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A search for quantum black holes in electron + jet or muon + jet final states with high invariant mass is performed.
The analysis uses data from \/_ = 13.6 TeV pp collisions recorded by the ATLAS detector between 2022 and 2024
during Run 3 of the Large Hadron Collider, corresponding to an integrated luminosity of 164 fb~". This search is
strongly motivated by a dramatic increase of the production cross-section by up to an order of magnitude for the
highest masses considered, thanks to the small increase of 0.6 TeV in centre-of-mass energy between Run 2 and
Run 3. No significant excess above the Standard Model background is observed, and 95% CL upper limits are
set on the production cross-section times branching ratio in several benchmark models, reaching a mass scale of
9.4 TeV. These represent the strongest exclusion limits to date on quantum black hole production.

1. Introduction

The hierarchy problem—the immense gulf between the electroweak
scale and Planck scale—may be resolved by theories with extra di-
mensions (EDs) that lower the fundamental D-dimensional scale of
gravity, Mp, to the TeV range. In the Arkani-Hamed, Dimopoulos,
and Dvali (ADD) model [1,2], gravity propagates through » flat EDs
(where D =4 + n), while Standard Model (SM) fields are restricted to
four-dimensional space-time. Alternatively, the Randall-Sundrum (RS)
model [3] employs one warped extra dimension to generate this scale
hierarchy. These theories predict a plethora of new phenomena, some
of which are accessible at the Large Hadron Collider (LHC). One such
prediction is the production of quantum black holes (QBHs) [4-8] at
threshold masses My, ~ Mp. In this benchmark framework, it is postu-
lated that the QBH parton—parton cross-section follows a power-law in-
crease with partonic centre-of-mass energy, with the power determined
by the number of extra dimensions. For higher proton-beam energy, the
suppression of the partonic cross-section arising from the parton distri-
bution functions (PDF) at high Bjorken-x (the fraction of the proton’s
momentum carried by the interacting parton) is reduced, resulting in a
significant increase in the QBH production cross-section, ogpy. Unlike
semi-classical black holes, which decay thermally via Hawking radia-
tion into high-multiplicity final states [9-14], these QBHs decay into
two-particle final states, where lepton- and baryon-number conserva-
tion may be violated. This search focuses on diquark production of QBHs
that can decay to lepton +antiquark (¢ + ¢) final states:
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where the superscript indicates the QBH electric charge and the pro-
cesses are sorted by descending opy; left-to-right. The notation « and d
marks the up-type and down-type quarks. The branching ratios for the
processes ordered as in Eq. (1) are 11%, 5.6% and 6.7%, to each lepton
flavour [4].

A key feature that sets this model apart from virtually all other
new-physics scenarios, and motivates this search already with a partial
run dataset, is the production cross-section’s strong dependence on the
proton—proton centre-of-mass energy, \/E This dependence causes the
increase in \/E from Run 2 of the LHC (13 TeV) to Run 3 (13.6 TeV) to
enhance gy by approximately 100% at My, = 6 TeV up to about 1000%
at My, = 10.5 TeV [4].

This analysis succeeds the previous ATLAS search performed at
\/E = 13 TeV using the full 140 fb~! Run 2 dataset [15]. The same search
was done by ATLAS at \/_ = 8 TeV with 20.3 fb~! of data [16]. Comple-
mentary searches were also performed in dijet, dilepton and photon + jet
final states by ATLAS [17-22] and CMS [23-26]. In comparison with the
other final states, the lepton +jet ones benefit from significantly lower
backgrounds, which compensates for their smaller cross-section times
branching ratio. Lepton + jet final states are of course not unique to QBH
production, and other searches probing similar regions of phase space
do not necessarily provide an explicit interpretation in terms of QBHs.
For example, ATLAS has published a lepton + jet search for leptoquarks
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with a combination of the full Run 2 dataset and a partial (56 fb~")Run 3
dataset [27].

