulated sample of DY events is well modeled. The selec-
tion used to define CR2 is similar to that of the SR except the requirement on mℓℓ is changed
to |mℓℓ − mZ | < 10 GeV, where mZ is the mass of Z boson. The events of CR2 are classified in
three orthogonal regions according to the same criteria used for the SR, which are summarized
in Table 1. To correct for the mismodeling of the dilepton pT in simulated events, a dedicated
correction estimated using inclusive dimuon events is applied as a function of generator level
dilepton pT and mass [64]. The overall normalization of the simulated sample is fitted using all
the CRs and SRs. Figure 3 shows the agreement between the observed and simulated distribu-
tions of the reconstructed Z′ candidate mass in CR2.

Additional prompt backgrounds are considered from di- and triboson production, tt pair pro-
duction in association with a vector boson, and single top production. The contribution of these
backgrounds is found to be almost negligible. We assign a conservative 50% uncertainty in the
estimated size of these backgrounds, to account for limited MC samples in the extreme phase
space regions of interest. The background contribution with nonprompt leptons, which are lep-
tons not originating from the hard scattering process, is estimated using the simulated samples.
We assign an uncertainty of 100% in the estimated size of the nonprompt-lepton background
since this depends on detector effects, which are often more difficult to estimate.

7 Systematic uncertainties and fitting procedure
Binned maximum likelihood fits using the distribution of reconstructed mZ′ for background
and signal as templates are performed to extract the signal contribution for each SR. The choice
of bin size is based on the resolution for the reconstructed mZ′ . Where necessary, bins are then
merged to ensure that each background category contributes to all bins of all SRs and CRs for
each year. Various sources of uncertainty in both shape and normalization of reconstructed
mZ′ distributions are considered as nuisance parameters and profiled in the fit. Log-normal
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Figure 2: Reconstructed mass of the Z′ candidate in CR1 (eµ), which consists of flavor side-
bands of SR1 (upper), SR2 (middle), and SR3 (lower) regions. Pre-fit (post-fit) results are shown
on the left (right). The fitting procedure is described in Section 7. The contribution from DY
events is too small to be visible on these plots. The lower panel of each plot shows the ratio of
observed events to expected background.
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Figure 3: Reconstructed mass of the Z′ candidate in CR2 (ee and µµ), which consists of the
dilepton mass sidebands of SR1 (upper), SR2 (middle), and SR3 (lower) regions. Post-fit dielec-
tron (dimuon) channel results are shown on the left (right). The fitting procedure is described
in Section 7. The lower panel of each plot shows the ratio of observed events to expected back-
ground.
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and Gaussian prior probability densities are used for normalization and shape uncertainties,
respectively. The normalizations of tt and DY backgrounds are left freely floating in the fit.
The pre-fit and post-fit predictions on the plots of Figs. 2–4 correspond to the results obtained
before and after likelihood fitting, respectively.

For leptons, the efficiencies for reconstruction, identification, isolation, and trigger are esti-
mated using observed and simulated Z → ee, µµ events that are not included in the SRs. Scale
factors (SFs) are applied to simulated events to correct for mismodeling in the simulation. Sys-
tematic uncertainties in momentum scale and resolution [49, 51] are estimated in simulations
by varying the lepton momentum scales within their uncertainties.

The jet energy corrections and resolutions estimated using hadronic jets are used for both
hadronic jets and AK8 jets with high pT leptons inside. Such corrections were found to pro-
vide a good modeling of jets also in the case of non-resolved lepton(s) within the AK8 jet in
CRs. The uncertainty in the jet energy scale and resolution are estimated using the same pro-
cedures as those used to determine systematic uncertainty in lepton momenta. An additional
uncertainty coming from the soft-drop mass scale is found to be less than 1.3% [65].

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are individually
known with uncertainties in the range 1.2–2.5% [66–68], while the total 2016–2018 integrated
luminosity has an uncertainty of 1.6%, the improvement in precision reflecting the (uncorre-
lated) time evolution of some systematic effects.

The simulation of pileup events is based on a cross section of 69.2 mb for inelastic pp colli-
sions with energy deposits inside the CMS acceptance. A systematic uncertainty for the pileup
weight is assigned by varying the cross section up and down by 5%. An additional event
weight that accounts for the L1 trigger inefficiency observed in the |η| < 2.0 region for the 2016
and 2017 data taking period is also applied [69]. The systematic uncertainty for the L1 trigger
inefficiency weight is assigned by varying the weight within its uncertainty.

The uncertainties related to the choice of PDF can affect both the cross section and kine-
matic distributions of the signal. The effect of the PDF uncertainty and the variation re-
lated to the strong coupling constant (αS) are considered, following the method introduced
by PDF4LHC15 [70]. The uncertainties in the renormalization and factorization scales (µR and
µF, respectively) are determined by varying them by a factor of two on an event-by-event basis
using combinations in which the two scales do not move in opposite directions at the same
time. The effect of these variations on the shape of the mZ′ distribution is determined while
maintaining the signal normalization.

The normalization uncertainties for the rare SM processes and nonprompt-lepton backgrounds
are also incorporated into the likelihood as nuisance parameters. We observe that the fit pro-
cedure returns an uncertainty of about 40% in the nuisance parameter of nonprompt-lepton
background, which is initially constrained at the 100% level. Since this is consistent with the
precision of independent background estimation methods using control samples in data-driven
methods [15, 16, 71], we use the fit to constrain the normalization.

