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1 Introduction

This paper describes a search for three theoretical objects predicted to exist at the TeV scale:
microscopic black holes (BHs), string balls (SBs), and sphalerons. Microscopic BHs are the
manifestation of certain theoretical scenarios beyond the standard model (BSM) that could
address open questions of the standard model (SM), such as the hierarchy problem. The
Arkani-Hamed–Dimopoulos–Dvali (ADD) [1–3] and Randall–Sundrum (RS) [4, 5] models
address the hierarchy problem by means of extra dimensions with properties that can explain
gravity’s apparent weakness in the standard 3+1 dimensions of space-time. In this paper,
we present the results of a search for manifestations of the ADD model. In this framework,
the strength of gravity is greatly increased when its extra dimensional components are taken
into account. This shifts the fundamental Planck scale (MD) downward to a level near the
electroweak (EW) scale. As a result, microscopic BH formation becomes possible for BHs
with mass MBH ≥ MD [6–8]. In the semiclassical case where MBH is well above MD, the
microscopic BHs quickly evaporate via Hawking radiation [9] to a large number of energetic
particles, such as gluons, quarks, leptons, and photons. If MBH is close to MD, quantum
effects become significant, altering the decays. For example, quantum BHs decay before they
thermalize and produce low-multiplicity final states [10–12].
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Another model based on string theory predicts that in the region between MD and the
threshold for BH formation, highly excited long, jagged SB states [13] can be produced
with masses of order MS/gS, where MS is the string scale and gS is the string coupling.
The transition from SBs to semiclassical BHs occurs for masses above MS/g

2
S. Similar to

semiclassical BHs, SB evaporation yields a large number of SM particles.
Sphalerons are unstable solutions of the electroweak field equations corresponding to

saddle-point configurations of the electroweak potential [14, 15] that allow baryon and lepton
number violation, an essential requirement for the matter-antimatter asymmetry in the
universe. In the SM, there are twelve globally conserved currents Jµ = ψLγ

µψL, each
corresponding to the flavor conservation of one of the 12 fundamental fermions. When the
conservation is broken by the electroweak chiral anomaly, the integral of the divergence of
these currents over space-time produces what is known as the Chern–Simons number [15], NCS,
which characterizes the topological structure of the EW vacuum. Each sphaleron-induced
transition is associated with an NCS, resulting in a violation of baryon (B) and lepton (L)
numbers by ∆B = ∆L = 3NCS, such that ∆(B+L) = 6NCS and ∆(B−L) = 0. The sphaleron
potential is a periodic potential with minima (the vacua) characterized by the integer values
of NCS. The energy required to overcome the potential barriers between minima, known as
the sphaleron transition energy (Esph), is estimated to be around 9 TeV [16]. An anomaly
only occurs when there is sufficient energy to overcome the potential barrier. The minimal
final state from a sphaleron transition, corresponding to NCS = ±1, consists of 12 fermions:
three charged leptons, three neutrinos, and six quarks (one from each generation and color).
Additional quark-antiquark pairs and gauge bosons may also be produced in the process,
leading to high-multiplicity final states, potentially observable at the CERN LHC [16–18].

At the LHC, three types of objects discussed above could produce very similar event
signatures involving multiple leptons, photons, and jets that are distinct from SM backgrounds.

The ATLAS Collaboration published a search for BHs [19] using 3.6 fb−1 of data collected
at

√
s = 13 TeV that was recast by Ellis and Sakurai as a search for sphalerons [17]. The

ATLAS Collaboration also searched for quantum BHs in lepton+jet final states using a√
s = 13 TeV data set corresponding to an integrated luminosity of 140 fb−1 [20]. An

analysis by CMS at the same center-of-mass energy, based on 2016 data, corresponding
to an integrated luminosity of 35.9 fb−1, was reported in ref. [21]. The search reported
here is an update to the previous CMS analysis. In addition to using a larger data set,
we use a novel phase space metric to set model-dependent limits, while also applying
the shape invariance approach used in previous CMS publications [21–25], to set model-
independent limits.

The paper is organized as follows. The CMS detector and event reconstruction are
presented in section 2. Section 3 describes the signal models considered and the associated
simulated data samples. Section 4 discusses the event reconstruction, while section 5 introduces
the variables used in this search. The event selection is detailed in section 6, followed in
section 7 by descriptions of the two background estimation methods we employ. Section 8
presents the systematic uncertainties associated with the signal simulation, and the results
are shown in section 9. The paper is summarized in section 10.

Tabulated results are provided in the HEPData record for this analysis [26].
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [27, 28].

The silicon tracker used in 2016 measured charged particles within the range |η| <
2.5. For nonisolated particles of transverse momenta (pT) between 1 and 10 GeV, and
|η| < 1.4, the track resolutions were typically 1.5% in pT and 25–90 (45–150)µm in the
transverse (longitudinal) impact parameter [29]. At the start of 2017, a new pixel detector was
installed [30]; the upgraded tracker measured particles up to |η| = 3.0 with typical resolutions
of 1.5% in pT and 20–75µm in the transverse impact parameter [31] for nonisolated particles
of 1 < pT < 10 GeV. According to simulation studies [32], similar improvements are expected
in the longitudinal direction.

Events of interest are selected by a two-level trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of approximately 100 kHz within a fixed latency of approximately
4µs [33]. The second level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software optimized for fast
processing. It reduces the event rate to a few kHz before data storage [34, 35].

