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Measurements of the inclusive and differential fiducial cross sections of the Higgs boson are presented,
using the τ lepton decay channel. The differential cross sections are measured as functions of the Higgs boson
transverse momentum, jet multiplicity, and transverse momentum of the leading jet in the event, if any. The
analysis is performed using proton-proton collision data collected 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. These are the
first differential measurements of the Higgs boson cross section in the final state of two τ leptons. In final
states with a large jet multiplicity or with a Lorentz-boosted Higgs boson, these measurements constitute a
significant improvement over measurements performed in other final states.
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Measuring differential production cross sections of the
Higgs boson could eventually highlight the contribution of
beyond-the-standard-model physics to the Higgs boson
couplings [1,2], e.g., by the observation of deviations from
the standard model (SM) in the Higgs boson transverse
momentum pT distribution predicted with high accuracy at
next-to-next-to-leading-order (NNLO) precision [3]. Such
measurements are also powerful probes of the SM predic-
tions, in particular, of the higher-order corrections in
perturbation theory, and could help improve event modeling.
Differential cross sections of Higgs boson production

have been measured in the γγ, ZZ, WþW−, and bb̄ decay
channels for various sets of observables by the ATLAS
and CMS Collaborations at the CERN LHC at center-of-
mass energies of 7, 8, and 13 TeV [4–10]. The H → τþτ−

decay channel [11,12] can also contribute to differential
measurements of the Higgs boson production, providing
complementary information with other decay modes. It is
competitive in parts of the phase space where small
production cross sections are compensated by a relatively
large branching fraction BðH → τþτ−Þ ¼ 6.2% [13]; this
is particularly the case for high jet multiplicities (Njets) and
large Lorentz boosts of the Higgs boson. This Letter
presents the first differential fiducial measurements of the
Higgs boson production cross section using its decays to a
pair of τ leptons. The Higgs boson cross section is
measured as functions of its transverse momentum

(pH
T ), Njets, and the leading jet pT (pj1

T ), using data
collected by the CMS experiment in proton-proton (pp)
collisions at a center-of-mass energy of 13 TeV between
2016 and 2018, corresponding to an integrated luminosity
of 138 fb−1. A measurement of the inclusive fiducial
Higgs boson cross section is also presented in a phase
space complementary to those studied with other final
states.
The central feature of the CMS apparatus is a super-

conducting 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 calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two
end cap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and end cap
detectors. Muons are detected in gaseous detectors
embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detec-
tor, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found
in Ref. [14].
Simulated events with Higgs bosons are generated for the

different production modes (gluon fusion, vector boson
fusion, and productions in association with a vector boson,
W or Z, or with top quarks) at next-to-leading-order (NLO)
precision in perturbative quantum chromodynamics (QCD),
including finite quark mass effects, with the POWHEG 2.0

[15–19] generator. The distributions of pH
T and Njets in the

gluon fusion production simulation are corrected to match
the predictions of the NNLOPS generator [20,21]. The Higgs
boson mass is assumed to be 125.38 GeV [22].
The MADGRAPH5_AMC@NLO2.2.2 (2.4.2) event gener-

ator [23] is used to simulate the Drell-Yan process at
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leading order with the MLM jet matching and merging
scheme [24] for the simulation of data taken in 2016 (2017
and 2018). It is also used to model the diboson production
at NLO in (αS), whereas POWHEG 2.0 and 1.0 are used for tt̄
and single top quark production, respectively. Single top
quark production in the t-channel and diboson events are
normalized to their cross sections at NLO precision or
higher [25,26]. Drell-Yan events, as well as tt̄ events and
single top quark production in the tW channel, are
normalized to their cross sections at NNLO precision
[27,28]. The generators are interfaced with PYTHIA8.212

[29] to model the parton showering and fragmentation,
as well as the decay of the τ leptons. The PYTHIA tunes
CUETP8M1 and CUETP8M4 [30] are used in simulation
corresponding to the 2016 data-taking conditions, and the
CP5 tune [31] is used for 2017 and 2018 simulations. The
parton density function (PDF) set is NNPDF3.0 for 2016
simulations, and NNPDF 3.1 for 2017 and 2018 simula-
tions [32–34]. Additional proton-proton interactions per
bunch crossing, called pileup, are added to the simulations
with the profile observed in data. Simulated events are
processed through a GEANT4 [35] simulation of the CMS
detector.
The particle-flow (PF) algorithm [36] is used to recon-

struct the events on the basis of information from the
different CMS subdetectors. Muons are reconstructed from
tracks and hits in the tracker and muon systems [37,38].
Electrons are reconstructed from tracks in the tracking
system and calorimeter deposits, and identified with a
multivariate discriminant described in Ref. [39]. The
relative isolation of electrons (muons) is calculated on
the basis of the pT of tracks in a cone of ΔR ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 0.3 (0.4) centered on the lepton track,

corrected for charged and neutral pileup contributions; it is
required to be less than 0.15. Jets are clustered from PF
candidates using the anti-(kT) FASTJET algorithm with
distance parameter R of 0.4 [40,41], requiring pT >
30 GeV and jηj < 4.7. Jet energy corrections are applied
on an event-by-event basis [36,42,43]. In events collected
in 2017, jets with pT < 50 GeV and 2.65 < jηj < 3.14 are
discarded to eliminate spurious jets caused by detector
noise. Hadronic jets originating from b quarks are tagged
with the medium working point of the DEEPCSV algorithm
[44]. The hadrons-plus-strips algorithm [45], which com-
bines one or three tracks with energy deposits in the
calorimeters, is used to reconstruct τ leptons decaying
hadronically, denoted as τh. Deep neural network discrim-
inants are used to reduce the fraction of quark and gluon
jets, electrons, and muons misidentified as τh candidates
[46]. All particles reconstructed in the event are used to
determine the missing transverse momentum p⃗miss

