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The first search for the Z boson decay to ττμμ at the CERN LHC is presented, based on data collected
by the CMS experiment at the LHC in proton-proton collisions at a center-of-mass energy of 13 TeV
and corresponding to an integrated luminosity of 138 fb−1. The data are compatible with the predicted
background. For the first time, an upper limit at the 95% confidence level of 6.9 times the standard model
expectation is placed on the ratio of the Z → ττμμ to Z → 4μ branching fractions. Limits are also placed
on the six flavor-conserving four-lepton effective-field-theory operators involving two muons and two tau
leptons, for the first time testing all such operators.
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The large dataset collected by the CMS experiment [1]
at the CERN LHC facilitates searches for rare processes
within the standard model (SM) of particle physics. The
CMS experiment was the first to observe the rare decays
Z → J=ψll [2] and Z → lll

0
l
0 [3] in proton-proton (pp)

collisions, where l denotes a charged lepton and l
0 a

charged lepton of a possibly different flavor. At leading
order (LO), the latter process occurs via a Z → ll →

lll
0
l
0 transition. These transitions are of particular interest

because they can receive contributions from hypothetical
new particles, such as a Z′ boson, that can modify the
branching fractions predicted by the SM. Theories predict-
ing such new particles have been reported [4–13] and
exclusive couplings to muons and tau leptons are predicted
in many models, making Z → ττμμ decays, shown in
Fig. 1, important to explore.
To derive constraints on possible beyond-the-SM (BSM)

effects, the framework of the SM effective field theory
[14,15] (SMEFT) is used in this Letter. Here, the SM
Lagrangian density LSM is extended by an infinite series of
operators of even canonical dimension six and above,
L ¼ LSM þ L6 þ � � �, where L6 ¼ 1=Λ2

P

i CiO
6

i . In this
expression, Λ is the characteristic energy scale of possible
BSM interactions, taken to be Λ ¼ 1 TeV, O6

i are the
dimension-six SMEFT operators, and Ci are the corre-
sponding dimensionless Wilson coefficients (WCs). We
exclusively consider four-lepton operators and include
only the lowest-order contributions from the dimension-
six operators to the four-lepton decays of the Z boson.

We neglect odd-dimensional operators in this Letter
because they would induce lepton- and baryon-number
violating processes. Stringent constraints on four-muon
operators have been derived from the branching fraction of
the Z → 4μ decay [16]. Throughout this Letter, the notation
Z → 4μ refers to the prompt decay of the Z boson to four
muons that do not originate from decays of tau leptons or
hadrons. However, four-lepton operators of dimension six
involving two tau leptons and two muons are currently
poorly constrained because of a lack of measurements of
processes to which they could contribute at LO. Only one
of these operators is constrained by measurements of the
tau lepton decay to muons and neutrinos via charged-
current interactions, whereas all others have never been
probed [16,17].
In this Letter, we report the first LHC search for the

Z boson decay to two tau leptons and two muons relative
to the Z boson decay to four muons. This search benefits
from a partial cancellation of experimental systematic
uncertainties that affect both decay modes. The two tau
leptons are reconstructed via their decays to muons and
neutrinos, hence the Z → ττμμ decay is studied in the final
state with four muons with a total electric charge of zero.
In this analysis, we use pp collision data recorded by the
CMS experiment in the years 2016–2018 at a center-of-
mass energy of 13 TeV that correspond to an integrated

FIG. 1. Leading-order Feynman diagram of the decay Z → ττμμ.
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luminosity of 138 fb−1 [18–20]. Measurements of four-
fermion events possibly produced by the Z boson decay
studied here have previously been reported at LEP [21–24].
Tabulated results are provided in the HEPData record for
this analysis [25].
The CMS apparatus [1] is a multipurpose, nearly hermetic

detector, designed to trigger on [26,27] and identify [28–31]
electrons, muons, photons, and hadrons. A global particle-
flow algorithm [32] aims to reconstruct all individual
particles in an event, combining information provided by
the all-silicon tracking detector and by the crystal electro-
magnetic and brass-scintillator hadron calorimeters, operat-
ing inside a 3.8 T superconducting solenoid, with data from
the gas-ionization muon detectors embedded in the flux-
return yoke outside the solenoid. The reconstructed particles
are used to identify τ leptons and jets and to measure the
missing transverse momentum [33–35].
Events of interest are selected using a two-tiered trigger

system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a fixed latency of about 4 μs [26]. 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 [27]. In this
analysis, a single-muon trigger is used to record events with
at least one isolated muon candidate having transverse
momentum pT > 27ð24Þ GeV in the 2017 (2016 and 2018)
data-taking period(s).
Muons are measured in the pseudorapidity range

jηj < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive-
plate chambers. The efficiency to reconstruct and identify
muons is greater than 96% over the full η range. Matching
muons to tracks measured in the silicon tracker results in a
relative pT resolution, for muons with pT up to 100 GeV, of
1% in the barrel and 3% in the end caps [30]. The primary
vertex of an event is taken to be the vertex corresponding to
the most energetic scattering, evaluated using tracking
information alone, as described in Ref. [36].
In this analysis, all reconstructed muons are required to

pass a set of loose identification criteria, although the
highest-pT muon must satisfy a tighter condition. Both the
loose and the tight criteria are defined in Ref. [30].
All muons are required to be isolated from other activity
in the event, quantified by the scalar pT sum of hadrons
and photons with an angular distance from the muon
ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