The uncertainty in the dilepton pT shape corrections to the simulated DY events is estimated
by varying correction factors within their uncertainties.

A complete list of these uncertainties in the dielectron and dimuon channels is shown in Table 2.
The lepton trigger scale factors, jet energy resolution, L1 trigger inefficiency, and nonprompt
lepton background normalizations are assumed to be uncorrelated for 2016, 2017, and 2018
data, while other experimental and all theoretical uncertainties are taken as correlated.
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Table 2: Systematic uncertainties and their impacts on the total number of events in the signal
regions.

Source Bkgd./Signal process Year-to-year treatment
ee bkgd. ee signal µµ bkgd. µµ signal

(%) (%) (%) (%)
Integrated luminosity All bkgd./Signal Correlated 1.6 1.6 1.6 1.6
Electron momentum scale All bkgd./Signal Correlated 0.1–0.9 0.0–0.5 <0.1 <0.1
Electron momentum smear All bkgd./Signal Correlated <0.1 0.0–0.1 <0.1 <0.1
Muon momentum scale All bkgd./Signal Correlated <0.1 0.0–0.1 0.0–5.0 0.0–1.1
Jet energy resolution All bkgd./Signal Uncorrelated 1.4– 14.4 0.0–10.8 0.5–14.8 0.0–9.5
Jet energy scale All bkgd./Signal Correlated 5.4–15.3 0.0–11.4 3.6–16.7 0.0–9.2
Soft-drop mass scale All bkgd./Signal Correlated 0.0–0.5 0.0–1.3 0.0–0.5 0.0–1.2
Pileup weight All bkgd./Signal Correlated 0.0–2.0 0.0–2.9 0.0–1.7 0.0–1.9
L1 trigger inefficiency All bkgd./Signal Uncorrelated 0.0–1.8 0.0–2.3 0.0–1.1 0.0–1.0
Electron reconstruction SF All bkgd./Signal Correlated 1.3–2.2 1.1–2.3 <0.1 <0.1
Electron ident. SF All bkgd./Signal Correlated 1.9–4.0 0.3–5.3 <0.1 <0.1
Electron trigger SF All bkgd./Signal Uncorrelated 0.4–2.8 0.1–15.1 <0.1 <0.1
Muon reconstruction SF All bkgd./Signal Correlated <0.1 <0.1 0.3–1.0 0.3–10.4
Muon ident. SF All bkgd./Signal Correlated <0.1 <0.1 0.2–1.6 0.2–1.6
Muon isolation SF All bkgd./Signal Correlated <0.1 <0.1 <0.1 <0.1
Muon trigger SF All bkgd./Signal Uncorrelated <0.1 <0.1 0.1–0.2 0.1–1.3
Dilepton pT shape correction DY+jets Correlated 0.0–19.2 — 0.0–18.8 —
PDF Signal Correlated — <0.1 — <0.1
Scale (µR, µF) Signal Correlated — <0.1 — <0.1
Nonprompt norm. Nonprompt Uncorrelated 100 — 100 —
Rare SM norm. Others Correlated 50 — 50 —

8 Results and discussion
The background-only post-fit invariant mass distributions of Z′ candidates in the different SRs
are shown in Fig. 4. Representative signal distributions are also shown.

We do not observe any significant excess in data with respect to the SM prediction. The 95%
confidence level (CL) upper limits on the product of signal cross section and BF are obtained us-
ing the distributions of the likelihood ratio calculated with the asymptotic approximation [72]
and the CLs criterion [73, 74].

The observed and expected exclusion limits on the signal cross section times BF are shown in
Fig. 5. The maximum local significance is 3.32σ, observed in the dielectron channel for the
(mZ′ , mN

ℓ
) = (4.6, 0.1)TeV. The probability to observe similar or larger excess in the dielec-

tron channel across the full analysis mass range is estimated with pseudo experiments under
background-only hypothesis. This probability is 1.12 × 10−2, corresponding to a global signifi-
cance of 2.28σ. For cases where mN

ℓ
= mZ′/4, the observed (expected) lower limits at 95% CL

on the mass of the Z′ boson are 3.59 (3.90) TeV in the dielectron channel and 4.10 (3.86) TeV in
the dimuon channel. For the phase space with mostly boosted signals (mN

ℓ
= 100 GeV), the

observed (expected) lower limits are found to be mZ′ = 2.79 (3.12)TeV and 4.38 (4.22) TeV in
the dielectron and dimuon channels, respectively. The use of a dedicated algorithm for boosted
signals provides a significant improvement in sensitivity, in particular for the muon channel.

The upper limits across the mN
ℓ
-mZ′ plane are shown in Fig. 6. The SR1 is sensitive in the phase

space regions mZ′ = 1 to 2 TeV and mN
ℓ
= 0.5 to 1 TeV. The SR2 is particularly sensitive for

higher mZ′ with resolved heavy neutrinos. The SR3 is most important where heavy neutrinos
are boosted. The dimuon channel shows better sensitivity where heavy neutrinos are mostly
boosted because the dielectron channel suffers for the H/E requirements discussed in Section 4.
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Figure 4: Distributions of the reconstructed Z′ candidate mass in SR1 (upper row), SR2 (middle
row) and SR3 (lower row). The left (right) column corresponds to the dielectron (dimuon)
channel. Signal samples with (mZ′ , mN

ℓ
) = (1000, 100)GeV, (1000, 300)GeV, (4000, 200)GeV,

and (4000, 1200)GeV are shown together with a reference cross section times branching fraction
of 1 fb. The lower panel of each plot shows the ratio of observed events to expected background.
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Figure 5: The observed and expected 95% CL upper limits on the product of Z′ boson cross
section and branching fraction are shown for the case of mN