T , which
is defined as the negative vectorial sum of the transverse
momenta of all PF candidates originating from the primary
pp interaction vertex, which is the vertex with the largest
value of summed physics object p2

T [47]. It is adjusted for

the effect of jet energy corrections. Corrections to the p⃗miss
T

are applied to reduce the mismodeling of the simulated
Z þ jets and Higgs boson samples [11].
Events are selected in four final states: eμ, eτh, μτh, and

τhτh. In the eμ final state, a combination of triggers requiring
an electron and a muon is used, and in the τhτh final state, the
triggers require the presence of two isolated τh candidates. In
the eτh (μτh) final state, the events are selected with a trigger
that relies on the presence of a single electron (muon) with
pT above 25–32 (22–24) GeV, or a trigger that requires both
an electron with pT > 24 GeV and a τh candidate with pT >
20–27 GeV (a muon with pT > 19–20 GeV and a τh
candidate with pT > 27–30 GeV) if the lepton pT is too
low to satisfy the single-lepton trigger thresholds. In the τhτh
final state, the triggers select two τh candidates with
pT > 35–40 GeV. The thresholds depend on the data-taking
year. The off-line event selection criteria are given in Table I,
where the symbol mT denotes the invariant mass between
two objects in the transverse plane. In the eμ, eτh, and μτh
final states, the small fraction of events without a recon-
structed jet with pT > 30 GeV and with ΔR between the
visible decay products of the two τ leptons below 2 is vetoed
because of the difficulty in accurately estimating the back-
grounds in this particular topology. In the τhτh final state, all
events are required to contain at least one jet. This require-
ment significantly reduces the QCD multijet background,
while it does not affect the signal acceptance significantly
since the Higgs bosons need to be boosted for their decay
products to pass the high-pT trigger thresholds. All events
with a jet tagged as originating from a bottom quark are
discarded in the eμ, eτh, and μτh final states, where the tt̄
background would otherwise be consequential.
The fiducial region is defined to be as close as possible to

the reconstructed event selection. All variables used in the
definition of the fiducial region are calculated at the
generator level after parton showering and hadronization,
and the electrons and muons are “dressed” in that the lepton
momentum includes the momenta of photons radiated within

TABLE I. Event selection criteria. The pT ranges are related to
different triggers used during different data-taking periods. In
events collected in 2016 in the μτh channel, τh candidates with
0.2 < jηj < 0.3 are discarded because of a significantly larger
misidentification rate of muons as τh objects.

eμ eτh μτh τhτh

pe
T (GeV) > 15=24 > 25–26 % % % % % %

jηej < 2.4 < 2.1 % % % % % %
pμ
T (GeV) > 24=15 % % % > 20–21 % % %

jημj < 2.4 % % % < 2.1 % % %
pτh
T (GeV) % % % > 30 > 30 > 40

jητh j % % % < 2.3 < 2.3 < 2.1
mTðe=μ; p⃗miss

T Þ (GeV) % % % < 50 < 50 % % %
mTðeþ μ; p⃗miss

T Þ (GeV) < 60 % % % % % % % % %
Njets % % % % % % % % % > 0
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a cone of ΔR < 0.1 centered on the lepton. In the eτh (μτh)
final state, the electron (muon) is required to have pT above
25 (20) GeVand jηj < 2.1, while the τh candidate must have
a visible pT greater than 30 GeVand visible jηj < 2.3. Here,
the term visible refers to the kinematic variables constructed
from the momenta of the visible decay products of the τ
leptons, excluding the invisible neutrinos. In addition, the
transverse massmTðe=μ; p⃗miss

T Þmust be less than 50 GeV. In
the τhτh final state, the visible pT of both τh must exceed
40 GeV, while their visible jηj must be within 2.1, and there
must be at least one jet with pT > 30 GeV. In the eμ final
state, the leading (subleading) lepton must have pT > 24
(15) GeV, both leptons must have jηj < 2.4, and the mT of
the dilepton system and p⃗miss

T must be below 60 GeV to
remove the overlap with the H → WW measurement [8].
Decays of the Higgs boson other than H → ττ are consid-
ered to be outside the fiducial region. About 95% ofH → ττ
events passing the reconstructed event selection belong to
the fiducial region as estimated from simulation. The SM
prediction for the Higgs boson cross section in this fiducial
region is 408& 27 fb, using the inclusive cross sections and
branching fractions in Refs. [48–50] and the fiducial
acceptance from the NLO predictions of the POWHEG 2.0

generator with corrections from the NNLOPS generator for the
gluon fusion production mechanism. In particular, the gluon
fusion simulation is normalized to the cross section com-
puted at next-to-NNLO QCD accuracy and NLO electro-
weak precision. Events outside the fiducial region are treated
as backgrounds in the measurement and are normalized to
their SM expectations. This treatment is chosen because
most nonfiducial events correspond to Higgs boson decays
to a pair of W bosons, especially in the eμ final state, for
which the differential distributions have been measured to be
compatible with the SM expectation [8].
The di-τ background, mainly composed of Z → ττ,

leptonically decaying tt̄, and diboson processes, is modeled
with an “embedded sample” [51], where muons from
dimuon events in data are replaced with simulated τ
leptons. The background with jets misidentified as τh
candidates is estimated from data with a so-called “mis-
identification rate method” [52]. The probability for loosely
isolated jets to be misidentified as τh is measured in control
regions enriched in QCD multijet,W þ jets, or tt̄ events, as
a function of pτh

T , for different Njets, and separately in the
barrel and end caps of the detector. Differences between
processes, Njets, and the detector region are typically of the
order of 15%, 10%, and 10%, respectively. The misidenti-
fication probabilities are corrected on an event-by-event
basis depending on the pT of the other τ lepton in the event
pH
T and pj1

