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Abstract
The production of a pair of τ leptons via photon–photon fusion, γγ→ ττ, is observed for the
first time in proton–proton collisions, with a significance of 5.3 standard deviations. This
observation is based on a data set recorded with the CMS detector at the LHC at a
center-of-mass energy of 13 TeV and corresponding to an integrated luminosity of 138 fb−1.
Events with a pair of τ leptons produced via photon–photon fusion are selected by requiring
them to be back-to-back in the azimuthal direction and to have a minimum number of charged
hadrons associated with their production vertex. The τ leptons are reconstructed in their leptonic
and hadronic decay modes. The measured fiducial cross section of γγ→ ττ is
σfid
obs = 12.4+3.8

−3.1 fb. Constraints are set on the contributions to the anomalous magnetic moment
(aτ) and electric dipole moments (dτ) of the τ lepton originating from potential effects of new
physics on the γττ vertex: aτ = 0.0009+0.0032

−0.0031 and |dτ|< 2.9× 10−17 ecm (95% confidence
level), consistent with the standard model.

Keywords: CMS, exclusive production, taus

1. Introduction

The production of lepton pairs via photon–photon fusion in
proton–proton (pp) collisions draws significant interest since
it is a pure quantum electrodynamics (QED) process at leading
order, for which the theoretical cross section can be calculated
with uncertainties below 1% [1]. If both protons remain intact
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after their electromagnetic interaction, the final state has a par-
ticularly clean topology characterized by two leptons emit-
ted back-to-back in azimuth and without any hadronic activ-
ity surrounding it. Although the photon-fusion production of
dileptons in hadronic collisions has been measured precisely
for electrons and muons [2–8], a similar experimental preci-
sion is lacking for τ leptons [9, 10]. The photon-fusion channel
has long been proposed to probe the γ− τ coupling at hadron
colliders [11–14], because the short τ lepton lifetime makes
other measurements difficult.

The most general form of photon–lepton coupling (ieΓµ)
satisfying Lorentz invariance is:

Γµ = γµF1
(
q2
)
+

σµνqν
2m

[
iF2

(
q2
)
+F3

(
q2
)
γ5

]
, (1)
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where σµν = i[γµ,γν ]/2 is the spin tensor proportional to the
commutator of the gamma matrices, q is the momentum trans-
fer between incoming and outgoing leptons of mass m, and
Fi
(
q2
)
(i = 1,2,3) are form factors that contain the complete

information about the electric and magnetic couplings of the
lepton. Beyond serving as a sensitive test of QED interactions,
the photon–photon production process also offers insights
into the anomalous electromagnetic moments of the lepton
(ℓ= e,µ,τ),F2 (0) = aℓ ≡ (gℓ − 2)/2 andF3 (0) =−2mdℓ/e,
and is a powerful probe of physics beyond the standard
model (BSM). In this expression, the gyromagnetic ratio gℓ
is a constant term that relates the magnetic moment of the
lepton to its spin, and dℓ is the lepton anomalous electric
dipole moment. The one-loop contribution to aℓ is equal
to the so-called ‘Schwinger term’, which is common to all
leptons [15]:

aℓ =
α

2π
≃ 0.00116, (2)

where α is the fine-structure constant.
The anomalous magnetic moment of the electron has been

measured to agree with the standard model (SM) with an
impressive precision of twelve significant digits [16, 17].
Measurements of aµ by the Muon g-2 Collaboration reach a
precision of ten significant digits and appear in conflict with
certain theoretical predictions [18–20]. If BSM effects scale
with the squared lepton mass, deviations of aτ from the SM
predictions would bemore than two orders ofmagnitude larger
than they are for aµ. The photon-fusion production of a pair of
τ leptons probes the ττγ vertex and can be used to measure aτ,
which is predicted to be aτ = 1.17721± 0.00005× 10−3 in
the SM [21]. This same process can also be studied to constrain
dτ, which, since there is no appreciable violation of charge-
conjugation and parity symmetries in the charged lepton sector
of the SM, is predicted to have a nonzero but tiny value [22].

The signal in this analysis is pp
γγ−−→ p(∗)τ+τ−p(∗), where

p(∗) denotes a final-state proton that stays intact or fragments
after the photon emission. When both protons radiate coher-
ently a photon and remain intact after their interaction, the
process is called exclusive or elastic. Since the protons do
not dissociate, these events are characterized by the absence
of any hadron produced, other than those from the τ lepton
decays. The photons emitted in the elastic processes are almost
on-shell, limiting their virtuality to small values (q2 → 0) [1],
and the produced τ leptons are back-to-back in the azimuthal
direction. When one or both incoming protons fragment as a
result of photon emission, the process is called either single-
or double-dissociative. Single- and double-dissociative events
can also give rise to an elastic-like signature when the pro-
ton remnants are not reconstructed because they fall outside
of the detector acceptance. Figure 1 shows the three diagrams
considered here, contributing to the γγ→ ττ process in pp
collisions.

The γγ→ ττ process has been observed by the ATLAS
and CMS Collaborations in ultraperipheral collisions of lead

Figure 1. Feynman diagrams for the production of τ lepton pairs by
photon–photon fusion. The exclusive (upper), single proton
dissociation (middle), and double proton dissociation (lower)
topologies are shown.

ions [9, 10], and used to set constraints on aτ. The observa-
tion was driven by signal events with a di-τ invariant mass,
mττ, typically below 20 GeV. This paper describes the first
measurement of the photon-fusion production of a pair of τ
leptons in pp collisions. Because of the trigger requirements,
experimentally accessible signal events have mττ > 50GeV.
The ττ production in this phase space has a much lower
cross section, but the integrated luminosity is much higher
than the one achievable with heavy ion collisions at the LHC.
Additionally, BSM effects from new heavy particles [23] are
enhanced at high mass, and the phase space accessible in pp
collisions is more sensitive to BSM scenarios with non-SM
aτ and dτ values than that accessible in ultraperipheral colli-
sions of lead ions. Outside of LHC experiments, constraints
on aτ were previously set by the DELPHI, OPAL, and L3
experiments [24–26]. Constraints on dτ were determined by
the Belle, L3, OPAL, and ARGUS Collaborations [25–28].

This paper is based on pp collision data at
√
s= 13TeV col-

lected with the CMS detector in 2016–2018, corresponding to
an integrated luminosity of 138 fb−1. To select the signal, we
apply so-called exclusivity criteria, which rely on the kinemat-
ics of the di-τ system and on the activity in the tracker part of
the detector around the di-τ vertex. In particular, by select-
ing events with no track within 0.1 cm of the di-τ vertex, we
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can reduce the background contributions by about three orders
of magnitude for a signal efficiency of around 50%. Such a
strategy has been used previously to identify similar photon–
photon processes in pp collisions [8, 29–33]. Four different
final states, corresponding to different decay modes of the τ

leptons, are studied to measure the signal strength: eµ, eτh,
µτh, and τhτh, where τh denotes a τ lepton decaying hadron-
ically. Events with two reconstructed muons are used to derive
corrections to the simulated samples. The visible mass of the
τ candidates, mvis, computed as the invariant mass of the vis-
ible decay products of the two τ leptons, is used as a biased
estimator of mττ to extract the significance of the signal and
set constraints on aτ and dτ. Tabulated results are provided in
the HEPData record for this analysis [34].

2. The CMS detector

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calor-
imeter (ECAL), and a brass and scintillator hadron calori-
meter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity cov-
erage provided by the barrel and endcap detectors. Muons are
measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. Amore detailed descrip-
tion of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables,
is presented in [35].

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of 4µs [36]. The second level, known as the
high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for
fast processing, and reduces the event rate to around 1 kHz
before data storage [37].

3. Signal and background modeling

Signal samples corresponding to the elastic photon-fusion
production of a τ lepton pair are generated using the
gamma-UPC generator [38], which is implemented in the
MadGraph5_amc@nlo v3.5 code [39–42], including the ini-
tial photon kT effects . The gamma-UPC generator derives
photon fluxes from electric dipole and charge form factors for
protons and ions, and includes realistic hadronic survival prob-
abilities for them.

The photon fluxes used here are those derived from the
elastic charge form factor of the proton. Samples generated
with the SuperChic 4 generator [43] are used as a cross-check,
as described in section 7.

In this analysis, aτ and dτ are parameterized in
MadGraph5_amc@nlo using the SMEFTsim package
[44, 45], as suggested in [14]. The corresponding BSM

Lagrangian in the SM effective field theory (SMEFT)
approach consists of two dimension-6 operators modifying
aτ and dτ at tree level:

LBSM =
CτB

Λ2
LLσ

µντRHBµν

+
CτW

Λ2
LLσ

µντRσ
iHWi

µν + h.c., (3)

where Λ is the scale of BSM physics, LL represents the
left-handed τ lepton doublet, τR corresponds to the right-
handed τ lepton, H is an SU(2) scalar doublet, Bµν is the
weak hypercharge field, Wi

µν represents the weak isospin
field, and CτB and CτW are the Wilson coefficients. Using
the SMEFTsim_general_alphaScheme_UFO model [44, 45],
after electroweak symmetry breaking, the ττγ vertex is para-
meterized as:

Vττγ = ieγµ − v
√
2

Λ2
[Re [Cτγ] + Im [Cτγ]iγ5]σ

µνqν , (4)

where Cτγ = cosθWCτB− sinθWCτW, v≈ 246GeV is the
Higgs vacuum expectation value, and θW is the weak mixing
angle. Using equations (1) and (4), deviations from the SM
predictions of aτ and dτ can be expressed as:

δaτ =
2mτ

e

√
2v
Λ2

Re [Cτγ] (5)

and

δdτ =

√
2v
Λ2

Im [Cτγ]. (6)

For simplicity and without loss of generality, since δaτ
and δdτ only depend on the linear combination of CτW and
CτB, we set CτW to 0 in the signal simulation. The coeffi-
cient CτB alone is modified to simulate different Cτγ values,
which can be reinterpreted as linear combinations of CτW and
CτB. The BSM contributions to the Z→ ττ vertex cancel for
CτW =− tanθWCτB, but other values of CτW would result in
variations in the Drell–Yan (DY) process prediction that are
negligible with respect to the systematic uncertainties of this
background, which are described in section 9. The simula-
tion of different anomalous electromagnetic moments is per-
formed using matrix element reweighting [46], scanning over
a range of CτB values. In the simulation, we set Λ to 2 TeV,
but the results were verified to be independent of the scale of
new physics. Since the anomalous electromagnetic moments
of the τ lepton depend on a linear combination of CτW/Λ

2 and
CτB/Λ

2, the analysis results can also be interpreted in this two-
dimensional plane. The form factor formalism of equation (1)
and the SMEFT approach are equivalent assuming q2 = 0.

The gamma-UPC generator is also used to simulate the
elastic photon-fusion production of pairs of electrons, muons,
and W bosons, which are backgrounds in the signal region
(SR). Single- and double-dissociative processes are not sim-
ulated but estimated from data as described later.