< 0.4, where ϕ is the azimuthal
angle. This sum does not include contributions from
charged particles identified as originating from pileup
vertices and is corrected for the remaining average hadronic
activity in an event due to pileup. The ratio of this corrected
sum to the muon pT is required to be smaller than 0.15 for

the muon with the highest pT and at most 0.25 for all
other muons.
Processes leading to a final state with four prompt

charged leptons via quark-initiated single or double electro-
weak gauge boson production are simulated at next-to-LO
(NLO) in quantum chromodynamics, including all lepton
flavors, using the POWHEG v2 [37–41] Monte Carlo event
generator. The invariant mass of any two generated same-
flavor leptons with opposite electric charges is required to
exceed 4 GeV. Events containing the lepton flavor combi-
nations targeted in this analysis, ττμμ and 4μ, are isolated
from this sample using generator-level information.
Events of triple vector boson (VVV) production and top

quark-antiquark (tt̄) production in association with a Z
boson are generated at NLO with MadGraph5_aMC@NLO v2.6.5

[42]. Higgs boson (H) production and its subsequent
decay to four charged leptons is simulated at NLO with
POWHEG v2 [43,44] and JHUGEN v.7.0.11 [45–47]. Small
background contributions due to combinations of prompt
and nonprompt charged leptons come from tt̄ and quark-
initiated double vector boson (VV) production. The former
process, as well as WW and ZZ production with decays to
two charged leptons and two neutrinos, are simulated at
NLO with POWHEG v2 [40,41,48]. All other VV processes
producing two or three charged leptons are generated at
NLO using MadGraph5_aMC@NLO v2.6.5. Gluon-induced VV
production is negligible compared with the corresponding
quark-initiated process and not included in the simulated
samples.
All events are generated using the NNPDF3.1 next-to-

NLO parton distribution functions [49]. The parton
shower and subsequent hadronization are simulated with
PYTHIA 8.205 [50] and the underlying event is modeled
using the CP5 tune [51]. Additional inelastic pp inter-
actions in the same or adjacent bunch crossings (pileup) are
simulated for all processes, and events are reweighted to
match the measured number of pileup interactions in the
data. The full CMS detector is simulated using Geant4 [52].
The generator-level phase space is defined by a set of

criteria imposed on events at the generator level. The
presence of exactly four muons that form two pairs with
opposite electric charges consistent with the decays
Z → 4μ and Z → ττμμ, the latter followed by two
τ → μνν decays, is required. The invariant mass of the
four muons, m4μ, must satisfy 40 < m4μ < 100 GeV. The
pair of oppositely charged muons with the highest invariant
mass is required to have 12 < mmax

μμ < 75 GeV, whereas
for all other such pairs mμμ > 4 GeV is imposed.
The same requirements are applied to both data and

simulated events at the reconstructed level as well.
Additionally, the pT-leading muon must have pT >
29ð26Þ GeV in the 2017 (2016 and 2018) data-taking
period(s), reflecting the single-muon trigger threshold.
Minimum transverse momenta of 3.5 GeV are required
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for the two muons with the second- and third-highest pT in
the event. The fourth muon must satisfy pT > 3.5 GeV for
jηj < 1.2 and pT > 2.5 GeV for 1.2 < jηj < 2.4 to ensure
it reaches the outer muon detectors, considering the CMS
magnetic field and the energy loss of the muon traversing
the detector. Finally, each muon is required to have an
angular distance of ΔR > 0.02 from any other muons, and
the four selected muons must form a valid vertex.
The background due to nonprompt muons, most

copiously produced in quantum chromodynamics multi-
jet events via decays of bottom or charm quarks, is
estimated using control samples in the data. Three addi-
tional, signal-depleted event categories are defined by
inverting the requirement on the isolation of at least one
of the three pT-subleading muon candidates, on their
total electric charge, or both. The inverted variables are
independent, and the shape of the four-muon invariant
mass distribution is consistent between any of these
control regions and the search region. The shape and
normalization of the background due to nonprompt
muons in the latter is obtained by scaling the m4μ

distribution of data in the control region with inverted
isolation criterion, from which the residual contribution
of prompt muons is subtracted using simulated events.
The scale factor is derived from the same extrapolation in
the regions with inverted charge requirement. A correc-
tion accounting for differences between the regions with
and without inverting the total electric charge criterion is
derived by repeating the extrapolation between two
subsets of events with inverted muon isolation.
A 47% uncertainty in the extrapolation factor used in the

estimation of the background from nonprompt muons is
due to the statistical uncertainty in the data in the signal-
depleted regions; it is the dominant uncertainty in this
search. Additional large sources of uncertainty are the
number of events in the measurements and the simulation
as well as the estimate of the nonprompt muon background
in the search region. Minor experimental uncertainties in
the efficiencies of different criteria imposed on the muons
affect the shape and normalization of all simulated proc-
esses. The minor effect (< 10%) of theoretical uncertainties
in the renormalization and factorization scales, parton
distribution functions, and strong coupling αSðmZÞ on
the m4μ distribution are also included. For the former, the
change in acceptance is estimated from independent var-
iations of each scale by a factor of 0.5 or 2, whereas the
uncertainty due to the latter two is estimated following
the description in Ref. [53]. The integrated luminosities
for the 2016, 2017, and 2018 data-taking years have
1.2%–2.5% individual uncertainties [18–20] that affect
only the rate of simulated processes, and the overall
luminosity uncertainty for the 2016–2018 period is
1.6%. The uncertainties in the SM cross section of the
individual simulated backgrounds amount to 5%–25%
depending on the process. The effect of all systematic

uncertainties is also propagated to the background with
nonprompt muons estimated from data via the subtraction
of simulated events with prompt muons.
The yield of Z → ττμμ events is extracted from a

binned maximum likelihood template fit of the expected
signal and background to the data in the m4μ distribution,
which is performed with the CMS statistical analysis tool
COMBINE [54]. Because of the neutrinos arising from the
tau lepton decays, Z → ττμμ events are expected to form a
broad distribution in m4μ in the region below the Z boson
mass. Each systematic uncertainty is taken into account as a
nuisance parameter in this fit. Uncertainties not affecting
the shape of the distribution are modeled with log-normal
probability distributions, whereas those affecting both
the shape and normalization are instead modeled with
Gaussian distributions.
The number of Z → 4μ events is scaled by an uncon-

strained parameter in the fit. A second unconstrained
parameter, r, is used to scale the ratio of the number
of Z → ττμμ and Z → 4μ events. Both parameters are
defined with respect to the SM expectation, which corre-
sponds to parameter values of 1. In the generator-level
phase space defined by the requirements on the dimuon
and four-muon invariant mass discussed above, the ratio
Rττμμ of the Z → ττμμ to Z → 4μ branching fractions is
given by