T , with multiplicative corrections ranging 0.5–1.2
for each variable. The reconstructed variable pH

T is evalu-
ated as the vectorial pT sum of the visible decay products of
the τ leptons and p⃗miss

T , multiplied with a correction factor
that is measured in signal simulation and depends on this
same vectorial sum to make it an unbiased estimator of the

generated pH
T . The correction factor reaches a plateau

between 1.05 and 1.10 at high-pH
T values, and is signifi-

cantly below 1.0 at low-pH
T values. For events with pH

T >
350 GeV at the generator level, the reconstructed pH

T
resolution is better than 10%, whereas it is worse than
30% for pH

T < 45 GeV.
The misidentification probabilities as a function of the pT

of the other τ, pH
T , and p

j1
T were measured after the initial tau

pT misidentification measurement due to the large number
of variables impacting the misidentification probabilities.
These corrections are determined by a comparison of data-
to-prediction distributions in the aforementioned control
regions. Additionally, corrections for the selection criteria
that differ between the signal and control regions, such as the
same-sign charge requirement for the τ leptons in the QCD-
enriched region and the high mT requirement in the W-
enriched region, are introduced and depend on the recon-
structed di-τ mass, mττ. They are typically close to 1.0 but
can reach up to 1.2 in parts of the phase space. In the eτh and
μτh final states, the overall misidentification rate is a
weighted average of the corrected misidentification rates
measured for the different types of processes. The weights
are proportional to the expected fraction of each process with
respect to the total background determined event by event as
a function ofNjets andmττ using simulations for theW þ jets
and tt̄ backgrounds. In the τhτh final state, the misidenti-
fication probabilities are measured only in the dominant
QCD multijet background. They are used to reweight events
where the leading τh candidate fails the τh identification
criteria. The very small contribution of events where only the
subleading τh is a jet but the leading τh is genuine is
estimated from simulation.
The background with jets misidentified as electrons or

muons in the eμ final state, essentially events from QCD
multijet, W þ jets, and semileptonically decaying tt̄ pro-
duction, is estimated from data events where the electron
and the muon have the same sign, reweighted with an
extrapolation factor that depends on Njets and ΔRðe; μÞ.
Other backgrounds are estimated from simulation and
scaled to their theoretical cross sections.
To increase the signal sensitivity without introducing a

strong model dependence, events are classified in different
categories depending on pτh

T . In the eτh and μτh final states,
the categories are defined with the following requirements:
30 < pτh

T < 50, 50 < pτh
T < 70, and pτh

T > 70 GeV. In the
τhτh channel, the requirements are based on the subleading
τh candidate because the misidentification probability
decreases with pτh

T : 40 < pτh
T < 50, 50 < pτh

T < 70, and
pτh
T > 70 GeV. No categorization is introduced in the eμ

channel because the signal-to-background ratio does not
significantly increase with the lepton pT .
Systematic uncertainties are associated with the trigger-

ing and reconstruction of the different objects selected in
the analysis and they amount to typically 2%–3% in the
efficiency and 0.5%–3.0% in the energy scale, per object.
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Uncertainties in the small misidentification rates of elec-
trons and muons as τh candidates range between 5% and
40% depending on the decay mode and η, while the
uncertainty in the momentum scale for these objects is
up to 6%. Similar uncertainties, partially correlated, are
considered for the objects in the embedded samples [51].
Uncertainties in the jet momentum scales and p⃗miss

T meas-
urement are evaluated event by event. The uncertainty in
the b tagging reaches up to 10% for processes with heavy-
flavor jets.
Uncertainties of 2.0%, 4.2%, 5.0%, and 5.0% are used

for the predicted cross sections of the Drell-Yan, tt̄, single
top quark, and diboson productions, respectively [25–28].
The Z → ττ process yield, which is estimated with
embedded samples, has an uncertainty of 4% to account
for the dimuon trigger used to select the initial events in
data before the muons are replaced with τ leptons.
Additionally, an uncertainty of 10% is assigned to the
normalization of embedded events without any jet in the
eτh and μτh final states to cover for a potential mismod-
eling introduced by the mTðe=μ; p⃗miss

T Þ selection criterion.
Several sources of uncertainty are taken into account for

the estimate of the background with jets misidentified as τh
candidates: statistical uncertainties in the misidentification
rate measurement as a function of pτh

T ; systematic uncer-
tainties in the description of other variables (pj1

T , p
e=μ
T , and

pH
T ), as determined from closure tests; systematic uncertain-

ties in the extrapolation between the regions where the
misidentification rates are measured and the signal region;
systematic uncertainties to cover for a finer granularity of
some variables in the signal region, e.g., signal regions with
two, three, or four jets while the misidentification rates are
measured inclusively for Njets ≥ 2. In particular, the last
source of uncertainty includes a 5% uncertainty in the yield
of the reducible background in each bin of Njets. Events with
misidentified jets in the highest-pτh

T categories also have a
yield uncertainty in the range of 5%–10%, depending on the
final state. This avoids propagating constraints from the low-
pτh
T categories under the assumption that the pT dependence

of the misidentification probabilities is linear.
Statistical uncertainties in the number of simulated events

in the signal region or observed event yields in the control
regions are considered in all bins of the distributions. The
uncertainty in the integrated luminosity for the combined
2016–2018 period is 1.6%, while individual years have
uncertainties in the range 1.2%–2.5%, with partial correla-
tions between data-taking years [53–55]
For the signal, uncertainties from missing higher-order

corrections in the perturbative QCD expansion are estimated
by varying the renormalization and factorization scales by
factors of 2. In the case of the gluon fusion production, the
uncertainty scheme proposed in Ref. [48] is used. For the
signal in the fiducial region, the uncertainties are imple-
mented in such a way that they do not modify the fiducial
cross sections in any of the generator-level bins before the

selection considering the shape effect only. The uncertainties
can, however, modify the normalization of the Higgs boson
events outside of the fiducial region since the cross section
for these events is normalized to the SM expectation. The
fraction of the Higgs boson events in this region is less than
3% and 8% in the τhτh and μτh final states, respectively.
In each category, two-dimensional distributions of mττ

reconstructed with a simplified matrix element algorithm
[56] with a resolution around 20%, and of the variable
considered for the differential measurement (pH