The MadGraph5_amc@nlo 2.6.5 event generator is
used to generate events originating from the Z/γ∗ + jets
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and W+ jets processes, as well as from diboson pro-
duction with two leptons and two neutrinos in the final
state. These processes are simulated at next-to-leading order
(NLO) with the FxFx jet matching and merging [41]. The
MadGraph5_amc@nlo generator is also used for the sim-
ulation of the minor contribution from other diboson produc-
tion events, whereas powheg 2.0 [47–51] is used for t̄t and
single top quark production. The generators are interfacedwith
pythia 8.240 [52] to model parton showering and hadroniz-
ation, the underlying event activity, as well as the decay of
the τ leptons. The pythia parameters affecting the descrip-
tion of the underlying event are set to the CP5 tune [53].
The NNPDF3.1 parton distribution function (PDF) set [54–
56] at next-to-NLO accuracy is used for background simula-
tions. Additional pp interactions per bunch crossing (pileup)
are added to the simulated samples with a distribution that is
chosen to match that observed in the data. Generated events
are processed through a Geant4 [57] simulation of the CMS
detector.

4. Object reconstruction

The global event reconstruction (also called particle-flow
event reconstruction [58]) aims to reconstruct and identify
each particle in an event, with an optimized combination of
all subdetector information. In this process, the identification
of the particle type (photon, electron, muon, charged hadron,
or neutral hadron) plays an important role in the determina-
tion of the particle direction and energy. Photons are iden-
tified as ECAL energy clusters not linked to the extrapola-
tion of any charged particle trajectory to the ECAL. Electrons
are identified as a primary charged-particle track and poten-
tially many ECAL energy clusters corresponding to this track
extrapolation to the ECAL and to possible bremsstrahlung
photons emitted along the way through the tracker material.
Muons are identified as tracks in the central tracker consist-
ent 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 from the
charged-particle tracks that are not associatedwith electrons or
muons. Finally, neutral hadrons are identified as HCAL energy
clusters not linked to any charged-hadron trajectory, or as a
combined ECAL and HCAL energy excess with respect to the
expected charged-hadron energy deposit.

The electron momentum is estimated by combining the
energy measurement in the ECAL with the momentum meas-
urement in the tracker. Themomentum resolution for electrons
with transverse momentum pT ≈ 45GeV from Z→ ee decays
ranges 1.6%–5.0%. It is generally better in the barrel region
than in the endcaps, and also depends on the bremsstrahlung
energy emitted by the electron as it traverses the material in
front of the ECAL [59, 60].

Muons are measured in the pseudorapidity range |η|< 2.4,
with detection planes made using three technologies: drift
tubes, cathode strip chambers, and resistive-plate chambers.
The efficiency to reconstruct and identify muons is greater

than 96%. Matching muons to tracks measured in the silicon
tracker results in a relative pT resolution of 1% in the barrel
and 3% in the endcaps for muons with pT up to 100 GeV [61].

Hadronic τ lepton decays (τh) are reconstructed from jets,
using the hadrons-plus-strips algorithm [62], which com-
bines 1 or 3 tracks with energy deposits in the calorimeters
clustered as strips. Neutral pions are reconstructed as strips
with dynamic size in η-ϕ (where ϕ is the azimuthal angle
in radians) from reconstructed electrons and photons, where
the strip size varies as a function of the pT of the electron or
photon candidate. The τh candidates are reconstructed in four
possible decay modes (DMs): a single charged hadron (h±),
a charged hadron with at least one neutral pion (h± +π0(s)),
three charged hadrons with no neutral pion (h±h∓h±), or 3
charged hadrons with at least one neutral pion (h±h∓h± +
π0(s)). To distinguish genuine τh decays from jets originating
from the hadronization of quarks or gluons, and from electrons
or muons, the DeepTau algorithm [63] is used. Information
from all individual reconstructed particles near the τh axis is
combined with properties of the τh candidate in the event.
The tight working point is used to separate τh candidates
from jets; its efficiency is about 65% for τh with 20< pT <
100GeV [63]. The loosest working point, used in the back-
ground estimation procedure, has an efficiency above 98%.
The rate of a jet to be misidentified as τh by the DeepTau
algorithm depends on the pT and quark flavor of the jet. In
simulated events fromW boson production in association with
jets, it has been estimated to be below the percent level for the
tight working point. The misidentification rate for electrons
(muons) is 2.60 (0.03)% for a genuine τh identification effi-
ciency of 80 (>99)%.

Themissing transversemomentum vector p⃗miss
T is computed

as the negative vector pT sum of all the particle-flow candid-
ates in an event, and its magnitude is denoted as pmiss

T [64].
The p⃗miss

T is modified to correct the energy scale of the recon-
structed jets in the event. Anomalous high-pmiss

T events can be
due to a variety of reconstruction failures, detector malfunc-
tions or noncollision backgrounds. Such events are rejected by
event filters that are designed to identify more than 85%–90%
of the spurious high-pmiss

T events with a mistagging rate less
than 0.1% [64].

Tracks with pT > 0.5GeV and |η|< 2.5 are used in this
analysis to measure the hadronic activity in the event. The sil-
icon tracker used in 2016 measured charged particles within
the range |η|< 2.5. For nonisolated particles of 1< pT <
10GeV and |η|< 1.4, the track resolutions were typically
1.5% in pT and 25–90 (45–150)µm in the transverse (lon-
gitudinal) impact parameter [65]. At the start of 2017, a new
pixel detector was installed [66]; the upgraded tracker meas-
ured particles up to |η|< 3.0 with typical resolutions of 1.5%
in pT and 20–75µm in the transverse impact parameter [67]
for nonisolated particles of 1< pT < 10GeV.

During the 2016–2017 data taking, a gradual shift in the
timing of the inputs of the ECAL first-level trigger in the
region at |η|> 2.0 caused a specific trigger inefficiency [68].
For events containing an electron (a jet) with pT larger than
≈50 GeV (≈100 GeV), the efficiency loss is ≈10%–20%
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Table 1. Baseline selection criteria used in the different final states. The electrons, muons, and τh are required to be well identified and
isolated. The pT and pseudorapidity ranges correspond to different sets of triggers, and different data-taking periods.

eµ eτh µτh τhτh µµ

peT (GeV) >15/24 >25–33 — — —
|ηe| <2.5 <2.1–2.5 — — —
pµT (GeV) >24/15 — >21–29 — >26–29/10
|ηµ| <2.4 — <2.1–2.4 — <2.4
pτhT (GeV) — >30–35 >30–32 >40 —
|ητh | — <2.1–2.3 <2.1–2.3 <2.1 —
mµµ (GeV) — — — — >50
OS yes yes yes yes yes
|dz(ℓ,ℓ ′)| (cm) <0.1 <0.1 <0.1 <0.1 <0.1
∆R(ℓ,ℓ ′) >0.5 >0.5 >0.5 >0.5 >0.5
mT(e/µpT, p⃗miss

T ) (GeV) — <75 <75 — —

in the region 2.5< |η|< 3.0, depending on pT, η, and time.
Correction factors were computed from data and applied to
the acceptance evaluated by simulation.

5. Event selection

Events in the SR are selected in the eµ, eτh, µτh, and τhτh
final states, which account for 94% of the possible final states
with a pair of τ leptons. The ee and µµ final states have the
lowest branching fractions for di−τ events and suffer from
large background contributions from the photon-fusion pro-
duction of electron and muon pairs, γγ→ ee and γγ→ µµ.
Therefore, they are not considered as part of the signal.
However, the µµ final state, which, in comparison to the ee
final state, benefits from lower pT thresholds at trigger level
and higher lepton reconstruction and identification efficien-
cies, is used to derive corrections to:

• The pileup track density in all simulations, described in
section 6.1;

• The hard scattering track multiplicity in the DY and diboson
simulations, described in section 6.2;

• The elastic photon-fusion simulations to include dissociat-
ive contributions, described in section 7;

• The acoplanarity distribution in the DY simulation,
described in section 8.1.

In the eµ final state, events are recorded with a combina-
tion of triggers requiring an electron and a muon, with a pT
threshold of 23 GeV for the leading lepton, and 8 (12)GeV
for the subleading muon (electron). Offline, the leading (sub-
leading) lepton is required to have pT > 24 (15)GeV. The sub-
leading lepton pT threshold is chosen to reduce background
processes with misidentified jets. In the eτh (µτh) final states,
events are recorded with single-electron (single-muon) trig-
gers with pT thresholds ranging between 25 and 32 (24 and
27)GeV depending on the data-taking year. Additional events
with e or µpT as low as 24 (19)GeV and |η|< 2.1 can be selec-
ted using triggers requiring also the presence of a τh candid-
ate with pT > 20 (27)GeV and |η|< 2.1. In these two final
states, the τhpT is required to be above 30 GeV offline and the

background from W+ jets is reduced by requiring the trans-
verse mass mT between the e or µpT and p⃗miss

T to be less than
75 GeV. The events in the τhτh final state are selected with
triggers requiring the presence of two loosely isolated τh can-
didates with pT > 35–40 GeV, depending on the data-taking
year, and |η|< 2.1. The offline thresholds are pT > 40GeV
and |η|< 2.1 for all the data-taking periods. A trigger requir-
ing a single muon with pT > 24–27 GeV is used to select
events in the µµ final state. Offline, the leading (subleading)
muon is required to have pT > 26–29 (10)GeV and |η|< 2.4.
The invariant mass of the two muons, mµµ, must be greater
than 50 GeV.

In all final states, the two objects are required to be well-
identified and isolated, to have opposite sign (OS) charge, to
be separated from each other by ∆R=

√
(∆η)2 +(∆ϕ)2 >

0.5, and to satisfy |dz(ℓ,ℓ ′)|< 0.1cm, where |dz(ℓ,ℓ ′)| is the
difference in the longitudinal impact parameters of the two
objects. In each final state, we veto events that have additional
identified and isolated electrons or muons, such that one event
can enter at most one final state.

The criteria listed above and summarized in table 1 con-
stitute the baseline selection. Additional requirements are
applied to define the SR or the control regions (CRs) used
to derive corrections. Additional requirements increasing the
signal-to-background ratio in the SR using the characteristics
of the exclusive process signature are described in the follow-
ing paragraphs.

The acoplanarity, defined as:

A= 1− |∆ϕ(ℓ,ℓ ′) |/π, (7)

is typically small for events from the elastic photon-fusion pro-
duction, for which the leptons are produced back-to-back. In
the case of τ leptons, A is computed using the visible decay
products, which are closely aligned with the original τ lepton
before decay, especially at high pT. In the SR, the events are
required to have A< 0.015. This requirement has a signal effi-
ciency ranging from 95% in the eµ final state to >99% in the
τhτh final state.