ℓ
= mZ′/4 (upper row) and mN

ℓ
=

100 GeV (lower row) for dielectron (left column) and dimuon (right column) channels. The
green and yellow bands indicate the 68% and 95% CL regions around the expected limit. The
red lines represent values coming from the benchmark LRSM model [45]. Both opposite- and
same-sign dileptons from decays of heavy neutrino pairs are considered.
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Figure 6: Observed and expected exclusion regions at 95% CL in the 2D phase space of mZ′
vs. mN

ℓ
for dielectron (left) and dimuon (right) channels. One standard deviation (s.d.) limits

are also shown. Both opposite- and same-sign (OS and SS) dileptons from decays of heavy
neutrino pairs are considered.

9 Summary
A search for the pair production of heavy Majorana neutrinos (Nℓ) via the decay of a Z′ boson,
in a final state with two same-flavor leptons and at least two reconstructed jets has been per-
formed in proton-proton collisions at a center-of-mass energy of 13 TeV, using LHC 2016–2018
data corresponding to an integrated luminosity of 138 fb−1. No significant excess of events be-
yond the expected background is observed. Upper limits on the product of signal cross section
and branching fraction in the context of a left-right symmetry model scenario are set [45]. Ex-
clusion regions in the dielectron and dimuon channels are set at 95% confidence level. These
are the first results of a search for this process at 13 TeV and are the most restrictive limits to
date on the mass of Nℓ as a function of the Z′ boson mass.
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E. Starling , L. Thomas , M. Vanden Bemden , C. Vander Velde , P. Vanlaer

Ghent University, Ghent, Belgium
D. Dobur , J. Knolle , L. Lambrecht , G. Mestdach, M. Niedziela , C. Rendón,
C. Roskas , A. Samalan, K. Skovpen , M. Tytgat , N. Van Den Bossche , B. Vermassen,
L. Wezenbeek
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S. Thakur

Beihang University, Beijing, China
T. Cheng , T. Javaid8 , M. Mittal , L. Yuan

Department of Physics, Tsinghua University, Beijing, China
M. Ahmad , G. Bauer9, Z. Hu , S. Lezki , K. Yi9,10

Institute of High Energy Physics, Beijing, China
G.M. Chen8 , H.S. Chen8 , M. Chen8 , F. Iemmi , C.H. Jiang, A. Kapoor , H. Liao , Z.-
A. Liu11 , V. Milosevic , F. Monti , R. Sharma , J. Tao , J. Thomas-Wilsker , J. Wang ,
H. Zhang , J. Zhao

State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China
A. Agapitos , Y. An , Y. Ban , C. Chen, A. Levin , C. Li , Q. Li , X. Lyu, Y. Mao,
S.J. Qian , X. Sun , D. Wang , J. Xiao , H. Yang

Sun Yat-Sen University, Guangzhou, China
M. Lu , Z. You

Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) - Fudan University, Shanghai, China
X. Gao3 , D. Leggat, H. Okawa , Y. Zhang

Zhejiang University, Hangzhou, Zhejiang, China
Z. Lin , C. Lu , M. Xiao

Universidad de Los Andes, Bogota, Colombia
C. Avila , D.A. Barbosa Trujillo, A. Cabrera , C. Florez , J. Fraga

Universidad de Antioquia, Medellin, Colombia
J. Mejia Guisao , F. Ramirez , M. Rodriguez , J.D. Ruiz Alvarez

University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval
Architecture, Split, Croatia
D. Giljanovic , N. Godinovic , D. Lelas , I. Puljak

University of Split, Faculty of Science, Split, Croatia
Z. Antunovic, M. Kovac , T. Sculac

Institute Rudjer Boskovic, Zagreb, Croatia
V. Brigljevic , B.K. Chitroda , D. Ferencek , D. Majumder , M. Roguljic ,
A. Starodumov12 , T. Susa

University of Cyprus, Nicosia, Cyprus
A. Attikis , K. Christoforou , G. Kole , M. Kolosova , S. Konstantinou , J. Mousa ,
C. Nicolaou, F. Ptochos , P.A. Razis , H. Rykaczewski, H. Saka