T , Njets, or
pj1
T ) are built. In practice, this is equivalent to making mττ

distributions in different bins of the other observable. At the
generator level, pH

T , Njets, and p
j1
T are evaluated with a RIVET

implementation [57] of the simplified template cross sections
scheme [48], where jets with pT > 30 GeV are formed from
clusters of final-state particles from the primary vertex,
excluding the decay products of the Higgs boson. Signal
events from one generator-level bin contribute to multiple
reconstruction-level bins. By performing one simultaneous
fit over all reconstruction-level bins, the signal strength
modifiers of the different generator-level observable bins
modeled as freely floating parameters of interest, can be
determined using all the selected events. This simultaneous
fit is equivalent to a signal extraction in the reconstruction-
level bins and its unfolding into generator-level bins per-
formed in a single step. The signal strengths per observable
range are assumed fully correlated among final states since
similar phase spaces are selected with the fiducial region
definitions. This unfolding procedure can be sensitive to
statistical fluctuations in the observed distributions and to
small variations in the response matrix, and a Tikhonov
regularization of the unfolded distribution is performed by
adding to the likelihood function a multiplicative penalty
term [58,59]. Regularization reduces statistical fluctuations
and unphysical solutions, but it can lead to undercoverage of
the uncertainty intervals and introduce systematic biases,
which, in this Letter, are negligible with respect to the
systematic and statistical uncertainties. These effects are
controlled by optimizing the strength of the regularization
term with the minimum global correlation coefficient [60].
The optimum regularization factor is 1.85 (1.35 and 2.35) for
the pH

T (Njets and pj1
T , respectively) measurement.

The predicted and measured differential fiducial cross
sections are shown in Fig. 1 for the regularized fits.
Tabulated results are available in the HepData database
[61] for the regularized and unregularized cases. The fit has a
p value with respect to the SM expectation from the NNLOPS

prediction of 17%, 71%, and 45% for the measurements of
pH
T ,Njets, and p

j1
T , respectively. No significant deviation with

respect to the SM predictions is observed, and the measure-
ments are compatible with both the POWHEG and NNLOPS

expectations. The low measured cross sections for 0 <
pH
T < 45 GeV and 45 < pH

T < 80 GeV do not coincide
with the much more precise measurements performed in this
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phase space in other final states [6,9], and are attributed to
statistical fluctuations.
The results are dominated by statistical and theoretical

uncertainties. After the maximum likelihood fit described
later in this Letter, the uncertainty in the background with
jets misidentified as τh candidates is at the percent level in
the phase space region with large background contributions,
and up to 10%–15% at high pH

T . The impacts on the template
normalization from the uncertainties for embedded events
without any reconstructed jet are 7% and 4% in the case of
no jets and one jet, respectively, and become negligible at
high jet multiplicity. Acceptance uncertainties for the ggH
signal give the largest contribution to the overall impacts on
the fit results from the theoretical part. The impacts on the
fits from the uncertainties due to migration between different
jet multiplicity bins are less than 8% overall, while the
combined effect of the other theoretical uncertainties is less
than 3%.
The measurement is precise with respect to the measure-

ments in other final states for 120 < pH
T < 600 GeV,

Njets ≥ 2, and pj1
T > 120 GeV. More specifically, this meas-

urement for 120 < pH
T < 200 GeV is comparable in pre-

cision with the measurements by the CMS [10] and ATLAS
[9] Collaborations in theH → ZZ → 4l decay channel with
137–139 fb−1, and 50% more sensitive than the CMS
measurement in the H → WW channel with 137 fb−1 [8]
and the combination performed by the CMS Collaboration
with 36 fb−1 in the bb, γγ, and ZZ decay channels [6]. For
200 < pH

T < 600 GeV, the current measurement has a
significantly higher precision and granularity than the
measurements in Refs. [4–10].
The inclusive fiducial cross section is measured from the

distributions used in the differential measurements of Njets
by reformulating the parameters of interest such that one
modifies the total inclusive fiducial cross section. Its
measured value is 426& 102 fb, compatible with the SM
expectation of 408& 27 fb.
In summary, measurements of the differential fiducial

cross sections of the Higgs boson have been performed for
the first time at the LHC in the decay channel of two τ
leptons. The differential cross sections as functions of the
Higgs boson transverse momentum, the jet multiplicity, and
transverse momentum of the leading jet are in agreement
with the expectations of the standard model, with a com-
petitive precision with respect to measurements in other final
states in the phase spaces with a large jet multiplicity, or with
a Higgs boson transverse momentum above 120 GeV. In
addition, the fiducial inclusive cross section has been
measured to be 426& 102 fb, in agreement with the
standard model expectation of 408& 27 fb.
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FIG. 1. Observed and expected differential fiducial cross section
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T distribution includes all
events without a jet with pT > 30 GeV. The uncertainty bands in
the theoretical predictions include uncertainties from the following
sources: PDF, renormalization and factorization scale, underlying
event and parton showering, and branching fraction of the Higgs
boson to τ leptons. The last bins include the overflow.
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M. Donegà,131 C. Dorfer,131 F. Eble,131 K. Gedia,131 F. Glessgen,131 T. A. Gómez Espinosa,131 C. Grab,131 D. Hits,131