3 Data and simulated samples

The analysis is based on a data sample collected with the CMS detector from 2016 to 2018
in proton-proton (pp) collisions at a center-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 138 fb−1.

The BH signal samples were produced at leading order using Monte Carlo (MC) simulation
with the BlackMax v2.02.0 [36] and Charybdis2 v1.003 [37, 38] generators at

√
s = 13 TeV.

The Charybdis2 generator models BH decay primarily through semiclassical Hawking
radiation with graybody factors, while BlackMax offers more flexible parameterizations
for the decay spectra and different treatments of mass and angular momentum loss during
evaporation. The SB samples were generated using Charybdis2. The sphaleron samples
used the BaryoGEN v1.0 [39] generator. Simulations for quantum chromodynamics (QCD)
multijet production with MadGraph5_amc@nlo v2.2.2 [40] at leading order using the
MLM matching scheme [41] have been employed to guide the selection criteria and train
machine-learning models, as detailed in section 6.
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The BH samples were produced under different assumptions regarding the angular
momentum, energy loss, and decay mechanisms. Samples labeled with “B” were produced
using the BlackMax generator:

• B1: nonrotating;

• B2: rotating with no graviton emission included;

• B3: rotating with energy and angular momentum loss (graviton emission included);

while those labeled with “C” were produced using the Charybdis2 generator:

• C1: rotating;

• C2: nonrotating;

• C3: rotating with the evaporation model in refs. [42, 43];

• C4: rotating with the Yoshino–Rychkov (YR) loss model [44], which is a conservative
bound that includes impact parameter considerations;

• C5: rotating, stable-remnant model [45–47], where the stable remnant must be a
colorless object essentially equivalent to a quark-antiquark bound state;

• C6: rotating, boiling remnant model [13, 48], where the remnant continues to evaporate
until a maximum Hawking temperature equal to MD is reached.

Furthermore, the samples were simulated with various combinations of model parameters.
For each model, the fundamental Planck scale MD is varied between 2 and 9 TeV in 1 TeV
steps and for every mass value, n = 2, 4, and 6 extra dimensions are used. The number
of extra dimensions corresponds to representative benchmarks commonly used in previous
searches and spans a broad range of phenomenologically relevant models. The parameter
grids are chosen to provide adequate coverage of the accessible phase space while maintaining
a manageable number of simulated samples. The signal model varies smoothly between
neighboring simulated mass points, making interpolation between them appropriate. This
procedure was validated by comparing limits obtained from interpolated signal templates at
intermediate mass points with those obtained by interpolating between limits at neighboring
simulated mass points, yielding very similar results. As BH production is a threshold
phenomenon, we search for BHs above a certain minimum mass Mmin

BH . We vary Mmin
BH in

simulation from (MD + 1) TeV to 12 TeV in 1 TeV steps.
The production of SBs depends on two parameters, the string scale MS and the string

coupling gS. For all SB samples, n = 6 is used. In weakly-coupled string scenarios compactified
to 4 + n dimensions, MD and the string parameters are related by [48],

MD = g
−( 2

n−2 )
S MS. (3.1)

In simulation, the string scale MS is varied from 1 to 4 TeV in 0.5 TeV steps. For each mass
value, gS values of 0.2, 0.3, and 0.4 are used, while the minimum mass of SBs ranges from
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7 to 12 TeV in steps of 1 TeV. These parameter ranges cover both the formation of SBs
and their transition to semiclassical BHs.

Sphaleron production depends on two parameters, Esph and NCS. The parameter Esph is
scanned in a range from 8.5 to 9.5 TeV in steps of 0.25 TeV. Since the sphaleron transition
is exponentially suppressed by |NCS|, only NCS = ±1 are simulated. The probability of
NCS = +1 is denoted as p(NCS). The p(NCS) values of 0%, 50%, and 100% were used, where,
for example, p(NCS) = 50% means half of the events have NCS = +1 and half have NCS = −1.

The theoretical cross section for sphaleron production is calculated in terms of the
partonic cross section [18],

σ̂
(√

ŝ
)

=
psph

m2
W

Θ
(√

ŝ− Esph
)
, (3.2)

where mW is the mass of the W boson, ŝ is the square of the partonic center-of-mass energy,
and Θ is the Heaviside step function. The partonic cross section is parameterized by the
two parameters Esph and psph, where the latter is a dimensionless phenomenological pre-
exponential factor that scales the reference sphaleron production cross section above the
threshold Esph. The sphaleron samples were generated assuming psph = 1, which facilitates
setting a limit on this factor.

In all MC samples, pythia v8.205 was used for hadronization with tune CP5 [49]. The
parton distribution function (PDF) set used in simulation is NNPDF3.1 at next-to-next-to-
leading order in perturbative QCD [50]. Simulated minimum bias events are superimposed
on the primary collision to mimic the impact of additional interactions that occur in the
same or adjacent bunch crossings (pileup) [51].

4 Event reconstruction

For this analysis, which focuses on searching for signals at the TeV scale, events are selected
using an HLT criterion based on the scalar sum of transverse momenta of the reconstructed
jets (HT) in the event. The lowest HT threshold that ensures optimal performance and
data coverage is chosen. For data taken in the year 2016 this threshold is 900 GeV, while
for 2017–2018 it is 1050 GeV. The resulting trigger selection is fully efficient for events
that subsequently satisfy the offline requirements used in the analysis. Beyond the HLT
requirement, a preselection of ST > 2 TeV is applied, where ST is defined as the scalar
sum of the transverse momenta of all reconstructed objects in the event. The subsequent
requirements described in this section define the full event selection used in the analysis, for
which particles are reconstructed using the particle-flow (PF) algorithm [52].