Charles University, Prague, Czech Republic
M. Finger , M. Finger Jr. , A. Kveton

Escuela Politecnica Nacional, Quito, Ecuador
E. Ayala

Universidad San Francisco de Quito, Quito, Ecuador

https://orcid.org/0000-0003-2899-701X
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-8511-6883
https://orcid.org/0000-0003-3635-0646
https://orcid.org/0000-0002-0420-9480
https://orcid.org/0009-0003-8899-1514
https://orcid.org/0000-0002-0104-2574
https://orcid.org/0000-0002-1647-0360
https://orcid.org/0000-0003-2954-9315
https://orcid.org/0009-0007-2757-4054
https://orcid.org/0000-0002-6833-8521
https://orcid.org/0000-0002-6719-5397
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-8209-4343
https://orcid.org/0000-0002-6909-774X
https://orcid.org/0000-0002-2459-1824
https://orcid.org/0000-0002-2629-5420
https://orcid.org/0000-0001-8672-8227
https://orcid.org/0000-0003-0489-9669
https://orcid.org/0000-0001-5911-4051
https://orcid.org/0000-0002-1844-1504
https://orcid.org/0000-0002-0124-6999
https://orcid.org/0000-0002-2896-1386
https://orcid.org/0000-0002-1173-0696
https://orcid.org/0000-0001-5846-3655
https://orcid.org/0000-0003-1181-1426
https://orcid.org/0000-0003-2006-3490
https://orcid.org/0000-0003-1293-4153
https://orcid.org/0000-0002-3103-1083
https://orcid.org/0000-0001-8843-5209
https://orcid.org/0000-0001-8365-7726
https://orcid.org/0000-0002-8953-1232
https://orcid.org/0000-0003-1299-1879
https://orcid.org/0000-0002-1912-0374
https://orcid.org/0000-0001-9565-4186
https://orcid.org/0000-0002-6339-8154
https://orcid.org/0000-0002-8290-0517
https://orcid.org/0000-0002-0630-481X
https://orcid.org/0000-0003-4409-4574
https://orcid.org/0000-0002-9013-1199
https://orcid.org/0000-0002-7860-3958
https://orcid.org/0000-0002-6999-3931
https://orcid.org/0000-0001-8324-3291
https://orcid.org/0000-0001-7205-2318
https://orcid.org/0000-0002-2548-6567
https://orcid.org/0000-0002-4554-2554
https://orcid.org/0000-0003-1812-3474
https://orcid.org/0000-0002-7421-0313
https://orcid.org/0000-0001-9628-9336
https://orcid.org/0000-0002-5610-2693
https://orcid.org/0000-0002-0486-6296
https://orcid.org/0000-0002-3222-0249
https://orcid.org/0000-0002-5137-8543
https://orcid.org/0000-0002-1153-816X
https://orcid.org/0000-0002-7178-0484
https://orcid.org/0000-0002-9480-213X
https://orcid.org/0000-0002-3306-0363
https://orcid.org/0009-0005-6792-6881
https://orcid.org/0000-0002-4674-9450
https://orcid.org/0000-0002-8269-5760
https://orcid.org/0000-0001-7387-3812
https://orcid.org/0000-0002-2391-4599
https://orcid.org/0000-0002-9578-4105
https://orcid.org/0000-0001-5847-0062
https://orcid.org/0000-0002-0220-8441
https://orcid.org/0000-0001-9116-1202
https://orcid.org/0000-0002-7578-0027
https://orcid.org/0000-0001-5311-3007
https://orcid.org/0000-0001-9570-9255
https://orcid.org/0000-0001-7430-2552
https://orcid.org/0000-0002-4443-3794
https://orcid.org/0000-0003-2205-1100
https://orcid.org/0000-0002-3285-1497
https://orcid.org/0000-0002-5838-2158
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-2978-2718
https://orcid.org/0000-0002-3432-3452
https://orcid.org/0000-0002-4855-0162
https://orcid.org/0000-0001-7616-2573
https://orcid.org/0000-0002-7828-9970
https://orcid.org/0000-0003-3155-2484
https://orcid.org/0000-0001-8197-1914
https://orcid.org/0000-0002-0363-9198


23

E. Carrera Jarrin

Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian
Network of High Energy Physics, Cairo, Egypt
S. Elgammal13, A. Ellithi Kamel14

Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt
A. Lotfy , M.A. Mahmoud

National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
S. Bhowmik , R.K. Dewanjee , K. Ehataht , M. Kadastik, T. Lange , S. Nandan ,
C. Nielsen , J. Pata , M. Raidal , L. Tani , C. Veelken

Department of Physics, University of Helsinki, Helsinki, Finland
P. Eerola , H. Kirschenmann , K. Osterberg , M. Voutilainen

Helsinki Institute of Physics, Helsinki, Finland
S. Bharthuar , E. Brücken , F. Garcia , J. Havukainen , M.S. Kim , R. Kinnunen,
T. Lampén , K. Lassila-Perini , S. Lehti , T. Lindén , M. Lotti, L. Martikainen ,
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Basilicatac, Potenza, Italy; Università G. Marconid, Roma, Italy
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S. Abu Zeida,49 , C. Aimèa,b , A. Braghieria , S. Calzaferria ,b , D. Fiorinaa,b ,
P. Montagnaa ,b , V. Rea , C. Riccardia,b , P. Salvinia , I. Vaia , P. Vituloa,b

INFN Sezione di Perugiaa, Università di Perugiab, Perugia, Italy
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Università di Sienad, Siena, Italy
P. Azzurria , G. Bagliesia , V. Bertacchia,c , R. Bhattacharyaa , L. Bianchinia,b ,
T. Boccalia , E. Bossinia,b , D. Bruschinia ,c , R. Castaldia , M.A. Cioccia,b ,
V. D’Amantea,d , R. Dell’Orsoa , M.R. Di Domenicoa,d , S. Donatoa , A. Giassia ,
F. Ligabuea ,c , G. Mandorlia,c , D. Matos Figueiredoa , A. Messineoa,b , M. Musicha,b ,
F. Pallaa , S. Paroliaa,b , G. Ramirez-Sancheza,c , A. Rizzia ,b , G. Rolandia,c ,
S. Roy Chowdhurya , T. Sarkara , A. Scribanoa , N. Shafieia,b , P. Spagnoloa ,
R. Tenchinia , G. Tonellia,b , N. Turinia,d , A. Venturia , P.G. Verdinia

INFN Sezione di Romaa, Sapienza Università di Romab, Roma, Italy
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lez Caballero , J.R. González Fernández , E. Palencia Cortezon , C. Ramón Álvarez ,
V. Rodrı́guez Bouza , A. Soto Rodrı́guez , A. Trapote , C. Vico Villalba