W. Lustermann,131 A.-M. Lyon,131 R. A. Manzoni,131 L. Marchese,131 C. Martin Perez,131 M. T. Meinhard,131

F. Nessi-Tedaldi,131 J. Niedziela,131 F. Pauss,131 V. Perovic,131 S. Pigazzini,131 M. G. Ratti,131 M. Reichmann,131

C. Reissel,131 T. Reitenspiess,131 B. Ristic,131 D. Ruini,131 D. A. Sanz Becerra,131 V. Stampf,131 J. Steggemann,131,ooo

R. Wallny,131 D. H. Zhu,131 C. Amsler,132,qqq P. Bärtschi,132 C. Botta,132 D. Brzhechko,132 M. F. Canelli,132 K. Cormier,132

A. De Wit,132 R. Del Burgo,132 J. K. Heikkilä,132 M. Huwiler,132 W. Jin,132 A. Jofrehei,132 B. Kilminster,132 S. Leontsinis,132

S. P. Liechti,132 A. Macchiolo,132 P. Meiring,132 V. M. Mikuni,132 U. Molinatti,132 I. Neutelings,132 A. Reimers,132

P. Robmann,132 S. Sanchez Cruz,132 K. Schweiger,132 Y. Takahashi,132 C. Adloff,133,rrr C. M. Kuo,133 W. Lin,133 A. Roy,133

T. Sarkar,133,nn S. S. Yu,133 L. Ceard,134 Y. Chao,134 K. F. Chen,134 P. H. Chen,134 W.-S. Hou,134 Y. y. Li,134 R.-S. Lu,134

E. Paganis,134 A. Psallidas,134 A. Steen,134 H. y. Wu,134 E. Yazgan,134 P. r. Yu,134 B. Asavapibhop,135

C. Asawatangtrakuldee,135 N. Srimanobhas,135 F. Boran,136 S. Damarseckin,136,sss Z. S. Demiroglu,136 F. Dolek,136

I. Dumanoglu,136,ttt E. Eskut,136 Y. Guler,136,uuu E. Gurpinar Guler,136,uuu C. Isik,136 O. Kara,136 A. Kayis Topaksu,136

U. Kiminsu,136 G. Onengut,136 K. Ozdemir,136,vvv A. Polatoz,136 A. E. Simsek,136 B. Tali,136,www U. G. Tok,136

S. Turkcapar,136 I. S. Zorbakir,136 C. Zorbilmez,136 B. Isildak,137,xxx G. Karapinar,137,yyy K. Ocalan,137,zzz M. Yalvac,137,aaaa

B. Akgun,138 I. O. Atakisi,138 E. Gülmez,138 M. Kaya,138,bbbb O. Kaya,138,cccc Ö. Özçelik,138 S. Tekten,138,dddd

E. A. Yetkin,138,eeee A. Cakir,139 K. Cankocak,139,ttt Y. Komurcu,139 S. Sen,139,ffff S. Cerci,140,www I. Hos,140,gggg B. Kaynak,140

S. Ozkorucuklu,140 D. Sunar Cerci,140,www B. Grynyov,141 L. Levchuk,142 D. Anthony,143 E. Bhal,143 S. Bologna,143

J. J. Brooke,143 A. Bundock,143 E. Clement,143 D. Cussans,143 H. Flacher,143 J. Goldstein,143 G. P. Heath,143 H. F. Heath,143

L. Kreczko,143 B. Krikler,143 S. Paramesvaran,143 S. Seif El Nasr-Storey,143 V. J. Smith,143 N. Stylianou,143,hhhh

K. Walkingshaw Pass,143 R. White,143 K.W. Bell,144 A. Belyaev,144,iiii C. Brew,144 R. M. Brown,144 D. J. A. Cockerill,144

C. Cooke,144 K. V. Ellis,144 K. Harder,144 S. Harper,144 M. l. Holmberg,144,jjjj J. Linacre,144 K. Manolopoulos,144

D. M. Newbold,144 E. Olaiya,144 D. Petyt,144 T. Reis,144 T. Schuh,144 C. H. Shepherd-Themistocleous,144 I. R. Tomalin,144

T. Williams,144 R. Bainbridge,145 P. Bloch,145 S. Bonomally,145 J. Borg,145 S. Breeze,145 O. Buchmuller,145 V. Cepaitis,145

G. S. Chahal,145,kkkk D. Colling,145 P. Dauncey,145 G. Davies,145 M. Della Negra,145 S. Fayer,145 G. Fedi,145 G. Hall,145

M. H. Hassanshahi,145 G. Iles,145 J. Langford,145 L. Lyons,145 A.-M. Magnan,145 S. Malik,145 A. Martelli,145 D. G. Monk,145

J. Nash,145,llll M. Pesaresi,145 D. M. Raymond,145 A. Richards,145 A. Rose,145 E. Scott,145 C. Seez,145 A. Shtipliyski,145

A. Tapper,145 K. Uchida,145 T. Virdee,145,w M. Vojinovic,145 N. Wardle,145 S. N. Webb,145 D. Winterbottom,145

K. Coldham,146 J. E. Cole,146 A. Khan,146 P. Kyberd,146 I. D. Reid,146 L. Teodorescu,146 S. Zahid,146 S. Abdullin,147

A. Brinkerhoff,147 B. Caraway,147 J. Dittmann,147 K. Hatakeyama,147 A. R. Kanuganti,147 B. McMaster,147 N. Pastika,147

M. Saunders,147 S. Sawant,147 C. Sutantawibul,147 J. Wilson,147 R. Bartek,148 A. Dominguez,148 R. Uniyal,148

A. M. Vargas Hernandez,148 A. Buccilli,149 S. I. Cooper,149 D. Di Croce,149 S. V. Gleyzer,149 C. Henderson,149 C. U. Perez,149