The PF algorithm aims to identify each individual particle in an event, with an optimized
combination of information from the various elements of the CMS detector. The energy of
photons is obtained from the ECAL measurement. The energy of electrons is determined from
a combination of the electron momentum at the primary interaction vertex as determined
by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all
bremsstrahlung photons spatially compatible with emission from the electron along its curved
track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
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the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

The primary vertex is taken to be the vertex corresponding to the hardest scattering in
the event, evaluated using tracking information alone, as described in section 9.4.1 of ref. [53].
Events are required to contain a primary vertex within 24 cm of the nominal collision point
along the beam axis and within 2 cm in the transverse direction.

Jets are clustered from PF particles using the anti-kT algorithm with a distance parameter
R = 0.4. The jet momentum is determined as the vectorial sum of all particle momenta
in the jet, and is found from simulation to be within 5 to 10% of the true momentum over
the whole pT spectrum and detector acceptance. Jet energy corrections are derived from
simulation to bring the average measured jet energy into agreement with that of particle-
level jets. In situ measurements of the momentum balance in dijet, γ+jets, and Z+jets
events are used to determine any residual differences between the jet energy scale in data
and in simulation, and appropriate corrections are applied [54]. Pileup interactions can
contribute additional tracks and calorimetric energy depositions to the jet momentum. To
mitigate this effect, charged particles matched to pileup vertices are removed and an offset
correction is applied to correct for remaining neutral-particle contributions [55]. All jets are
required to have pT > 70 GeV, and pseudorapidity |η| < 2.5. The threshold of 70 GeV is
chosen consistently for all reconstructed objects to ensure sufficient signal acceptance while
preserving sensitivity across a wide range of signal samples. Additional selection criteria [56]
are applied to each jet to remove those originating from calorimetric noise. An event-level
filter is applied such that the energy fraction carried by muon candidates in the leading pT
jet that fails the standard identification must be less than 80%. This requirement removes
events in which a low-momentum muon is misreconstructed with very high momentum and
misidentified as a high-energy jet.

Electrons are reconstructed as charged-particle tracks with additional energy depositions
in the ECAL [57]. A requirement of pseudorapidity |η| < 2.5 is applied to all electrons.
Identification criteria make use of a discriminant that combines information on the recon-
structed electron and its isolation from other activity in the event. Additional constraints
on the transverse and longitudinal impact parameters of electron tracks ensure consistency
with the primary vertex. The chosen discriminant working point corresponds to a selection
efficiency of approximately 80% [58].

Photon reconstruction is based on information from the electromagnetic calorimeter with
the requirement of no matched charged-particle tracks. As for electrons, a requirement of
pseudorapidity |η| < 2.5 is applied along with an identification discriminant working point
that achieves approximately 80% efficiency [58].

Muon candidates are reconstructed using the PF algorithm and are categorized as global
muons [59], by the combined fit of tracks in the silicon tracker and the muon system. Tight
selection criteria are then applied to remove misidentified muons from hadronic decays or
hadron shower remnants [60]. An isolation requirement is applied to reduce contamination
from nonprompt muons originating from decays of hadrons within jets. Muon candidates
are required to have pseudorapidity |η| < 2.4.
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An object arbitration procedure is used to disambiguate objects in the event. It is applied
to photons and jets using a cone centered on their reconstructed approximate trajectories,
of size ∆R =

√
(∆η)2 + (∆ϕ)2 = 0.4. The arbitration proceeds in a specific hierarchical

order as follows. First, all leptons are retained. Next, photons are selected only if there is
no lepton in the cone. Finally, jets are selected from the remaining objects, provided that
there is no lepton or photon in the cone.

The missing transverse momentum vector p⃗miss
T is defined as the projection onto the

plane perpendicular to the beam axis of the negative vector sum of the momenta of all
reconstructed PF objects in an event [61]. Its magnitude is referred to as pmiss

T . The jet
energy corrections are propagated into the pmiss

T reconstruction.

5 Observables

The key observables used in this analysis to discriminate between signal and background
include the scalar sum of transverse momenta of all objects in the event (ST), sphericity
(S) [62–64], and in the case of the model-dependent search, a novel phase space distance
metric is also employed. The objects in an event are jets, electrons, photons, muons, and
missing transverse momentum (pmiss

T ).

5.1 Scalar sum of transverse momenta

The ST variable is defined as the scalar sum of the pT of all objects in the event,

ST =
(

N∑
i=1

pTi

)
+ pmiss

T . (5.1)

The ST distributions for various signal models, together with that of the QCD multijet
background, are shown in figure 1 (left). Among BH signals, we use the B1 model with n = 2
and MD = 2 TeV as a representative case for the description of the analysis, including many
figures and resulting exclusions. Where relevant, figures focus on the MBH and MD mass
points near exclusion. Other models are treated similarly and the limits associated with them
are included in the final exclusion plots in section 9. For the sphaleron signal, the nominal
Esph = 9 TeV with different p(NCS) assumptions is shown.

The shape of the ST distribution for background processes, which is dominated by QCD
multijet background, is assumed to be independent of the object multiplicity, N . This
facilitates the modeling of the background from control regions (CRs) and the extension
of its prediction to higher multiplicities where BSM physics signals may be present. This
is discussed in more detail in section 7.1.