Rττμμ ¼
NðZ → ττμμÞ
NðZ → 4μÞ

ðAϵÞZ→4μ

ðAϵÞZ→ττμμ

1

B2ðτ → μννÞ
fτ

fμ
: ð1Þ

Here, NðZ → ττμμÞ and NðZ → 4μÞ are the event yields of
the respective processes, where only τ → μνν decays are
considered for the former. The acceptance and efficiency of
selecting events from the generator-level region are denoted
by A and ϵ, respectively. Their products are ðAϵÞZ→4μ ¼
ð6.40� 0.01Þ% and ðAϵÞZ→ττμμ ¼ ð1.32� 0.02Þ% for the
respective Z boson decay modes and are determined from
simulation. The parameters fτ and fμ are the fractions
of selected events in the simulated signal and reference
sample, respectively, that are due to the decay of a
single Z boson produced in the s channel. The remaining
events are due to VV production leading to the same
final state. The parameters, which are computed
by MadGraph5_aMC@NLO, are fτ ¼ ð83.9� 0.1Þ% and
fμ ¼ ð85.5� 0.2Þ%, where the uncertainties are statistical.
The known branching fraction of the tau lepton decay to a
muon and the corresponding neutrinos is Bðτ → μννÞ ¼
ð17.39� 0.04Þ% [55]. The SM expectation in the
generator-level phase space, derived using generator-level
information of events simulated with POWHEG v2 at NLO,
is RSM

ττμμ ¼ 0.90� 0.02, where the uncertainty includes
statistical uncertainties in the number of generated events
of each process and the uncertainties in the other factors
of Eq. (1), as stated above.
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In the combined fit of signal and background to the data,
the best fit ratio of branching fractions is extracted from the
fitted value of r,

Rττμμ ¼ rRSM
ττμμ ¼ −12.5þ6.8

−8.2 : ð2Þ

This agrees with the SM expectation within 2 standard
deviations and has a negative value due to the deficit of data
in the region 60 < m4μ < 75 GeV.
A second maximum likelihood fit of the background-

only expectation to the data is performed. The m4μ

distribution after this fit is shown in Fig. 2. The observed
data agree with the background prediction within the
uncertainties. The postfit number of Z → 4μ events is
consistent between the signal-and-background and
background-only fits with values of 1.10� 0.07 and
1.09� 0.07 times the SM expectation, respectively.
In addition, upper limits at the 95% confidence level

(CL) are placed on Rττμμ for the first time, derived using
the CLs technique [56,57] and the COMBINE tool [54]. The
observed and median expected upper limits on Rττμμ are
6.2 and 10.0, respectively, reflecting the deficit of data
discussed above. The intervals [7.3, 13.9] ([5.5, 18.8])
include 68 (95%) of the distribution of expected limits
under the background-only hypothesis. The observed and

median expected limits correspond to 6.9 and 11.1 times
the SM expectation of RSM

ττμμ ¼ 0.90, respectively.
The 95% CL upper limits are used in the SMEFT

framework to derive constraints on potential BSM con-
tributions to Rττμμ as suggested in Ref. [16]. In this Letter,

the notation C
ijkl
AB is used for the WC corresponding to the

four-lepton operator ðliAγμljAÞðlkBγμllBÞ contributing to
the process ll → lkljli, where the superscripts denote
the lepton generation and A and B indicate the chirality.
Constraints on the WCs are derived in terms of C=Λ2

with Λ ¼ 1 TeV.
In this analysis, all six SMEFT operators in the so-called

Warsaw basis [58] that have a canonical dimension of six
and involve two muons and two tau leptons are considered.
These operators affect only the Z → ττμμ but not the
Z → 4μ decay. The effect of each operator on Eq. (1),
relative to the SM prediction, is computed using
MadGraph5_aMC@NLO v2.7.2 with the SMEFTsim 3.0 package
[59,60]. The multiplicative BSM correction to each factor
in Eq. (1) is expressed in terms linear or quadratic in the
corresponding WC, where the linear terms are due to
interference of the BSM process with the SM and the
quadratic terms correspond to pure BSM contributions.
The total correction to RSM

ττμμ is given by the product of the
individual corrections to each factor. In what follows,
distinctions between linear and quadratic terms refer to
the order of the individual correction factors, their product
therefore also depends on higher orders of the WCs in
both cases.
When we consider one nonzero WC at a time, the

intervals allowed at the 95% CL for C=Λ2 are given in
Table I. When we consider two nonzero WCs and linear
and quadratic terms, the regions allowed and excluded at
the 95% CL are shown in Fig. 3 for four representative

FIG. 2. Distribution of m4μ after the maximum likelihood fit
of the background-only model (stacked histograms) to the data
(black points). The nuisance parameters are set to their postfit
values and the signal (black dotted line) is overlaid, scaled to the
upper limit on its cross section of 6.9 times the SM expectation.
The gray shaded areas in both panels correspond to the total
uncertainty in the background prediction. The black vertical bars
indicate the statistical uncertainty in the data.

TABLE I. Intervals allowed at the 95% CL for C=Λ2 for all 6
dimension-six Wilson coefficients conserving lepton flavor and
involving two muons and two tau leptons. The second column
shows the allowed intervals considering only terms linear in C, in
which case the lower and upper bounds originate from unphysical
negative event yields and the limit on Rττμμ, respectively. For the
third column, quadratic terms are considered as well and all
bounds are determined by the limit on Rττμμ.

