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Search for Nearly Mass-Degenerate Higgsinos Using Low-Momentum Mildly Displaced
Tracks in pp Collisions at

ffiffi

s
p

= 13 TeV with the ATLAS Detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 26 January 2024; accepted 10 April 2024; published 30 May 2024)

Higgsinos with masses near the electroweak scale can solve the hierarchy problem and provide a dark
matter candidate, while detecting them at the LHC remains challenging if their mass splitting isOð1 GeVÞ.
This Letter presents a novel search for nearly mass-degenerate Higgsinos in events with an energetic jet,
missing transverse momentum, and a low-momentum track with a significant transverse impact parameter
using 140 fb−1 of proton-proton collision data at

ffiffiffi

s
p ¼ 13 TeV collected by the ATLAS experiment. For

the first time since LEP, a range of mass splittings between the lightest charged and neutral Higgsinos from
0.3 to 0.9 GeV is excluded at 95% confidence level, with a maximum reach of approximately 170 GeV in
the Higgsino mass.

DOI: 10.1103/PhysRevLett.132.221801

The natural solution from supersymmetry [1–6] to the
hierarchy problem [7,8] provides a strong motivation
to search for light Higgsinos, the fermionic partners of
the Higgs bosons. Since the Higgsino mass is connected to
the electroweak symmetry breaking scale in the minimal
supersymmetric standard model (MSSM) [9,10], it is
generally favored to be near the electroweak scale
[Oð100 GeVÞ] in this framework. This light Higgsino
scenario is also appealing because it provides a viable
dark matter (DM) candidate if R parity [11] is conserved,
and a neutral Higgsino is the stable lightest supersymmetric
particle with a mass below 1.1 TeV [12,13]. These con-
siderations indicate that Higgsinos may be within the mass
reach of the Large Hadron Collider (LHC), and the direct
production of Higgsinos has been a key probe for the search
program.
The Higgsino phenomenology highly depends on their

mass hierarchy with respect to the wino and bino, the
fermionic partners of the SUð2ÞL and Uð1ÞY gauge boson in
the standard model (SM). In the MSSM, the Higgsino (H̃)
and wino (W̃), and bino (B̃) fields, whose masses are
characterized by the parameters μ, M1, and M2, respec-
tively, undergo kinetic mixing as the result of the electro-
weak symmetry breaking, yielding charged ðχ̃�

1
; χ̃�

2
Þ and

neutral ðχ̃0
1
; χ̃0

2
; χ̃0

3
; χ̃0

4
Þ mass eigenstates, where the order of

the subscripts indicates increasing mass. In the case where
jμj ≪ jM1j; jM2j, the lightest charged and two neutral

Higgsino-like eigenstates form a nearly mass-degenerate
triplet of Higgsino-like mass eigenstates ðχ̃�

1
; χ̃0

2
; χ̃0

1
Þ,

collectively referred to as Higgsinos in this Letter. In the
pure Higgsino limit where the bino and wino are decoupled
in mass, min ðjM1j; jM2jÞ > Oð10 TeVÞ, radiative correc-
tions induce a small mass splitting [Δmðχ̃�

1
; χ̃0

1
Þ≈

250–400 MeV [14] ] between the Higgsinos that gives
the χ̃�

1
a long enough lifetime to produce the disappearing

track signature in the detector, as exploited by existing
searches [15–18]. On the other hand, mass splittings larger
than a few GeV are possible when either the bino or wino
states are light, min ðjM1j; jM2jÞ < Oð1 TeVÞ, enabling
low-momentum prompt lepton searches to target the
χ̃0
2
→ Z�χ̃0

1
→ l

þ
l
−χ̃0

1
decay and provide constraints down

to Δmðχ̃0
2
; χ̃0

1
Þ ≈ 2 GeV [19–21]. However, a distinct sen-

sitivity gap remains for Δmðχ̃�
1
; χ̃0

1
Þ ≈ 0.3–1 GeV, where

the strongest constraints are still set by the LEP
experiments [22]. Importantly, this mass-splitting range
is challenging for direct DM detection experiments due
to the vanishing DM-nuclei coupling [23], while the
Δmðχ̃0

2
; χ̃0

1
Þ > 2 GeV and pure Higgsino scenarios are

highly constrained by those searches [14]. This Letter
reports a new search by the ATLAS [24] experiment [25] to
address this sensitivity gap. Following the proposal in
Ref. [23] and described in detail below, the search identifies
low-momentum charged particles that are consistent with
the decay products of a χ̃�

1
that has a discernible flight

length from the proton-proton (pp) collision point.
For the mass splitting of interest of Δmðχ̃�

1
; χ̃0

1
Þ≈

0.3–1 GeV, the decay flight length of χ̃�
1

can reach
Oð0.1–1 mmÞ. Charged decay particles from χ̃�

1
, domi-

nated by charged pions, have a transverse momentum (pT)
of a few GeV, offering a reasonable reconstruction effi-
ciency. The transverse impact parameter d0, with its
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resolution σðd0Þ, is the distance of closest approach of the
charged particle trajectory in the transverse (x-y) plane with
respect to the centroid of the pp collision of interest. Since
the displacement of the χ̃�

1
decay position from the pp

collision point is correlated to d0, the transverse impact
parameter significance, Sðd0Þ ¼ jd0j=σðd0Þ, can be the
most distinctive discriminant to identify the decay of χ̃�

1

together with an adequate requirement of pT. The χ̃�1 flight
length is sufficiently short so that most of the decay charged
particles are expected to pass through the innermost
tracking layer. Satisfying such a decay condition with
sufficiently large Sðd0Þ is referred to as “mildly displaced”
in this Letter. The production of a Higgsino-pair system
with initial-state radiation (ISR) can be used to trigger the
event based on missing transverse momentum (denoted as
pmiss
T along with its magnitude Emiss

T ). Moreover, the addi-
tional Lorentz boost by the ISR recoil enhances both pT
and Sðd0Þ, so that more decay charged particles get mildly
displaced, which increases the sensitivity to even smaller
mass-splitting values. While the conventional “monojet”
searches [26,27] that probe this ISR event topology for
generic DM production at the LHC do not provide
significant sensitivity to Higgsino production due to the
overwhelming SM background, the inclusion of a displaced
track requirement allows for a significant reduction of these
backgrounds, which allows the exploration of this range
of mass-splitting values for the first time since LEP.
This search uses the pp collision data collected at the
LHC during 2015–2018 at a center-of-mass energy of
ffiffiffi

s
p ¼ 13 TeV, corresponding to an integrated luminosity
of 140 fb−1.
An example signal diagram of the target signature is

shown in Fig. 1. The same R-parity conserving Higgsino
simplified model is considered as in Refs. [19,20] where
the mass of the χ̃�

1
is halfway between that of the χ̃0

2
and the

χ̃0
1
, i.e., mðχ̃0

2
Þ −mðχ̃�

1
Þ ¼ mðχ̃�

1
Þ −mðχ̃0

1
Þ. The Higgsino-

pair production modes considered are χ̃þ
1
χ̃−
1
, χ̃�

1
χ̃0
1
, χ̃�

1
χ̃0
2
,

and χ̃0
2
χ̃0
1
. The largest branching ratio of χ̃�

1
(χ̃0

2
) decays is to

a single π� (π0) when Δmðχ̃�
1
; χ̃0

1
Þ ¼ 0.3–1 GeV [28];

about 80% of χ̃�
1

decays to π�χ̃0
1
with Δmðχ̃�

1
; χ̃0

1
Þ ¼

0.5 GeV, and about 70% of χ̃0
2
decays to π0χ̃0

1
with

Δmðχ̃0
2
; χ̃0

1
Þ ¼ 0.5 GeV. The identified displaced track in

signal events therefore typically corresponds to a π� from a
χ̃�
1

decay, but a small fraction can also arise from
χ̃�
1
→ eνχ̃0

1
, χ̃�

1
→ μνχ̃0

1
, χ̃0

2
→ eþe−χ̃0

1
, χ̃0

2
→ μþμ−χ̃0

1
,

and χ̃0
2
→ πþπ−χ̃0

1
decays; all are taken into account as

signal in the analysis.
The ATLAS experiment is a multipurpose particle

detector with a forward-backward symmetric cylindrical
geometry and nearly 4π coverage in solid angle. It
consists of an inner tracking detector (ID) surrounded by
a superconducting solenoid, sampling electromagnetic
(EM) and hadronic calorimeters, and a muon spectro-
meter (MS) with three toroidal superconducting magnets.
Charged particle tracks are reconstructed using the hits in
the ID and are required to have pT > 500 MeV. For tracks
with pT ¼ 2 GeV, the intrinsic resolution on d0 is approx-
imately 0.05 mm, which improves to 0.03 mm at pT ¼
5 GeV and 0.01 mm at pT > 10 GeV [29]. A two-level
trigger system is used to select events for storage.
The events in the main dataset used in this analysis relied
on the Emiss

T trigger [30], while the auxiliary dataset for the
background estimation and validation was collected using
the single-electron [31] or single-photon triggers [31]. An
extensive software suite [32] is used in data simulation, in
the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquis-
ition systems of the experiment.
The pp interaction vertex with the highest p2

T sum of
associated tracks is selected as the hard-scatter vertex of
interest. Hadronic jets are reconstructed from particle-flow
objects [33] calibrated at the EM scale using the anti-kt
algorithm [34,35] with a radius parameter of R ¼ 0.4. Jets
with pT > 20 GeV and jηj < 2.8 are considered in the
analysis. To suppress the contribution from additional pp
collisions in the same and neighboring bunch crossings
(“pileup”), jets with pT < 60 GeV and jηj < 2.5 are
required to pass the “tight” working point of the jet vertex
tagger [36].
Electrons, muons, and photons are reconstructed and

selected mainly to define the events used for the back-
ground estimation and validation. Electrons are recon-
structed from energy deposits in the EM calorimeter
associated with tracks found in the ID. Muons are recon-
structed by combining tracks reconstructed in the ID
with tracks or track segments found in the MS.
Electrons (muons) must have pT > 4.5ð3Þ GeV, be recon-
structed within jηj < 2.47ð2.7Þ, and satisfy the tight [37]
(medium [38]) identification criterion. To ensure that
selected electrons and muons (collectively referred to as

FIG. 1. Example signal diagram for the targeted signature
featuring a jet from initial-state radiation. For illustration, the
χ̃�
1
χ̃0
1
process is shown, while the production of χ̃þ

1
χ̃−
1
, χ̃�

1
χ̃0
2
, and

χ̃0
2
χ̃0
1
is considered in the search as well.
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leptons in this Letter and denoted by l) originate from the
selected hard-scatter vertex, their tracks are required to
fulfill jz0 sin θj < 0.5 mm, where z0 is the longitudinal
impact parameter. Photons are reconstructed as EM clusters
with either no matching ID track or with a matching
conversion vertex from eþe− pairs in the ID material [37].
Photon candidates with pT > 25 GeV and jηj < 2.37
passing the tight identification criterion [37] are selected.
To prevent the reconstruction of a single particle as

multiple objects, an overlap removal procedure described in
Ref. [39] is applied to the leptons, photons, and jets. The
Emiss
T is calculated as the magnitude of the negative

vectorial sum of the transverse momenta of all leptons,
photons, and jets calibrated to their respective energy scales
and an additional soft term constructed from tracks origi-
nating from the hard-scatter vertex, but not associated with
any of the reconstructed objects [40]. Jets in the forward
direction (up to jηj < 4.5) are also considered in the Emiss

T
calculation.
Finally, the low-pT charged track from the χ̃�

1
or χ̃0

2

decays, referred to as the signal candidate track, is defined
as an ID track associated with the hard-scatter vertex that
fulfills: 2 < pT < 5 GeV, jηj < 1.5, jd0j < 10 mm,
jz0 sin θj < 3 mm, and the “tight primary” track selection
criteria defined in Ref. [41]. The loose requirement on the
track jd0j retains efficiency for charged particles with long
lifetimes, while the tight primary requirement ensures high
quality tracks based on the number of hits in the silicon
detectors of the ID system. A signal candidate track must
also have a measurement in the first layer of the ID at a
radius of approximately 33 mm and not be associated with
any secondary K0

S or Λ decay vertices as identified
by an algorithm optimized to reconstruct two-body V0
decays [42,43]. An isolation requirement is applied such
that no other tight primary tracks satisfying pT > 1 GeV,
jd0j < 10 mm, and jz0 sin θj < 3 mm are allowed within
an angular distance of ΔR < 0.4 with respect to the signal
candidate track. The signal candidate track needs to be
aligned with the pmiss

T by requiring Δϕðtrack;pmiss
T Þ < 0.4,

reflecting the targeted event topology in which the
Higgsinos are collimated due to the transverse boost by
the recoiling ISR jet. If multiple tracks pass this selection,
the track with the highest Sðd0Þ is selected as the signal
candidate track.
Monte Carlo (MC) simulations are used to model

the Higgsino signals and the SM backgrounds, where the
generation of all simulated event samples includes the
effect of multiple pp interactions per bunch crossing, as
well as the effect on the detector response due to inter-
actions from bunch crossings before or after the one
containing the hard interaction. Details about the event
simulation configurations used can be found in
Appendix A. For signal samples the lifetime and branching
ratios of the χ̃�

1
and χ̃0

2
are calculated following the

prescription described in Ref. [28] and propagated to the

simulation of their decays during the event generation. The
signal cross sections are computed at next-to-leading order
(NLO) in the strong coupling constant, adding the resum-
mation of soft-gluon emission at next-to-leading-logarithm
accuracy [44–49]. The PDF4LHC15_mc parton distribu-
tion function (PDF) set is used following the recommen-
dations in Ref. [50]. The production cross section is 3.95 pb
for mðχ̃0

2
; χ̃�

1
; χ̃0

1
Þ ¼ ð151; 150.5; 150Þ GeV with all of the

production modes ðχ̃þ
1
χ̃−
1
; χ̃�

1
χ̃0
1;2; χ̃

0

2
χ̃0
1
Þ included.

The dominant SM background originates from events
with a leptonically decaying Wð→ lν=τνÞ or Zð→ νν=ττÞ
boson associated with jets, referred to as W þ jets and
Z þ jets, respectively. Other backgrounds processes
include diboson tt̄ and single top-quark production. The
production of QCD multijet, triboson, and other rare
processes including top quarks were found to be negligible.
The signal region (SR) is defined by selecting events that

have no leptons or photons after the Emiss
T trigger require-

ment. A set of event cleaning criteria is applied [51],
including a veto of events with cosmic muons or muons
with poor pT determination. The events must also contain
at least one jet with pT > 250 GeV and jηj < 2.4, but no
more than four jets to suppress the tt̄ background. To ensure
the removal of beam-induced background, events are
rejected if the highest pT jet has an anomalous
energy profile in the calorimeter that fails the tight cleaning
criteria [52]. The azimuthal angular separation between
pmiss
T and all jets must satisfy Δϕðj;pmiss

T Þ > 0.4 to sup-
press the QCD multijet background. Additionally, events
are required to have Emiss

T > 600 GeV in order to reject the
bulk of the SM backgrounds, primarily from W=Z þ jets
production. This offline Emiss

T requirement is well above
200 GeV, where the Emiss

T trigger is already found to be
fully efficient. Finally, the presence of a signal candidate
track with a transverse displacement significance of
Sðd0Þ > 8 is required. The Sðd0Þ selection efficiency is
approximately 40% for tracks originating from Higgsino
decays in a signal MC sample with Δmðχ̃�

1
; χ̃0

1
Þ ¼

0.5 GeV. The SR is split into two bins labeled SR-Low
[8 < Sðd0Þ < 20] and SR-High [Sðd0Þ > 20] to maintain
sensitivity to a range of mass splittings. With all of the
selection criteria applied, the acceptance times efficiency in
the union of SR-Low and SR-High is roughly 2.1 × 10−4

for the Higgsino signal model with mðχ̃0
1
Þ ¼ 150 and

Δmðχ̃�
1
; χ̃0

1
Þ ¼ 0.5 GeV.