5.2 Sphericity

Sphericity is a measure of how isotropic an event is, and it is employed to improve signal
sensitivity. In this paper, sphericity is defined as follows:

S = 2λ2
λ2 + λ1

, (5.2)
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Figure 1. The ST (left) and sphericity (right) distributions for various BH (with n = 2) and sphaleron
signal models are plotted along with the corresponding distributions for simulated QCD multijet
background events. The distributions are normalized to unit area.

where λ1 and λ2 are the eigenvalues of the transverse momentum tensor,

SL
xy = 1∑

i pTi

∑
i

1
pTi

[
p2

xi pxipyi

pxipyi p2
yi

]
, (5.3)

where the index i extends over all objects passing our selection criteria. The definition of
sphericity in this paper is restricted to the transverse plane and has been referred to as
transverse sphericity [63, 64]. Signal events tend to be more spherical than background
events due to the isotropic decays of BHs and sphalerons. Therefore, it is expected that the
sphericity distribution for signal events will be shifted towards higher values compared to the
QCD multijet background, as shown in figure 1 (right). As the mass of the BH increases,
its temperature decreases, which results in a larger number of softer objects emitted in
the process of evaporation. BH models with higher MBH tend to have a more pronounced
shift to higher sphericity values.

5.3 Phase space distance

Novel representations of collider data play an increasingly important role in modern machine
learning methods. For example, optimal transport distances using energy flow distributions,
have given rise to a new geometry of collider events [65–67] that has widespread applications
in particle physics [68–72]. However, less attention has been given to the intrinsic geometry
of the phase space manifold where scattering amplitudes are defined. A natural distance
between collider events with N objects was proposed in ref. [73]. To this end, a covariant
description of the massless N -body phase space manifold ΠN is presented and shown to be
isomorphic to the product space of an (N − 1)-simplex ∆N−1 and a (2N − 3)-hypersphere
S2N−3: ΠN

∼= ∆N−1 ⊗ S2N−3. Explicit and global coordinates of the phase space, ρ⃗ for
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the simplex and v⃗ for the hypersphere, are obtained via transforms of the four-vectors of
the N objects in the event.

A practical metric for collider events using global phase space coordinates was developed
and tailored to the structure of events at hadron colliders in the center-of-mass frame [74].
After pre-processing the collider events and the manifold, the metric distance between two
events, A and B, is defined by

dΠ(ρ⃗A, v⃗
′
A; ρ⃗B, v⃗

′
B) =

√√√√ 1
16π2

(
c

4

) 3−2N
3N−4

d2
∆(ρ⃗A, ρ⃗B) + 1

4π2

(
c

4

) N−1
3N−4

d2
S(v⃗′A, v⃗

′
B), (5.4)

where d∆ is the distance on the simplex, dS is the distance on the hypersphere, and c serves as
a relative reweighting factor that gives rise to equally valid phase space distances. The relative
reweighting factor is optimized to maximize the performance of the phase space distance
in distinguishing signal from background events. In this analysis, we use the ratio sphere:
simplex = 4 : 1, defined as the ratio of the coefficients that multiply the hypersphere term d2

S
and the simplex term d2

∆ in eq. (5.4). For any object multiplicity N this ratio of coefficients
reduces to c, so the choice 4 : 1 corresponds to setting c = 4. The definitions of the coordinates
and derivations of the distances can be found in ref. [74]. When combined with downstream
machine-learning algorithms, the phase space distance achieves approximately 80% accuracy
in distinguishing top quark pair production events from QCD dijet events in MC simulations.

Given that the dimension of the phase space manifold depends on the particle multiplicity
N , a consistent means of defining the distance between events with different multiplicities is
needed. In this work, we achieve this by fixing the number of objects per event to N = 30.
This number covers the highest multiplicity seen in signal MC samples. When fewer than
30 objects are available in an event, the remaining entries are ‘zero-padded’, i.e., they are
assigned a value of zero for subsequent calculations.

6 Event selection

A sphericity requirement of S > 0.1, is applied to reject background events, particularly at low
ST, where background contamination is highest. The sphericity requirement is determined
from a scan of the sphericity threshold, evaluating the expected significance for all signal
models considered. With the S > 0.1 selection, an average improvement in sensitivity of
approximately 70% is observed across the signal models used in this search. While a small
number of models show a mild reduction in significance, the majority of signal models have
a substantial gain, with improvements up to ∼200%.

A preselection requirement of N ≥ 3 objects is applied for the background fit in the
model-independent search described in section 7.1, while N ≥ 4 objects is required for the
phase space distance method described in section 7.2.

Due to the high dimensionality of the phase space manifold, the phase space distance,
defined in section 5, is not an optimal discriminator on its own and so it is combined with a
machine-learning classifier to enhance the separation between signal and background. The
support vector machine (SVM) [75] classifier is chosen for this purpose because of its efficacy
in handling high-dimensional data and because of its intrinsic design that makes it a natural
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Figure 2. The SVM score distributions for simulated QCD multijets, and selected BH (with n = 2)
and sphaleron models, before (left) and after (right) the sphericity requirement. The distributions are
normalized to unit area.