Elastic signal events are also characterized by a low track
multiplicity (Ntracks) at the dilepton vertex. The dilepton ver-
tex position along the z axis is calculated as the average z of
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the two objects. The variable Ntracks is estimated by counting
the number of tracks that have a z coordinate within a 0.1 cm
wide window centered around the dilepton vertex, removing
the tracks that were used to build the lepton candidates. The
window size is chosen such that about 50% of the signal events
have Ntracks = 0. This fraction is larger far from the beamspot
position (zBS), where the contribution from pileup tracks is less
important. The SRs are defined with Ntracks = 0 or 1. About
25% of the signal events have Ntracks = 1.

A low pileup activity in the tracker, corresponding to low
Ntracks values at the interaction vertex, impacts the identific-
ation of electrons, muons, and τh candidates, typically lead-
ing to a higher identification and isolation efficiency. Scale
factors are computed to match the simulated efficiencies to
the observed efficiencies for objects surrounded by a low track
activity at their vertex.

6. Corrections to the simulated track multiplicity

The simulations are corrected to accurately describe Ntracks.
We derive corrections for two sources of tracks: tracks origin-
ating from the pileup (section 6.1) and tracks originating from
the hard scattering and underlying event activity (section 6.2).
They are derived from the dimuon CR and applied to simula-
tions in the SRs.

6.1. Tracks originating from pileup

While the pileup multiplicity in simulation is reweighted to
match that observed in the data, the pileup track density along
the z axis in simulation needs to be corrected to better describe
Ntracks at the dilepton vertex. First, the simulations are cor-
rected, independently for each data-taking period, such that
the zBS and beamspot width (σBS) distributions are similar
to the observed ones. In data collected between 2016–2018,
zBS (σBS) is approximately in the range between −0.5 and
+1.2 cm (3.1 and 4.2 cm). The pileup tracks are redistributed
accordingly along the z axis, as explained below. Simulated
events originally all have σBS = 3.5cm, whereas the observed
σBS distribution is spread between about 3.0 and 3.8 cm.
Simulated events are assigned randomly corrected beamspot
properties, zcorrBS and σcorr

BS , following the corresponding profiles
in data. The z positions of pileup tracks, identified as such
using generator-level information, are corrected for beamspot
effects:

zcorr = zcorrBS +
σcorr
BS

σsim
BS

(
z− zsimBS

)
. (8)

A residual correction to the pileup track density is derived
in a Z→ µµ CR, defined with the selection criteria for the µµ
final state detailed in section 5, with the additional require-
ment that mµµ is within 15 GeV of the Z boson mass, mZ.
The track multiplicity is counted in data and in simulation in
windows of 0.1 cm along the z axis, for windows centered

at least 1 cm away from the reconstructed dimuon vertex,
as illustrated in Figure 2. This last requirement ensures that
all tracks in the windows come from pileup and not from
the hard-scattering interaction. Weights are derived as func-
tions of the pileup track multiplicity and window z posi-
tion so as to match the Ntracks distribution of the observed
events. Distributions of the number of pileup tracks, NPU

tracks,
are shown for the measured events, and for the uncorrected
and beamspot-corrected simulations in figure 3, for windows
with different z positions. About one third of the windows situ-
ated at the beamspot center do not have any pileup track. This
fraction reaches about 50 (80)% one (two) beamspot width(s)
away from the beamspot center. The correction to the simu-
lated event weight is in the range 0.89–1.00 (0.93–1.16) for
NPU
tracks = 0 (NPU

tracks = 1) over the whole z axis and data-taking
periods. It is evaluated at the z position of the selected dilepton
candidate.

6.2. Tracks originating from the hard scattering and
underlying event activity

The only major background in the SR estimated using simu-
lation is the DY production of a lepton pair. The number of
tracks coming from the hard scattering interaction is not well
described in the simulation, and corrections are derived from
the same Z→ µµ CR, in which mµµ is required to be within
15 GeV of mZ, by comparing the number of tracks around the
reconstructed dimuon vertex between data and simulation.

As shown in figure 4, the simulation is split into
several components depending on the number of tracks
with pT > 0.5GeV and |η|< 2.5, identified as originat-
ing from the hard scattering interaction using generator-
level information, and not matched to the selected muons.
The total number of reconstructed tracks, excluding the
two muon tracks, is the sum of these tracks and those
associated with pileup interactions: Ntracks = NHS

tracks +NPU
tracks.

Events from the exclusive photon-fusion production of a
pair of muons or W bosons, which contribute signific-
antly only at low Ntracks, are estimated from simulation and
subtracted.

The pileup track density is first corrected with the weights
described in section 6.1, whereas the reweighting factors for
each DY component with a given number of NHS

tracks is determ-
ined iteratively by matching the simulation to the observed
data, starting from events with Ntracks = 0, to which only the
simulated component with NHS

tracks = 0 contributes. The correc-
tions are determined separately for the different data-taking
years. We checked that the requirement formµµ be compatible
with mZ introduces a bias for events with large dilepton mass,
which is negligible with respect to other systematic uncertain-
ties described in section 9. The event weight correction is as
low as 0.61± 0.04 (0.76± 0.04) for NHS

tracks = 0 (NHS
tracks = 1).

This correction is also applied to the minor diboson back-
ground with 2 leptons and 2 neutrinos in the final state, which
has the same generator settings as the DY simulation.
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Figure 2. Schematic view of the 0.1 cm wide windows probed along the z axis to derive corrections to the pileup track density in
simulation. Windows within 1 cm from the dimuon vertex, illustrated with the red box, are discarded so as not to count tracks from the
hard-scattering interaction. The green curve indicates the probability distribution of z-coordinates for PU vertices in the beamspot.

7. Signal estimation

The signal is modeled using events of elastic pp scattering. The
semidissociative and fully dissociative production modes are
much less likely to satisfy the acoplanarity and Ntracks require-
ment, but they contribute a nonnegligible number of events to
the SRs because of their larger cross sections.

The prediction from the elastic photon-fusion production
is rescaled to account for the semidissociative and fully dis-
sociative contributions. The scaling factor comes from data
observed in a µµ CR, defined with the baseline selection sum-
marized in table 1 and Ntracks = 0 or 1 and A< 0.015 as addi-
tional requirements. To perform this measurement, the inclus-
ive backgrounds, dominated by the DY production of a muon
pair, are estimated together from observed events. Their mµµ

distribution is taken from observed events with 3< Ntracks <
7. These thresholds ensure that the photon-fusion contribu-
tions are negligible, while preserving themµµ distribution. The
compatibility of the mµµ distributions in inclusive events with
Ntracks < 2 and 3< Ntracks < 7 was verified in simulation. The
mµµ distribution is scaled so that the inclusive background
normalization in the range |mµµ −mZ|< 15GeV matches the
event count observed in the same range. The γγ→ µµ predic-
tion for the elastic production is then rescaled to match the dif-
ference between the experimental data and the inclusive back-
grounds away from the Z peak region, as shown in figure 5.

Assuming no dependence on the dilepton mass, mℓℓ, the
scaling factor to include the dissociative contributions is
2.70± 0.04 (2.71± 0.10) for Ntracks = 0 (1), where the uncer-
tainty is statistical only. This is compatible with the value
predicted by the SuperChic generator, using the same aco-
planarity requirement A< 0.015. The scale factor is also fit-
ted as a linear function of mµµ, which demonstrates a bet-
ter χ2, and, in that case, is equal to 2.36+ 0.0034 mµµ/GeV
(2.38+ 0.0032 mµµ/GeV) for Ntracks = 0 (1). The fit probab-
ility is also better with a linear function for the predictions of
the SuperChic generator, and a comparable parameterization
is obtained. A linear dependency of the scaling factor with
mℓℓ is assumed as a nominal correction in the SRs, whereas
the flat value is considered as a systematic uncertainty as
detailed in section 9. Elastic events in the SR, coming from the
γγ→ ττ/ee/µµ/WW simulations, are all rescaled with this

correction as a function of the dilepton or diboson mass, to
include semidissociative and fully dissociative contributions.

8. Background estimation

In the SR, the dominant backgrounds are the DY produc-
tion of a lepton pair and processes with a jet misidenti-
fied as an electron, a muon, or a τh candidate, collect-
ively denoted as ‘jet mis-ID background’. This background
is dominantly composed of W+ jets and quantum chromo-
dynamics (QCD) multijet events. The photon-fusion produc-
tion of a pair of W bosons is reduced with the acoplanar-
ity requirement, and is significant only in the eµ final state,
where its expected contribution is about 4% of the exclus-
ive di-τ production. The photon-fusion production of an elec-
tron (muon) pair is about 50 (4)% of the expected sig-
nal contribution in the eτh (µτh) final state. When there
is no exclusivity requirement relying on A or Ntracks, the
t̄t, inclusive diboson, and single top quark processes also
contribute.

8.1. Drell–Yan background

The DY background is estimated using simulation. The cor-
rections described in section 6 are applied to improve the
description of NPU

tracks and N
HS
tracks. The acoplanarity is observed

to be mismodeled by simulation in a µµ CR, defined with the
baseline selection criteria from section 5 and further enriched
in DY events by requiring |mµµ −mZ|< 15GeV. An aco-
planarity correction, measured in two-dimensional bins of the
pT of both muons, is derived in this CR by matching the sim-
ulation to the observed data. The correction is obtained by
fitting the ratio of data-to-simulation with a polynomial for
A< 0.35. For illustrative purposes, the distributions and cor-
rection obtained for all muon pT bins merged together are
shown in figure 6, using data collected in 2018. This acoplanar-
ity correction is applied to simulated DY events in the SR on
the basis of the generated τ lepton pT before their decays.

The size of the DY simulation in the final state of a pair
of electrons, muons, or τ leptons is limited, and large stat-
istical uncertainties arise when requiring Ntracks = 0 or 1. To
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Figure 3. Distribution of NPU
tracks in windows of 0.1 cm width along

the z axis for the observed events (black), uncorrected simulation
(red), and beamspot-corrected simulation (blue) for data collected in
2017. The windows shown here are located at the beamspot center
(upper), and one (middle) or two (lower) beamspot widths away
from the center. The ratio of beamspot-corrected simulation to
observation (lower plots) is taken as a residual correction to the
simulations. The last bin includes the overflow. Similar distributions
and corrections are derived independently for the other data-taking
periods.