The leading SM background is Wð→ τνÞ þ jets produc-
tion where a pion or lepton from a low-pT τ-lepton decay is
tagged as the signal candidate track. This background is
referred to as the “τ track” background. Such tracks tend to
exhibit a harder pT spectrum compared to the signals of
interest, and their contribution to the SR is largely reduced
by the track pT < 5 GeV requirement. To estimate this
background, a partially data-driven method is used where
the MC sample is normalized to control regions (CRs) with
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higher track pT (8–20 GeV) with respect to the SR. A CR
with exactly zero (one) leptons is used to constrain the
hadronic (leptonic) τ decay background yield. Both τ track
background MC samples share the same normalization
factor. A test was performed in which separate normaliza-
tion factors were derived for the hadronic and leptonic τ

decay backgrounds, resulting in a consistent prediction of
their event yields in the SR bins compared to the use of a
single normalization factor.
The subleading SM background is W=Z þ jet events

where the signal candidate tracks arise from hadrons with
measurably long lifetimes (e.g., Λ, K0

S) in pileup jets or the
underlying event, referred to as the “QCD track” back-
ground. These tracks tend to dominate at low pT, motivat-
ing the pT > 2 GeV requirement for signal tracks that
significantly reduces their contribution to the SR. A fully
data-driven method is employed to estimate this back-
ground. First, the shape of the Sðd0Þ distribution is
extracted from the data events in a control region with
exactly one muon (CR-1μ), which is dominated by
Wð→ μνÞ þ jets. This sample is then normalized to the
data in a low-Sðd0Þ control region (CR-0l) to obtain the
estimate in the SR, where CR-0l is defined to be adjacent
to the SR by inverting the Sðd0Þ selection [i.e., Sðd0Þ < 8].
This method relies on the fact that the shape of the Sðd0Þ
distribution is dictated by the breakdown of the hadron
components in the pileup jets or underlying events, which
do not strongly depend on the details of the hard collision
process. Control region CR-1μ has the same selection as the
SR, except that exactly one muon is required and that
precoil
T > 300 GeV is applied instead of Emiss

T > 600, where
precoil
T ¼ jpTðμÞ þ pmiss

T j is the proxy for the pT of the W

boson. The loosened selection allows roughly a factor of 30
increase in the data yield in the CR. Contributions from SM
processes other than Wð→ μνÞ þ jets are subtracted when
extracting the shape of the Sðd0Þ distribution.
Backgrounds other than the τ track and the QCD track

background are minor and are estimated using the MC
simulation.
The background modeling is tested by comparing the

estimates and the data in dedicated validation regions
(VRs). The τ track background estimate is validated in
regions with an intermediate track pT (5–8 GeV) adjacent
to the SR (2–5 GeV), with a shifted Emiss

T requirement of
300 < Emiss

T < 400 GeV to increase the data yield and to
suppress signal contamination. For the QCD track back-
ground estimate, the validity of the Sðd0Þ shape as extracted
from Wð→ μνÞ þ jet events is verified in dedicated VRs
defined by requiring either one electron, two leptons, or
one photon, which are dominated by Wð→ eνÞ þ jet,
Zð→ llÞ þ jet, and γ þ jet production, respectively.
Here, the signal candidate tracks have an origin similar
to that of QCD track events in CR-1μ and the SR. An
additional VR populated with both the τ track and QCD
track backgrounds is defined near the SR to test the

estimate of both components (VR-0l–lowEmiss
T ). This

VR is defined by shifting the Emiss
T selection with respect

to the SR to 300 < Emiss
T < 400 GeV. A more detailed

description of the VRs is given in Appendix B, and
schematic illustrations of the region layout can be found
in the Supplemental Material [53] of this Letter.
To obtain the final background estimates, the extraction

and the application of the Sðd0Þ shape for the QCD track
background and the normalization of the τ track back-
ground are performed via a simultaneous profile log-
likelihood fit [54] including all CRs. SRs and VRs are
not included in the fit as constraints to estimate the back-
grounds. Systematic uncertainties are implemented in the fit
as nuisance parameters constrained by Gaussian probability
density functions. Correlations between systematic uncer-
tainties arising from common sources are maintained across
processes and regions. Instrumental and theoretical uncer-
tainties are assigned on the modeling of signals and
backgrounds except for the QCD track background. The
instrumental uncertainties include those on lepton trigger,
reconstruction, and identification efficiencies [38,55], lep-
ton energy scale and resolution [38,56], jet energy scale and
resolution [57], jet vertex tagging [58], modeling of Emiss

T
[40] and pileup, and integrated luminosity [59]. Theoretical
uncertainties include the cross section uncertainties and
the shape uncertainties due to the renormalization and

TABLE I. Number of expected and observed data events in the
SR (top) and the model-independent upper limits obtained from
their consistency (bottom). The symbol τl (τh) refers to fully
leptonic (hadron-involved) τ decays. The “others” category
includes contributions from minor background processes includ-
ing tt̄, single top, and diboson. The individual uncertainties can
be correlated and do not necessarily sum up in quadrature to the
total uncertainty. The uncertainty associated with the expected
number of events includes the systematic uncertainty and the
statistical uncertainty due to the limit data sample size in the CRs.
The bottom section shows the observed 95% CL upper limits on
the visible cross section (hϵσi95obs) and on the number of generic
signal events (S95obs), as well as the expected limit (S95exp) given the
expected number (and �1σ deviations from the expectation) of
background events.

SR-Low SR-High

Observed data 35 15

SM prediction 37� 4 14.8� 2.0

QCD track 14.0� 1.7 10.0� 1.6
Wð→ τlνÞ þ jets 9.6� 1.6 2.0� 0.6
Wð→ τhνÞ þ jets 10.6� 2.0 1.9� 0.8
Others 3.2� 0.7 0.8� 0.4

hϵσi95obs (fb) 0.10 0.07
S95obs 13.5 9.9
S95exp 15.1þ6.3

−4.2 9.6þ4.4
−2.8
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factorization scales [60], PDFs [50], and parton showering.
For the data-driven estimate on the QCD track background,
uncertainties of 5% and 10% are assigned to SR-Low and
SR-High, respectively, to account for any potential Sðd0Þ
shape difference between CR-1μ and the SR and VRs due to
the varying physics processes involved and kinematic
selections, as evaluated in MC simulation. The fit also
includes the systematic uncertainties due to limited MC
simulation sample sizes and the data sample size in the CRs,
which are the dominant contributions among all systematic
uncertainties in the SR andVRs. The background estimate is
found to agree well with the observed data in all of the VRs
within the uncertainty.
The numbers of observed events in each SR bin are

summarized in Table I, along with the SM background
predictions. The MC normalization factor for the τ track
background is found to be 1.1� 0.1, derived from a fit
under the background-only hypothesis. The postfit Sðd0Þ
distribution in the SR is shown in Fig. 2, where no
significant deviation from the expectation is observed.
The absence of a data excess is translated into exclusion
limits at 95% confidence level (CL) on the Higgsino
simplified model using the CLs prescription [61] employ-
ing the asymptotic formulas [54] for the profile likelihood
ratio. The two SR bins are included as constraints in
the fit for computing exclusion limits. Including the SRs
has a negligible effect on the fitted background yields.
The obtained expected and observed exclusion limits are
shown in Fig. 3, where mass splittings in the range of