choice for processing distance-based inputs. Using pairwise phase space distances as input,
the SVM classifies events by constructing a maximum-margin hyperplane that maximizes the
distance to the nearest data points from each class. This approach is more interpretable than
a “black-box” neural network because the decision boundary (hyperplane) is constructed
with physically motivated phase space distances. The radial basis function is used as the
kernel to provide a non-linear generalization for the SVM classifier,

k(x⃗A; x⃗B) = exp
[
−γd(x⃗A; x⃗B)2

]
, (6.1)

where d(x⃗A; x⃗B) = dΠ(ρ⃗A, v⃗
′
A; ρ⃗B, v⃗

′
B) is the phase space distance between event A and event

B, and γ is a hyperparameter that controls the width of the kernel, which is optimized during
the validation step of the training. The SVM model provides a probability for how signal-like
an event is, which is used as the SVM score in the subsequent analysis. To train the SVM, a
simulated QCD multijet sample is used for background, and a mixture of mass points in the
nonrotating B1 model with n = 2 extra dimensions is used as signal. This general model was
evaluated on other signals, including sphalerons, and demonstrated good performance. This
is likely because the B1 model with n = 2 is the most background-like, and so cases where
the signal is further from the background in this metric are less challenging to distinguish.

Figure 2 shows the SVM score distributions normalized to equal area for simulated
QCD multijet background and selected signal models, before (left) and after (right) the
sphericity requirement.

The value of the SVM score used to define the final signal search region (SR) in data
is optimized to maximize signal sensitivity as measured by the Punzi figure of merit [76]
with σ = 5 and is found to be 0.63 for several signal models. To evaluate the stability of
the results near this choice, the threshold was shifted to 0.5 or 0.7 resulting in a 4 to 25%
variation in the yield of signal events, depending on the mass point.
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Figure 3. The SVM score vs. the ST distributions for simulated QCD multijet background (left)
and the BH signal model B1 with MD = 2 TeV, MBH = 10 TeV, and n = 2 (right), after the
S > 0.1 selection.

Figure 3 shows distributions of SVM score versus ST for simulated QCD multijet back-
ground events (left) and the BH signal model B1 with MD = 2 TeV, MBH = 10 TeV, and
n = 2 (right). Clear separation between signal and background is observed.

7 Background prediction methods

The dominant background is expected to originate from QCD multijet events. The contribution
from processes, like tt , W+jets or Z+jets, is found to be negligible. As noted above, the
searches presented in this paper follow two different approaches. The two approaches also
entail different background prediction methods.

7.1 Shape invariance method

The shape invariance (SI) approach, following previous CMS publications on this topic [21–25],
assumes ST invariance with respect to the multiplicity N , which allows for an estimate of the
QCD background across samples selected with different minimum multiplicities. Simulation
studies confirm that the shape of the ST distribution remains consistent across multiplicities,
allowing the use of low-multiplicity events to model the ST distribution of high-multiplicity
backgrounds. Deviations associated with initial-state radiation and the selection on sphericity
are taken into account by additional systematic uncertainties, as described in section 8.

The method proceeds by first fitting 16 analytic functions to the ST distribution from
events with multiplicity N = 3 in a control region (SI-CR). These functional forms have
been commonly used in previous searches to model the QCD ST spectrum and are known to
provide a good description of the data within the fit region. The SI-CR, which spans from
ST = 2.5 TeV to ST = 5.2 TeV, is optimized to ensure robust background estimation, while
maintaining negligible signal contamination. To ensure a physically meaningful behavior of
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the background prediction, functions that do not exhibit a monotonically decreasing behavior
over the relevant ST range are excluded. All remaining candidate functions provide an
acceptable description of the data in the SI-CR, as determined by goodness-of-fit tests. The
choice of the nominal function is based on a comparison of the integrals of the candidate
functions in the range 5 < ST < 7 TeV. The function whose integral is closest to the central
value, defined as the average of the mean and median of the set of accepted functions,
is selected as the nominal function. This function defines the nominal background shape
prediction. The spread among the accepted functions is treated as a systematic uncertainty,
as described in section 8. This function is then propagated to higher multiplicities of the
final-state objects. The nominal function, chosen to be representative of the central behavior
of the accepted function set, is given by

f(ST) =
p0
(
1 −

(
S′

T
)1/3)p1(

S′
T
) p2+p3 ln

(
S
′
T
) , (7.1)

where S′
T = ST/

√
s and pi (i = 0, 1, 2, 3) are the fit parameters.

For each multiplicity threshold, the background estimate is normalized within a specific
low-ST window. The boundaries of this window are determined using simulated QCD multijet
events. The window begins at the ST value where the ratio relative to the exclusive N = 3
distribution reaches 99% of its plateau value. The exclusive N = 3 distribution refers to the
fitted background function obtained from the 2.5–5.2 TeV range. The window then extends
400 GeV beyond this threshold, ensuring that there is a sufficient number of events in the
normalization region. The regions of ST between 2.5 and 5.2 TeV then serve as a validation
region (SI-VR) to ensure that the background estimation works well in data. The ST range
directly above this region defines the signal region (SI-SR). Figure 4 shows that the prediction
in SI-VR describes the data within the uncertainties for different multiplicity thresholds,
including both low and high multiplicities.

7.2 Phase space distance method

The background prediction method for the phase space (PS) distance approach is the Alphabet
method [77], which relies on control samples in data as described below.

First, the SVM score is used to define regions enriched in background and depleted of
signal. The SR, referred to as the PASS region, contains events with SVM score greater than
or equal to 0.63. The CR, also referred to as the FAIL region, is defined by the complementary
set of events with a score smaller than 0.63. All events are required to satisfy N ≥ 4 and
S > 0.1 as discussed in the previous section.