95% CL allowed region for C=Λ2 [103=TeV2]

C Only linear terms Linear and quadratic terms

C2233LL ½−2.7; 15.2� ½−3.8; 3.1�
C2332LL ½−2.74; 0.01� ½−21.62; 0.01� ∪ ½0.05; 20.82�
C2233LR ½−3.0; 18.5� ½−4.3; 3.5�
C3322LR ½−3.0; 17.2� ½−4.2; 3.4�
C2332LR … ½−17.4; 17.4�
C2233RR ½−3.6; 20.0� ½−4.4; 3.6�
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combinations of WCs that exhibit characteristic features
discussed below. These are the first constraints on all
flavor-conserving four-lepton WCs involving two muons
and two tau leptons with the exception of C2332LL [16,17],
which was limited more stringently by Ref. [17].
The effect of any WC on the event yield is dominant

compared to BSM contributions to the signal acceptance
and fτ. It was verified that BSM shape distortions of the

m4μ distribution after applying the event selection are
negligible compared to changes in the overall event yield.
The expected value of Bðτ → μννÞ in Eq. (1) is only
affected by two WCs, C2332LL and C2332LR . For these WCs,
however, it has the dominant impact on the determination
of the allowed and excluded regions and leads to a larger
allowed parameter space when considering quadratic terms
as shown in Fig. 3 (upper). The limit on a combination
of WCs including neither C2332LL nor C2332LR (light blue) is
approximately 5 times more stringent than the limits on
combinations that include one or both of these WCs. For
combinations that include only C2332LR (red), which enhances
Bðτ → μννÞ, the limit is most stringent for C2332LR ¼ 0 and
relaxes for nonzero values as shown in Fig. 3 (lower).
Including only C2332LL (orange), which causes negative
interference with the SM prediction of Bðτ → μννÞ,
leads to an excluded region at small positive values of
C2332LL . Considering both C2332LR and C2332LL , their combined
effect results in a second excluded region shown in
Fig. 3 (lower, dark blue). In this analysis, external con-
straints on Bðτ → μννÞ are neglected, but produce stronger
constraints on C2332LL [17] and C2332LR than those presented
here due to the small uncertainty in the measured value
of Bðτ → μννÞ [55].
When we consider only linear terms, each factor in

Eq. (1) may take on unphysical values at sufficiently large
absolute values of the WCs, such as a negative event yield
or fτ ∉ ½0; 1�. The allowed regions given in Table I are
obtained excluding these and other unphysical scenarios.
Considering only linear terms, all lower (upper) limits
originate from negative event yields (the limit on Rττμμ).
No linear terms exist for C2332LR because the corresponding
operator cannot interfere with the SM process. When
considering both linear and quadratic terms, no unphysical
regimes are reached within the limits derived from the
upper limit on Rττμμ.
In summary, the first search for the Z boson decay to

ττμμ at the LHC has been presented. The sample of proton-
proton collision data analyzed was collected at

ffiffiffi

s
p ¼

13 TeV by the CMS experiment and corresponds to an
integrated luminosity of 138 fb−1. No excess over the
standard model background prediction was observed. For
the first time, an upper limit at 95% confidence level of 6.2
was placed on the ratio of the Z → ττμμ to Z → 4μ

branching fractions in the phase space considered, equiv-
alent to 6.9 times the standard model expectation of 0.90.
Also for the first time, constraints were placed on all flavor-
conserving four-lepton Wilson coefficients involving two
muons and two tau leptons.
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expectation is indicated by a black dot. The hatches indicate the
excluded side of each limit.
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F. Glessgen ,123 C. Grab ,123 N. Härringer ,123 T. G. Harte,123 D. Hits ,123 W. Lustermann ,123 A.-M. Lyon ,123

R. A. Manzoni ,123 M. Marchegiani ,123 L. Marchese ,123 C. Martin Perez ,123 A. Mascellani ,123,iii

F. Nessi-Tedaldi ,123 F. Pauss ,123 V. Perovic ,123 S. Pigazzini ,123 C. Reissel ,123 T. Reitenspiess ,123 B. Ristic ,123

F. Riti ,123 R. Seidita ,123 J. Steggemann ,123,iii A. Tarabini ,123 D. Valsecchi ,123 R. Wallny ,123 C. Amsler ,124,kkk

P. Bärtschi ,124 M. F. Canelli ,124 K. Cormier ,124 M. Huwiler ,124 W. Jin ,124 A. Jofrehei ,124 B. Kilminster ,124

S. Leontsinis ,124 S. P. Liechti ,124 A. Macchiolo ,124 P. Meiring ,124 F. Meng ,124 U. Molinatti ,124 J. Motta ,124

A. Reimers ,124 P. Robmann,124 M. Senger ,124 E. Shokr,124 F. Stäger ,124 R. Tramontano ,124 C. Adloff,125,lll

D. Bhowmik,125 C.M. Kuo,125 W. Lin,125 P. K. Rout ,125 P. C. Tiwari ,125,mm S. S. Yu ,125 L. Ceard,126 K. F. Chen ,126

P. s. Chen,126 Z. g. Chen,126 A. De Iorio ,126 W.-S. Hou ,126 T. h. Hsu,126 Y. w. Kao,126 S. Karmakar ,126 G. Kole ,126

Y. y. Li ,126 R.-S. Lu ,126 E. Paganis ,126 X. f. Su ,126 J. Thomas-Wilsker ,126 L. s. Tsai,126 H. y. Wu,126 E. Yazgan ,126