Figure 4. Distribution of the number of reconstructed tracks in a
0.1 cm wide window in the z direction, centered on the dimuon
reconstructed vertex, for acoplanarity A< 0.015, in data collected in
2017. The DY simulation is split into several components based on
the number of reconstructed tracks originating from the hard
interaction. The red line shows the simulation before the correction.
The black points show the observed data after subtracting the
expected background contribution from the γγ→ µµ and
γγ→WW processes (dashed orange line). The last bin includes the
overflow. Similar distributions and corrections are derived
independently for the other data-taking periods. The ratios between
the observed data, from which the exclusive background
contributions have been subtracted, and the DY prediction before
(red) and after the corrections (black), are shown in the lower panel.
The region with the selection requirement Ntracks = 0 or 1 used in
the SR is highlighted with the orange shaded area in the lower panel.

reduce this effect, the DY contribution in the SR is estim-
ated from simulated events with Ntracks < 10, which constitute
about 10% of the total number of DY events. The upper bound
ensures a similar event topology as in the SR, ensuring that no
bias is introduced to the mττ distributions, as verified in sim-
ulation. The distribution derived with Ntracks < 10 is scaled to
predict the DY events with Ntracks = 0 or 1. The scale factors
are derived in the eµ final state with a simulation with a large
number of Z/γ∗→ ττ events with only leptonic τ decays. All
the corrections described in section 6 are applied to predict the
DY yield in the eµ final state with Ntracks = 0, 1, or <10. The
scale factors are equal to (2.48± 0.05)% and (5.10± 0.07)%,
forNtracks = 0 and 1, respectively. In the eµ final state, the large
simulation with leptonic τ decays is used instead of reweight-
ing events with Ntracks < 10.

8.2. Backgrounds with misidentified jets in the eτh and µτh
final states

Themis-ID background with a jet misidentified as a τh candid-
ate is estimated from the experiment. In the eτh and µτh final

8
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Figure 5. Measurement of the scale factor for the elastic exclusive
signal in µµ events for Ntracks = 0 (upper) or 1 (lower), and
A< 0.015. The shape of the inclusive background (blue) is
estimated from the observed data in the 3⩽ Ntracks ⩽ 7 sideband,
and rescaled to fit the observed data in 75< mµµ < 105GeV. The
scale factor is fitted in the lower ratio panel with constant (red) and
linear (blue) functions. The vertical error bars indicate the statistical
uncertainty in the number of observed events.

Figure 6. Acoplanarity distribution for the observed events and in
DY simulation before correction, in the 2018 data-taking period.
The background prediction is normalized to match the observed
yield and only the statistical uncertainty is shown. The
data-to-simulation ratio is fitted with a polynomial to obtain the
correction. The selection criterion A< 0.015 used in the SR is
highlighted with the orange shaded area in the lower panel.

states, the dominant processes contributing to themis-ID back-
ground areW+ jets andQCDmultijet events. The jet misiden-
tification factors (MFs) depend on the process because of dif-
ferent topologies and jet flavors, and they are therefore meas-
ured in two different CRs. A CR enriched inW+ jets events is
built by requiringmT > 75GeV, whereas a QCD-enriched CR
is obtained by requiring the two objects to have same-sign (SS)
charge. There is no requirement onNtracks at this stage. In these
CRs, the MFs are measured for each data-taking period, sep-
arately for each τh DM (DMτh), by taking the ratio of events
in which the τh candidate passes the SR τh identification cri-
teria, to events in which the τh candidate fails these criteria but
passes looser ones. Events where the τh candidate is genuine or
corresponds to a misidentified electron or muon are evaluated
using simulation and subtracted from the CR. The MFs are fit-
ted as functions of the τhpT and range from about 0.03 for the
h±h∓h± +π0(s) DM, to about 0.40 for the h± DM. The MFs
are measured in events recorded with single-electron or -muon
triggers. The triggers that select τh candidates in addition to
electrons or muons, called ‘cross-triggers’, apply loose isol-
ation requirements to the τh candidates at trigger level, such
that the MFs are modified. The MF measured in events selec-
ted with cross-triggers is measured to be 1.7 times higher than
the average MF in events selected with single-lepton triggers,
and this factor is applied as a multiplicative correction to the
MFs for events recorded with a cross-trigger.
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Figure 7. Multiplicative Ntracks-dependent corrections to the τh
MFs, ω(Ntracks,DM

τh), in the eτh final state, in the high-mT (upper)
and SS (lower) CRs, for the h± +π0(s) DM. The purple shaded area
corresponds to the fit uncertainty. The vertical error bars indicate the
statistical uncertainty in the MF correction factors measured in
individual Ntracks ranges.

The track activity around the di-τ system impacts the cal-
culation of the τh isolation, which enters the τh identification
discriminator, such that the MFs are expected to depend on
Ntracks. For each τh DM, the MFs determined for given ranges
of Ntracks are divided by the average MF measured inclusively
in Ntracks to obtain a multiplicative Ntracks-dependent correc-
tion, ω(Ntracks,DM

τh), to the pT- and decay-mode-dependent
MFs determined previously. The corrected MFs can then be
written, for each CR, as:

MFcorr (pT
τh ,DMτh ,Ntracks)

=MF(pT
τh ,DMτh)ω (Ntracks,DM

τh) . (9)

The ω(Ntracks,DM
τh) corrections are measured for the com-

bination of the different data-taking years. Because statistical
uncertainties are large at low Ntracks, ω(Ntracks,DM

τh) is fit-
ted with an exponential function for Ntracks less than 10 or
15, depending on the τh DM, as shown in figure 7 for the
h± +π0(s) DM in the eτh final state.

The total MF, MFtot, is computed as a weighted average of
the MFs determined in the high-mT and SS CRs, according to
the expected relative fraction of W+ jets and QCD multijet
events:

MFtot = xQCDMFcorrSS +
(
1− xQCD

)
MFcorrhigh-mT

, (10)

where xQCD = NQCD/(NQCD +NW). The number of W+ jets
events passing the baseline selection, NW, is determined from
simulations, whereas the same quantity for QCD multijet
events, NQCD, is taken as the difference between data and sim-
ulated predictions for other processes in the SS CR.

To estimate the mis-ID background in the SR in the eτh
and µτh final states, events passing the SR selection with the
exception that the τh candidate fails the τh nominal identi-
fication but passes looser criteria, are reweighted with MFtot.
Contributions from events with real τh, electrons, or muons
are estimated from simulation and subtracted from the anti-
isolated region.

8.3. Backgrounds with misidentified jets in the τhτh final state

In the τhτh final state, the mis-ID background is mostly com-
posed of QCD multijet events and the MFs are determined in
a single CR where the τh candidates have SS charge. The MFs
for the leading (subleading) τh aremeasured in events in which
the subleading (leading) τh passes or fails the tight identifica-
tion criteria. They are in the range 0.05–0.38 depending on the
τh DM.

The Ntracks-dependent correction is derived in a similar way
as in the eτh and µτh final states, and is between 1.8 and 2.3 for
events with Ntracks = 0. In the τhτh state, the number of events
selected at low Ntracks is larger because of the inversion of the
isolation of both τh candidates, and contributions from exclus-
ive dijet production become significant in the lowest Ntracks

bins, such that no fit is performed to the ω(Ntracks,DM
τh) dis-

tributions. The values for Ntracks = 0,1 are used without con-
straints events with Ntracks > 1.

In the SR, events in which the leading (subleading) τh is a
misidentified jet are estimated by scaling by the MFs events
where the leading (subleading) τh is anti-isolated and the sub-
leading (leading) τh is isolated. These contributions include
events where both the leading and subleading τh candidates are
misidentified jets. To remove the double counting, events with
two misidentified jets are estimated by scaling events where
the two τh candidates are anti-isolated with the product of the
MFs for each object, and are subtracted.

8.4. Backgrounds with misidentified jets in the eµ final state

In the eµ final state, the mis-ID background with a jet misid-
entified as an electron or a muon, dominantly composed of
W+ jets and QCD multijet events, is estimated from events
where the electron and muon have SS charge. Events passing
the SR selection with the exception that the electron and muon
have SS charge are reweighted with a two-dimensional scale
factor dependent on the electron and muon pT. This factor is
measured by taking the ratio of OS-to-SS events where the
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muon isolation is inverted, subtracting nonjet contributions
estimated from simulation. It is in the range 1.4–2.1, depend-
ing on the lepton pT.

A bias is introduced by the inversion of the muon isolation,
which modifies the background composition, and a correction
to the scale factor is measured by taking the ratio of the scale
factors measured in events where the electron identification is
inverted, and the muon isolation is inverted or not. The cor-
rection ranges between 1.0 and 2.7 depending on the lepton
pT.

A multiplicative correction for the dependency of the scale
factor on Ntracks is measured by fitting the ratio of the scale
factors in exclusive ranges of Ntracks over the average inclusive
scale factor. At Ntracks = 0, the correction is about 0.89± 0.07,
where the uncertainty is mostly from statistical origin.

Although the normalization of the jet mis-ID background is
estimatedwith the procedure described above, itsmvis distribu-
tion is taken from SS data events withNtracks < 10, fromwhich
backgrounds other than the jet mis-ID component are subtrac-
ted using their simulated expectations. This method reduces
statistical fluctuations in the mvis templates.

8.5. Other backgrounds

Minor contributions from diboson events to the SR, mostly
WW events, are estimated from simulation. The exclusive
γγ→WW, γγ→ ee, and γγ→ µµ events, which contribute
mostly to the eµ, eτh, and µτh final states, respectively, are
estimated from the elastic production simulation and rescaled
with the same correction as the signal samples to include the
dissociative components.

The agreement between data and predictions is checked in
events passing the selection without the Ntracks and acoplanar-
ity requirements. The single top quark, t̄t, and Higgs boson
processes, which do not contribute to the SR with Ntracks < 2,
are included using their prediction from simulation.

9. Systematic uncertainties

Systematic uncertainties are considered as nuisance paramet-
ers in the statistical procedure to extract the signal signific-
ance, the signal strength µ, and constraints on aτ and dτ.
They are treated with either Gaussian (shape uncertainties)
or log-normal (normalization uncertainties) function priors
included in the likelihood function. The signal strength µ is
defined as the ratio between the observed cross section of the
γγ→ ττ process to the theoretical cross section predicted by
the gamma-UPC generator for the elastic production com-
ponent corrected by the multiplicative experimental scaling to
include dissociative contributions.

The integrated luminosities for the 2016, 2017, and
2018 data-taking years have 1.2%–2.5% individual uncertain-
ties [69–71], whereas the overall uncertainty for the 2016–
2018 period is 1.6%. The uncertainty in the DY (diboson pro-
duction) theoretical cross section is 2 (5)% [72].

The uncertainties in the electron and muon identification,
isolation, and triggering efficiencies are up to 2% per object.

Uncertainties related to the τh trigger efficiency depend on
DMτh and are up to 5%. Several uncertainties, stemming from
statistical and systematic sources in the measurement, affect
the τh identification, with different correlations across data-
taking years and various dependencies on the decay mode and
pT of the τh candidate. This uncertainty is up to 5% in the pT
range considered in this analysis, and propagates directly to
the measured signal strength. Electrons and muons misiden-
tified as τh candidates, coming mostly from the Z/γ∗→ ee
and Z/γ∗→ µµ processes, respectively, have normalization
uncertainties on the order of 10%. The uncertainty in the τh
energy scale is up to 1.2%, whereas electrons (muons) misid-
entified as τh have energy scale uncertainties up to 5 (1)%.
Multiplicative corrections to the identification and isolation
scale factors to account for the low-Ntracks environment are
derived for τh candidates and electrons, as well as electrons
and muons misidentified as τh candidates. Scale factors for
muons do not need to be adjusted for the low-Ntracks envir-
onment. The related uncertainties are 2.1% and 2.0% for τh
candidates and electrons, and 22% and 15% for electrons and
muons misidentified as τh candidates, respectively.