P. Rumerio,149,mmmm C. West,149 A. Akpinar,150 A. Albert,150 D. Arcaro,150 C. Cosby,150 Z. Demiragli,150 E. Fontanesi,150

D. Gastler,150 S. May,150 J. Rohlf,150 K. Salyer,150 D. Sperka,150 D. Spitzbart,150 I. Suarez,150 A. Tsatsos,150 S. Yuan,150

D. Zou,150 G. Benelli,151 B. Burkle,151 X. Coubez,151,x D. Cutts,151 M. Hadley,151 U. Heintz,151 J. M. Hogan,151,nnnn

T. KWON,151 G. Landsberg,151 K. T. Lau,151 D. Li,151 M. Lukasik,151 J. Luo,151 M. Narain,151 N. Pervan,151 S. Sagir,151,oooo

F. Simpson,151 E. Usai,151 W. Y. Wong,151 X. Yan,151 D. Yu,151 W. Zhang,151 J. Bonilla,152 C. Brainerd,152 R. Breedon,152

M. Calderon De La Barca Sanchez,152 M. Chertok,152 J. Conway,152 P. T. Cox,152 R. Erbacher,152 G. Haza,152 F. Jensen,152

O. Kukral,152 R. Lander,152 M. Mulhearn,152 D. Pellett,152 B. Regnery,152 D. Taylor,152 Y. Yao,152 F. Zhang,152 M. Bachtis,153

R. Cousins,153 A. Datta,153 D. Hamilton,153 J. Hauser,153 M. Ignatenko,153 M. A. Iqbal,153 T. Lam,153 W. A. Nash,153

S. Regnard,153 D. Saltzberg,153 B. Stone,153 V. Valuev,153 K. Burt,154 Y. Chen,154 R. Clare,154 J. W. Gary,154 M. Gordon,154

G. Hanson,154 G. Karapostoli,154 O. R. Long,154 N. Manganelli,154 M. Olmedo Negrete,154 W. Si,154 S. Wimpenny,154

Y. Zhang,154 J. G. Branson,155 P. Chang,155 S. Cittolin,155 S. Cooperstein,155 N. Deelen,155 D. Diaz,155 J. Duarte,155

R. Gerosa,155 L. Giannini,155 D. Gilbert,155 J. Guiang,155 R. Kansal,155 V. Krutelyov,155 R. Lee,155 J. Letts,155

M. Masciovecchio,155 M. Pieri,155 B. V. Sathia Narayanan,155 V. Sharma,155 M. Tadel,155 A. Vartak,155 F. Würthwein,155

Y. Xiang,155 A. Yagil,155 N. Amin,156 C. Campagnari,156 M. Citron,156 A. Dorsett,156 V. Dutta,156 J. Incandela,156

M. Kilpatrick,156 J. Kim,156 B. Marsh,156 H. Mei,156 M. Oshiro,156 M. Quinnan,156 J. Richman,156 U. Sarica,156 F. Setti,156

J. Sheplock,156 D. Stuart,156 S. Wang,156 A. Bornheim,157 O. Cerri,157 I. Dutta,157 J. M. Lawhorn,157 N. Lu,157 J. Mao,157

H. B. Newman,157 T. Q. Nguyen,157 M. Spiropulu,157 J. R. Vlimant,157 C. Wang,157 S. Xie,157 Z. Zhang,157 R. Y. Zhu,157

J. Alison,158 S. An,158 M. B. Andrews,158 P. Bryant,158 T. Ferguson,158 A. Harilal,158 C. Liu,158 T. Mudholkar,158

PHYSICAL REVIEW LETTERS 128, 081805 (2022)

081805-12



M. Paulini,158 A. Sanchez,158 W. Terrill,158 J. P. Cumalat,159 W. T. Ford,159 A. Hassani,159 E. MacDonald,159 R. Patel,159

A. Perloff,159 C. Savard,159 K. Stenson,159 K. A. Ulmer,159 S. R. Wagner,159 J. Alexander,160 S. Bright-thonney,160

Y. Cheng,160 D. J. Cranshaw,160 S. Hogan,160 J. Monroy,160 J. R. Patterson,160 D. Quach,160 J. Reichert,160 M. Reid,160

A. Ryd,160 W. Sun,160 J. Thom,160 P. Wittich,160 R. Zou,160 M. Albrow,161 M. Alyari,161 G. Apollinari,161 A. Apresyan,161

A. Apyan,161 S. Banerjee,161 L. A. T. Bauerdick,161 D. Berry,161 J. Berryhill,161 P. C. Bhat,161 K. Burkett,161 J. N. Butler,161

A. Canepa,161 G. B. Cerati,161 H.W. K. Cheung,161 F. Chlebana,161 M. Cremonesi,161 K. F. Di Petrillo,161 V. D. Elvira,161

Y. Feng,161 J. Freeman,161 Z. Gecse,161 L. Gray,161 D. Green,161 S. Grünendahl,161 O. Gutsche,161 R. M. Harris,161

R. Heller,161 T. C. Herwig,161 J. Hirschauer,161 B. Jayatilaka,161 S. Jindariani,161 M. Johnson,161 U. Joshi,161 T. Klijnsma,161