C. Asawatangtrakuldee ,127 N. Srimanobhas ,127 V. Wachirapusitanand ,127 D. Agyel ,128 F. Boran ,128 F. Dolek ,128

I. Dumanoglu ,128,mmm E. Eskut ,128 Y. Guler ,128,nnn E. Gurpinar Guler ,128,nnn C. Isik ,128 O. Kara,128

A. Kayis Topaksu ,128 U. Kiminsu ,128 G. Onengut ,128 K. Ozdemir ,128,ooo A. Polatoz ,128 B. Tali ,128,ppp

U. G. Tok ,128 S. Turkcapar ,128 E. Uslan ,128 I. S. Zorbakir ,128 G. Sokmen,129 M. Yalvac ,129,qqq B. Akgun ,130

I. O. Atakisi ,130 E. Gülmez ,130 M. Kaya ,130,rrr O. Kaya ,130,sss S. Tekten ,130,ttt A. Cakir ,131

K. Cankocak ,131,mmm,uuu G. G. Dincer ,131,mmm Y. Komurcu ,131 S. Sen ,131,vvv O. Aydilek ,132,www V. Epshteyn ,132

B. Hacisahinoglu ,132 I. Hos ,132,xxx B. Kaynak ,132 S. Ozkorucuklu ,132 O. Potok ,132 H. Sert ,132 C. Simsek ,132

C. Zorbilmez ,132 S. Cerci ,133,ppp B. Isildak ,133,yyy D. Sunar Cerci ,133 T. Yetkin ,133 A. Boyaryntsev ,134

B. Grynyov ,134 L. Levchuk ,135 D. Anthony ,136 J. J. Brooke ,136 A. Bundock ,136 F. Bury ,136 E. Clement ,136

D. Cussans ,136 H. Flacher ,136 M. Glowacki,136 J. Goldstein ,136 H. F. Heath ,136 M.-L. Holmberg ,136 L. Kreczko ,136

S. Paramesvaran ,136 L. Robertshaw,136 S. Seif El Nasr-Storey,136 V. J. Smith ,136 N. Stylianou ,136,zzz

K. Walkingshaw Pass,136 A. H. Ball,137 K.W. Bell ,137 A. Belyaev ,137,aaaa C. Brew ,137 R.M. Brown ,137

D. J. A. Cockerill ,137 C. Cooke ,137 A. Elliot ,137 K. V. Ellis,137 K. Harder ,137 S. Harper ,137 J. Linacre ,137

K. Manolopoulos,137 D.M. Newbold ,137 E. Olaiya,137 D. Petyt ,137 T. Reis ,137 A. R. Sahasransu ,137 G. Salvi ,137

T. Schuh,137 C. H. Shepherd-Themistocleous ,137 I. R. Tomalin ,137 K. C. Whalen ,137 T. Williams ,137 I. Andreou ,138

R. Bainbridge ,138 P. Bloch ,138 C. E. Brown ,138 O. Buchmuller,138 V. Cacchio,138 C. A. Carrillo Montoya ,138

G. S. Chahal ,138,bbbb D. Colling ,138 J. S. Dancu,138 I. Das ,138 P. Dauncey ,138 G. Davies ,138 J. Davies,138

M. Della Negra ,138 S. Fayer,138 G. Fedi ,138 G. Hall ,138 M. H. Hassanshahi ,138 A. Howard,138 G. Iles ,138

M. Knight ,138 J. Langford ,138 J. León Holgado ,138 L. Lyons ,138 A.-M. Magnan ,138 S. Mallios,138

M. Mieskolainen ,138 J. Nash ,138,cccc M. Pesaresi ,138 P. B. Pradeep,138 B. C. Radburn-Smith ,138 A. Richards,138

A. Rose ,138 K. Savva ,138 C. Seez ,138 R. Shukla ,138 A. Tapper ,138 K. Uchida ,138 G. P. Uttley ,138 L. H. Vage,138

T. Virdee ,138,ee M. Vojinovic ,138 N. Wardle ,138 D. Winterbottom ,138 K. Coldham,139 J. E. Cole ,139 A. Khan,139

P. Kyberd ,139 I. D. Reid ,139 S. Abdullin ,140 A. Brinkerhoff ,140 B. Caraway ,140 E. Collins ,140 J. Dittmann ,140

K. Hatakeyama ,140 J. Hiltbrand ,140 B. McMaster ,140 J. Samudio ,140 S. Sawant ,140 C. Sutantawibul ,140

J. Wilson ,140 R. Bartek ,141 A. Dominguez ,141 C. Huerta Escamilla,141 A. E. Simsek ,141 R. Uniyal ,141

A.M. Vargas Hernandez ,141 B. Bam ,142 A. Buchot Perraguin ,142 R. Chudasama ,142 S. I. Cooper ,142

C. Crovella ,142 S. V. Gleyzer ,142 E. Pearson,142 C. U. Perez ,142 P. Rumerio ,142,dddd E. Usai ,142 R. Yi ,142

A. Akpinar ,143 C. Cosby ,143 G. De Castro,143 Z. Demiragli ,143 C. Erice ,143 C. Fangmeier ,143

C. Fernandez Madrazo ,143 E. Fontanesi ,143 D. Gastler ,143 F. Golf ,143 S. Jeon ,143 J. O‘cain,143 I. Reed ,143

J. Rohlf ,143 K. Salyer ,143 D. Sperka ,143 D. Spitzbart ,143 I. Suarez ,143 A. Tsatsos ,143 A. G. Zecchinelli ,143

G. Benelli ,144 X. Coubez,144,aa D. Cutts ,144 M. Hadley ,144 U. Heintz ,144 J. M. Hogan ,144,eeee T. Kwon ,144

G. Landsberg ,144 K. T. Lau ,144 D. Li ,144 J. Luo ,144 S. Mondal ,144 M. Narain ,144,a N. Pervan ,144 S. Sagir ,144,ffff

F. Simpson ,144 M. Stamenkovic ,144 N. Venkatasubramanian,144 X. Yan ,144 W. Zhang,144 S. Abbott ,145 J. Bonilla ,145

C. Brainerd ,145 R. Breedon ,145 H. Cai ,145 M. Calderon De La Barca Sanchez ,145 M. Chertok ,145 M. Citron ,145

J. Conway ,145 P. T. Cox ,145 R. Erbacher ,145 F. Jensen ,145 O. Kukral ,145 G. Mocellin ,145 M. Mulhearn ,145

S. Ostrom ,145 W. Wei ,145 Y. Yao ,145 S. Yoo ,145 F. Zhang ,145 M. Bachtis ,146 R. Cousins ,146 A. Datta ,146

PHYSICAL REVIEW LETTERS 133, 161805 (2024)