The uncertainty in the NPU
tracks correction amounts to 2%,

which covers the effects of the beamspot width and posi-
tion correction. The uncertainty in the NHS

tracks correction is
taken to have the same magnitude as the relative fraction
of γγ→ µµ/WW events in the CR where the correction is
derived, and it amounts to 6.5 (1.5)% in the Ntracks = 0 (1)
category. The statistical uncertainty in the correction is neg-
ligible with respect to this systematic component. This uncer-
tainty contributes a 7% effect in the measured signal strength
as shown in figure 8(second line) and is among the leading
systematic uncertainties in this analysis.

The correction to the acoplanarity distribution in simulated
DY events leads to a 5% normalization uncertainty, arising
from the finite granularity used to bin the correction as a func-
tion of the pT of the two leptons. An uncertainty of 2.0 (1.4)%
is associated with the estimation of the DY events in the SR
with Ntracks = 0 (1) from simulated events with Ntracks < 10.
Uncertainties arising from the renormalization and factoriza-
tion scales, as well as from the PDF set, are also taken into
account for the DY simulation, after propagation to the aco-
planarity correction.

The uncertainty in the predictions of the jet mis-ID back-
ground in final states with τh candidates comes from several
sources:

• Statistical uncertainty in the inclusiveMFs, growing linearly
to 50% for pτh

T = 300GeV, independently for each DM and
data-taking year;

• Statistical uncertainty in the Ntracks correction, amounting to
18 (16, 6)% in the eτh (µτh, τhτh) SRs;

• Systematic uncertainty in the inclusive MFs, coming from
the inversion of selection requirements to define the CRs,
reaching up to 10%;

• Systematic uncertainty in the calculation of the relative frac-
tion of W+ jets and QCDmultijet events in the eτh and µτh
SRs, leading to a 9% normalization effect;
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Figure 8. Postfit values of the nuisance parameters (black markers), shown as the difference of their best-fit values, θ̂, and prefit values, θ0,
relative to the prefit uncertainties ∆θ. The horizontal error bars indicate the uncertainties in these measured postfit values. The impact ∆µ̂
of the nuisance parameter on the signal strength is computed as the difference of the nominal best fit value of µ and the best fit value
obtained when fixing the nuisance parameter under scrutiny to its best fit value θ̂ plus/minus its postfit uncertainty (blue shaded area). The
nuisance parameters are ordered by their impact, and only the 20 highest ranked parameters are shown.

• Systematic uncertainty in the Ntracks correction, arising from
the choice of the fit function and fit range, with an effect up
to 10% for Ntracks = 0.

Statistical uncertainties in the OS-to-SS scaling factor used
to evaluate the mis-ID background in the eµ final state are
included, independently for each bin in the electron and
muon pT where the measurement is performed. A system-
atic uncertainty of 10% is added to cover for a potential
difference in the background composition in the SR and
CR. The extrapolation of the scaling factor to Ntracks = 0 has
a total uncertainty of 8%, arising from the choice of the
fit function and from the limited number of events in the
measurement.

Most theoretical and experimental uncertainties cancel
when renormalizing the signal prediction using the scaling
factor derived from the µµ CR for the γγ→ µµ process. The
uncertainty in the scaling factor is composed of a normaliza-
tion component of statistical origin, amounting to 1.3 (3.7)%
for Ntracks = 0 (1), and a component with a shape dependence
on mττ. For the latter component, we consider as a 1 stand-
ard deviation (s.d.) effect the hypothesis that the scale factor
does not depend onmℓℓ, and is symmetrized with respect to the
nominal hypothesis of a linear dependencewithmℓℓ. Thismττ-
dependent uncertainty is the leading uncertainty in the meas-
urement of the γγ→ ττ process, as shown in figure 8(first
line), and contributes a 16% uncertainty to the measured sig-
nal strength. Modifying the Ntracks range used to extract the
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Table 2. Summary of the systematic uncertainties considered in the analysis. The sources of the uncertainties, the processes they affect, and
their magnitudes are indicated.

Uncertainty Process Magnitude

Luminosity All simulations 1.6%
DY cross section DY 2%
Inclusive diboson cross section WW, WZ, ZZ 5%
e ID, iso, trigger All simulations up to 2%
e ID low-Ntracks correction All simulations 1%
µ ID, iso, trigger All simulations <2%
τh ID All simulations 1%–5%
τh trigger All simulations up to 5%
e→ τh mis-ID Z/γ∗→ ee and γγ→ ee <10%
µ→ τh ID Z/γ∗→ µµ and γγ→ µµ <10%
τh energy scale All simulations <1.2%
e→ τh energy scale Z/γ∗→ ee and γγ→ ee <5%
µ→ τh energy scale Z/γ∗→ µµ and γγ→ µµ <1%
τh ID low-Ntracks correction All simulations 2.1%
e ID low-Ntracks correction All simulations 2.0%
e→ τh ID low-Ntracks correction Z/γ∗→ ee and γγ→ ee 22%
µ→ τh ID low-Ntracks correction Z/γ∗→ µµ and γγ→ µµ 15%
NPU
tracks reweighting All simulations 2%

NHS
tracks reweighting DY and inclusive VV 1.5%–6.5%

Acoplanarity correction DY 5%
DY extrapolation from Ntracks < 10 DY simulation 1.4%–2.0%
µR, µf DY simulation Shape
PDF DY simulation Shape
jet→ τh MF, extrapolation with pτh

T jet→ τh mis-ID bkg. <50%
jet→ τh MF, Ntracks extrapolation (stat.) jet→ τh mis-ID bkg. 6%–18%
jet→ τh MF, inversion of CR selection jet→ τh mis-ID bkg. <10%
jet→ τh MF, xQCD fraction jet→ τh mis-ID bkg. 9%
jet→ τh MF, Ntracks extrapolation (syst.) jet→ τh mis-ID bkg. <10%
jet→ e/µ OS-to-SS (stat.) jet→ e/µ mis-ID bkg. <20%
jet→ e/µ OS-to-SS (syst.) jet→ e/µ mis-ID bkg. 10%
jet→ e/µ OS-to-SS Ntracks extrapolation jet→ e/µ mis-ID bkg. 8%
Elastic rescaling (stat.) γγ→ ττ/µµ/ee,WW 1.3%–3.7%
Elastic rescaling (syst., shape) γγ→ ττ/µµ/ee,WW Mass-dependent
Limited statistics All processes Bin-dependent
Pileup reweighting All simulations Event-dependent

inclusive processes in the scale factormeasurement has amuch
smaller effect and the corresponding uncertainty is neglected.
These uncertainties are also considered for the photon-fusion
WW, ee, and µµ production.

Statistical uncertainties in the number of simulated
background events in the SR or observed event yields
in the CRs used to derive the jet mis-ID background
are considered in all bins of the distributions using the
approach from [73]. The systematic uncertainty in the
pileup modeling is included by varying by ±4.6% the total
inelastic cross section used to calculate simulated pileup
distributions [74].

The impacts of the leading systematic uncertainties in the
measurement of the signal strength, which is described in
section 10.1, are shown in figure 8. All the systematic uncer-
tainties are summarized in table 2.

10. Results

The significance of the γγ→ ττ process, as well as the con-
straints on aτ and dτ, are extracted with a binned maximum
likelihood fit from the mvis distributions in the four final states
and two Ntracks bins, shown in figures 9 and 10. Since the di-
τ system is produced centrally for the signal in the fiducial
region, mvis is strongly correlated with the τ lepton pT, and
similarly sensitive constraints on aτ and dτ could be set using
pT distributions. The CMS statistical analysis and combina-
tion tool COMBINE is used [75]. The last bins include events
up to mvis = 500GeV, and events at higher mvis are discarded
to ensure a sufficient difference with the Λ scale used in the
BSM interpretation. This upper threshold removes SM signal
events at the percent level. The lower mvis thresholds depend
on the final state because of different pT thresholds arising
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Figure 9. Observed and predicted mvis distributions in the eµ (upper left), eτh (upper right), µτh (lower left), and τhτh (lower right) final
states for events with Ntracks = 0, the lower panels showing the observed/expected ratio. The observed data and their associated Poissonian
statistical uncertainty are shown with black markers with vertical error bars. The minor inclusive diboson background contribution is drawn
together with the DY background in the eµ, eτh, and µτh final states. The predicted background distributions correspond to the result of the
global fit. The signal distribution is normalized to its best fit signal strength. The uncertainty band accounts for all sources of background
and signal uncertainty, systematic as well as statistical, after the global fit. In the fit, aτ and dτ are fixed to their SM values. The ratio of the
total predictions for an illustrative value of aτ = 0.008 to those with SM electromagnetic couplings is shown with a blue line in the lower
panel of each plot.

from trigger requirements. The sources of systematic uncer-
tainties described in section 9 are included in the statistical
procedure as nuisance parameters. The number of data events
in theNtracks = 0 SRs, with the additional requirement thatmvis

is greater than 100 GeV to reduce the DY background contri-
bution, is compared in table 3 to the background and signal
yields in the different final states.

10.1. Observation of γγ→ ττ

The observed (expected) significance, calculated with the
asymptotic approximation [76] using COMBINE, is 5.3 (6.5)

s.d. for the exclusive γγ→ ττ process. This constitutes the
first observation of this process in pp collisions. The corres-
ponding observed (expected) significances per final state are
2.3, 3.0, 2.1, and 3.4 (3.2, 2.1, 3.9, and 3.9) s.d. in the eµ,
eτh, µτh, and τhτh final states, respectively. We measure a
best fit signal strength of µ̂= 0.75+0.21

−0.18, where the system-
atic uncertainty dominates over the statistical uncertainty (µ̂=
0.75+0.17

−0.14(syst)± 0.11(stat)). This corresponds to a 1.2 s.d.
with respect to the theoretical cross section predicted by the
gamma-UPC generator for the elastic production component
corrected by the multiplicative experimental scaling to include
dissociative contributions.
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Figure 10. Observed and predicted mvis distributions in the eµ (upper left), eτh (upper right), µτh (lower left), and τhτh (lower right) final
states for events with Ntracks = 1. The description of the histograms is the same as in figure 9.

Table 3. Observed and predicted event yields per final state in the signal-enriched phase space with mvis > 100GeV and Ntracks = 0. The
signal and background yields are the result of the global fit including all sources of uncertainties.