The present search uses 164 fb! of \/E = 13.6 TeV proton—proton col-
lision data, recorded by the ATLAS detector during the 2022-2024 pe-
riod of Run 3. Even with a Run 3 dataset similar in size to the full Run 2
dataset, this analysis yields considerably higher QBH exclusion limits
thanks to the significant increase in ogpy. Electron + jet and muon + jet
final states with an invariant mass above 3 TeV are targeted separately
in this search. Explicit contributions from QBH decays with r-leptons
are not considered, since they are expected to be negligible compared to
those from the other two lepton + jet final states, owing to the z — ¢V, v,
branching ratio and the softer electron and muon transverse momen-
tum (pr) spectra due to the presence of neutrinos in = decays. The main
background processes include V +jets (V = W, Z), V'V and events with
top quarks. These are modelled using Monte Carlo (MC) simulations.
Events containing non-prompt electrons, or electrons from photon con-
versions or jets misidentified as electrons, collectively referred to as
“fakes”, are estimated using data-driven techniques. This is the dom-
inant background in the electron channel, while W +jets production
contributes the most background in the muon channel.

2. ATLAS detector

The ATLAS experiment [28,29] at the LHC is a multipurpose particle
detector with a forward-backward symmetric cylindrical geometry and
a near 4z coverage in solid angle.! It consists of an inner tracking detec-
tor surrounded by a thin superconducting solenoid providing a 2 T axial
magnetic field, electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The inner tracking detector covers the pseudorapid-
ity range || < 2.5. It consists of silicon pixel, silicon microstrip, and
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements
with high granularity within the region |n| < 3.2. A steel/scintillator-tile
hadronic calorimeter covers the central pseudorapidity range (|| < 1.7).
The endcap and forward regions are instrumented with LAr calorime-
ters for EM and hadronic energy measurements up to || = 4.9. The MS
surrounds the calorimeters and is based on three large superconduct-
ing air-core toroidal magnets with eight coils each. The field integral
of the toroids ranges between 2.0 and 6.0Tm across most of the de-
tector. The MS includes a system of precision tracking chambers up to
|n| = 2.7 and fast detectors for triggering up to |n| = 2.4. The luminos-
ity is measured mainly by the LUCID-2 detector which is located close
to the beampipe [30]. A two-level trigger system was used to select
events [31,32]. The first-level trigger is implemented in hardware and
used a subset of the detector information to accept events at a rate close
to 100 kHz. This is followed by a software-based trigger that reduced the
accepted rate of complete events to 3 kHz on average, depending on the
data-taking conditions. A software suite [33] is used in data simulation,
in the reconstruction and analysis of real and simulated data, in detec-
tor operations, and in the trigger and data acquisition systems of the
experiment.

3. Data and simulation

Data and simulated event samples used in this study must satisfy a
requirement that all detector systems operate normally [34]. The data
were collected with single-electron or single-muon triggers [32]. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector and the z-axis along the beam
pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-
axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane,
¢ being the azimuthal angle around the z axis. The pseudorapidity is defined
in terms of the polar angle 6 as 7 = —Intan(6/2) and is equal to the rapidity y =
(1/2)In[(E + p,)/(E — p,)] in the relativistic limit. Angular distance is measured
in units of AR = 1/(Ay)? + (Ag)2.
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pr threshold is 26 (24) GeV for isolated electron (muon) triggers and
60 (50) GeV for non-isolated triggers. As the analysis targets very high
mass QBHs whose decays produce a lepton with pp > 150 GeV, virtually
all events were triggered by high-p; lepton triggers without isolation
requirements whose p threshold is 140 (50) GeV for electrons (muons).
The application of data-quality requirements [34] results in a sample
corresponding to an integrated luminosity of 164 + 3 fb™!.

QBH MC signal samples were generated using the QBH v3.02 gener-
ator [7] to compute the production cross-sections and model the hard-
scatter process, assuming zero angular momentum. Events were then
interfaced to PYTHIA 8 [35] to model parton showering and hadronisa-
tion. As in previous iterations of searches for QBHs, the CTEQ6L1 [36]
PDF set was used and the QCD factorisation scale set to the inverse
gravitational radius [7]. Requiring the QBH mass to be in the range
(1-3)My, (with My, = Mp) ensures that QBHs are produced in a region
where quantum effects are significant, excluding thermal decays. In the
ADD model, n = 2,4, or 6 EDs are assumed, whereas n = 1 is used in the
RS model. The kinematic distributions of the decay products are gov-
erned by the QBH mass; consequently, the signal acceptance and recon-
struction efficiency are found to be independent of the specific model
type or the number of extra dimensions. The production cross-section
is significantly lower for the RS model than for the ADD model. Sam-
ples were produced in 0.5 TeV steps through threshold mass ranges of
My, € [6,8.5] TeV and [8, 10.5] TeV for the RS and ADD models, respec-
tively.