0.3 < Δmðχ̃�
1
; χ̃0

1
Þ < 0.9 GeV are excluded for a given

value of mðχ̃�
1
Þ. The search sensitivity peaks at

Δmðχ̃�
1
; χ̃0

1
Þ ¼ 0.6 GeV, for which mðχ̃�

1
Þ is excluded

up to approximately 170 GeV in mðχ̃�
1
Þ. The model-

independent upper limits and constraints on generic physics
processes beyond the standard model are also derived.
These limits, assuming no signal contamination in the CRs,
are presented in Table I.
In conclusion, this Letter reports the results of a search

for the pair production of nearly mass-degenerate
Higgsinos using 140 fb−1 of pp collision data at

ffiffiffi

s
p ¼

13 TeV collected with the ATLAS detector at the LHC. A
novel signature is explored for the first time in LHC
searches. It features the use of a low-pT displaced track
to achieve sensitivity to a largely unconstrained region of
the 0.3–1 GeV Higgsino mass-splitting parameter range,
which is challenging to probe with direct DM search
experiments. No excess above the SM expectation is
observed and mass limits are set at 95% CL within a
simplified Higgsino model, where Higgsino masses of up
to about 170 GeV are excluded, exceeding the limit set by
the LEP experiments for the first time. This result bridges a
long-standing blind spot in the sensitivity of Higgsino
searches and establishes prospects for a conclusive test of
the natural supersymmetry scenario, which predicts an
electroweak-scale Higgsino mass.

We thank CERN for the very successful operation of the
LHC and its injectors, as well as the support staff at CERN

FIG. 2. Postfit Sðd0Þ distribution in, and near, the SR and the
adjacent control region CR-0l. The selection criterion on the
variable shown by each plot is removed, while the arrow indicates
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Appendix A: Simulated data samples.—The signal
samples are generated using the leading-order matrix
elements with up to two extra partons using MadGraph [64]
v2.9.5 and interfaced with PYTHIA8.306 [65] for simulating
the subsequent decays, parton showering, and
hadronization. The A14 tune [66] of PYTHIA is used with
the NNPDF23lo PDF set. Matching between the matrix
element and parton showering is performed following the
CKKW-L prescription [67] with the merging scale set to
15 GeV. The signal MC samples were processed with a
fast simulation [68], which relies on a parametrization of
the calorimeter response [69].
TheW þ jet andZ þ jet backgrounds are generated using

SHERPAv2.2.11 [70] with the NNPDF30nnlo PDF set [71].
The diboson sample is generated with SHERPAv2.2.2.

The tt̄ and single top-quark processes are generated at
NLO with Powheg-Box [72–75] v2 and interfaced with
PYTHIA8.230 with the A14 tune. The diagram removal
scheme [76] is employed in the simulation of single top-
quark production to account for interference between the tt̄
andWt processes. The NNPDF30nnlo PDFs are used for all
the MC samples of the SM processes.
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Appendix B: Validation of background estimation.—

This appendix describes the event selections used to
validate the background estimates introduced in the main
text. See Supplemental Material [53] associated with this
Letter for schematics to illustrate the region layout as
well as tables summarizing the selection criteria.
τ track background: In the following, regions with a

symbol τh or τl (referred to as τh regions or τl regions) are
dominated by the hadronic and leptonic τ decays, respec-
tively. The τh (τl) regions are defined by requiring no (one)
lepton in the event. In the τl regions, the electron (muon) is
required to fail either of the following requirements; the
tight identification criteria [37], transverse impact para-
meter selection jd0j=σðd0Þ < 3, or the “Loose_VarRad”
isolation criteria [77] (transverse impact parameter selec-
tion jd0j=σðd0Þ < 5, jηj < 2.5, or the “PflowLoose” iso-
lation criteria [38] ). This requirement enhances the
contribution of leptons from τ decays with respect to the
ordinary prompt leptons. The precoil

T variable serves as a
proxy for the pT of the W boson and refers to Emiss

T
[jpTðlÞ þ pmiss

T j] in regions with no (one) lepton.
The Wð→ τνÞ þ jet MC sample is normalized to the

data in CR-τh and CR-τl to obtain the estimate in the SR.
These CRs are defined by a higher track pT requirement
(8–20 GeV) where the τ track background dominates with
>90% purity. The Sðd0Þ selection is loosened to acquire
larger data statistics. The extrapolation over the track pT is
validated in VR-τh and VR-τl, where the intermediate track
pT range (5–8 GeV) is selected. To avoid signal contami-
nation in the VRs, the Emiss

T selection is shifted to
300 < Emiss

T < 400 GeV. To validate the track pT extrapo-
lation in an isolated way, the estimates in the VRs are
obtained by normalizing the MC in CRs with the same
shifted Emiss

T requirement. These CRs are denoted CR2-τh
and CR2-τl. The schematic of the region segmentation is
shown in Supplemental Material [53].
QCD track background: Control region CR-1μ, domi-

nated byWð→ μνÞ þ jets, is used to extract the shape of the
Sðd0Þ distribution. This is normalized to each CR
[Sðd0Þ < 8] to get the estimate in the adjacent SR or VR
[Sðd0Þ > 8]. Validation regions VR-1e, VR-2l, and VR-1γ
are defined with one electron, two leptons, and one photon,
respectively, where the corresponding dominant contribu-
tions are from Wð→ eνÞ þ jet, Zð→ llÞ þ jet, and γ þ jet
production. The choice of the VRs is motivated by their
similar matrix element to that of the Zð→ ννÞ þ jets, the
main physics process yielding the QCD track background
in the SR. The purities of W=Z=γ þ jets are > 90% except
for VR(CR)-1γ, which has a ∼30% contribution from QCD
multijet production. However, the shape of the Sðd0Þ
distribution from these multijet events is found to be nearly
identical to that of γ þ jets production. The QCD track
background considered in this fully data-driven estimate
is therefore defined by events with the production of
Wð→ μνÞ þ jets in VR(CR)-1μ; Wð→ eνÞ þ jets in

VR(CR)-1e; Zð→ llÞ þ jets in VR(CR)-2l; γ þ jets and
multijet in VR(CR)-1γ. The contribution from other back-
grounds is modeled by the MC simulation in each VR and
the associated CR, which is subtracted from the data in the
Sðd0Þ shape extraction or the normalization in the CRs.
The schematic of the region’s segmentation is shown in
Supplemental Material [53].
The single-electron (single-photon) trigger is used to

collect events with electrons (photons), and the Emiss
T trigger

is used to record events with large Emiss
T or muons. Muons

are counted as missing objects at the Emiss
T trigger.

Additional quality requirements are applied for electrons,
muons, and photons for regions requiring those; the tight
identification criteria [37], transverse impact parameter
selection jd0j=σðd0Þ < 3, and Loose_VarRad isolation
criteria [77] are required for the electrons; transverse impact
parameter selection jd0j=σðd0Þ < 5, jηj < 2.5 and the
PflowLoose isolation [38] are imposed for the muons;
the tight isolation criteria [37] and pT > 200 GeV are
applied for the photons. These are to suppress the fake
lepton and photon contributions from hadronic jets or the
nonprompt leptons from bottom and charm hadron decays.
Variable precoil

T is defined as the proxy for the pT of the
W=Z=γ boson, i.e., jpTðlÞ þ pmiss

T j in CR-1μ and VR(CR)-
1e; jpTðl1Þ þ pTðl2Þ þ pmiss

T j in VR(CR)-2l; jpTðγÞ þ
pmiss
T j in VR(CR)-1γ; and Emiss

T in other regions. The
kinematic selection of the VRs is aligned as much as
possible to the SR to ensure the same phase space is probed,

FIG. 4. Comparisons of the observed data and the expected SM
background in the VRs after the profile likelihood fit in the CRs.
The hatched band indicates the total uncertainty on the SM
background expectation, including both statistical and systematic
uncertainties. The bottom panel shows the statistical significances
[78] of the discrepancy between the expected and the observed
event yields.