B. Klima,161 K. H. M. Kwok,161 S. Lammel,161 D. Lincoln,161 R. Lipton,161 T. Liu,161 C. Madrid,161 K. Maeshima,161

C. Mantilla,161 D. Mason,161 P. McBride,161 P. Merkel,161 S. Mrenna,161 S. Nahn,161 J. Ngadiuba,161 V. O’Dell,161

V. Papadimitriou,161 K. Pedro,161 C. Pena,161,iii O. Prokofyev,161 F. Ravera,161 A. Reinsvold Hall,161 L. Ristori,161

E. Sexton-Kennedy,161 N. Smith,161 A. Soha,161 W. J. Spalding,161 L. Spiegel,161 S. Stoynev,161 J. Strait,161 L. Taylor,161

S. Tkaczyk,161 N. V. Tran,161 L. Uplegger,161 E.W. Vaandering,161 H. A. Weber,161 D. Acosta,162 P. Avery,162

D. Bourilkov,162 L. Cadamuro,162 V. Cherepanov,162 F. Errico,162 R. D. Field,162 D. Guerrero,162 B. M. Joshi,162 M. Kim,162

E. Koenig,162 J. Konigsberg,162 A. Korytov,162 K. H. Lo,162 K. Matchev,162 N. Menendez,162 G. Mitselmakher,162

A. Muthirakalayil Madhu,162 N. Rawal,162 D. Rosenzweig,162 S. Rosenzweig,162 J. Rotter,162 K. Shi,162 J. Sturdy,162

J. Wang,162 E. Yigitbasi,162 X. Zuo,162 T. Adams,163 A. Askew,163 R. Habibullah,163 V. Hagopian,163 K. F. Johnson,163

R. Khurana,163 T. Kolberg,163 G. Martinez,163 H. Prosper,163 C. Schiber,163 O. Viazlo,163 R. Yohay,163 J. Zhang,163

M.M. Baarmand,164 S. Butalla,164 T. Elkafrawy,164,pppp M. Hohlmann,164 R. Kumar Verma,164 D. Noonan,164

M. Rahmani,164 F. Yumiceva,164 M. R. Adams,165 H. Becerril Gonzalez,165 R. Cavanaugh,165 X. Chen,165 S. Dittmer,165

O. Evdokimov,165 C. E. Gerber,165 D. A. Hangal,165 D. J. Hofman,165 A. H. Merrit,165 C. Mills,165 G. Oh,165 T. Roy,165

S. Rudrabhatla,165 M. B. Tonjes,165 N. Varelas,165 J. Viinikainen,165 X. Wang,165 Z. Wu,165 Z. Ye,165 M. Alhusseini,166

K. Dilsiz,166,qqqq R. P. Gandrajula,166 O. K. Köseyan,166 J.-P. Merlo,166 A. Mestvirishvili,166,rrrr J. Nachtman,166

H. Ogul,166,ssss Y. Onel,166 A. Penzo,166 C. Snyder,166 E. Tiras,166,tttt O. Amram,167 B. Blumenfeld,167 L. Corcodilos,167

J. Davis,167 M. Eminizer,167 A. V. Gritsan,167 S. Kyriacou,167 P. Maksimovic,167 J. Roskes,167 M. Swartz,167 T. Á. Vámi,167

A. Abreu,168 J. Anguiano,168 C. Baldenegro Barrera,168 P. Baringer,168 A. Bean,168 A. Bylinkin,168 Z. Flowers,168

T. Isidori,168 S. Khalil,168 J. King,168 G. Krintiras,168 A. Kropivnitskaya,168 M. Lazarovits,168 C. Lindsey,168 J. Marquez,168

N. Minafra,168 M. Murray,168 M. Nickel,168 C. Rogan,168 C. Royon,168 R. Salvatico,168 S. Sanders,168 E. Schmitz,168

C. Smith,168 J. D. Tapia Takaki,168 Q. Wang,168 Z. Warner,168 J. Williams,168 G. Wilson,168 S. Duric,169 A. Ivanov,169

K. Kaadze,169 D. Kim,169 Y. Maravin,169 T. Mitchell,169 A. Modak,169 K. Nam,169 F. Rebassoo,170 D. Wright,170 E. Adams,171

A. Baden,171 O. Baron,171 A. Belloni,171 S. C. Eno,171 N. J. Hadley,171 S. Jabeen,171 R. G. Kellogg,171 T. Koeth,171

A. C. Mignerey,171 S. Nabili,171 C. Palmer,171 M. Seidel,171 A. Skuja,171 L. Wang,171 K. Wong,171 D. Abercrombie,172

G. Andreassi,172 R. Bi,172 S. Brandt,172 W. Busza,172 I. A. Cali,172 Y. Chen,172 M. D’Alfonso,172 J. Eysermans,172 C. Freer,172

G. Gomez Ceballos,172 M. Goncharov,172 P. Harris,172 M. Hu,172 M. Klute,172 D. Kovalskyi,172 J. Krupa,172 Y.-J. Lee,172

C. Mironov,172 C. Paus,172 D. Rankin,172 C. Roland,172 G. Roland,172 Z. Shi,172 G. S. F. Stephans,172 J. Wang,172 Z. Wang,172

B. Wyslouch,172 R. M. Chatterjee,173 A. Evans,173 P. Hansen,173 J. Hiltbrand,173 Sh. Jain,173 M. Krohn,173 Y. Kubota,173

J. Mans,173 M. Revering,173 R. Rusack,173 R. Saradhy,173 N. Schroeder,173 N. Strobbe,173 M. A. Wadud,173 K. Bloom,174

M. Bryson,174 S. Chauhan,174 D. R. Claes,174 C. Fangmeier,174 L. Finco,174 F. Golf,174 C. Joo,174 I. Kravchenko,174

M. Musich,174 I. Reed,174 J. E. Siado,174 G. R. Snow,174,a W. Tabb,174 F. Yan,174 A. G. Zecchinelli,174 G. Agarwal,175

H. Bandyopadhyay,175 L. Hay,175 I. Iashvili,175 A. Kharchilava,175 C. McLean,175 D. Nguyen,175 J. Pekkanen,175

S. Rappoccio,175 A. Williams,175 G. Alverson,176 E. Barberis,176 Y. Haddad,176 A. Hortiangtham,176 J. Li,176 G. Madigan,176