Background events from W +jets, Z +jetsand VV (WW, ZZ, W Z)
production were modelled with the SHERPA 2.2.14 generator [37] us-
ing the NNPDF3.0NNLO PDF set [38]. The #7 and single-top processes
were modelled using the POWHEGBOX v2 [39-42] generator at NLO
with the NNPDF3.0NLO [38] PDF set. The W process was modelled
using SHERPA 2.2.14, while other 7V samples were produced with MAD-
GRAPH5_AMC@NLO 2.3.3 [43] interfaced to PYTHIA 8 [44]. Dijet MC
samples were produced with PYTHIA 8 [35]. EVTGEN 2.1.1 [45] was
used to perform bottom- and charm-quark decays except for the back-
grounds modelled using SHERPA, for which the decays were performed
internally. Non-prompt electrons are removed from all MC samples to
avoid double-counting their contribution, which is obtained from data.
For the muon channel, this background, estimated from dijet MC events,
is negligible. The same dijet MC sample is used in the electron chan-
nel to cross-check the data-driven fake-background estimate. All gener-
ated MC events undergo the full ATLAS detector simulation [46] using
GEANT4 [47]. The fully simulated MC events are reconstructed in the
same manner as the data events and corrected to match the number
of interactions per bunch crossing (in-time pile-up) observed in data.
The effect of multiple interactions in the same and neighbouring bunch
crossings (pile-up) was modelled by overlaying [48] the simulated hard-
scattering event with inelastic proton-proton events generated from a
mix of EPOS 2.0.1.4 [49] and PYTHIA 8.308 [35].

4. Event selection and background estimation

The physics objects used to reconstruct the lepton +jet final states
in this analysis include electrons, muons, jets, and missing transverse
momentum. The definitions of these objects as well as the event selection
criteria are given below.

Signal electron candidates are reconstructed from energy clusters in
the electromagnetic (EM) calorimeter that are matched to an inner-
detector track. They are required to have |5| < 2.47, excluding the
transition region 1.37 < || < 1.52 between the barrel and endcap EM
calorimeters. To ensure that these electrons originate from the primary
vertex, the longitudinal impact parameter z of their track relative to the
primary vertex must satisfy |z, sin 6| < 0.5 mm, where 6 is the track’s po-
lar angle. Similarly, their transverse impact parameter d, must have a
significance satisfying |dy|/o(d,) < 5, where o(d,) is the uncertainty in
dy. Electrons are required to have pr > 150 GeV and satisfy the Tight
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Fig. 1. Invariant mass of the lepton—jet pair in the W + jets validation region for (a) the electron channel and (b) the muon channel. The data-to-background ratio is
shown in the bottom panels, and hatched bands indicate the total statistical and systematic uncertainty. In (a), “Others” denotes subdominant backgrounds including
top and diboson processes. The MC contributions are normalised based on their expected cross-section, prior to the likelihood fit.

identification and HighPtCaloOnly isolation criteria [50,51]. They must
also match the corresponding trigger-level electron object.

Signal muon candidates are reconstructed by matching inner-
detector tracks in the region || < 2.5 to tracks reconstructed in the MS.
For muons, the transverse impact parameter requirement is tightened to
|dy|/o(dy) < 3, whereas the longitudinal one is the same as for electrons.
Muons must satisfy py > 150 GeV and also the High-p; identification cri-
terion and PflowTightVarRad isolation requirement [52]. This identifica-
tion criterion is used to ensure optimal muon momentum resolution at
high pr. It requires at least three hits in each of three layers of precision
tracking chambers in the MS, while specific regions of the MS where the
alignment is suboptimal are vetoed. Selected muons are also required to
match the trigger-level muon objects.

Jets are reconstructed from particle-flow objects [53] using the
anti-k, algorithm [54,55] with a radius parameter of R = 0.4. All jets
are required to have |n| < 2.5. Signal jets must satisfy pr > 130 GeV. To
resolve ambiguities between reconstructed objects, a standard overlap-
removal procedure is applied to leptons and jets to avoid the double-
counting of energy deposits [27].