161805-12



G. Flores Avila ,146 J. Hauser ,146 M. Ignatenko ,146 M. A. Iqbal ,146 T. Lam ,146 E. Manca ,146 A. Nunez Del Prado,146

D. Saltzberg ,146 V. Valuev ,146 R. Clare ,147 J. W. Gary ,147 M. Gordon,147 G. Hanson ,147 W. Si ,147

S. Wimpenny ,147,a A. Aportela,148 A. Arora ,148 J. G. Branson ,148 S. Cittolin ,148 S. Cooperstein ,148 D. Diaz ,148

J. Duarte ,148 L. Giannini ,148 Y. Gu,148 J. Guiang ,148 R. Kansal ,148 V. Krutelyov ,148 R. Lee ,148 J. Letts ,148

M. Masciovecchio ,148 F. Mokhtar ,148 S. Mukherjee ,148 M. Pieri ,148 M. Quinnan ,148 B. V. Sathia Narayanan ,148

V. Sharma ,148 M. Tadel ,148 E. Vourliotis ,148 F. Würthwein ,148 Y. Xiang ,148 A. Yagil ,148 A. Barzdukas ,149

L. Brennan ,149 C. Campagnari ,149 K. Downham ,149 C. Grieco ,149 J. Incandela ,149 J. Kim ,149 A. J. Li ,149

P. Masterson ,149 H. Mei ,149 J. Richman ,149 S. N. Santpur ,149 U. Sarica ,149 R. Schmitz ,149 F. Setti ,149

J. Sheplock ,149 D. Stuart ,149 T. Á. Vámi ,149 S. Wang ,149 D. Zhang,149 A. Bornheim ,150 O. Cerri,150 A. Latorre,150

J. Mao ,150 H. B. Newman ,150 G. Reales Gutiérrez,150 M. Spiropulu ,150 J. R. Vlimant ,150 C. Wang ,150 S. Xie ,150

R. Y. Zhu ,150 J. Alison ,151 S. An ,151 M. B. Andrews ,151 P. Bryant ,151 M. Cremonesi,151 V. Dutta ,151

T. Ferguson ,151 T. A. Gómez Espinosa ,151 A. Harilal ,151 A. Kallil Tharayil,151 C. Liu ,151 T. Mudholkar ,151

S. Murthy ,151 P. Palit ,151 K. Park,151 M. Paulini ,151 A. Roberts ,151 A. Sanchez ,151 W. Terrill ,151 J. P. Cumalat ,152

W. T. Ford ,152 A. Hart ,152 A. Hassani ,152 G. Karathanasis ,152 N. Manganelli ,152 A. Perloff ,152 C. Savard ,152

N. Schonbeck ,152 K. Stenson ,152 K. A. Ulmer ,152 S. R. Wagner ,152 N. Zipper ,152 D. Zuolo ,152 J. Alexander ,153

S. Bright-Thonney ,153 X. Chen ,153 D. J. Cranshaw ,153 J. Fan ,153 X. Fan ,153 S. Hogan ,153 P. Kotamnives,153

J. Monroy ,153 M. Oshiro ,153 J. R. Patterson ,153 M. Reid ,153 A. Ryd ,153 J. Thom ,153 P. Wittich ,153 R. Zou ,153

M. Albrow ,154M. Alyari ,154O. Amram ,154G. Apollinari ,154A. Apresyan ,154 L. A. T. Bauerdick ,154D. Berry ,154

J. Berryhill ,154 P. C. Bhat ,154 K. Burkett ,154 J. N. Butler ,154 A. Canepa ,154 G. B. Cerati ,154 H.W. K. Cheung ,154

F. Chlebana ,154 G. Cummings ,154 J. Dickinson ,154 I. Dutta ,154 V. D. Elvira ,154 Y. Feng ,154 J. Freeman ,154

A. Gandrakota ,154 Z. Gecse ,154 L. Gray ,154 D. Green,154 A. Grummer ,154 S. Grünendahl ,154 D. Guerrero ,154

O. Gutsche ,154 R.M. Harris ,154 R. Heller ,154 T. C. Herwig ,154 J. Hirschauer ,154 B. Jayatilaka ,154 S. Jindariani ,154

M. Johnson ,154 U. Joshi ,154 T. Klijnsma ,154 B. Klima ,154 K. H. M. Kwok ,154 S. Lammel ,154 D. Lincoln ,154

R. Lipton ,154 T. Liu ,154 C. Madrid ,154 K. Maeshima ,154 C. Mantilla ,154 D. Mason ,154 P. McBride ,154

P. Merkel ,154 S. Mrenna ,154 S. Nahn ,154 J. Ngadiuba ,154 D. Noonan ,154 S. Norberg,154 V. Papadimitriou ,154

N. Pastika ,154 K. Pedro ,154 C. Pena ,154,gggg F. Ravera ,154 A. Reinsvold Hall ,154,hhhh L. Ristori ,154 M. Safdari ,154