B. Marzocchi,176 D. M. Morse,176 V. Nguyen,176 T. Orimoto,176 A. Parker,176 L. Skinnari,176 A. Tishelman-Charny,176

T. Wamorkar,176 B. Wang,176 A. Wisecarver,176 D. Wood,176 S. Bhattacharya,177 J. Bueghly,177 Z. Chen,177 A. Gilbert,177

T. Gunter,177 K. A. Hahn,177 Y. Liu,177 N. Odell,177 M. H. Schmitt,177 M. Velasco,177 R. Band,178 R. Bucci,178 A. Das,178

N. Dev,178 R. Goldouzian,178 M. Hildreth,178 K. Hurtado Anampa,178 C. Jessop,178 K. Lannon,178 J. Lawrence,178

N. Loukas,178 D. Lutton,178 N. Marinelli,178 I. Mcalister,178 T. McCauley,178 C. Mcgrady,178 K. Mohrman,178

Y. Musienko,178,aaa R. Ruchti,178 P. Siddireddy,178 A. Townsend,178 M. Wayne,178 A. Wightman,178 M. Zarucki,178

L. Zygala,178 B. Bylsma,179 B. Cardwell,179 L. S. Durkin,179 B. Francis,179 C. Hill,179 M. Nunez Ornelas,179 K. Wei,179

B. L. Winer,179 B. R. Yates,179 F. M. Addesa,180 B. Bonham,180 P. Das,180 G. Dezoort,180 P. Elmer,180 A. Frankenthal,180

PHYSICAL REVIEW LETTERS 128, 081805 (2022)

081805-13



B. Greenberg,180 N. Haubrich,180 S. Higginbotham,180 A. Kalogeropoulos,180 G. Kopp,180 S. Kwan,180 D. Lange,180

D. Marlow,180 K. Mei,180 I. Ojalvo,180 J. Olsen,180 D. Stickland,180 C. Tully,180 S. Malik,181 S. Norberg,181 A. S. Bakshi,182

V. E. Barnes,182 R. Chawla,182 S. Das,182 L. Gutay,182 M. Jones,182 A.W. Jung,182 S. Karmarkar,182 D. Kondratyev,182

M. Liu,182 G. Negro,182 N. Neumeister,182 G. Paspalaki,182 S. Piperov,182 A. Purohit,182 J. F. Schulte,182 M. Stojanovic,182,s

J. Thieman,182 F. Wang,182 R. Xiao,182 W. Xie,182 J. Dolen,183 N. Parashar,183 A. Baty,184 M. Decaro,184 S. Dildick,184

K. M. Ecklund,184 S. Freed,184 P. Gardner,184 F. J. M. Geurts,184 A. Kumar,184 W. Li,184 B. P. Padley,184 R. Redjimi,184

W. Shi,184 A. G. Stahl Leiton,184 S. Yang,184 L. Zhang,184 Y. Zhang,184 A. Bodek,185 P. de Barbaro,185 R. Demina,185

J. L. Dulemba,185 C. Fallon,185 T. Ferbel,185 M. Galanti,185 A. Garcia-Bellido,185 O. Hindrichs,185 A. Khukhunaishvili,185

E. Ranken,185 R. Taus,185 B. Chiarito,186 J. P. Chou,186 A. Gandrakota,186 Y. Gershtein,186 E. Halkiadakis,186 A. Hart,186

M. Heindl,186 O. Karacheban,186,aa I. Laflotte,186 A. Lath,186 R. Montalvo,186 K. Nash,186 M. Osherson,186 S. Salur,186

S. Schnetzer,186 S. Somalwar,186 R. Stone,186 S. A. Thayil,186 S. Thomas,186 H. Wang,186 H. Acharya,187 A. G. Delannoy,187

S. Fiorendi,187 S. Spanier,187 O. Bouhali,188,uuuu M. Dalchenko,188 A. Delgado,188 R. Eusebi,188 J. Gilmore,188 T. Huang,188

T. Kamon,188,vvvv H. Kim,188 S. Luo,188 S. Malhotra,188 R. Mueller,188 D. Overton,188 D. Rathjens,188 A. Safonov,188

N. Akchurin,189 J. Damgov,189 V. Hegde,189 S. Kunori,189 K. Lamichhane,189 S. W. Lee,189 T. Mengke,189 S. Muthumuni,189

T. Peltola,189 I. Volobouev,189 Z. Wang,189 A. Whitbeck,189 E. Appelt,190 S. Greene,190 A. Gurrola,190 W. Johns,190

A. Melo,190 H. Ni,190 K. Padeken,190 F. Romeo,190 P. Sheldon,190 S. Tuo,190 J. Velkovska,190 M.W. Arenton,191 B. Cox,191

G. Cummings,191 J. Hakala,191 R. Hirosky,191 M. Joyce,191 A. Ledovskoy,191 A. Li,191 C. Neu,191 C. E. Perez Lara,191

B. Tannenwald,191 S. White,191 E. Wolfe,191 N. Poudyal,192 K. Black,193 T. Bose,193 C. Caillol,193 S. Dasu,193 I. De Bruyn,193

P. Everaerts,193 F. Fienga,193 C. Galloni,193 H. He,193 M. Herndon,193 A. Hervé,193 U. Hussain,193 A. Lanaro,193
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6Université Libre de Bruxelles, Bruxelles, Belgium
7Ghent University, Ghent, Belgium
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79bUniversità di Perugia, Perugia, Italy
80aINFN Sezione di Pisa, Pisa Italy
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