The missing transverse momentum, p%“ss is defined as the magnitude
of the negative vectorial sum of the transverse momenta of all selected
and calibrated physics objects and other inner-detector tracks from the
primary vertex that are not associated with any of these objects [56]. For
the p%liss calculation, the identification criteria for electrons and muons
are relaxed. Additionally, an object-based missing transverse momen-
tum significance S(pgﬁss) measures the likelihood that the reconstructed
pT'*® originates from real invisible particles rather than detector effects.
It is defined as S(p?iss) = p?‘iss /
longitudinally to pgﬂss and pyy the correlation between the transverse
and longitudinal resolutions relative to pl;“ss [56]. To suppress contri-
butions from pile-up, a jet vertex-tagging [57] requirement is applied to
jets with pr < 60 GeV, which may still enter the analysis via the overlap
removal or the calculation of pm‘SS

All reconstructed objects in s1mulations have their reconstruction ef-
ficiency, energy scale and energy resolution corrected to data, where the

> > . .
o; (1 — pi1), where oy is the resolution

corrections discussed in Refs. [50-53,56,57] are updated to the Run 3
conditions. Moreover, all events are required to contain a primary vertex
built from at least two associated tracks with pp > 0.5 GeV. If more than
one such vertex is present, the primary vertex is the one with the highest
sum of squared transverse momenta EP% of its associated tracks [58].

Candidate events in the signal region (SR) require exactly one signal
lepton and at least one signal jet with invariant mass m,; > 3 TeV. The
angular separation between the lepton and the jet is required to satisfy
Ag¢,; > 2.8 and An,; < 3.25 to exploit the back-to-back topology of the
QBH decay. To estimate the shape and/or normalisation of the domi-
nant backgrounds, the analysis defines several control and validation
regions (CRs and VRs, respectively). The normalisation of contributions
from W and Z events is estimated in single-bin CRs (W CR and ZCR),
while their shapes are taken from MC simulation, following confirma-
tion that no shape correction from data is needed. These estimates are
validated in the respective validation regions (W VR and ZVR), by ex-
amining the ratios of the total background to data and checking that
they are within the uncertainty. Smaller backgrounds from 7, single-
top, V'V and 7V events are estimated directly from MC simulation. The
background due to fake/non-prompt electrons is estimated from data by
using the matrix method (MM) [59]; the rates determined in a dedicated
fake-enriched CR (fCR) are applied to all other analysis regions to ob-
tain the fake-electron background contribution there. The behaviour of
this background is examined in a corresponding VR (fVR). In the muon
channel, the corresponding contribution is estimated from the dijet MC
sample and found to be negligible. All CRs and VRs are orthogonal to the
SRs and to each other via selections on the m,; and S(pfr“iss) variables.
The region definitions and event selection are summarised in Table 1.
The final background estimate is obtained from a simultaneous fit to
data in the aforementioned regions. The fit procedure is described in
Section 6.

The WCR is designed to be maximally pure in the W +jets back-
ground component by requiring S(p?‘iss) > 5.0(3.0) for the electron
(muon) channel. The different selection values originate from the need
to accommodate the fCR in the electron channel, as discussed below.
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Table 1

Analysis regions definitions. The control (validation) regions used to estimate
the leading backgrounds, fake electrons and V + jets, are indicated. The label
ej(uj) refers to the electron (muon) channel. The “signal” subscript denotes the
different lepton and jet signal definitions in the text. The dash (—) indicates
a selection criterion not applied, where N/A indicates a criterion cannot be
applied, in regions which require exactly one signal lepton. Selections on m,;
and S(p7"**) orthogonalise analysis regions from one another. The fCR and fVR
are only relevant in the context of the electron channel. The m,, criterion in the
fCR is only applied in the presence of a second electron.

Variable WCR (WVR) fCR (fVR) ZCR (ZVR) SR
(electron channel only)

N 2! 21 21 21
stignal 1 1 2 1

my; [TeV] 1.0-2.0 (2.0-3.0) 1.0-3.0 1.0-2.0 (2.0-3.0) >3.0

P [GeV] >150 >150 >150 >150

py [GeV] >130 >130 >130 >130

S(P) ej,puj >5.0,3.0 <3.0 (3.0-5.0) — —

m,, [GeV] N/A >120 60-120 N/A

Aty <3.25 — — <3.25

Ady, >28 — — >2.8

Similarly, the ZCR is made maximally pure in the Z +jets component
by requiring a second same-flavour lepton, with the dilepton invariant
mass constrained to the range 60-120 GeV. These two CRs are defined
in the m,; range from 1 to 2 TeV, while the respective VRs cover the 2
to 3 TeV range. Distributions in the W VRs are shown in Fig. 1, where
it is shown that data and background predictions agree well within the
assigned uncertainties.