Process eµ eτh µτh τhτh

Z/γ∗ → ττ 3.2± 0.5 8.2± 1.2 16.6± 2.9 18.4± 3.1
Z/γ∗ → ee/µµ — 4.0± 1.2 1.2± 0.6 —
Jet mis-ID 5.2± 0.8 12.3± 2.9 15.9± 3.6 17.9± 2.8
Inclusive VV 2.8± 0.3 0.23± 0.02 0.33± 0.3 —
γγ→ ee/µµ — 9.2± 2.3 1.3± 0.2 —
γγ→WW 2.7± 0.6 0.16± 0.04 0.4± 0.1 —
Total bkg. 13.9± 1.3 34.1± 4.8 35.7± 4.4 36.3± 4.2
Signal 9.5± 2.0 12.4± 2.6 31.6± 6.7 26.1± 5.8
Total 23.4± 1.7 46.5± 5.4 67.3± 6.8 62.4± 6.2
Observed 24 54 57 70

The Ntracks distribution for events with Ntracks < 10 is
shown for the combination of final states in figure 11 for
events with A< 0.015, as in the SR, and mvis > 100GeV,

so as to reduce the DY background contribution. The sig-
nal contribution is visible as an excess of events over
the inclusive background in the first bins, whereas the

15



Rep. Prog. Phys. 87 (2024) 107801 The CMS Collaboration

Figure 11. Observed and predicted Ntracks distributions for events passing the SR selection but with the relaxed requirement Ntracks < 10 and
the additional requirement mvis > 100GeV, combining the eµ, eτh, µτh, and τhτh final states together. The acoplanarity requirement
A< 0.015 is applied. The observed data and their associated Poissonian statistical uncertainty are shown with black markers with vertical
error bars. The inclusive diboson background contribution is drawn together with that of the t̄t process. The predicted distributions are
adjusted to the result of the global fit performed with the mvis distributions in the SRs, and the signal distribution is normalized to its best fit
signal strength. The lower panel shows the difference between the observed events and the backgrounds, as well as the signal contribution.
Systematic uncertainties are assumed to be uncorrelated between final states to draw the uncertainty band.

agreement between prediction and observation in the other
bins demonstrates a good background modeling, more spe-
cifically in terms of Ntracks corrections to the simulations
and MFs used to predict the background with misidentified
jets.

The fiducial cross section of the γγ→ ττ process is meas-
ured using only the SR with Ntracks = 0, because it is not pos-
sible to extract the origin of the track in the SR with Ntracks = 1
given the procedure used to estimate dissociative contribu-
tions. In this measurement, signal events not belonging to the
fiducial region but entering the reconstruction-level categories
are constrained to their expected normalizations and distribu-
tions, within uncertainties. The cross section of the γγ→ ττ

process is measured in a fiducial phase space defined to be
as close as possible to the reconstructed event selection. All
variables used in the definition of the fiducial region are cal-
culated at the generator level after parton showering and had-
ronization, and the lepton momentum includes the momenta
of photons radiated within a cone of ∆R< 0.1 centered on
the lepton. The visible τ lepton decay products at the gener-
ator level are required to have an acoplanarity A< 0.015 and
an invariant mass less than 500 GeV. The di-τ invariant mass,
including the neutrinos, is required to be greater than 50 GeV.
There must not be any stable charged particle with pT >
0.5GeV and |η|< 2.5 outside of the τ lepton decay products.
The other requirements depend on the final state. In the eµ final
state, the leading lepton must satisfy pT > 24GeVwhereas the
requirement for the subleading lepton is pT > 15GeV. The
electron (muon) must have |η|< 2.5 (2.4). In the eτh (µτh)

Table 4. Selection criteria to define the fiducial cross section.
Events where the two τ leptons decay both to electrons or to muons,
with neutrinos, are considered to be outside the fiducial region. All
requirements are applied using generator-level quantities, as
detailed in the text.

eµ eτh µτh τhτh

pTe (GeV) >15/24 >25 — —
|ηe| <2.5 <2.5 — —
pTµ (GeV) >24/15 — >21 —
|ηµ| <2.4 — <2.4 —
pτh
T (GeV) — >30 >30 >40

|ητh | — <2.3 <2.3 <2.3
∆R(ℓ,ℓ ′) >0.5 >0.5 >0.5 >0.5
mT(e/µ, p⃗miss

T ) (GeV) — <75 <75 —
A <0.015 <0.015 <0.015 <0.015
mvis (GeV) <500 <500 <500 <500
Ntracks 0 0 0 0

final state, the electron (muon) is required to have pT > 25GeV
and |η|< 2.5 (pT > 21GeV and |η|< 2.4), whereas the vis-
ible τh must have pT > 30GeV and |η|< 2.3. In addition, the
transverse mass mT(e/µ, p⃗miss

T ) must be less than 75 GeV. In
the τhτh final state, the pT sum of the visible τh decay products
at the generator level must be greater than 40 GeV for both τh
candidates, and the visible momentum vectors must lie within
|η|< 2.3. Other di-τ final states are considered to be outside of
the fiducial region. The definition of the fiducial region is sum-
marized in table 4. Using the SRs with Ntracks = 0, the fiducial
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cross section is measured to be σfid
obs = 12.4+3.8

−3.1 fb. This can be
compared with the prediction from the gamma-UPC generator
for the elastic production component of the signal, rescaled
by the correction based on control samples in the measured
events to include dissociative contributions: σfid

pred = 16.5±
1.5fb, where the uncertainty is dominated by the data-driven
correction.

10.2. Constraints on the anomalous electromagnetic
moments of the τ lepton

Constraints on aτ and dτ are set independently by performing
a binned likelihood scan with aτ and dτ as single parameters
of interest. Unlike in section 10.1, aτ and dτ are allowed to
float, one at a time, whereas the normalization and mvis dis-
tribution of the γγ→ ττ process under the SM hypothesis is
constrained to its predicted value, estimated from the elastic
production simulation [38] and weighted with the scale factor
from the µµ CR to include dissociative contributions. Varying
aτ and dτ from their SM values modifies both the normaliza-
tion of the signal process and its mvis distribution. In particu-
lar, the number of predicted signal events increases with mvis

for large |aτ| values, as shown in the ratio panels of figures 9
and 10 for an illustrative value of aτ = 0.008.

The combination of all final states and years, using
SRs with Ntracks = 0 or 1, gives an observed best fit value
of aτ = 0.0009+0.0016

−0.0015(syst)
+0.0028
−0.0027(stat), equivalent to aτ =

0.0009+0.0032
−0.0031, at 68% confidence level (CL). The correspond-

ing expected best fit value is aτ = 0.0012+0.0041
−0.0043, as shown

in figure 12(upper). Contrary to the signal strength meas-
urement assuming SM values for aτ and dτ, the statistical
uncertainty dominates in the measurement of aτ because the
sensitivity is driven by the high-mvis bins where BSM effects
could be enhanced. The corresponding observed (expected)
constraint at 95% CL is:−0.0042< aτ < 0.0062 (−0.0051<
aτ < 0.0072). The 68% CL constraint on dτ is |dτ|< 1.7×
10−17 ecm (|dτ|< 2.3× 10−17 ecm), with a best fit value
of dτ = 0.0× 10−17 ecm, whereas the 95% CL interval is
|dτ|< 2.9× 10−17 ecm (|dτ|< 3.4× 10−17 ecm). These res-
ults are derived using events with q2 → 0, which is the kin-
ematic value at which the electromagnetic dipole moments
are defined. They are compared with constraints from other
experiments in figure 13. If the measurement were performed
using information about the mvis distribution and with a
floating normalization for the γγ→ ττ process, the expec-
ted precision in the measurement of aτ would decrease by
about 50%.

The constraints on aτ and dτ can be converted to
two-dimensional constraints on the real and imaginary
parts of the Wilson coefficients CτB and CτW divided
by Λ2, using equation (5). The 95% CL intervals in the
plane of the normalized Wilson coefficients are shown in
figure 14.

Figure 12. Expected and observed negative log-likelihood as a
function of aτ (upper) and dτ (lower), for the combination of all
SRs in all data-taking periods.

11. Summary

The photon-fusion production of a pair of τ leptons, γγ→ ττ,
has been observed for the first time in proton–proton colli-
sions, with a significance of 5.3 standard deviations. The τ

leptons are reconstructed in their leptonic and hadronic decay
modes. The signal has been identified by requiring low track
activity around the di-τ vertex and low azimuthal acoplanarity
between the τ candidates. Data in a CR with two muons were
used to determine corrections for the simulations to accurately
model the track multiplicity and to predict the signal contribu-
tion in the final state of two τ leptons. The signal strength,
fiducial cross section, and constraints on the anomalous elec-
tromagneticmoments of the τ lepton have been extracted using
the di-τ invariant mass distributions in four di-τ final states.
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Figure 13. Measurements of aτ (upper) and dτ (lower) performed
in this analysis, compared with previous results from the OPAL, L3,
DELPHI, ARGUS, Belle, ATLAS, and CMS experiments [9, 10,
24–28]. Confidence intervals at 68 and 95% CL are shown with
thick black and thin green lines, respectively. The SM values of the
τ anomalous electromagnetic moments, aτ = 1.2× 10−3 and
dτ =−7.3× 10−38 ecm, are indicated with the dashed blue lines.

The measured fiducial cross section of γγ→ ττ is σfid
obs =

12.4+3.8
−3.1 fb. The anomalous τmagnetic moment is determined

to be aτ = 0.0009+0.0032
−0.0031, whereas the electric dipole moment

of the τ lepton is constrained to |dτ|< 2.9× 10−17 ecm at
95% confidence level. They are both in good agreement with
the predictions of the standard model of particle physics, and
the measurements do not show any evidence for the pres-
ence of new physics that would modify the electromagnetic
moments of the τ lepton. This is the most stringent limit on

Figure 14. Expected and observed 95% CL constraints on the real
(upper) and imaginary (lower) parts of the Wilson coefficients CτB

and CτW divided by Λ2. The SM value is indicated with a cross. The
blue shaded areas indicate excluded regions.

the τ lepton magnetic moment to date, improving on the pre-
vious best constraints by nearly an order of magnitude.

Data availability statement

Release and preservation of data used by the CMS
Collaboration as the basis for publications is guided by the
CMS data preservation, re-use and open access policy.

