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Search for Nearly Mass-Degenerate Higgsinos Using Low-Momentum Mildly Displaced
Tracks in pp Collisions at \/s =13 TeV with the ATLAS Detector

G. Aad er 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 is O(1 GeV).
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~! of proton-proton collision data at /s = 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
[O(100 GeV)] 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 SU(2), and U(1), gauge boson in
the standard model (SM). In the MSSM, the Higgsino (H)
and wino (W), and bino (B) fields, whose masses are
characterized by the parameters p, M, and M,, respec-
tively, undergo kinetic mixing as the result of the electro-
weak symmetry breaking, yielding charged (77,75 ) and
neutral (79, 79, 73, 79) mass eigenstates, where the order of
the subscripts indicates increasing mass. In the case where
|u| < |M,]|,|M,|, the lightest charged and two neutral
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Higgsino-like eigenstates form a nearly mass-degenerate
triplet of Higgsino-like mass eigenstates (77,75, 70).
collectively referred to as Higgsinos in this Letter. In the
pure Higgsino limit where the bino and wino are decoupled
in mass, min (|M,],|M,|) > O(10 TeV), radiative correc-
tions induce a small mass spliting [Am(7i,7)~
250400 MeV [14]] between the Higgsinos that gives
the 77 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 (|M,|,|M;|) < O(1 TeV), enabling
low-momentum prompt lepton searches to target the
7 = Z7) - ¢*¢77" decay and provide constraints down
to Am (79, 7)) ~2 GeV [19-21]. However, a distinct sen-
sitivity gap remains for Am(7f, 7)) ~ 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
Am(75,79) > 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 7i that has a discernible flight
length from the proton-proton (pp) collision point.

For the mass splitting of interest of Am(7y,7")~
0.3-1 GeV, the decay flight length of %{ can reach
0(0.1-1 mm). Charged decay particles from 7i, domi-
nated by charged pions, have a transverse momentum (pr)
of a few GeV, offering a reasonable reconstruction effi-
ciency. The transverse impact parameter d,, with its
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resolution 6(dy), 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 7 decay position from the pp
collision point is correlated to d, the transverse impact
parameter significance, S(dy) = |dy|/o(dy), can be the
most distinctive discriminant to identify the decay of 7{
together with an adequate requirement of pr. The 7{ 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 S(d,) 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
piss along with its magnitude ETSS). Moreover, the addi-
tional Lorentz boost by the ISR recoil enhances both pr
and S(d), 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
/s = 13 TeV, corresponding to an integrated luminosity
of 140 fb~!.

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 77 is halfway between that of the 79 and the
N ie, m(7Y) —m(7E) = m(7F) — m(7Y). The Higgsino-
pair production modes considered are 7| 77, 77", 7iio
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FIG. 1. Example signal diagram for the targeted signature
featuring a jet from initial-state radiation. For illustration, the
77" process is shown, while the production of 7] 77, 773, and
7970 is considered in the search as well.

and 797". The largest branching ratio of 7 (73) decays is to
a single 7* (z°) when Am(7i,7)) =0.3-1 GeV [28];
about 80% of 7i decays to z*jp) with Am(7i.7) =
0.5 GeV, and about 70% of %5 decays to z°79 with
Am(79,7%) = 0.5 GeV. The identified displaced track in
signal events therefore typically corresponds to a z7* from a
7t decay, but a small fraction can also arise from
ool o, g et i - Wi,
and ;?(2) - 7T+7Z'_)?? 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 4z 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 pp > 500 MeV. For tracks
with pp = 2 GeV, the intrinsic resolution on d, is approx-
imately 0.05 mm, which improves to 0.03 mm at py =
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 EXs 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 p3 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-k;,
algorithm [34,35] with a radius parameter of R = 0.4. Jets
with pp > 20 GeV and |n| < 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 pr <60 GeV and || <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 pr > 4.5(3) GeV, be recon-
structed within || < 2.47(2.7), and satisfy the tight [37]
(medium [38]) identification criterion. To ensure that
selected electrons and muons (collectively referred to as
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leptons in this Letter and denoted by #) originate from the
selected hard-scatter vertex, their tracks are required to
fulfill |zysinf| < 0.5 mm, where z, is the longitudinal
impact parameter. Photons are reconstructed as EM clusters
with either no matching ID track or with a matching
conversion vertex from e*e™ pairs in the ID material [37].
Photon candidates with pr > 25 GeV and || < 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
E'{‘iss 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 || < 4.5) are also considered in the ETs*
calculation.