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
J.A. Brochero Cifuentes , I.J. Cabrillo , A. Calderon , J. Duarte Campderros , M. Fer-
nandez , C. Fernandez Madrazo , A. Garcı́a Alonso, G. Gomez , C. Lasaosa Garcı́a ,
C. Martinez Rivero , P. Martinez Ruiz del Arbol , F. Matorras , P. Matorras Cuevas ,
J. Piedra Gomez , C. Prieels, A. Ruiz-Jimeno , L. Scodellaro , I. Vila , J.M. Vizan Garcia

University of Colombo, Colombo, Sri Lanka

https://orcid.org/0000-0001-9724-0016
https://orcid.org/0000-0001-6379-3982
https://orcid.org/0000-0002-2669-4659
https://orcid.org/0000-0003-4556-7302
https://orcid.org/0000-0002-2425-7340
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-2386-2290
https://orcid.org/0000-0002-4770-1897
https://orcid.org/0000-0003-3563-257X
https://orcid.org/0000-0002-5704-1896
https://orcid.org/0000-0002-0088-5043
https://orcid.org/0000-0003-0488-0941
https://orcid.org/0000-0001-6791-8252
https://orcid.org/0000-0002-3846-9483
https://orcid.org/0000-0002-3599-854X
https://orcid.org/0000-0001-6005-0243
https://orcid.org/0000-0002-5956-6258
https://orcid.org/0000-0003-1229-1442
https://orcid.org/0000-0002-4200-1541
https://orcid.org/0000-0003-2146-187X
https://orcid.org/0000-0002-7821-3036
https://orcid.org/0000-0002-1697-004X
https://orcid.org/0000-0003-4429-2888
https://orcid.org/0000-0001-6371-9336
https://orcid.org/0000-0002-7818-2364
https://orcid.org/0000-0002-1280-5493
https://orcid.org/0000-0001-9482-4841
https://orcid.org/0000-0002-3055-0236
https://orcid.org/0000-0002-8152-3756
https://orcid.org/0000-0001-8612-3332
https://orcid.org/0000-0002-7032-2481
https://orcid.org/0000-0003-3288-7737
https://orcid.org/0000-0003-1849-6692
https://orcid.org/0000-0003-1261-2277
https://orcid.org/0000-0002-8664-0134
https://orcid.org/0000-0002-9746-4594
https://orcid.org/0000-0003-3276-9482
https://orcid.org/0000-0002-0264-7217
https://orcid.org/0000-0002-7531-0842
https://orcid.org/0000-0003-2613-3146
https://orcid.org/0000-0002-5862-7397
https://orcid.org/0000-0002-8407-3236
https://orcid.org/0000-0001-7132-3550
https://orcid.org/0000-0001-8486-4604
https://orcid.org/0000-0003-0914-7474
https://orcid.org/0000-0003-1525-4620
https://orcid.org/0000-0001-8057-9152
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0002-6076-4083
https://orcid.org/0000-0003-0112-1691
https://orcid.org/0000-0002-3656-0259
https://orcid.org/0000-0001-9057-5614
https://orcid.org/0000-0002-8511-7958
https://orcid.org/0000-0003-2346-1590
https://orcid.org/0000-0002-0122-313X
https://orcid.org/0000-0003-2688-8047
https://orcid.org/0000-0003-2950-976X
https://orcid.org/0000-0002-4532-6464
https://orcid.org/0000-0001-6508-5090
https://orcid.org/0000-0001-6436-7547
https://orcid.org/0000-0002-4985-6964
https://orcid.org/0000-0002-4156-6460
https://orcid.org/0000-0002-1941-9333
https://orcid.org/0000-0003-2821-4249
https://orcid.org/0000-0003-3036-7965
https://orcid.org/0000-0001-7390-1457
https://orcid.org/0000-0003-3737-4121
https://orcid.org/0000-0002-3463-0559
https://orcid.org/0000-0001-6129-9059
https://orcid.org/0000-0002-1654-2846
https://orcid.org/0000-0002-7865-5010
https://orcid.org/0000-0002-7533-2283
https://orcid.org/0000-0002-0798-9806
https://orcid.org/0000-0001-7767-4810
https://orcid.org/0000-0001-5080-0821
https://orcid.org/0000-0002-5213-3708
https://orcid.org/0000-0001-7191-1125
https://orcid.org/0000-0002-8087-3199
https://orcid.org/0000-0002-4825-8188
https://orcid.org/0000-0001-8264-0287
https://orcid.org/0000-0003-1175-0002
https://orcid.org/0000-0002-7225-7310
https://orcid.org/0000-0002-2993-8663
https://orcid.org/0000-0002-4030-2551
https://orcid.org/0000-0002-1905-1874
https://orcid.org/0000-0003-2093-7856
https://orcid.org/0000-0002-0367-4022
https://orcid.org/0000-0002-7205-2040
https://orcid.org/0000-0003-0687-5214
https://orcid.org/0000-0002-4824-1087
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0002-1077-6553
https://orcid.org/0000-0003-2726-7111
https://orcid.org/0000-0002-3224-956X
https://orcid.org/0000-0002-7737-5121
https://orcid.org/0000-0003-4295-5668
https://orcid.org/0000-0001-7481-7273
https://orcid.org/0000-0002-9157-1700
https://orcid.org/0000-0002-3639-0368
https://orcid.org/0000-0002-4974-8330
https://orcid.org/0000-0002-6797-7209
https://orcid.org/0000-0002-6823-8854