18

https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=6032%26filename=CMSDataPolicyV1.2.pdf%26version=2


Rep. Prog. Phys. 87 (2024) 107801 The CMS Collaboration

Acknowledgments

We congratulate our colleagues in the CERN acceler-
ator departments for the excellent performance of the
LHC and thank the technical and administrative staffs at
CERN and at other CMS institutes for their contributions
to the success of the CMS effort. In addition, we grate-
fully acknowledge the computing centers and personnel
of the Worldwide LHC Computing Grid and other cen-
ters for delivering so effectively the computing infrastruc-
ture essential to our analyses. Finally, we acknowledge the
enduring support for the construction and operation of the
LHC, the CMS detector, and the supporting computing
infrastructure provided by the following funding agencies:
SC (Armenia), BMBWF and FWF (Austria); FNRS and
FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS, and
FAPESP (Brazil); MES and BNSF (Bulgaria); CERN; CAS,
MoST, and NSFC (China); MINCIENCIAS (Colombia);
MSES and CSF (Croatia); RIF (Cyprus); SENESCYT
(Ecuador); ERC PRG, RVTT3 and MoER TK202 (Estonia);
Academy of Finland, MEC, and HIP (Finland); CEA and
CNRS/IN2P3 (France); SRNSF (Georgia); BMBF, DFG, and
HGF (Germany); GSRI (Greece); NKFIH (Hungary); DAE
and DST (India); IPM (Iran); SFI (Ireland); INFN (Italy);
MSIP and NRF (Republic of Korea); MES (Latvia); LMTLT
(Lithuania); MOE and UM (Malaysia); BUAP, CINVESTAV,
CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS
(Montenegro); MBIE (New Zealand); PAEC (Pakistan);
MES and NSC (Poland); FCT (Portugal); MESTD (Serbia);
MCIN/AEI and PCTI (Spain); MOSTR (Sri Lanka); Swiss
Funding Agencies (Switzerland); MST (Taipei); MHESI and
NSTDA (Thailand); TUBITAK and TENMAK (Turkey);
NASU (Ukraine); STFC (United Kingdom); DOE and
NSF (USA). Individuals have received support from the
Marie-Curie program and the European Research Council
and Horizon 2020 Grant, Contract Nos. 675440, 724704,
752730, 758316, 765710, 824093, 101115353, 101002207,
and COST Action CA16108 (European Union); the Leventis
Foundation; the Alfred P. Sloan Foundation; the Alexander
von Humboldt Foundation; the Science Committee, Project
No. 22rl-037 (Armenia); the Belgian Federal Science
Policy Office; the Fonds pour la Formation à la Recherche
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Vámi, S Wang
University of California, Santa Barbara - Department of
Physics, Santa Barbara, California, United States of America

A Bornheim, O Cerri, A Latorre, J Mao, H B
Newman, M Spiropulu, J.R Vlimant, C Wang,
S Xie, R.Y Zhu
California Institute of Technology, Pasadena, California,
United States of America

J Alison, S An, M B Andrews, P Bryant,
M Cremonesi, V Dutta, T Ferguson, A Harilal,
C Liu, T Mudholkar, S Murthy, P Palit,
M Paulini, A Roberts, A Sanchez, W Terrill
Carnegie Mellon University, Pittsburgh, Pennsylvania, United
States of America

J P Cumalat, W T Ford, A Hart, A Hassani,
G Karathanasis, E MacDonald, N Manganelli,
A Perloff, C Savard, N Schonbeck, K Stenson,
K A Ulmer, S R Wagner, N Zipper
University of Colorado Boulder, Boulder, Colorado, United
States of America

J Alexander, S Bright-Thonney, X Chen, D J
Cranshaw, J Fan, X Fan, D Gadkari, S Hogan,
P Kotamnives, J Monroy, M Oshiro, J R Patterson,
J Reichert, M Reid, A Ryd, J Thom, P Wittich,
R Zou
Cornell University, Ithaca, New York, United States of
America

M Albrow, M Alyari, O Amram, G Apollinari,
A Apresyan, L A T Bauerdick, D Berry,
J Berryhill, P C Bhat, K Burkett, J N Butler,
A Canepa, G B Cerati, H W K Cheung,
F Chlebana, G Cummings, J Dickinson, I Dutta,
V D Elvira, Y Feng, J Freeman, A Gandrakota,
Z Gecse, L Gray, D Green, A Grummer,
S Grünendahl, D Guerrero, O Gutsche, R M
Harris, R Heller, T C Herwig, J Hirschauer,
L Horyn, B Jayatilaka, S Jindariani, M Johnson,
U Joshi, T Klijnsma, B Klima, K H.M Kwok,
S Lammel, D Lincoln, R Lipton, T Liu,
C Madrid, K Maeshima, C Mantilla, D Mason,
P McBride, P Merkel, S Mrenna, S Nahn,
J Ngadiuba, D Noonan, V Papadimitriou,
N Pastika, K Pedro, C Pena85, F Ravera,
A Reinsvold Hall86, L Ristori, E Sexton-Kennedy,
N Smith, A Soha, L Spiegel, S Stoynev, J Strait,
L Taylor, S Tkaczyk, N V Tran, L Uplegger, E W
Vaandering, I Zoi
Fermi National Accelerator Laboratory, Batavia, Illinois,
United States of America

C Aruta, P Avery, D Bourilkov, L Cadamuro,
P Chang, V Cherepanov, R D Field, E Koenig,
M Kolosova, J Konigsberg, A Korytov, K H Lo,
K Matchev, N Menendez, G Mitselmakher,
K Mohrman, A Muthirakalayil Madhu, N Rawal,
D Rosenzweig, S Rosenzweig, K Shi, J Wang
University of Florida, Gainesville, Florida, United States of
America

27

https://orcid.org/0000-0002-9102-4483
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0001-5818-1682
https://orcid.org/0000-0001-7510-6617
https://orcid.org/0000-0001-9457-8302
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-5998-8047
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0009-0000-7307-6311
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0003-1208-6940
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0002-2029-024X
https://orcid.org/0000-0001-8986-278X
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0003-0890-8948
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0002-7857-7403
https://orcid.org/0000-0002-8153-8464
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0000-0001-8944-9629
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-6426-0560
https://orcid.org/0000-0002-7791-894X
https://orcid.org/0000-0002-6982-6121
https://orcid.org/0000-0002-9552-1006
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0001-9835-4349
https://orcid.org/0000-0002-2729-6273
https://orcid.org/0000-0001-6250-8465
https://orcid.org/0000-0003-2719-5779
https://orcid.org/0000-0003-1218-2828
https://orcid.org/0000-0001-7170-8944
https://orcid.org/0000-0003-3769-9081
https://orcid.org/0009-0007-3858-6659
https://orcid.org/0000-0002-1531-3478
https://orcid.org/0000-0003-1145-6436
https://orcid.org/0009-0000-0389-8571
https://orcid.org/0000-0003-4221-1802
https://orcid.org/0000-0002-5990-4245
https://orcid.org/0000-0002-6158-2468
https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0002-5879-6326
https://orcid.org/0000-0003-0505-4908
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3122-0594
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0003-2076-5126
https://orcid.org/0000-0003-1736-8795
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0003-4112-7457
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-0518-3286
https://orcid.org/0000-0003-0636-1846
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-5349-3011
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-9838-8327
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0002-0959-9211
https://orcid.org/0000-0001-7887-1728
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-3091-7461
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-5537-4518
https://orcid.org/0000-0001-8145-6322
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0000-0003-2349-6582
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0001-5230-0396
https://orcid.org/0009-0000-7507-0570
https://orcid.org/0009-0008-3430-7269
https://orcid.org/0000-0003-4888-205X
https://orcid.org/0000-0001-6875-9177
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/0000-0002-2200-7516
https://orcid.org/0000-0002-3815-3649
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/0000-0002-3765-3123
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/0000-0002-8045-7806
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0000-0003-0953-4503
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/0000-0003-2752-1183
https://orcid.org/0000-0002-4857-0294
https://orcid.org/0000-0001-5552-5400
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/0000-0003-4563-7702
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/0000-0002-5738-9446
https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0002-2095-6320
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0002-0884-7922
https://orcid.org/0000-0002-5838-2158
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/0009-0007-2940-0496
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


Rep. Prog. Phys. 87 (2024) 107801 The CMS Collaboration

T Adams, A Al Kadhim, A Askew, S Bower,
R Habibullah, V Hagopian, R Hashmi, R.S Kim,
S Kim, T Kolberg, G Martinez, H Prosper, P R
Prova, M Wulansatiti, R Yohay, J Zhang
Florida State University, Tallahassee, Florida, United States of
America

B Alsufyani, M M Baarmand, S Butalla,
T Elkafrawy20, M Hohlmann, R Kumar Verma,
M Rahmani, E Yanes
Florida Institute of Technology, Melbourne, Florida, United
States of America

M R Adams, A Baty, C Bennett, R Cavanaugh,
R Escobar Franco, O Evdokimov, C E Gerber, D J
Hofman, J hLee, D SLemos, AHMerrit, CMills,
S Nanda, G Oh, B Ozek, D Pilipovic, R Pradhan,
T Roy, S Rudrabhatla, M B Tonjes, N Varelas,
Z Ye, J Yoo
University of Illinois Chicago, Chicago, United States of
America, Chicago, United States of America

M Alhusseini, D Blend, K Dilsiz87, L Emediato,
G Karaman, O K Köseyan, J -P Merlo,
A Mestvirishvili88, J Nachtman, O Neogi, H Ogul89,
Y Onel, A Penzo, C Snyder, E Tiras90
The University of Iowa, Iowa City, Iowa, United States of
America

B Blumenfeld, L Corcodilos, J Davis, A V Gritsan,
L Kang, S Kyriacou, P Maksimovic, M Roguljic,
J Roskes, S Sekhar, M Swartz
Johns Hopkins University, Baltimore,Maryland, United States
of America

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, C Lindsey,
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
The University of Kansas, Lawrence, Kansas, United States of
America

BAllmond, A Ivanov, KKaadze, AKalogeropoulos,
D Kim, Y Maravin, K Nam, J Natoli, D Roy,
G Sorrentino
Kansas State University, Manhattan, Kansas, United States of
America

F Rebassoo, D Wright
Lawrence Livermore National Laboratory, Livermore,
California, United States of America

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
University of Maryland, College Park, Maryland, United
States of America

J Bendavid, I A Cali, M D’Alfonso, J Eysermans,
C Freer, G Gomez-Ceballos, M Goncharov, G Grosso,
PHarris, DHoang, DKovalskyi, JKrupa, L Lavezzo,
Y -J Lee, K Long, C Mironov, A Novak, C Paus,
D Rankin, C Roland, G Roland, S Rothman, G S
F Stephans, Z Wang, B Wyslouch, T J Yang
Massachusetts Institute of Technology, Cambridge,
Massachusetts, United States of America

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 Minnesota, Minneapolis, Minnesota, United
States of America

L M Cremaldi
University of Mississippi, Oxford, Mississippi, United States
of America

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
University of Nebraska-Lincoln, Lincoln, Nebraska, United
States of America

HBandyopadhyay, LHay, I Iashvili, AKharchilava,
M Morris, D Nguyen, S Rappoccio, H Rejeb Sfar,
A Williams
State University of New York at Buffalo, Buffalo, New York,
United States of America

G Alverson, E Barberis, J Dervan, Y Haddad,
Y Han, A Krishna, J Li, M Lu, G Madigan,
R Mccarthy, D.M Morse, V Nguyen, T Orimoto,
A Parker, L Skinnari, A Tishelman-Charny,
B Wang, D Wood
Northeastern University, Boston, Massachusetts, United
States of America