Finally, the low-pr charged track from the 7 or 79
decays, referred to as the signal candidate track, is defined
as an ID track associated with the hard-scatter vertex that
fulfills: 2 < ppr <5 GeV, |y <15, |dy| <10 mm,
|zg sin @] < 3 mm, and the “tight primary” track selection
criteria defined in Ref. [41]. The loose requirement on the
track |dy| 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 Kg or A decay vertices as identified
by an algorithm optimized to reconstruct two-body VO
decays [42,43]. An isolation requirement is applied such
that no other tight primary tracks satisfying pp > 1 GeV,
|do| < 10 mm, and |zysinf| < 3 mm are allowed within
an angular distance of AR < 0.4 with respect to the signal
candidate track. The signal candidate track needs to be
aligned with the p™** by requiring A¢(track, pI'ss) < 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 S(d,) 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 wused can be found in
Appendix A. For signal samples the lifetime and branching
ratios of the i and %) 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 PDFALHC15_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 m(¥S, 71, 7)) = (151,150.5,150) GeV with all of the
production modes (7, 77.7i 7} ,.75%]) included.

The dominant SM background originates from events
with a leptonically decaying W(— ¢v/zv) or Z(— wv/77)
boson associated with jets, referred to as W + jets and
Z + jets, respectively. Other backgrounds processes
include diboson #f 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 E' 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 pp > 250 GeV and |5| < 2.4, but no
more than four jets to suppress the 77 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
pTiss and all jets must satisfy Ag(j, p2**) > 0.4 to sup-
press the QCD multijet background. Additionally, events
are required to have ER* > 600 GeV in order to reject the
bulk of the SM backgrounds, primarily from W/Z + jets
production. This offline EX requirement is well above
200 GeV, where the E%‘iss trigger is already found to be
fully efficient. Finally, the presence of a signal candidate
track with a transverse displacement significance of
S(dy) > 8 is required. The S(d,) selection efficiency is
approximately 40% for tracks originating from Higgsino
decays in a signal MC sample with Am(7f,7Y) =
0.5 GeV. The SR is split into two bins labeled SR-Low
[8 < S(dy) < 20] and SR-High [S(dy) > 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 x 107*
for the Higgsino signal model with m(7}) =150 and
Am(7E, 7)) = 0.5 GeV.

The leading SM background is W(— zv) + jets produc-
tion where a pion or lepton from a low-pt z-lepton decay is
tagged as the signal candidate track. This background is
referred to as the “z 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) = decay background yield. Both 7 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 =
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 + jet events
where the signal candidate tracks arise from hadrons with
measurably long lifetimes (e.g., A, K9) in pileup jets or the
underlying event, referred to as the “QCD track” back-
ground. These tracks tend to dominate at low pr, motivat-
ing the pr > 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 S(d,) distribution is
extracted from the data events in a control region with
exactly one muon (CR-1y), which is dominated by
W(— uv) + jets. This sample is then normalized to the
data in a low-S(d,) control region (CR-0¢) to obtain the
estimate in the SR, where CR-07 is defined to be adjacent
to the SR by inverting the S(dj) selection [i.e., S(dj) < 8].
This method relies on the fact that the shape of the S(d)
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-1y has the same selection as the
SR, except that exactly one muon is required and that
preoil > 300 GeV is applied instead of EX > 600, where
peoll = |pr(u) + piss| is the proxy for the pr 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 W(— uv) + jets are subtracted when
extracting the shape of the S(d,) distribution.

Backgrounds other than the 7 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 7 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 E%‘iss requirement of
300 < EMiss < 400 GeV to increase the data yield and to
suppress signal contamination. For the QCD track back-
ground estimate, the validity of the S(d,) shape as extracted
from W(— uv) + jet events is verified in dedicated VRs
defined by requiring either one electron, two leptons, or
one photon, which are dominated by W(— ev) + jet,
Z(— ¢¢) +jet, and y+jet production, respectively.
Here, the signal candidate tracks have an origin similar
to that of QCD track events in CR-1u and the SR. An
additional VR populated with both the 7z track and QCD
track backgrounds is defined near the SR to test the

estimate of both components (VR-0Z-lowERs). This
VR is defined by shifting the ET' selection with respect
to the SR to 300 < ETs < 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 S(d,) shape for the QCD track
background and the normalization of the 7 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 E?iss
[40] and pileup, and integrated luminosity [59]. Theoretical
uncertainties include the cross section uncertainties and
the shape uncertainties due to the renormalization and