30

M.K. Jayananda , B. Kailasapathy56 , D.U.J. Sonnadara , D.D.C. Wickramarathna

University of Ruhuna, Department of Physics, Matara, Sri Lanka
W.G.D. Dharmaratna , K. Liyanage , N. Perera , N. Wickramage

CERN, European Organization for Nuclear Research, Geneva, Switzerland
D. Abbaneo , J. Alimena , E. Auffray , G. Auzinger , J. Baechler, P. Baillon†,
D. Barney , J. Bendavid , M. Bianco , B. Bilin , A. Bocci , E. Brondolin , C. Caillol ,
T. Camporesi , G. Cerminara , N. Chernyavskaya , S.S. Chhibra , S. Choudhury,
M. Cipriani , L. Cristella , D. d’Enterria , A. Dabrowski , A. David , A. De Roeck ,
M.M. Defranchis , M. Deile , M. Dobson , M. Dünser , N. Dupont, A. Elliott-
Peisert, F. Fallavollita57, A. Florent , L. Forthomme , G. Franzoni , W. Funk ,
S. Ghosh , S. Giani, D. Gigi, K. Gill , F. Glege , L. Gouskos , E. Govorkova ,
M. Haranko , J. Hegeman , V. Innocente , T. James , P. Janot , J. Kaspar ,
J. Kieseler , N. Kratochwil , S. Laurila , P. Lecoq , E. Leutgeb , A. Lintuluoto ,
C. Lourenço , B. Maier , L. Malgeri , M. Mannelli , A.C. Marini , F. Meijers ,
S. Mersi , E. Meschi , F. Moortgat , M. Mulders , S. Orfanelli, L. Orsini, F. Pantaleo ,
E. Perez, M. Peruzzi , A. Petrilli , G. Petrucciani , A. Pfeiffer , M. Pierini , D. Piparo ,
M. Pitt , H. Qu , T. Quast, D. Rabady , A. Racz, G. Reales Gutiérrez, M. Rovere ,
H. Sakulin , J. Salfeld-Nebgen , S. Scarfi , M. Selvaggi , A. Sharma , P. Silva ,
P. Sphicas58 , A.G. Stahl Leiton , S. Summers , K. Tatar , V.R. Tavolaro , D. Treille ,
P. Tropea , A. Tsirou, J. Wanczyk59 , K.A. Wozniak , W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
L. Caminada60 , A. Ebrahimi , W. Erdmann , R. Horisberger , Q. Ingram ,
H.C. Kaestli , D. Kotlinski , C. Lange , M. Missiroli60 , L. Noehte60 , T. Rohe

ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
T.K. Aarrestad , K. Androsov59 , M. Backhaus , P. Berger, A. Calandri , K. Datta ,
A. De Cosa , G. Dissertori , M. Dittmar, M. Donegà , F. Eble , M. Galli , K. Gedia ,
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The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , P. Baringer , A. Bean , Z. Flowers ,
T. Isidori , S. Khalil , J. King , G. Krintiras , M. Lazarovits , C. Le Mahieu ,
C. Lindsey, J. Marquez , N. Minafra , M. Murray , M. Nickel , C. Rogan , C. Royon ,
R. Salvatico , S. Sanders , C. Smith , Q. Wang , J. Williams , G. Wilson