E. Sexton-Kennedy ,154 N. Smith ,154 A. Soha ,154 L. Spiegel ,154 S. Stoynev ,154 J. Strait ,154 L. Taylor ,154

S. Tkaczyk ,154 N. V. Tran ,154 L. Uplegger ,154 E.W. Vaandering ,154 I. Zoi ,154 C. Aruta ,155 P. Avery ,155

D. Bourilkov ,155 P. Chang ,155 V. Cherepanov ,155 R. D. Field,155 E. Koenig ,155 M. Kolosova ,155 J. Konigsberg ,155

A. Korytov ,155 K. Matchev ,155 N. Menendez ,155 G. Mitselmakher ,155 K. Mohrman ,155

A. Muthirakalayil Madhu ,155 N. Rawal ,155 S. Rosenzweig ,155 Y. Takahashi ,155 J. Wang ,155 T. Adams ,156

A. Al Kadhim ,156 A. Askew ,156 S. Bower ,156 R. Habibullah ,156 V. Hagopian ,156 R. Hashmi ,156 R. S. Kim ,156

S. Kim ,156 T. Kolberg ,156 G. Martinez,156 H. Prosper ,156 P. R. Prova,156 M.Wulansatiti ,156 R. Yohay ,156 J. Zhang,156

B. Alsufyani,157 M.M. Baarmand ,157 S. Butalla ,157 S. Das ,157 T. Elkafrawy ,157,iiii M. Hohlmann ,157 M. Rahmani,157

E. Yanes,157 M. R. Adams ,158 A. Baty ,158 C. Bennett,158 R. Cavanaugh ,158 R. Escobar Franco ,158 O. Evdokimov ,158

C. E. Gerber ,158 M. Hawksworth,158 A. Hingrajiya,158 D. J. Hofman ,158 J. h. Lee ,158 D. S. Lemos ,158

A. H. Merrit ,158 C. Mills ,158 S. Nanda ,158 G. Oh ,158 B. Ozek ,158 D. Pilipovic ,158 R. Pradhan ,158 E. Prifti,158

T. Roy ,158 S. Rudrabhatla ,158 M. B. Tonjes ,158 N. Varelas ,158 M. A. Wadud ,158 Z. Ye ,158 J. Yoo ,158

M. Alhusseini ,159 D. Blend,159 K. Dilsiz ,159,jjjj L. Emediato ,159 G. Karaman ,159 O. K. Köseyan ,159 J.-P. Merlo,159

A. Mestvirishvili ,159,kkkk O. Neogi,159 H. Ogul ,159,llll Y. Onel ,159 A. Penzo ,159 C. Snyder,159 E. Tiras ,159,mmmm

B. Blumenfeld ,160 L. Corcodilos ,160 J. Davis ,160 A. V. Gritsan ,160 L. Kang ,160 S. Kyriacou ,160 P. Maksimovic ,160

M. Roguljic ,160 J. Roskes ,160 S. Sekhar ,160 M. Swartz ,160 A. Abreu ,161 L. F. Alcerro Alcerro ,161 J. Anguiano ,161

S. Arteaga Escatel ,161 P. Baringer ,161 A. Bean ,161 Z. Flowers ,161 D. Grove ,161 J. King ,161 G. Krintiras ,161

M. Lazarovits ,161 C. Le Mahieu ,161 J. Marquez ,161 N. Minafra ,161 M. Murray ,161 M. Nickel ,161 M. Pitt ,161

S. Popescu ,161,nnnn C. Rogan ,161 C. Royon ,161 R. Salvatico ,161 S. Sanders ,161 C. Smith ,161 G. Wilson ,161

B. Allmond ,162 R. Gujju Gurunadha ,162 A. Ivanov ,162 K. Kaadze ,162 Y. Maravin ,162 J. Natoli ,162 D. Roy ,162

G. Sorrentino ,162 A. Baden ,163 A. Belloni ,163 J. Bistany-riebman,163 Y.M. Chen ,163 S. C. Eno ,163 N. J. Hadley ,163

S. Jabeen ,163 R. G. Kellogg ,163 T. Koeth ,163 B. Kronheim,163 Y. Lai ,163 S. Lascio ,163 A. C. Mignerey ,163

S. Nabili ,163 C. Palmer ,163 C. Papageorgakis ,163 M.M. Paranjpe,163 L. Wang ,163 J. Bendavid ,164 I. A. Cali ,164

PHYSICAL REVIEW LETTERS 133, 161805 (2024)