PHYSICAL REVIEW LETTERS 132, 221801 (2024)

221801-7



while a minimal set of additional selections are introduced
to enhance the purity of W=Z=γ þ jet events in respective
regions.
Hybrid validation region: Validation region VR-0l–

lowEmiss
T is designed to validate the modeling of both the τ

track and QCD track backgrounds, for which the contri-
butions are nearly equal. This VR is defined by shifting the
Emiss
T selection to 300 < Emiss

T < 400 GeV with respect to
the SR (Emiss

T > 600 GeV). The τ track background is
estimated by normalizing the MC in the low Emiss

T control
regions (CR2-τh and CR2-τl), and the QCD track back-
ground is derived from the Sðd0Þ shape that is simulta-
neously normalized in CR-0l–lowEmiss

T .
Fit results: Each VR is estimated by a separate profile

likelihood fit, except for the τ track VRs where the
estimates of VR-τh and VR-τl are obtained from a single
fit. The associated CR(s) are used to constrain the like-
lihood, including all the systematic uncertainties described
in the main text, as well as the uncertainties on the lepton
and photon isolation efficiencies. Any potential signal
contamination is expected to be below 5% in all of the
CRs and VRs and is therefore ignored in the fits. The data
and background estimates in the VRs are summarized in
Fig. 4, where they are shown to be consistent within the
uncertainty.

Appendix C: Postfit kinematic distributions in SR-

high.—This appendix shows additional postfit distri-
butions of kinematic variables important to the analysis.
Figure 5 shows the Emiss

T and track pT distributions in,
and near, the phase space of SR-High.

[1] Y. Golfand and E. Likhtman, Extension of the algebra of
Poincare group generators and violation of P invariance,
Pis’ma Zh. Eksp. Teor. Fiz. 13, 452 (1971) [JETP Lett. 13,
323 (1971)].

[2] D. Volkov and V. Akulov, Is the neutrino a goldstone
particle?, Phys. Lett. 46B, 109 (1973).

[3] J. Wess and B. Zumino, Supergauge transformations in four
dimensions, Nucl. Phys. B70, 39 (1974).

[4] J. Wess and B. Zumino, Supergauge invariant extension of
quantum electrodynamics, Nucl. Phys. B78, 1 (1974).

[5] S. Ferrara and B. Zumino, Supergauge invariant Yang-Mills
theories, Nucl. Phys. B79, 413 (1974).

[6] A. Salam and J. Strathdee, Super-symmetry and non-
Abelian gauges, Phys. Lett. 51B, 353 (1974).

[7] R. Barbieri and G. Giudice, Upper bounds on super-
symmetric particle masses, Nucl. Phys. B306, 63
(1988).

[8] B. de Carlos and J. Casas, One-loop analysis of the
electroweak breaking in supersymmetric models and the
fine-tuning problem, Phys. Lett. B 309, 320 (1993).

[9] P. Fayet, Supersymmetry and weak, electromagnetic and
strong interactions, Phys. Lett. 64B, 159 (1976).

[10] P. Fayet, Spontaneously broken supersymmetric theories of
weak, electromagnetic and strong interactions, Phys. Lett.
69B, 489 (1977).

[11] G. R. Farrar and P. Fayet, Phenomenology of the produc-
tion, decay, and detection of new hadronic states associated
with supersymmetry, Phys. Lett. 76B, 575 (1978).

[12] M. Cirelli, A. Strumia, and M. Tamburini, Cosmology and
astrophysics of minimal dark matter, Nucl. Phys. B787, 152
(2007).

[13] K. Kowalska and E. M. Sessolo, The discreet charm of
Higgsino dark matter: A pocket review, Adv. High Energy
Phys. 2018, 1 (2018).

(a) (b)

FIG. 5. Distributions of Emiss
T and track pT in, and near, the phase-space of SR-high. The selection criterion on the variable shown by

each plot is removed, while the arrow indicates the cut value to define the region. The SM background expectation is shown as a
histogram stack, and a few representative signal models are overlaid. The last bin includes the overflow. The hatched band indicates the
uncertainty on the mean value of the SM background expectation, while the error bars on the black dots represent the Poisson error
associated with the event yields.

PHYSICAL REVIEW LETTERS 132, 221801 (2024)

221801-8

https://doi.org/10.1142/9789814542340_0001
https://doi.org/10.1142/9789814542340_0001
https://doi.org/10.1016/0370-2693(73)90490-5
https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90112-6
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0370-2693(74)90226-3
https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0370-2693(93)90940-J
https://doi.org/10.1016/0370-2693(76)90319-1
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(77)90852-8
https://doi.org/10.1016/0370-2693(78)90858-4
https://doi.org/10.1016/j.nuclphysb.2007.07.023
https://doi.org/10.1016/j.nuclphysb.2007.07.023
https://doi.org/10.1155/2018/6828560
https://doi.org/10.1155/2018/6828560


[14] N. Nagata and S. Shirai, Higgsino dark matter in high-scale
supersymmetry, J. High Energy Phys. 01 (2015) 029.

[15] ATLAS Collaboration, Search for long-lived charginos
based on a disappearing-track signature in pp collisions
at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, J. High Energy

Phys. 06 (2018) 022.
[16] ATLAS Collaboration, Search for long-lived charginos

based on a disappearing-track signature using 136 fb−1 of
pp collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Eur. Phys. J. C 82, 606 (2022).
[17] CMS Collaboration, Search for disappearing tracks as a

signature of new long-lived particles in proton-proton
collisions at

ffiffiffi

s
p ¼ 13 TeV, J. High Energy Phys. 08

(2018) 016.
[18] CMS Collaboration, Search for disappearing tracks in

proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV, Phys. Lett. B

806, 135502 (2020).
[19] ATLAS Collaboration, Searches for electroweak production

of supersymmetric particles with compressed mass spectra
in

ffiffiffi

s
p ¼ 13 TeV pp collisions with the ATLAS detector,

Phys. Rev. D 101, 052005 (2020).
[20] ATLAS Collaboration, Search for chargino-neutralino pair

production in final states with three leptons and missing
transverse momentum in

ffiffiffi

s
p ¼ 13 TeV pp collisions with

the ATLAS detector, Eur. Phys. J. C 81, 1118 (2021).
[21] CMS Collaboration, Search for electroweak production of

charginos and neutralinos in proton-proton collisions at
ffiffiffi

s
p ¼ 13 TeV, J. High Energy Phys. 04 (2022) 147.

[22] ALEPH, DELPHI, L3, OPAL Experiments Collaborations,
Combined LEP chargino results, up to 208 GeV for low
DM, Report No. LEPSUSYWG/02-04.1, 2002, http://
lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/
charginolowdm_pub.html.

[23] H. Fukuda, N. Nagata, H. Oide, H. Otono, and S. Shirai,
Cornering Higgsinos using soft displaced tracks, Phys. Rev.
Lett. 124, 101801 (2020).