https://orcid.org/0000-0002-9269-5772
https://orcid.org/0000-0002-4805-8020
https://orcid.org/0000-0002-2046-342X
https://orcid.org/0000-0003-1889-7824
https://orcid.org/0000-0002-8157-1328
https://orcid.org/0000-0002-7498-2129
https://orcid.org/0009-0003-3728-9960
https://orcid.org/0000-0003-2067-0127
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0003-3657-2281
https://orcid.org/0000-0002-7394-4710
https://orcid.org/0000-0002-3815-3649
https://orcid.org/0000-0002-1622-0134
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0001-7706-1416
https://orcid.org/0000-0001-5849-1912
https://orcid.org/0000-0002-4870-8468
https://orcid.org/0000-0002-7401-2181
https://orcid.org/0000-0002-0542-1264
https://orcid.org/0000-0001-7329-4925
https://orcid.org/0000-0001-9268-3360
https://orcid.org/0000-0002-5212-5396
https://orcid.org/0000-0002-6186-0130
https://orcid.org/0000-0002-7170-9012
https://orcid.org/0000-0002-5383-8320
https://orcid.org/0000-0002-8124-3033
https://orcid.org/0000-0003-3370-9246
https://orcid.org/0000-0002-2284-4744
https://orcid.org/0000-0002-0745-8618
https://orcid.org/0000-0003-4045-3998
https://orcid.org/0000-0003-3548-0262
https://orcid.org/0000-0001-6389-9357
https://orcid.org/0000-0002-8762-8559
https://orcid.org/0000-0001-8001-4602
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0000-0003-4446-4395
https://orcid.org/0000-0003-2812-338X
https://orcid.org/0000-0002-3415-5671
https://orcid.org/0000-0003-4860-3233
https://orcid.org/0009-0009-6561-3418
https://orcid.org/0000-0002-6408-4288
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0002-8015-9622
https://orcid.org/0000-0003-1461-3425
https://orcid.org/0000-0002-7368-6723
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0002-8244-0805
https://orcid.org/0000-0002-9512-4932
https://orcid.org/0000-0001-7912-5612
https://orcid.org/0009-0000-7046-6533
https://orcid.org/0000-0001-7757-8458
https://orcid.org/0000-0001-8375-0760
https://orcid.org/0000-0003-1675-6040
https://orcid.org/0000-0002-3691-7625
https://orcid.org/0000-0002-8693-6146
https://orcid.org/0000-0003-0027-635X
https://orcid.org/0000-0002-0599-7407
https://orcid.org/0000-0002-6665-7289
https://orcid.org/0009-0007-6522-5605
https://orcid.org/0000-0003-3301-2246
https://orcid.org/0009-0000-2822-897X
https://orcid.org/0000-0002-0177-5903
https://orcid.org/0000-0002-0074-5390
https://orcid.org/0000-0001-6159-7750
https://orcid.org/0000-0003-4727-5442
https://orcid.org/0000-0001-8731-160X
https://orcid.org/0000-0002-8949-0178
https://orcid.org/0000-0002-0055-2935
https://orcid.org/0000-0002-3932-3769
https://orcid.org/0000-0002-0690-7186
https://orcid.org/0009-0006-0993-6245
https://orcid.org/0000-0003-2260-9151
https://orcid.org/0000-0002-4500-7930
https://orcid.org/0000-0003-3632-0287
https://orcid.org/0000-0003-1653-8553
https://orcid.org/0000-0003-1950-2492
https://orcid.org/0000-0001-9171-1980
https://orcid.org/0000-0002-0324-3054
https://orcid.org/0000-0002-5968-1192
https://orcid.org/0000-0001-9672-1328
https://orcid.org/0000-0002-7233-8348
https://orcid.org/0000-0002-6584-2538
https://orcid.org/0000-0001-7642-5185
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/0000-0002-5738-9446
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0001-5552-5400
https://orcid.org/0000-0002-0884-7922
https://orcid.org/0000-0001-6850-8765
https://orcid.org/0000-0001-9239-3398
https://orcid.org/0000-0003-4182-9096
https://orcid.org/0000-0002-3295-3194
https://orcid.org/0000-0001-5745-3658
https://orcid.org/0000-0003-1209-3032
https://orcid.org/0000-0002-7734-3170
https://orcid.org/0000-0002-3687-5189
https://orcid.org/0000-0002-5613-1507
https://orcid.org/0000-0002-2475-0055
https://orcid.org/0000-0003-3879-4873
https://orcid.org/0000-0003-2165-9501
https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0002-3161-8300
https://orcid.org/0000-0002-3791-1989
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/0000-0003-3423-9581
https://orcid.org/0000-0001-9930-6445
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0002-8264-156X
https://orcid.org/0000-0003-2436-5074
https://orcid.org/0000-0001-8493-3737
https://orcid.org/0000-0001-5387-712X
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0002-5359-9614
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0003-3922-6464
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0744-1063
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/0000-0003-2792-8493
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/0000-0001-9053-3182
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/0000-0002-3765-3123
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/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-0959-9211
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/0000-0002-7934-4038
https://orcid.org/0000-0001-8630-8046
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/0000-0002-4166-4503
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/0000-0002-9810-7097
https://orcid.org/0000-0003-0917-4763


34

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

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 , A. Bethani , 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 , L. Wang , K. Wong

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

University of Minnesota, Minneapolis, Minnesota, USA
R.M. Chatterjee, A. Evans , J. Hiltbrand , Sh. Jain , B.M. Joshi , C. Kapsiak ,
M. Krohn , Y. Kubota , J. Mans , 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 , M. Bryson, D.R. Claes , C. Fangmeier , L. Finco , F. Golf , C. Joo ,
R. Kamalieddin, I. Kravchenko , I. Reed , J.E. Siado , G.R. Snow†, W. Tabb ,
A. Wightman , 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 ,
M. Morris , D. Nguyen , J. Pekkanen , S. Rappoccio , A. Williams

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , Y. Haddad , Y. Han , A. Krishna , J. Li , J. Lidrych ,
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 , K.A. Hahn , Y. Liu , N. Odell ,
M.H. Schmitt , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
R. Band , R. Bucci, M. Cremonesi, A. Das , R. Goldouzian , M. Hildreth ,
K. Hurtado Anampa , C. Jessop , K. Lannon , J. Lawrence , N. Loukas , L. Lutton ,
J. Mariano, N. Marinelli, I. Mcalister, T. McCauley , C. Mcgrady , K. Mohrman ,
C. Moore , Y. Musienko12 , R. Ruchti , A. Townsend , M. Wayne , H. Yockey,
M. Zarucki , L. Zygala

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

https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0001-8934-9329
https://orcid.org/0000-0002-3586-3354
https://orcid.org/0000-0003-2809-2683
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0002-8150-7043
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/0000-0002-9698-1354
https://orcid.org/0000-0002-3831-9071
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0003-2582-6469
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/0000-0003-2858-6931
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
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/0000-0001-8983-2169
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
https://orcid.org/0000-0002-7427-1079
https://orcid.org/0000-0003-1691-5937
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0001-6146-4827
https://orcid.org/0000-0003-2840-1087
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/0000-0002-5998-8047
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-8986-278X
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/0000-0002-3913-0326
https://orcid.org/0000-0002-7450-4805
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
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/0000-0002-6417-5913
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
https://orcid.org/0000-0003-1439-0196
https://orcid.org/0000-0001-8796-5865
https://orcid.org/0000-0001-6687-6214
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/0000-0002-7332-5098
https://orcid.org/0000-0001-5551-5456
https://orcid.org/0000-0003-0796-2475
https://orcid.org/0009-0004-1608-2001
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/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0001-7155-0665
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
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/0009-0007-2940-0496
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
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/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0002-1414-6583
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-3437-7845
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318