Binned ST distributions are then created for both PASS and FAIL regions. The background
yields in the PASS region are estimated from the observed data distribution in the FAIL
region, multiplied by a transfer function RP/F(j),

Nbkg
PASS(j) = RP/F(j)Nbkg

FAIL(j), (7.2)

where Nbkg
PASS(j) is the estimated background yield in the j-th bin of the ST distribution in

the PASS region, Nbkg
FAIL(j) is a floating parameter that determines the background yield
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Figure 4. The ST distribution in the N ≥ 4 (left) and N ≥ 7 (right) in the SI-VR in data is indicated
by the black dots. The background prediction is represented by the red line, and the gray band
corresponds to the background modeling uncertainty. The lower panels show the difference between
observed data and the background prediction, normalized by the total uncertainty.

in the j-th bin of the ST distribution in the FAIL region, which is constrained to values
close to the observed data yield in the fit described below, and RP/F(j) is the value of the
pass-to-fail ratio for bin j. The RP/F ratio is modeled by an exponential function to ensure a
positive yield. Higher-order polynomials were found to have comparable performance when
evaluated by the Fisher F -test [78, 79].

Finally, a binned maximum likelihood fit is performed simultaneously in the PASS and
FAIL regions to extract both the background model, including the parameters of the RP/F(j)
function and the binned background yield in the FAIL region, and the signal strength. All
correlations between the parameters of the RP/F(j) function and the nuisance parameters
are accounted for by construction.

The method performs well in tests with MC simulations. To test the method with data,
a validation region (VR), defined by inverting the sphericity requirement to S < 0.1 is used.
The VR-FAIL and VR-PASS regions are once again separated by the SVM score of 0.63. The
post-fit distributions of the ST variable in the VR-FAIL and VR-PASS regions are shown
in the left and right plots of figure 5, respectively. The signal mass point B1, MD = 2 TeV,
MBH = 10 TeV, and n = 2 is also shown in the plots and indicates that there is negligible
signal contamination. The pull distributions in the PASS region, namely the distributions
of the ratios plotted in the lower panels, are found to be approximately symmetrical, with
standard deviations consistent with unity and centered near zero. The observed saturated
log-likelihood p-value in the VR-PASS region is higher than 0.05, indicating good agreement
between the background prediction and the data. The higher level of agreement between the
model and the data in the VR-FAIL region arises because this region is used to constrain
the background estimate.
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Figure 5. Post-fit ST distributions in VR-FAIL (left) and VR-PASS (right) regions in data. The gray
hatched areas include both statistical and systematic uncertainties in the background prediction (yellow
histogram). The red line corresponds to the signal model B1, with MD = 2 TeV, MBH = 10 TeV, and
n = 2. The lower panels show the difference between observed data and the background prediction,
normalized by the total uncertainty.

8 Systematic uncertainties

The systematic uncertainties are incorporated as nuisance parameters and are profiled in
the maximum likelihood fit.

The uncertainty in the integrated luminosity is applied as a 0.73% uncertainty affecting
the signal normalization [80]. The uncertainty associated with pileup is estimated by varying
the total inelastic cross section [81], which is used to compute the event weights, by one
standard deviation. This variation is then applied to the signal events to match the pileup
distribution observed in data. The resulting variations due to the pileup uncertainty are
below 1% across all signal mass points.

The uncertainties in the jet energy corrections [61, 82, 83] are included in both background
estimation methods. This leads to subdominant (< 1%) uncertainties.

For the SI background estimation method, the primary sources of systematic uncertainty
are associated with extrapolating the background from the CR to the SR and its normalization.
The extrapolation uncertainty arises from the procedure used to model the background and
it accounts for the range of possible background functions that fit the data in the fit region.
The uncertainty is derived from the envelope of the highest and lowest fits obtained from
the 16 test functions, which vary with multiplicity and ST. For ST > 5.2 TeV, where the
background prediction relies on an extrapolation beyond the fit region, this procedure results
in a conservative uncertainty of approximately 50% in the nominal background prediction
for all values of N .

An additional uncertainty is introduced to account for residual variations and possible
non-invariance in the low-ST region due to initial-state radiation. This uncertainty is assigned
a baseline value of 30% and increases with ST, reaching up to 120% in the high-ST region.
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A background normalization uncertainty associated with the procedure described above
accounts for variations in the low-ST normalization region, and ranges from 0.6 to 10%,
depending on multiplicity.

For the PS method, the background uncertainty has two sources: the statistical uncertainty
in the background yield in the FAIL region, which varies from 1% to 100% as ST increases,
and the statistical uncertainty in RP/F, which varies from 1% to 10% depending on ST.

Both methods are statistically limited.

9 Results

The results of the search are extracted by performing a simultaneous maximum likelihood
fit with the CMS statistical analysis tool Combine [84], which is based on the RooFit [85]
and RooStats [86] frameworks. They are interpreted in terms of model-independent limits
on BSM physics in energetic, multiparticle final states, and as model-dependent limits for a
set of semiclassical BH and SB scenarios, as well as for EW sphalerons.

Limits are set using the CLs method [87–89] with log-normal priors in the likelihood to
constrain the nuisance parameters near their best fit values. We do not use the asymptotic
approximation of the CLs method [90], as most models in the search region have very low
expected background, a condition for which the asymptotic approximation is known to
overestimate the search sensitivity.

9.1 Model-independent results

Figure 6 shows the ST distribution in the SI-SR in data along with the background prediction
and its uncertainty. No significant deviation in data compared to the expected SM background
is observed.