[24] ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the center of
the detector and the z axis along the beam pipe. The x axis
points from the IP to the center of the LHC ring, and the y
axis points upward. Cylindrical coordinates ðr;ϕÞ are used
in the transverse plane, ϕ being the azimuthal angle around
the z axis. The pseudorapidity is defined in terms of the
polar angle θ as η ¼ − ln tanðθ=2Þ. Angular distance is
measured in units of ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ΔϕÞ2
p

.
[25] ATLAS Collaboration, The ATLAS experiment at the

CERN Large Hadron Collider, J. Instrum. 3, S08003
(2008).

[26] ATLAS Collaboration, Search for new phenomena in events
with an energetic jet and missing transverse momentum in
pp collisions at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Phys. Rev. D 103, 112006 (2021).
[27] CMS Collaboration, Search for new particles in events with

energetic jets and large missing transverse momentum in
proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV, J. High Energy

Phys. 11 (2021) 153.
[28] R. Pasechnik, V. A. Beylin, V. I. Kuksa, and G. M.

Vereshkov, Neutralino-nucleon interaction in the split
SUSY scenario of the dark matter, Int. J. Mod. Phys. A
24, 6051 (2009).

[29] ATLAS Collaboration, Impact parameter resolutions in di-
jet events, Report No. ATL-IDTR-2018-008, 2018, https://
atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-
2018-008/.

[30] ATLAS Collaboration, Performance of the missing trans-
verse momentum triggers for the ATLAS detector during
run-2 data taking, J. High Energy Phys. 08 (2020) 080.

[31] ATLAS Collaboration, Performance of electron and photon
triggers in ATLAS during LHC run 2, Eur. Phys. J. C 80, 47
(2020).

[32] ATLAS Collaboration, The ATLAS Collaboration software
and firmware, Report No. ATL-SOFT-PUB-2021- 001,
2021, https://cds.cern.ch/record/2767187.

[33] ATLAS Collaboration, Jet reconstruction and performance
using particle flow with the ATLAS detector, Eur. Phys. J. C
77, 466 (2017).

[34] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[35] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[36] ATLAS Collaboration, Performance of pileup mitigation
techniques for jets in pp collisions at

ffiffiffi

s
p ¼ 8 TeV using the

ATLAS detector, Eur. Phys. J. C 76, 581 (2016).
[37] ATLAS Collaboration, Electron and photon performance

measurements with the ATLAS detector using the 2015–
2017 LHC proton-proton collision data, J. Instrum. 14,
P12006 (2019).

[38] ATLAS Collaboration, Muon reconstruction and identifica-
tion efficiency in ATLAS using the full run 2 pp collision
data set at

ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 81, 578 (2021).

[39] ATLAS Collaboration, Search for charginos and neutralinos
in final states with two boosted hadronically decaying
bosons and missing transverse momentum in pp collisions
at

ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector, Phys. Rev. D

104, 112010 (2021).
[40] ATLAS Collaboration, Performance of missing transverse

momentum reconstruction with the ATLAS detector using
proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C

78, 903 (2018).
[41] ATLAS Collaboration, Early inner detector tracking per-

formance in the 2015 data at
ffiffiffi

s
p ¼ 13 TeV, Report

No. ATL-PHYS-PUB-2015-051, 2015, https://cds.cern.ch/
record/2110140.

[42] ATLAS Collaboration, K0

S and Λ production in pp inter-
actions at

ffiffiffi

s
p ¼ 0.9 and 7 TeV measured with the ATLAS

detector at the LHC, Phys. Rev. D 85, 012001 (2012).
[43] ATLAS Collaboration, Performance of the reconstruction of

large impact parameter tracks in the inner detector of
ATLAS, Eur. Phys. J. C 83, 1081 (2023).

[44] W. Beenakker, M. Klasen, M. Krämer, T. Plehn, M. Spira,
and P. M. Zerwas, Production of charginos, neutralinos, and
sleptons at hadron colliders, Phys. Rev. Lett. 83, 3780
(1999); 100, 029901(E) (2008).

[45] J. Debove, B. Fuks, and M. Klasen, Threshold resummation
for gaugino pair production at hadron colliders, Nucl. Phys.
B842, 51 (2011).

[46] B. Fuks, M. Klasen, D. R. Lamprea, and M. Rothering,
Gaugino production in proton-proton collisions at a
center-of-mass energy of 8 TeV, J. High Energy Phys. 10
(2012) 081.

PHYSICAL REVIEW LETTERS 132, 221801 (2024)

221801-9

https://doi.org/10.1007/JHEP01(2015)029
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1140/epjc/s10052-022-10489-5
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.1007/JHEP08(2018)016
https://doi.org/10.1016/j.physletb.2020.135502
https://doi.org/10.1016/j.physletb.2020.135502
https://doi.org/10.1103/PhysRevD.101.052005
https://doi.org/10.1140/epjc/s10052-021-09749-7
https://doi.org/10.1007/JHEP04(2022)147
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
http://lepsusy.web.cern.ch/lepsusy/www/inoslowdmsummer02/charginolowdm_pub.html
https://doi.org/10.1103/PhysRevLett.124.101801
https://doi.org/10.1103/PhysRevLett.124.101801
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1103/PhysRevD.103.112006
https://doi.org/10.1007/JHEP11(2021)153
https://doi.org/10.1007/JHEP11(2021)153
https://doi.org/10.1142/S0217751X09047697
https://doi.org/10.1142/S0217751X09047697
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-008/
https://doi.org/10.1007/JHEP08(2020)080
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://doi.org/10.1140/epjc/s10052-019-7500-2
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://cds.cern.ch/record/2767187
https://doi.org/10.1140/epjc/s10052-017-5031-2
https://doi.org/10.1140/epjc/s10052-017-5031-2
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-016-4395-z
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1088/1748-0221/14/12/P12006
https://doi.org/10.1140/epjc/s10052-021-09233-2
https://doi.org/10.1103/PhysRevD.104.112010
https://doi.org/10.1103/PhysRevD.104.112010
https://doi.org/10.1140/epjc/s10052-018-6288-9
https://doi.org/10.1140/epjc/s10052-018-6288-9
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://cds.cern.ch/record/2110140
https://doi.org/10.1103/PhysRevD.85.012001
https://doi.org/10.1140/epjc/s10052-023-12024-6
https://doi.org/10.1103/PhysRevLett.83.3780
https://doi.org/10.1103/PhysRevLett.83.3780
https://doi.org/10.1103/PhysRevLett.100.029901
https://doi.org/10.1016/j.nuclphysb.2010.08.016
https://doi.org/10.1016/j.nuclphysb.2010.08.016
https://doi.org/10.1007/JHEP10(2012)081
https://doi.org/10.1007/JHEP10(2012)081


[47] B. Fuks, M. Klasen, D. R. Lamprea, and M. Rothering,
Precision predictions for electroweak superpartner produc-
tion at hadron colliders with RESUMMINO, Eur. Phys. J. C 73,
2480 (2013).

[48] J. Fiaschi and M. Klasen, Neutralino-chargino pair produc-
tion at NLOþ NLL with resummation-improved parton
density functions for LHC run II, Phys. Rev. D 98, 055014
(2018).

[49] C. Borschensky, M. Krämer, A. Kulesza, M. Mangano, S.
Padhi, T. Plehn, and X. Portell, Squark and gluino pro-
duction cross sections in pp collisions at

ffiffiffi

s
p ¼ 13, 14, 33

and 100 TeV, Eur. Phys. J. C 74, 3174 (2014).
[50] J. Butterworth et al., PDF4LHC recommendations for LHC

run II, J. Phys. G 43, 023001 (2016).
[51] ATLAS Collaboration, Characterisation and mitigation of

beam-induced backgrounds observed in the ATLAS detec-
tor during the 2011 proton-proton run, J. Instrum. 8, P07004
(2013).