161805-13



P. c. Chou ,164 M. D’Alfonso ,164 J. Eysermans ,164 C. Freer ,164 G. Gomez-Ceballos ,164 M. Goncharov,164

G. Grosso,164 P. Harris,164 D. Hoang,164 D. Kovalskyi ,164 J. Krupa ,164 L. Lavezzo ,164 Y.-J. Lee ,164 K. Long ,164

C. Mcginn,164 A. Novak ,164 C. Paus ,164 D. Rankin ,164 C. Roland ,164 G. Roland ,164 S. Rothman ,164

G. S. F. Stephans ,164 Z. Wang ,164 B. Wyslouch ,164 T. J. Yang ,164 B. Crossman ,165 B.M. Joshi ,165 C. Kapsiak ,165

M. Krohn ,165 D. Mahon ,165 J. Mans ,165 B. Marzocchi ,165 M. Revering ,165 R. Rusack ,165 R. Saradhy ,165

N. Strobbe ,165 L. M. Cremaldi ,166 K. Bloom ,167 D. R. Claes ,167 G. Haza ,167 J. Hossain ,167 C. Joo ,167

I. Kravchenko ,167 J. E. Siado ,167 W. Tabb ,167 A. Vagnerini ,167 A. Wightman ,167 F. Yan ,167 D. Yu ,167

H. Bandyopadhyay ,168 L. Hay ,168 H. w. Hsia,168 I. Iashvili ,168 A. Kalogeropoulos ,168 A. Kharchilava ,168

M. Morris ,168 D. Nguyen ,168 S. Rappoccio ,168 H. Rejeb Sfar,168 A. Williams ,168 P. Young ,168 G. Alverson ,169

E. Barberis ,169 J. Dervan,169 Y. Haddad ,169 Y. Han ,169 A. Krishna ,169 J. Li ,169 M. Lu ,169 G. Madigan ,169

R. Mccarthy ,169 D.M. Morse ,169 V. Nguyen ,169 T. Orimoto ,169 A. Parker ,169 L. Skinnari ,169 D. Wood ,169

J. Bueghly,170 S. Dittmer ,170 K. A. Hahn ,170 Y. Liu ,170 Y. Miao ,170 D. G. Monk ,170 M. H. Schmitt ,170

A. Taliercio ,170 M. Velasco,170 G. Agarwal ,171 R. Band ,171 R. Bucci,171 S. Castells ,171 A. Das ,171

R. Goldouzian ,171 M. Hildreth ,171 K.W. Ho ,171 K. Hurtado Anampa ,171 T. Ivanov ,171 C. Jessop ,171

K. Lannon ,171 J. Lawrence ,171 N. Loukas ,171 L. Lutton ,171 J. Mariano,171 N. Marinelli,171 I. Mcalister,171

T. McCauley ,171 C. Mcgrady ,171 C. Moore ,171 Y. Musienko ,171,r H. Nelson ,171 M. Osherson ,171 A. Piccinelli ,171

R. Ruchti ,171 A. Townsend ,171 Y. Wan,171 M. Wayne ,171 H. Yockey,171 M. Zarucki ,171 L. Zygala ,171 A. Basnet ,172

B. Bylsma,172 M. Carrigan ,172 L. S. Durkin ,172 C. Hill ,172 M. Joyce ,172 M. Nunez Ornelas ,172 K. Wei,172

B. L. Winer ,172 B. R. Yates ,172 H. Bouchamaoui ,173 P. Das ,173 G. Dezoort ,173 P. Elmer ,173 A. Frankenthal ,173

B. Greenberg ,173 N. Haubrich ,173 K. Kennedy,173 G. Kopp ,173 S. Kwan ,173 D. Lange ,173 A. Loeliger ,173

D. Marlow ,173 I. Ojalvo ,173 J. Olsen ,173 A. Shevelev ,173 D. Stickland ,173 C. Tully ,173 S. Malik ,174

A. S. Bakshi ,175 V. E. Barnes ,175 S. Chandra ,175 R. Chawla ,175 A. Gu ,175 L. Gutay,175 M. Jones ,175

A.W. Jung ,175 A.M. Koshy,175 M. Liu ,175 G. Negro ,175 N. Neumeister ,175 G. Paspalaki ,175 S. Piperov ,175

V. Scheurer,175 J. F. Schulte ,175 M. Stojanovic ,175 J. Thieman ,175 A. K. Virdi ,175 F. Wang ,175 W. Xie ,175

J. Dolen ,176 N. Parashar ,176 A. Pathak ,176 D. Acosta ,177 T. Carnahan ,177 K.M. Ecklund ,177

P. J. Fernández Manteca ,177 S. Freed,177 P. Gardner,177 F. J. M. Geurts ,177 W. Li ,177 J. Lin ,177 O. Miguel Colin ,177

B. P. Padley ,177 R. Redjimi,177 J. Rotter ,177 E. Yigitbasi ,177 Y. Zhang ,177 A. Bodek ,178 P. de Barbaro ,178

R. Demina ,178 J. L. Dulemba ,178 A. Garcia-Bellido ,178 O. Hindrichs ,178 A. Khukhunaishvili ,178 N. Parmar,178

P. Parygin ,178,r E. Popova ,178,r R. Taus ,178 K. Goulianos ,179 B. Chiarito,180 J. P. Chou ,180 S. V. Clark ,180

D. Gadkari ,180 Y. Gershtein ,180 E. Halkiadakis ,180 M. Heindl ,180 C. Houghton ,180 D. Jaroslawski ,180

O. Karacheban ,180,cc S. Konstantinou ,180 I. Laflotte ,180 A. Lath ,180 R. Montalvo,180 K. Nash,180 J. Reichert ,180

H. Routray ,180 P. Saha ,180 S. Salur ,180 S. Schnetzer,180 S. Somalwar ,180 R. Stone ,180 S. A. Thayil ,180 S. Thomas,180

J. Vora ,180 H. Wang ,180 H. Acharya,181 D. Ally ,181 A. G. Delannoy ,181 S. Fiorendi ,181 S. Higginbotham ,181

T. Holmes ,181 A. R. Kanuganti ,181 N. Karunarathna ,181 L. Lee ,181 E. Nibigira ,181 S. Spanier ,181 D. Aebi ,182

M. Ahmad ,182 T. Akhter ,182 O. Bouhali ,182,oooo R. Eusebi ,182 J. Gilmore ,182 T. Huang ,182 T. Kamon ,182,pppp

H. Kim ,182 S. Luo ,182 R. Mueller ,182 D. Overton ,182 D. Rathjens ,182 A. Safonov ,182 N. Akchurin ,183

J. Damgov ,183 N. Gogate ,183 V. Hegde ,183 A. Hussain ,183 Y. Kazhykarim,183 K. Lamichhane ,183 S.W. Lee ,183

A. Mankel ,183 T. Peltola ,183 I. Volobouev ,183 E. Appelt ,184 Y. Chen ,184 S. Greene,184 A. Gurrola ,184 W. Johns ,184

R. Kunnawalkam Elayavalli ,184 A. Melo ,184 F. Romeo ,184 P. Sheldon ,184 S. Tuo ,184 J. Velkovska ,184

J. Viinikainen ,184 B. Cardwell ,185 B. Cox ,185 J. Hakala ,185 R. Hirosky ,185 A. Ledovskoy ,185 C. Neu ,185

S. Bhattacharya ,186 P. E. Karchin ,186 A. Aravind,187 S. Banerjee ,187 K. Black ,187 T. Bose ,187 S. Dasu ,187

I. De Bruyn ,187 P. Everaerts ,187 C. Galloni,187 H. He ,187 M. Herndon ,187 A. Herve ,187 C. K. Koraka ,187

A. Lanaro,187 R. Loveless ,187 J. Madhusudanan Sreekala ,187 A. Mallampalli ,187 A. Mohammadi ,187 S. Mondal,187
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