Model-independent 95% confidence level (CL) limits on the signal cross section for
ST > Smin

T times acceptance (A) are derived for a generic signal producing events above a
threshold Smin

T . These limits do not rely on assumptions about the signal model’s properties
or production mechanism. Acceptance is defined with respect to a fiducial phase space
corresponding to the full event and object selection used in the analysis. This includes the
requirements on reconstructed objects, event multiplicity, and the sphericity selection S > 0.1.
For sphaleron signal models, the acceptance is typically high, ranging from 89% to 93%.
For microscopic black hole signals, the acceptance depends strongly on the mass point and
model parameters. In the case of the B1 model, the acceptance varies between approximately
50% and 90% across the considered parameter space. The observed number of events in the
SI-SR sample is compared to the expected number of background events coming from the
extrapolation of the fitted function, allowing for a limit to be set on any excess of events
that could indicate the presence of a signal.

Figure 7 (left) shows the expected median limits, with 68% and 95% quantile bands,
and observed limits for N ≥ 4. We show the observed limits for different object multiplicity
thresholds in figure 7 (right) as functions of the ST threshold. The observed limits show an
improvement of about a factor of 4 over the previous CMS analysis [21]. The gain comes from
both the increased integrated luminosity and the enhanced background rejection provided
by the sphericity selection.
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Figure 6. The ST distribution in the N ≥ 4 (left) and N ≥ 7 (right) SI-SR in data, indicated by the
black dots, along with the background prediction and its uncertainty represented by the red line and
gray band, respectively. The error bars on the data points correspond to Poisson confidence intervals
associated with the observed event counts. Lower panel as in figure 4.
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requirements (right).
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Figure 8. Post-fit ST distributions in the FAIL (left) and PASS (right) regions in data. The gray
shaded area includes both statistical and systematic uncertainties in the background prediction (yellow
histogram) while the red and blue lines are B1 signal examples, as noted in the legends. Lower panel
as in figure 5.

9.2 Model-dependent results

Model-dependent results are derived using the PS method for background estimation, with
limits set using the ST distribution in the SR, defined by N ≥ 4, S > 0.1, and SVM score
> 0.63. The background prediction and observed data for the PS method are shown in
figure 8, together with the B1 model at n = 2 with MD = 2 TeV, MBH = 10 TeV (red) and
with MD = 3 TeV, MBH = 10 TeV (blue) as examples of expected signal distributions. No
significant deviation in data compared to the expected SM background is observed.

In figure 9, we compare the observed upper limits on the signal cross section to the
predicted cross section. In the B1 model with n = 2, values of MBH below 11.0 TeV are
excluded for MD = 2 TeV, and values below 10.4 TeV are excluded for MD = 4 TeV.

The observed limit lies below the median expected limit at lower MBH values because
the observed yield in the PASS region around 4 TeV in ST, visible in figure 8, is below the
predicted background. While this bin contributes negligibly to the limits at high MBH, signal
models with lower threshold masses populate this region of ST. The 68% and 95% expected
uncertainty bands narrow with increasing MBH as the background prediction becomes very
small causing the expected limits to approach the background-free regime where the exclusion
is determined primarily by the signal yield required for a 95% CL exclusion. However, the
bands retain finite width across the full MBH range.

Figure 10 summarizes results for excluded masses as a function of MD for a variety of
BH models, and as functions of the number of extra dimensions n. The excluded Mmin

BH
decreases with increasing MD and increases with n, as expected from the corresponding
behavior of the BH production cross section in the ADD framework. Rotating BH scenarios
with full evaporation (B2, C1, C2) yield the strongest limits, while models with energy and
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Figure 9. Expected and observed 95% CL upper limits on the cross section for a semiclassical
nonrotating BH model (B1) with n = 2 and MD = 2 TeV (left) or MD = 4 TeV (right), as a function of
MBH. The blue curves represent the theoretical cross section values. The inner (outer) band represents
the 68% (95%) quantile of the expected limit.
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Figure 10. Excluded Mmin
BH values as functions of MD and n for a variety of BlackMax (left) and

Charybdis2 (right) BH models.

momentum loss due to graviton emission (B3) or with the remnant formation (C5, C6) give
weaker exclusions due to reduced visible final-state energy. Overall, Mmin

BH values between
approximately 9 and 11.5 TeV are excluded at 95% CL across the considered parameter space.

Taking the B1 model with MD = 4 TeV and n = 4 as an example, the excluded BH
mass value is extended by about 1.4 TeV with respect to the previous CMS search, where
20% of the improvement is a result of increased integrated luminosity, 20% is because of
enhanced selections resulting in better signal-to-background discrimination, and 60% comes
from updating PDFs from MSTW2008LO to the recent NNPDF3.1 set. This dominant
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PDF-driven gain is expected, as the sensitivity of the analysis is governed by events probing
large parton momentum fractions, where updated PDF parameterizations lead to sizable
changes in the predicted signal yield.

An alternative interpretation of these results is obtained by establishing the maximum
allowed number of extra dimensions as a function of the fundamental Planck scale mass
MD and the minimum black hole mass Mmin

BH for different BH models. Upper limits on the
number of extra dimensions nmax are derived as the value of n at the intersection between
the experimental limit curves and the theoretical cross sections, floored to the nearest integer.
This limit is well-defined because the theoretical cross section is a monotonically increasing
function of n. When no intersection is found within the studied range (n ∈ [2, 6]), the result
is reported as nmax > 6 if the experimental limit lies above all theoretical cross sections,
indicating that the exclusion does not reach n = 6, or as nmax < 2 if it lies below, indicating
that the exclusion reaches beyond n = 2.