TABLEI. Number of expected and observed data events in the
SR (top) and the model-independent upper limits obtained from
their consistency (bottom). The symbol 7, (z;,) refers to fully
leptonic (hadron-involved) 7 decays. The “others” category
includes contributions from minor background processes includ-
ing 11, 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 ((€c)%,) and on the number of generic
signal events (Sgy,), as well as the expected limit (Sg3,,) given the
expected number (and £1o¢ 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+1.7 100 £ 1.6
W(— z,v) + jets 9.6+ 1.6 20+£0.6
W(= 7,v) + jets 10.6 £2.0 1.9+0.8
Others 32+£0.7 0.8+04
(€)% (fb) 0.10 0.07
Sons 135 9.9
Sexp 151133 9.613%

221801-4



PHYSICAL REVIEW LETTERS 132, 221801 (2024)

T T T

ATLAS + Data @ Total SM

[5=13 TeV. 140 b QCD track Wijets (x,,, track)
- ’ WHijets (Tlep track) Other

------- (Signal (), Am)=(125, 1.0) GeV
- ==~ (Signal m(%,), Am)=(150, 0.5) GeV
----- - (Signal m(i‘j), Am)=(125, 0.35) GeV
" SR-Low R

Events /1.0

g

B

—> SR-High
s\\\\\‘t\\\\V

1 forem g NS

Data/ SM

\\R\\\Q\\\\\&\\\\\\\\\\\\\\\W\W

10 15 20 25 30 35 40
S(d)

0

o
()]

FIG. 2. Postfit S(d,) distribution in, and near, the SR and the
adjacent control region CR-07. 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 expect-
ation 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.

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 S(d,)
shape difference between CR-1x 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 and VRs. 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 ¢ track
background is found to be 1.1 £ 0.1, derived from a fit
under the background-only hypothesis. The postfit S(d)
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 CL, 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

5 - — :
[ ATLAS ]
8 /s=13TeV, 136-140 fb~' ,
— PP — X§X7 . X8X3, ¥4y, X5 19 (Higgsino)
° 2r (i) = (i) +28m(;., 1) -
g 3¢ + Soft 2¢
— Disappearing track, m(x3) = m(y?)
L 1k LEP2 {7 excluded _
u - r =+=+ Theoretical prediction for pure Higgsino ]
Lo - 1
~ |- All limits at 95% CL b
0.5 === Observed Limit (+10505Y) |
< L -~ Expected Limit (+10exp)
0.2 T S O S S
100 150 200 250
~+
m(xy) [GeV]
FIG. 3. Expected (dashed black line) and observed (solid red

line) 95% CL exclusion limits on the Higgsino simplified model
being considered. These are shown with 1., (yellow band),
from experimental systematic and statistical uncertainties, and
with £1o3 0V (red dotted lines) from signal cross section
uncertainties, respectively. The limits set by the latest ATLAS
searches using the soft lepton [19,20] and disappearing track [16]
signatures are illustrated by the blue and green regions, respec-
tively, while the limit imposed by the LEP experiments [22] is
shown in gray. The dot-dashed gray line indicates the predicted
mass splitting for the pure Higgsino scenario [62].

0.3 < Am(7E, 7)) < 0.9 GeV are excluded for a given
value of m(y{). The search sensitivity peaks at
Am(7E, 7)) = 0.6 GeV, for which m(77) is excluded
up to approximately 170 GeV in m(7{). 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~! of pp collision data at /s =
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.
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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].

The W + jetand Z + 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 7 and single top-quark processes are generated at
NLO with Powheg-Box [72-75] v2 and interfaced with
PYTHIA8.230 with the Al4 tune. The diagram removal
scheme [76] is employed in the simulation of single top-
quark production to account for interference between the ¢7
and Wt 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.