35

Princeton University, Princeton, New Jersey, USA
F.M. Addesa , 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 ,
D. Kondratyev , A.M. Koshy, M. Liu , G. Negro , N. Neumeister , G. Paspalaki ,
S. Piperov , A. Purohit , J.F. Schulte , M. Stojanovic15 , J. Thieman , F. Wang ,
R. Xiao , W. Xie

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

Rice University, Houston, Texas, USA
D. Acosta , A. Baty , T. Carnahan , M. Decaro, S. Dildick , K.M. Ecklund ,
P.J. Fernández Manteca , S. Freed, P. Gardner, F.J.M. Geurts , A. Kumar , W. Li ,
B.P. Padley , R. Redjimi, J. Rotter , W. Shi , S. Yang , E. Yigitbasi , L. Zhang89,
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,
A. Garcia-Bellido , O. Hindrichs , A. Khukhunaishvili , E. Ranken , R. Taus ,
G.P. Van Onsem

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 , A. Hart , M. Heindl ,
D. Jaroslawski , O. Karacheban22 , 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 , T. Holmes , E. Nibigira , S. Spanier

Texas A&M University, College Station, Texas, USA
O. Bouhali90 , M. Dalchenko , A. Delgado , R. Eusebi , J. Gilmore , T. Huang ,
T. Kamon91 , 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 , 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 , F. Romeo , P. Sheldon ,
S. Tuo , J. Velkovska , J. Viinikainen

University of Virginia, Charlottesville, Virginia, USA
B. Cardwell , B. Cox , G. Cummings , J. Hakala , R. Hirosky , M. Joyce ,

https://orcid.org/0000-0003-0484-5804
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/0000-0002-4436-5461
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-2057-2025
https://orcid.org/0000-0003-1455-6272
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/0000-0002-2857-6883
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/0000-0001-9012-395X
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/0000-0003-0881-612X
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0001-7292-8527
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0003-0554-4755
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0002-5180-6595
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-8102-9002
https://orcid.org/0000-0002-2075-8631
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/0000-0002-6733-131X
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0002-1664-2337
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/0000-0003-2349-6582
https://orcid.org/0000-0002-2831-463X
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/0000-0002-9760-9976
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/0000-0002-3027-0752
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0002-0137-136X
https://orcid.org/0000-0003-3453-7204
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0009-0009-0648-8151
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0003-0432-6895
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-4224-5164
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0001-5553-0891
https://orcid.org/0000-0003-3752-4759
https://orcid.org/0000-0002-8045-7806
https://orcid.org/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-1112-5880


36

A. Ledovskoy , A. Li , C. Neu , C.E. Perez Lara , B. Tannenwald

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

University of Wisconsin - Madison, Madison, Wisconsin, USA
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, A. Loeliger , R. Loveless ,
J. Madhusudanan Sreekala , A. Mallampalli , A. Mohammadi , S. Mondal, G. Parida ,
D. Pinna, A. Savin, V. Shang , V. Sharma , W.H. Smith , D. Teague, H.F. Tsoi ,
W. Vetens

Authors affiliated with an institute or an international laboratory covered by a cooperation
agreement with CERN
S. Afanasiev , V. Andreev , Yu. Andreev , T. Aushev , M. Azarkin , A. Babaev ,
A. Belyaev , V. Blinov92, E. Boos , V. Borshch , D. Budkouski , V. Bunichev ,
O. Bychkova, M. Chadeeva92 , V. Chekhovsky, A. Dermenev , T. Dimova92 , I. Dremin ,
M. Dubinin83 , L. Dudko , V. Epshteyn , A. Ershov , G. Gavrilov , V. Gavrilov ,
S. Gninenko , V. Golovtcov , N. Golubev , I. Golutvin , I. Gorbunov , A. Gribushin ,
V. Ivanchenko , Y. Ivanov , V. Kachanov , L. Kardapoltsev92 , V. Karjavine ,
A. Karneyeu , V. Kim92 , M. Kirakosyan, D. Kirpichnikov , M. Kirsanov , V. Klyukhin ,
O. Kodolova93 , D. Konstantinov , V. Korenkov , A. Kozyrev92 , N. Krasnikov ,
E. Kuznetsova94 , A. Lanev , P. Levchenko , A. Litomin, N. Lychkovskaya ,
V. Makarenko , A. Malakhov , V. Matveev92 , V. Murzin , A. Nikitenko95 ,
S. Obraztsov , V. Okhotnikov , I. Ovtin92 , V. Palichik , P. Parygin , V. Perelygin ,
M. Perfilov, G. Pivovarov , V. Popov, E. Popova , O. Radchenko92 , V. Rusinov,
M. Savina , V. Savrin , D. Selivanova , V. Shalaev , S. Shmatov , S. Shulha ,
Y. Skovpen92 , S. Slabospitskii , V. Smirnov , D. Sosnov , A. Stepennov , V. Sulimov ,
E. Tcherniaev , A. Terkulov , O. Teryaev , I. Tlisova , M. Toms , A. Toropin ,
L. Uvarov , A. Uzunian , E. Vlasov , A. Vorobyev, N. Voytishin , B.S. Yuldashev96,
A. Zarubin , I. Zhizhin , A. Zhokin

†: Deceased
1Also at TU Wien, Vienna, Austria
2Also at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for
Science, Technology and Maritime Transport, Alexandria, Egypt
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