In the electron channel, the dominant background in the SR arises
from fakes, estimated via the MM. The MM requires the definition of
“real” and “fake” rates, r and f, respectively. These probabilities are
defined as the ratio of events coming from two different electron pop-
ulations: signal and baseline. The signal criteria are defined above. The
baseline criteria are defined by relaxing the electron identification from
Tight to Medium and removing the isolation requirement [50,51]. These
criteria are only used in order to (i) estimate f in fCR, and (ii) build
the respective background template in the different regions. The estima-
tion of r is performed in a “real”-enriched region using Z(— e*e™)+jets
MC events. The estimation of f is performed in a “fake”-enriched region
that is both orthogonal to the SR and contains a high-enough event yield.
This is achieved by requiring that m,; be in the range 1-3 TeV. To in-
crease the fakes’ purity in that region, contributions from the dominant
W +jets and Z + jets backgrounds are reduced by placing a requirement
on S(p?‘iss) or m,,, respectively. The resulting fraction of events with
fakes in the fCR ranges from 60% to 90% (30% to 45%) for the baseline
(signal) population. Both r and f are calculated as a function of the elec-
tron pr in the range 150-2000 GeV and || in four bins within the range
0-2.47, excluding the transition region mentioned above. In the calcula-
tion of f, the prompt-electron contributions found in MC simulation are
subtracted from the data in the fCR, for both populations separately.
Using the MM, r and f are combined into weights that are applied to
data events meeting the baseline criteria. This operation yields the fakes
background template in the different regions. The result is validated in
the fVR, defined in Table 1. The m,; distribution in the fVR is shown
in Fig. 2, where the data and background predictions are seen to be in
agreement within the assigned uncertainties. As can be seen, the fakes
component is subdominant in this region, roughly 2-3 times smaller
than the W +jets component. Nevertheless, this still allows to assess
the modelling of the fakes background estimation there.

In the electron channel prior to the fit, the fakes component con-
stitutes approximately 56% of the total SR background, followed by
W +jets at 32%, with Z +jets, top, and diboson processes contributing
the remaining 12%. In the muon channel, W + jets dominates at approx-
imately 80%, with Z + jets, top, and diboson processes accounting for
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Fig. 2. Invariant mass of the lepton—jet pair in the fakes validation region. The
data-to-background ratio is shown in the bottom panel, and hatched bands indi-
cate the total statistical and systematic uncertainty. “Others” denotes subdom-
inant backgrounds including top and diboson processes. The MC contributions
are normalised based on their expected cross-section, prior to the likelihood fit.

the remaining 20%. The signal acceptance times efficiency ranges from
76% to 86% (52% to 58%) for the electron (muon) channel, for the signals
considered in this analysis. The factors responsible for the difference in
yield between the two channels are the lepton acceptance times effi-
ciency and the lepton momentum resolution. The muon trigger has a
lower geometric coverage than the electron counterpart. Furthermore,
very tight identification requirements are necessary to maintain a rea-
sonable muon momentum resolution at high pr. Uncertainties associated
with the modelling of high-p; muon identification are taken into ac-
count as discussed in Ref. [52]. The limited momentum resolution leads
to a significantly worse muon + jet mass resolution as compared to the
electron +jet case and thus broader signal shapes. The lepton + jet mass
resolution in the electron channel is consistently below 5% for all signal
My, points considered in the analysis. The muon-channel mass resolu-
tion varies between 25% and 30% for signal My, values between 6 TeV
and 10 TeV, respectively. The resolution is obtained from the quadra-
ture sum of the standard deviation and the small bias in the mean of the
respective lepton + jet mass reconstruction response distribution.