7 track background: In the following, regions with a
symbol 7, or 7, (referred to as 7, regions or 7, regions) are
dominated by the hadronic and leptonic = decays, respec-
tively. The 7;, (z,) regions are defined by requiring no (one)
lepton in the event. In the 7, regions, the electron (muon) is
required to fail either of the following requirements; the
tight identification criteria [37], transverse impact para-
meter selection |dy|/o(dy) < 3, or the “Loose_VarRad”
isolation criteria [77] (transverse impact parameter selec-
tion |dy|/o(dy) < 3, || < 2.5, or the “PflowLoose” iso-
lation criteria [38]). This requirement enhances the
contribution of leptons from 7 decays with respect to the
ordinary prompt leptons. The p%°! variable serves as a
proxy for the pr of the W boson and refers to ETsS
[lpr(Z) + p|] in regions with no (one) lepton.

The W(— 7v) + jet MC sample is normalized to the
data in CR-z;, and CR-7, to obtain the estimate in the SR.
These CRs are defined by a higher track pt requirement
(8-20 GeV) where the 7 track background dominates with
>90% purity. The S(d,) selection is loosened to acquire
larger data statistics. The extrapolation over the track pr is
validated in VR-7;, and VR-7,, where the intermediate track
pr range (5-8 GeV) is selected. To avoid signal contami-
nation in the VRs, the ETS selection is shifted to
300 < E%‘i“ < 400 GeV. To validate the track py extrapo-
lation in an isolated way, the estimates in the VRs are
obtained by normalizing the MC in CRs with the same
shifted ET's requirement. These CRs are denoted CR2-7,,
and CR2-7,. The schematic of the region segmentation is
shown in Supplemental Material [53].

QCD track background: Control region CR-1y, domi-
nated by W(— uv) + jets, is used to extract the shape of the
S(dy) distribution. This is normalized to each CR
[S(dy) < 8] to get the estimate in the adjacent SR or VR
[S(dy) > 8]. Validation regions VR-1e, VR-27, and VR-1y
are defined with one electron, two leptons, and one photon,
respectively, where the corresponding dominant contribu-
tions are from W(— ev) + jet, Z(— £7) + jet, and y + jet
production. The choice of the VRs is motivated by their
similar matrix element to that of the Z(— wv) + jets, the
main physics process yielding the QCD track background
in the SR. The purities of W/Z/y + jets are > 90% except
for VR(CR)-1y, which has a ~30% contribution from QCD
multijet production. However, the shape of the S(d,)
distribution from these multijet events is found to be nearly
identical to that of y + jets production. The QCD track
background considered in this fully data-driven estimate
is therefore defined by events with the production of
W(— uv) +jets in VR(CR)-1y; W(— ev)+jets in

VR(CR)-le; Z(— ¢¢) + jets in VR(CR)-2¢; y + jets and
multijet in VR(CR)-1y. 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
S(dy) 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 E* trigger
is used to record events with large EM** or muons. Muons
are counted as missing objects at the ET trigger.
Additional quality requirements are applied for electrons,
muons, and photons for regions requiring those; the tight
identification criteria [37], transverse impact parameter
selection |dy|/o(dy) < 3, and Loose_VarRad isolation
criteria [77] are required for the electrons; transverse impact
parameter selection |dy|/o(dy) <5, || <2.5 and the
PflowLoose isolation [38] are imposed for the muons;
the tight isolation criteria [37] and pr > 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 p°ll is defined as the proxy for the py of the
W/Z/y boson, i.e., |pr(Z) + p¥**| in CR-1x and VR(CR)-
le; [pr(4)) +pr(22) +pr™| in VR(CR)-2Z; |pr(y) +
PP in VR(CR)-1y; and EF'™ 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,
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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.
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Distributions of E* and track pr 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.

while a minimal set of additional selections are introduced
to enhance the purity of W/Z/y + jet events in respective
regions.

Hybrid validation region: Validation region VR-0/-
low ERis is designed to validate the modeling of both the 7
track and QCD track backgrounds, for which the contri-
butions are nearly equal. This VR is defined by shifting the
ETiss selection to 300 < ETS < 400 GeV with respect to
the SR (E%liss > 600 GeV). The 7 track background is
estimated by normalizing the MC in the low E™ control
regions (CR2-7, and CR2-7,), and the QCD track back-
ground is derived from the S(d,) shape that is simulta-
neously normalized in CR-0Z—lowEs,

Fit results: Each VR is estimated by a separate profile
likelihood fit, except for the 7 track VRs where the
estimates of VR-z;, and VR-z, 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 EM and track py distributions in,
and near, the phase space of SR-High.
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