[52] ATLAS Collaboration, Selection of jets produced in 13 TeV
proton-proton collisions with the ATLAS detector, Report
No. ATLAS-CONF-2015-029, 2015, https://cds.cern.ch/
record/2037702.

[53] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.221801 for sche-
matic illustrations of the region layout and tables summa-
rizing the selection criteria.

[54] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[55] ATLAS Collaboration, Electron reconstruction and identi-
fication in the ATLAS experiment using the 2015 and 2016
LHC proton-proton collision data at

ffiffiffi

s
p ¼ 13 TeV, Eur.

Phys. J. C 79, 639 (2019).
[56] ATLAS Collaboration, Electron and photon energy calibra-

tion with the ATLAS detector using 2015–2016 LHC
proton-proton collision data, J. Instrum. 14, P03017 (2019).

[57] ATLAS Collaboration, Jet energy scale and resolution
measured in proton-proton collisions at

ffiffiffi

s
p ¼ 13 TeV with

the ATLAS detector, Eur. Phys. J. C 81, 689 (2021).
[58] ATLAS Collaboration, Tagging and suppression of pileup

jets with the ATLAS detector, Report No. ATLASCONF-
2014-018, 2014, https://cds.cern.ch/record/1700870.

[59] G. Avoni et al., The new LUCID-2 detector for luminosity
measurement and monitoring in ATLAS, J. Instrum. 13,
P07017 (2018).

[60] ATLAS Collaboration, Multi-boson simulation for 13 TeV
ATLAS analyses, Report No. ATL-PHYS-PUB-2016- 002,
2016, https://cds.cern.ch/record/2119986.

[61] A. L. Read, Presentation of search results: the CLs tech-
nique, J. Phys. G 28, 2693 (2002).

[62] S. Thomas and J. D. Wells, Phenomenology of massive
vectorlike doublet leptons, Phys. Rev. Lett. 81, 34 (1998).

[63] ATLAS Collaboration, ATLAS computing acknowledge-
ments, Report No. ATL-SOFT-PUB-2023-001, 2023,
https://cds.cern.ch/record/2869272.

[64] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[65] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[66] ATLAS Collaboration, ATLAS PYTHIA8 tunes to 7 TeV
data, Report No. ATL-PHYS-PUB-2014-021, 2014, https://
cds.cern.ch/record/1966419.

[67] L. Lönnblad and S. Prestel, Matching tree-level matrix
elements with interleaved showers, J. High Energy Phys. 03
(2012) 019.

[68] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[69] ATLAS Collaboration, The simulation principle and per-
formance of the ATLAS fast calorimeter simulation Fast-
CaloSim, Report No. ATL-PHYS-PUB-2010-013, 2010,
https://cds.cern.ch/record/1300517.

[70] E. Bothmann et al., Event generation with SHERPA2.2,
SciPost Phys. 7, 034 (2019).

[71] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions for the LHC run II, J. High Energy Phys. 04 (2015)
040.

[72] S. Frixione, G. Ridolfi, and P. Nason, A positive-weight
next-to-leading-order Monte Carlo for heavy flavour ha-
droproduction, J. High Energy Phys. 09 (2007) 126.

[73] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[74] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The
POWHEG method, J. High Energy Phys. 11 (2007) 070.

[75] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High
Energy Phys. 06 (2010) 043.

[76] S. Frixione, E. Laenen, P. Motylinski, C. White, and B. R
Webber, Single-top hadroproduction in association with aW
boson, J. High Energy Phys. 07 (2008) 029.

[77] ATLAS Collaboration, Electron and photon efficiencies in
LHC run 2 with the ATLAS experiment, arXiv:2308.13362.

[78] R. D. Cousins, J. T. Linnemann, and J. Tucker, Evaluation of
three methods for calculating statistical significance when
incorporating a systematic uncertainty into a test of the
background-only hypothesis for a Poisson process, Nucl.
Instrum. Methods Phys. Res., Sect. A 595, 480 (2008).

G. Aad ,103 E. Aakvaag ,16 B. Abbott ,121 K. Abeling ,55 N. J. Abicht ,49 S. H. Abidi ,29 M. Aboelela ,44

A. Aboulhorma ,35e H. Abramowicz ,152 H. Abreu ,151 Y. Abulaiti ,118 B. S. Acharya ,69a,69b,b A. Ackermann ,63a

PHYSICAL REVIEW LETTERS 132, 221801 (2024)

221801-10

https://doi.org/10.1140/epjc/s10052-013-2480-0
https://doi.org/10.1140/epjc/s10052-013-2480-0
https://doi.org/10.1103/PhysRevD.98.055014
https://doi.org/10.1103/PhysRevD.98.055014
https://doi.org/10.1140/epjc/s10052-014-3174-y
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1088/1748-0221/8/07/P07004
https://doi.org/10.1088/1748-0221/8/07/P07004
https://cds.cern.ch/record/2037702
https://cds.cern.ch/record/2037702
https://cds.cern.ch/record/2037702
https://cds.cern.ch/record/2037702
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.221801
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1140/epjc/s10052-019-7140-6
https://doi.org/10.1088/1748-0221/14/03/P03017
https://doi.org/10.1140/epjc/s10052-021-09402-3
https://cds.cern.ch/record/1700870
https://cds.cern.ch/record/1700870
https://cds.cern.ch/record/1700870
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://cds.cern.ch/record/2119986
https://cds.cern.ch/record/2119986
https://cds.cern.ch/record/2119986
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1103/PhysRevLett.81.34
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://cds.cern.ch/record/2869272
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1007/JHEP03(2012)019
https://doi.org/10.1007/JHEP03(2012)019
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
https://cds.cern.ch/record/1300517
https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1007/JHEP04(2015)040
https://doi.org/10.1088/1126-6708/2007/09/126
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1088/1126-6708/2008/07/029
https://arXiv.org/abs/2308.13362
https://doi.org/10.1016/j.nima.2008.07.086
https://doi.org/10.1016/j.nima.2008.07.086
https://orcid.org/0000-0002-6665-4934
https://orcid.org/0000-0001-7616-1554
https://orcid.org/0000-0002-5888-2734
https://orcid.org/0000-0002-1002-1652
https://orcid.org/0000-0001-5763-2760
https://orcid.org/0000-0002-8496-9294
https://orcid.org/0009-0003-6578-220X
https://orcid.org/0000-0002-9987-2292
https://orcid.org/0000-0001-5329-6640
https://orcid.org/0000-0002-1599-2896
https://orcid.org/0000-0003-0403-3697
https://orcid.org/0000-0002-8588-9157
https://orcid.org/0000-0003-4699-7275


C. Adam Bourdarios ,4 L. Adamczyk ,86a S. V. Addepalli ,26 M. J. Addison ,102 J. Adelman ,116 A. Adiguzel ,21c

T. Adye ,135 A. A. Affolder ,137 Y. Afik ,39 M. N. Agaras ,13 J. Agarwala ,73a,73b A. Aggarwal ,101

C. Agheorghiesei ,27c A. Ahmad ,36 F. Ahmadov ,38,c W. S. Ahmed ,105 S. Ahuja ,96 X. Ai ,62e G. Aielli ,76a,76b

A. Aikot ,164 M. Ait Tamlihat ,35e B. Aitbenchikh ,35a I. Aizenberg ,170 M. Akbiyik ,101 T. P. A. Åkesson ,99

A. V. Akimov ,37 D. Akiyama ,169 N. N. Akolkar ,24 S. Aktas ,21a K. Al Khoury ,41 G. L. Alberghi ,23b J. Albert ,166

P. Albicocco ,53 G. L. Albouy ,60 S. Alderweireldt ,52 Z. L. Alegria ,122 M. Aleksa ,36 I. N. Aleksandrov ,38

C. Alexa ,27b T. Alexopoulos ,10 F. Alfonsi ,23b M. Algren ,56 M. Alhroob ,142 B. Ali ,133 H.M. J. Ali ,92 S. Ali ,149

S.W. Alibocus ,93 M. Aliev ,33c G. Alimonti ,71a W. Alkakhi ,55 C. Allaire ,66 B.M.M. Allbrooke ,147 J. F. Allen ,52