5. Systematic uncertainties

Systematic uncertainties affecting the signal and background expec-
tations arise from various experimental and theoretical sources and are
evaluated using the methods described below. Theoretical uncertainties
are only calculated for the two leading MC backgrounds, W + jets and
Z +jets, since the others are significantly smaller and their uncertainties
have negligible impact on the analysis. These uncertainties, which orig-
inate from missing higher-order corrections, contribute via the choice
of QCD renormalisation and factorisation scales, strong coupling con-
stant and PDFs [38]. These sources are collectively referred to as “the-
ory uncertainties” and amount to ~30% of the V' +jets background yield
in the SR. Following previous publications, no theoretical uncertainties
are assigned to the QBH benchmark signals. This choice is related to
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Fig. 3. Distribution of the lepton + jet invariant mass for events passing the full signal selection for (a) the electron channel and (b) the muon channel. Benchmark
signals for the RS and ADD models with n = 1, 6 extra dimensions at M, = 8,10 TeV, respectively, are scaled by a factor of 20 for presentation purposes and overlaid
on the total background estimate. The uncertainty band includes the statistical and systematic uncertainties. The highest-mass data events observed in the last bin
have m, j values of 5.3 (5.0, 5.1, 5.5) TeV in the electron (muon) channel, and are plotted at the bin’s centre. In (a), “Others” denotes subdominant backgrounds
including top and diboson processes. The MC contributions are normalised based on the likelihood fit.

the unclarity in the application of these uncertainties to QBH produc-
tion. It originates from the lack of an established quantum theory for
the interaction between gravity and partons. Experimental uncertainties
are evaluated for all MC signal and background samples. These uncer-
tainties include those estimated by varying the reconstruction, identi-
fication, isolation and trigger efficiencies, and the energy/momentum
calibration of electrons [60], muons [52], jets [61] and p?iss [56], as
well as uncertainties in the integrated luminosity [62] and pile-up. The
theory and experimental uncertainties are propagated to the fakes back-
ground through the prompt-electron MC event yield that is subtracted
from data in the fCR, as explained in the previous section. Collectively,
they correspond to an uncertainty of approximately 18% of the fakes
background in the SR, with the dominant contribution being from QCD
scale uncertainties. Additionally, a separate normalisation uncertainty
due to the fakes in the fCR and SR not having the same mix of ori-
gins is considered. In this analysis, almost all fakes originate from light-
flavour decays or photon conversions, according to the dijet MC sample.
The two origins populate the fCR and SR differently. Light-flavour de-
cays account for 92% (71%) of fakes in the fCR (SR), whereas photon
conversions account for 8% (29%). The corresponding uncertainty is
found by calculating the weighted average of the difference in the two
origins between the fCR and SR, as follows: let g,’/u be the fraction of
electrons of origin {light-flavour decays, photon conversion} in region
{ fCR, SR}, where LF denotes light-flavour decays and y-conv denotes
photon conversions, and gif + gz *" = 1. The uncertainty is therefore
géglglf“léR — gkl + gy ;’éﬁ"v — g5x°™|. This uncertainty amounts to
22% on the yield of the fakes background. By considering the differ-
ence in origin between the fCR and fVR, the same uncertainty, com-
puted in the same manner, is found to be 17% in the fVR. Lastly,
the limited size of the data and MC samples in the fCR is accounted
for via a separate systematic uncertainty, which is then propagated
as a function of electron p; and |5| to the SR, where it amounts to
about 16%.

Table 2

Expected and observed exclusion limits at 95% confidence level on the QBH
mass threshold M, for RS and ADD models with different number of extra
dimensions n, in the electron and muon channels, using Run 3 data at a centre-
of-mass energy of 13.6 TeV.

Model RS ADD

n 1 2 4 6
Channel e+j u+j e+j u+j e+j u+j e+j u+j
Exclusion limit Expected

M, [TeV] 7.1 6.6 8.5 8.1 9.1 8.7 9.4 9.0
Exclusion limit Observed

M, [TeV] 7.2 6.6 8.6 8.2 9.1 8.7 9.4 9.0

6. Results

A signal-plus-background model is used to fit the observed m,; spec-
tra simultaneously in the SR, W CR and ZCR using the profile-likelihood
method [63]. The expected and observed event counts in each m, ; bin
are described by Poisson-distributed variables, where the uncertainties
are accounted for via nuisance parameters. The SR bins are chosen such
that all have a background expectation of > O(1) events and are coarser
than the detector resolution. The sensitivity of the analysis is driven by
the highest m,; bin of the SR, 5-13 TeV. Contributions above 13 TeV
are included in this bin. In that bin, the number of background events in
the electron channel is predicted to be 1.46 + 0.65, + 0.38, , where
the leading systematic uncertainty is from the fakes estimation. In the
muon channel, the number of background events in the highest bin is
predicted to be 3.10 + 0.95, +0.475, , where the leading systematic
uncertainty is due to the modelling of the W + jets background. Normali-
sation factors for the leading MC backgrounds, W +jets and Z +jets, are
found to be 1.2 +0.5 and 1.1 £ 0.4 (1.1 £0.5 and 1.0 + 0.3) for W +jets
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Fig. 4. Exclusion limits at 95% confidence level (CL) on the sum of the production cross-section times branching ratio of quantum black holes in the ADD model
with n = 6 extra dimensions for the (a) electron and (b) muon channels, and in the RS model with n = 1 extra dimension for the (c¢) electron and (d) muon channels.
The +10 and +2¢ uncertainty bands around the expected limit are shown. The central theoretical values are overlaid. The summation subscript g¢’ corresponds to
the three relevant production channels of the quantum black hole. The branching fraction used is per lepton flavour.