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
Northwestern University, Evanston, Illinois, United States of
America

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,

28

https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0003-3490-8407
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0001-8775-0696
https://orcid.org/0000-0002-3161-8300
https://orcid.org/0000-0002-3791-1989
https://orcid.org/0000-0002-5439-8224
https://orcid.org/0000-0002-8645-186X
https://orcid.org/0000-0003-2381-5117
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0001-6794-3079
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/0000-0001-8493-3737
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0003-2090-5010
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/0000-0002-8599-2437
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
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/0000-0002-7332-5098
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


Rep. Prog. Phys. 87 (2024) 107801 The CMS Collaboration

M Osherson, A Piccinelli, R Ruchti, A Townsend,
Y Wan, MWayne, H Yockey, M Zarucki, L Zygala
University of Notre Dame, Notre Dame, Indiana, United States
of America

A Basnet, B Bylsma, M Carrigan, L S Durkin,
C Hill, M Joyce, M Nunez Ornelas, K Wei,
B.L Winer, B R Yates
The Ohio State University, Columbus, Ohio, United States of
America

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
Princeton University, Princeton, New Jersey, United States of
America

S Malik
University of Puerto Rico, Mayaguez, Puerto Rico, United
States of America

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, West Lafayette, Indiana, United States of
America

J Dolen, N Parashar, A Pathak
Purdue University Northwest, Hammond, Indiana, United
States of America

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
Rice University, Houston, Texas, United States of America

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
University of Rochester, Rochester, New York, United States
of America

K Goulianos
The Rockefeller University, New York, New York, United
States of America

B Chiarito, J P Chou, Y Gershtein, E Halkiadakis,
M Heindl, D Jaroslawski, O Karacheban30,
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

Rutgers, The State University of New Jersey, Piscataway, New
Jersey, United States of America

H Acharya, D Ally, A G Delannoy, S Fiorendi,
S Higginbotham, T Holmes, A R Kanuganti,
N Karunarathna, L Lee, E Nibigira, S Spanier
University of Tennessee, Knoxville, Tennessee, United States
of America

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 A&M University, College Station, Texas, United States
of America

N Akchurin, J Damgov, V Hegde, A Hussain,
Y Kazhykarim, K Lamichhane, S W Lee, A Mankel,
T Peltola, I Volobouev, A Whitbeck
Texas Tech University, Lubbock, Texas, United States of
America

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
Vanderbilt University, Nashville, Tennessee, United States of
America

B Cardwell, B Cox, J Hakala, R Hirosky,
A Ledovskoy, C Neu, C E Perez Lara
University of Virginia, Charlottesville, Virginia, United States
of America

P E Karchin
Wayne State University, Detroit, Michigan, United States of
America

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,
AMallampalli, AMohammadi, S Mondal, G Parida,
L Pétré, D Pinna, A Savin, V Shang, V Sharma, W H
Smith, D Teague, H.F Tsoi, W Vetens, A Warden
University of Wisconsin - Madison, Madison, Wisconsin,
United States of America

S Afanasiev, V Andreev, Yu Andreev, T Aushev,
M Azarkin, A Babaev, A Belyaev, V Blinov95,
E Boos, V Borshch, D Budkouski, V Bunichev,
V Chekhovsky, R Chistov95, M Danilov95,
A Dermenev, T Dimova95, D Druzhkin96,
M Dubinin85, L Dudko, A Ershov, G Gavrilov,
V Gavrilov, S Gninenko, V Golovtcov, N Golubev,
I Golutvin, I Gorbunov, A Gribushin, Y Ivanov,
V Kachanov, V Karjavine, A Karneyeu,
V Kim95

, M Kirakosyan, D Kirpichnikov,
M Kirsanov, V Klyukhin, O Kodolova97,

29

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/0000-0003-2497-1242
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
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-7139-7322
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/0000-0001-6216-9002
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0002-2124-6312
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/0000-0003-2582-6469
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0002-9202-1516
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/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-4861-0943
https://orcid.org/0000-0003-3644-8627
https://orcid.org/0000-0003-0199-8864
https://orcid.org/0000-0003-1284-3470
https://orcid.org/0000-0001-7880-922X
https://orcid.org/0000-0001-7320-5080
https://orcid.org/0000-0001-8026-5380
https://orcid.org/0000-0001-5993-9045
https://orcid.org/0000-0003-1704-4360
https://orcid.org/0000-0003-3848-324X
https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0003-2590-763X
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360
https://orcid.org/0009-0006-8766-226X
https://orcid.org/0000-0002-5492-6920
https://orcid.org/0000-0002-7397-9665
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0002-7448-1447
https://orcid.org/0000-0001-8876-3886
https://orcid.org/0000-0003-1692-1173
https://orcid.org/0000-0002-0193-5073
https://orcid.org/0000-0002-5479-1982
https://orcid.org/0000-0002-2029-1007
https://orcid.org/0000-0003-4418-2072
https://orcid.org/0000-0003-1439-8390
https://orcid.org/0000-0001-9227-5164
https://orcid.org/0000-0001-5619-376X
https://orcid.org/0000-0002-9560-0660
https://orcid.org/0000-0001-7520-3329
https://orcid.org/0000-0002-7766-7175
https://orcid.org/0000-0002-4462-3192
https://orcid.org/0000-0001-5779-142X
https://orcid.org/0000-0001-9689-7999
https://orcid.org/0000-0002-9617-2928
https://orcid.org/0000-0001-6495-7619
https://orcid.org/0000-0002-0595-0297
https://orcid.org/0000-0002-9504-7754
https://orcid.org/0009-0007-6508-0215
https://orcid.org/0000-0003-3777-6606
https://orcid.org/0000-0002-5252-4645
https://orcid.org/0000-0001-5163-7632
https://orcid.org/0000-0002-3062-010X
https://orcid.org/0000-0002-5326-3854
https://orcid.org/0000-0001-9983-1004
https://orcid.org/0000-0001-7161-2133
https://orcid.org/0000-0002-7177-077X
https://orcid.org/0000-0002-8879-6538
https://orcid.org/0000-0002-8577-6531
https://orcid.org/0000-0003-1342-4251


Rep. Prog. Phys. 87 (2024) 107801 The CMS Collaboration

V Korenkov, A Kozyrev95, N Krasnikov, A Lanev,
P Levchenko98, N Lychkovskaya, V Makarenko,
A Malakhov, V Matveev95, V Murzin,
A Nikitenko99,97, S Obraztsov, V Oreshkin,
V Palichik, V Perelygin, S Petrushanko,
S Polikarpov95, V Popov, O Radchenko95,
M Savina, V Savrin, V Shalaev, S Shmatov,
S Shulha, Y Skovpen95, S Slabospitskii, V Smirnov,
A Snigirev, D Sosnov, V Sulimov, E Tcherniaev,
A Terkulov, O Teryaev, I Tlisova, A Toropin,
L Uvarov, A Uzunian, A Vorobyev†, N Voytishin,
B S Yuldashev100, A Zarubin, I Zhizhin, A Zhokin
Authors affiliated with an institute or an international
laboratory covered by a cooperation agreement with CERN

† Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Institute of Basic and Applied Sciences, Faculty
of Engineering, Arab Academy for Science, Technology and
Maritime Transport, Alexandria, Egypt
4Also at Ghent University, Ghent, Belgium
5Also at Universidade Estadual de Campinas, Campinas,
Brazil
6Also at Federal University of Rio Grande do Sul, Porto
Alegre, Brazil
7Also at UFMS, Nova Andradina, Brazil
8Also at Nanjing Normal University, Nanjing, People’s
Republic of China
9Now at The University of Iowa, Iowa City, Iowa, United
States of America
10Also at University of ChineseAcademy of Sciences, Beijing,
People’s Republic of China
11Also at People’s Republic of China Center of Advanced
Science and Technology, Beijing, People’s Republic of China
12Also at University of ChineseAcademy of Sciences, Beijing,
People’s Republic of China
13Also at People’s Republic of China Spallation Neutron
Source, Guangdong, People’s Republic of China
14Now at Henan Normal University, Xinxiang, People’s
Republic of China
15Also at Université Libre de Bruxelles, Bruxelles, Belgium
16Also at an institute or an international laboratory covered by
a cooperation agreement with CERN
17Also at Helwan University, Cairo, Egypt
18Now at Zewail City of Science and Technology, Zewail,
Egypt
19Also at British University in Egypt, Cairo, Egypt
20Now at Ain Shams University, Cairo, Egypt
21Also at Purdue University, West Lafayette, Indiana, United
States of America
22Also at Université de Haute Alsace, Mulhouse, France
23Also at Department of Physics, Tsinghua University,
Beijing, People’s Republic of China
24Also at The University of the State of Amazonas, Manaus,
Brazil

25Also at Erzincan Binali Yildirim University, Erzincan,
Turkey
26Also at University of Hamburg, Hamburg, Germany
27Also at RWTH Aachen University, III. Physikalisches
Institut A, Aachen, Germany
28Also at Isfahan University of Technology, Isfahan, Iran
29Also at Bergische University Wuppertal (BUW), Wuppertal,
Germany
30Also at Brandenburg University of Technology, Cottbus,
Germany
31Also at Forschungszentrum Jülich, Juelich, Germany
32Also at CERN, European Organization for Nuclear
Research, Geneva, Switzerland
33Also at Institute of Physics, University of Debrecen,
Debrecen, Hungary
34Also at Institute of Nuclear Research ATOMKI, Debrecen,
Hungary
35Now at Universitatea Babes-Bolyai - Facultatea de Fizica,
Cluj-Napoca, Romania
36Also at Physics Department, Faculty of Science, Assiut
University, Assiut, Egypt
37Also at HUN-REN Wigner Research Centre for Physics,
Budapest, Hungary
38Also at Punjab Agricultural University, Ludhiana, India
39Also at University of Visva-Bharati, Santiniketan, India
40Also at Indian Institute of Science (IISc), Bangalore, India
41Also at Birla Institute of Technology, Mesra, Mesra, India
42Also at IIT Bhubaneswar, Bhubaneswar, India
43Also at Institute of Physics, Bhubaneswar, India
44Also at University of Hyderabad, Hyderabad, India
45Also at Deutsches Elektronen-Synchrotron, Hamburg,
Germany
46Also at Department of Physics, Isfahan University of
Technology, Isfahan, Iran
47Also at Sharif University of Technology, Tehran, Iran
48Also at Department of Physics, University of Science and
Technology of Mazandaran, Behshahr, Iran
49Also at Italian National Agency for New Technologies,
Energy and Sustainable Economic Development, Bologna,
Italy
50Also at Centro Siciliano di Fisica Nucleare e di Struttura
Della Materia, Catania, Italy
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82Also at Università di Torino, Torino, Italy
83Also at Bethel University, St. Paul, Minnesota, United States
of America
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