C. A. Allendes Flores ,138f P. P. Allport ,20 A. Aloisio ,72a,72b F. Alonso ,91 C. Alpigiani ,139 M. Alvarez Estevez ,100

A. Alvarez Fernandez ,101 M. Alves Cardoso ,56 M. G. Alviggi ,72a,72b M. Aly ,102 Y. Amaral Coutinho ,83b

A. Ambler ,105 C. Amelung,36 M. Amerl ,102 C. G. Ames ,110 D. Amidei ,107 K. J. Amirie ,156

S. P. Amor Dos Santos ,131a K. R. Amos ,164 S. An,84 V. Ananiev ,126 C. Anastopoulos ,140 T. Andeen ,11

J. K. Anders ,36 S. Y. Andrean ,47a,47b A. Andreazza ,71a,71b S. Angelidakis ,9 A. Angerami ,41,d A. V. Anisenkov ,37

A. Annovi ,74a C. Antel ,56 M. T. Anthony ,140 E. Antipov ,146 M. Antonelli ,53 F. Anulli ,75a M. Aoki ,84

T. Aoki ,154 J. A. Aparisi Pozo ,164M. A. Aparo ,147 L. Aperio Bella ,48 C. Appelt ,18A. Apyan ,26 S. J. Arbiol Val ,87

C. Arcangeletti ,53 A. T. H. Arce ,51 E. Arena ,93 J-F. Arguin ,109 S. Argyropoulos ,54 J.-H. Arling ,48 O. Arnaez ,4

H. Arnold ,115 G. Artoni ,75a,75b H. Asada ,112 K. Asai ,119 S. Asai ,154 N. A. Asbah ,36 K. Assamagan ,29

R. Astalos ,28a K. S. V. Astrand ,99 S. Atashi ,160 R. J. Atkin ,33a M. Atkinson,163 H. Atmani,35f P. A. Atmasiddha ,129

K. Augsten ,133 S. Auricchio ,72a,72b A. D. Auriol ,20 V. A. Austrup ,102 G. Avolio ,36 K. Axiotis ,56 G. Azuelos ,109,e

D. Babal ,28b H. Bachacou ,136 K. Bachas ,153,f A. Bachiu ,34 F. Backman ,47a,47b A. Badea ,39 T. M. Baer ,107

P. Bagnaia ,75a,75b M. Bahmani ,18 D. Bahner ,54 K. Bai ,124 A. J. Bailey ,164 J. T. Baines ,135 L. Baines ,95

O. K. Baker ,173 E. Bakos ,15 D. Bakshi Gupta ,8 V. Balakrishnan ,121 R. Balasubramanian ,115 E. M. Baldin ,37

P. Balek ,86a E. Ballabene ,23b,23a F. Balli ,136 L.M. Baltes ,63a W.K. Balunas ,32 J. Balz ,101 E. Banas ,87

M. Bandieramonte ,130 A. Bandyopadhyay ,24 S. Bansal ,24 L. Barak ,152 M. Barakat ,48 E. L. Barberio ,106

D. Barberis ,57b,57a M. Barbero ,103 M. Z. Barel ,115 K. N. Barends ,33a T. Barillari ,111 M-S. Barisits ,36

T. Barklow ,144 P. Baron ,123 D. A. Baron Moreno ,102 A. Baroncelli ,62a G. Barone ,29 A. J. Barr ,127 J. D. Barr ,97

F. Barreiro ,100 J. Barreiro Guimarães da Costa ,14a U. Barron ,152 M. G. Barros Teixeira ,131a S. Barsov ,37

F. Bartels ,63a R. Bartoldus ,144 A. E. Barton ,92 P. Bartos ,28a A. Basan ,101 M. Baselga ,49 A. Bassalat ,66,g

M. J. Basso ,157a R. L. Bates ,59 S. Batlamous,35e B. Batool ,142 M. Battaglia ,137 D. Battulga ,18 M. Bauce ,75a,75b

M. Bauer ,36 P. Bauer ,24 L. T. Bazzano Hurrell ,30 J. B. Beacham ,51 T. Beau ,128 J. Y. Beaucamp ,91

P. H. Beauchemin ,159 P. Bechtle ,24 H. P. Beck ,19,h K. Becker ,168 A. J. Beddall ,82 V. A. Bednyakov ,38

C. P. Bee ,146 L. J. Beemster ,15 T. A. Beermann ,36 M. Begalli ,83d M. Begel ,29 A. Behera ,146 J. K. Behr ,48

J. F. Beirer ,36 F. Beisiegel ,24 M. Belfkir ,117b G. Bella ,152 L. Bellagamba ,23b A. Bellerive ,34 P. Bellos ,20

K. Beloborodov ,37 D. Benchekroun ,35a F. Bendebba ,35a Y. Benhammou ,152 K. C. Benkendorfer ,61 L. Beresford ,48

M. Beretta ,53 E. Bergeaas Kuutmann ,162 N. Berger ,4 B. Bergmann ,133 J. Beringer ,17a G. Bernardi ,5

C. Bernius ,144 F. U. Bernlochner ,24 F. Bernon ,36,103 A. Berrocal Guardia ,13 T. Berry ,96 P. Berta ,134

A. Berthold ,50 S. Bethke ,111 A. Betti ,75a,75b A. J. Bevan ,95 N. K. Bhalla ,54 M. Bhamjee ,33c S. Bhatta ,146

D. S. Bhattacharya ,167 P. Bhattarai ,144 K. D. Bhide ,54 V. S. Bhopatkar ,122 R.M. Bianchi ,130 G. Bianco ,23b,23a

O. Biebel ,110 R. Bielski ,124 M. Biglietti ,77a C. S. Billingsley,44 M. Bindi ,55 A. Bingul ,21b C. Bini ,75a,75b

A. Biondini ,93 C. J. Birch-sykes ,102 G. A. Bird ,32 M. Birman ,170 M. Biros ,134 S. Biryukov ,147 T. Bisanz ,49

E. Bisceglie ,43b,43a J. P. Biswal ,135 D. Biswas ,142 K. Bjørke ,126 I. Bloch ,48 A. Blue ,59 U. Blumenschein ,95

J. Blumenthal ,101 V. S. Bobrovnikov ,37 M. Boehler ,54 B. Boehm ,167 D. Bogavac ,36 A. G. Bogdanchikov ,37

C. Bohm ,47a V. Boisvert ,96 P. Bokan ,36 T. Bold ,86a M. Bomben ,5 M. Bona ,95 M. Boonekamp ,136
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Università degli Studi di Trento, Trento, Italy

79
Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

80
University of Iowa, Iowa City IA, USA

81
Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

82
Istinye University, Sariyer, Istanbul, Türkiye

83a
Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora, Brazil

83b
Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil

83c
Instituto de Física, Universidade de São Paulo, São Paulo, Brazil

83d
Rio de Janeiro State University, Rio de Janeiro, Brazil

83e
Federal University of Bahia, Bahia, Brazil

84
KEK, High Energy Accelerator Research Organization, Tsukuba, Japan

85
Graduate School of Science, Kobe University, Kobe, Japan

86a
AGH University of Krakow, Faculty of Physics and Applied Computer Science, Krakow, Poland

86b
Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

87
Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

88
Faculty of Science, Kyoto University, Kyoto, Japan

89
Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan

90
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