and Z +jets in the electron (muon) channel, respectively. A moderate
20% (25%) non-closure is observed in the ZVR in the electron (muon)
channel; given the small Z +jets fraction of 5% (12%) in the SR, the
potential impact on the background yield in the SR is at most 1%-2%
and is negligible. It is therefore not included in the fit as a separate
uncertainty.

No significant excess of data is observed above the SM background.
The m,; distributions in the electron channel SR and muon channel
SR after the fit are shown in Fig. 3. Benchmark signal MC predictions
corresponding to the RS and ADD models are overlaid for reference.
The signals considered in this search are generally expected to pop-
ulate the m,; region above 6 TeV, while the background shape falls
steeply between 3 and 6 TeV in both channels. In the electron channel,
the highest-mass event observed in data corresponds to m,; = 5.3 TeV.
This event features an electron with (pr,7) = (1.2 TeV, 1.55), a jet with
(pr,m) = (1.2 TeV,—-1.29), and a low S(p’T“iSS) of 2.80. The objects are
nearly back-to-back in the transverse plane with A¢(Z, j) = 3.05, with
a large pseudorapidity separation Ax(Z, j) = 2.84. In the muon channel,
the event with the highest invariant mass corresponds to m,; = 5.5 TeV.
This event features a muon with (pr,n) = (5.2 TeV,1.33), a jet with
(pr.n) = (1.2 TeV,0.39), and a low S(pfpi“) of 1.43. The objects are nearly
back-to-back in the transverse plane with A¢(Z,j) = 3.11, with a rel-
atively small pseudorapidity separation of An(¢,j) = 0.94 indicating a
centrally produced system.

Upper limits on the QBH production cross-section times branching
ratio are set at 95% CL using the CL; method in the asymptotic approx-
imation, as shown in Fig. 4. The limits set using the asymptotic approx-
imation are validated against those obtained with pseudo-experiments,
showing per-mille-level agreement on the cross-section limit for a vari-
ety of tested mass hypotheses.

The RS model is excluded at 95% CL for signals with My <
7.2 TeV. Depending on the number of EDs, ADD models with My, below
8.6-9.4 TeV are excluded at 95% CL. The observed and expected My,
exclusion limits at 95% CL for the signal models considered are detailed
in Table 2. The electron channel surpasses the muon channel in sensitiv-
ity by a factor of ~3, due to better momentum resolution for electrons
and its impact on the acceptance times efficiency, as well as the lower
background in the SR. Hence, the two channels are not combined.

7. Conclusion

This ATLAS analysis is performed using 164 fb™' of data collected
from \/_ =13.6 TeV pp collisions at the LHC. The search for QBH-like
signals yields no evidence of an excess in the lepton + jet invariant mass
distribution in electron +jet or muon + jet final states. Exclusion limits
are placed on the production cross-section times branching ratio in a
few ADD and RS QBH scenarios. The experimental sensitivity is driven
by the statistical uncertainty. The highest exclusion limits are for ADD
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QBH scenarios with six extra dimensions, observed at 9.4 TeV (9.0 TeV)
in the electron (muon) channel. Owing to the much better momentum
resolution and larger acceptance times efficiency in the electron chan-
nel, the sensitivity is significantly higher. This analysis extends the mass-
exclusion reach of the previous ATLAS search performed at \/— =13TeV
using the full 140 fb~! Run 2 dataset [15] by 0.8 (0.4) TeV in the electron
(muon) channel for QBHs in the ADD model with n = 6 extra dimen-
sions. These limits represent the world-best sensitivity for the signals
considered.
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