At 95% CL, more than two extra dimensions are excluded under different assumptions of
MD and Mmin

BH for the majority of the models considered. A systematic scan over both MD
and Mmin

BH values is performed and the resulting parameter combinations that exclude a given
number of extra dimensions are presented in table 1. For example, for models B1 and B2, the
combinations MD ∈ (2 − 8) TeV with Mmin

BH ∈ (3, 9) TeV, (2 − 5) TeV with Mmin
BH = 10 TeV,

and MD = 2 TeV with Mmin
BH = 11 TeV all yield nmax < 2, i.e., the allowed number of extra

dimensions are zero or one. The last row shows the combinations, typically the highest Mmin
BH

with high MD, when we cannot claim any exclusions. Combinations with Mmin
BH < MD are

unphysical and not considered. A result of nmax < 2 implies that, for the corresponding
(MD,M

min
BH ) combination and generator, black hole production is excluded for all values of

n that are viable in the ADD model.
The upper limits on the SB production cross sections as functions of the SB mass are

set for different MS and gS values. An example for MS = 3.5 TeV and gS = 0.2 is shown in
figure 11 (left). The excluded masses of the SB as functions of MS at different gS values
are summarized in figure 11 (right).

For the sphaleron signal, a limit on the cross section can be converted into a limit on the
pre-exponential factor, defined in section 3. Following the method in ref. [17], we calculate
the limits on the pre-exponential factor for five scanned Esph values: 8.5, 8.75, 9, 9.25,
9.5 TeV, under the assumptions of p(NCS) = 0, 0.5, and 1. The observed and expected 95%
CL upper limits on the pre-exponential factor as functions of Esph are shown in figure 12.
The observed (expected) upper limit for the nominal Esph = 9 TeV and p(NCS) = 0.5 is
0.0034 (0.0035), which is approximately 6.2 (3.4) times more stringent than the previous
best limit of 0.021 (0.012) from CMS [21].

10 Summary

A dedicated search for black holes, string balls, and sphalerons produced in proton-proton
collisions at

√
s = 13 TeV using data collected with the CMS detector has been presented.

No excesses above the standard model background predictions are observed. We set
95% confidence level (CL) model-independent limits on cross section of hypothetical signals
characterized by a large multiplicity of energetic jets, leptons, and photons. The model-
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(MD [TeV ], Mmin
BH [TeV ])

B1–B2 B3 C1 C2 C3–C6 nmax

(2–8, 3–9)
(2–5, 10)
(2, 11)

(2–7, 3–9)
(2–4, 9)
(2, 11)

(2–8, 3–9)
(2–4, 10)

(2–8, 3–9)
(2–5, 10)

(2–7, 3–9)
(2–5, 9)
(2, 10)

<2

(6,10)
(7, 10)

(5–6,9)
(2, 10)

(5–6,10)
(2, 11)

(6,10)
(2, 11)

(6–7,9) 2

(8,10)
(3, 11)

(7,9) (7–8,10) (7–8,10)
(8,9)
(3,10)

3

(9,10) (8,9) (9,10)
(9,10)
(3,11)

— 4

(4,11) (3,10) (3,11) — — 5

(5–9,11)
(4–9,10)
(2–9,11)

(4–9,11) (4–9,11)
(4–9,10)
(2–9,11)

>6

Table 1. Parameter combinations of the fundamental Planck scale MD and minimum black hole
mass Mmin

BH (both in TeV) that exclude a given number of extra dimensions nmax, for BH models
generated with BlackMax and Charybdis2. Each row collects all (MD, Mmin

BH ) pairs yielding the
same exclusion level. Combinations with Mmin

BH < MD are unphysical and not considered. The first
row indicates the pairs that are excluded for any number of extra dimensions in the ADD model,
while the last row shows the parameters where no exclusion could be made in this analysis.
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Figure 11. Expected and observed 95% CL upper limits for SB models with MS = 3.5 TeV and
gS = 0.2 (left) and excluded SB mass values as functions of MS at gS = 0.2, 0.3, and 0.4 (right). The
inner (outer) band represents the 68% (95%) quantile of the expected limit.
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Figure 12. Expected and observed 95% CL upper limits on the pre-exponential factor for the
sphaleron model with p(NCS) = 0.5 (left), and observed limits with p(NCS) = 0, 0.5, and 1 (right).
The inner (outer) band (left) represents the 68% (95%) quantiles of the expected limit.

independent results demonstrate approximately a factor of four improvement in the cross
section limit compared to the previous CMS analysis. The model-dependent results exclude
at 95% CL semiclassical black holes and string balls with masses below 8.4–11.4 TeV and
9.0–10.7 TeV, respectively, depending on the model and the number of extra dimensions.
This extends the exclusion reach by 1–1.6 TeV and 1.3–1.9 TeV, respectively. The observed
(expected) upper limit on the sphaleron pre-exponential factor for the nominal electroweak
sphaleron transition energy of 9 TeV is 0.0034 (0.0035) at 95% CL, which is strengthened by a
factor of 6.2 (3.4) compared to the previous best limit of 0.021 (0.012) from CMS [21]. These
are the most stringent limits on the sphaleron pre-exponential factor to date. A significant
improvement in the model-dependent study over previous results comes from an improved
understanding of parton distribution functions. Additional significant gains can be traced to
both the increased integrated luminosity, and the enhanced background rejection provided by
the sphericity and phase space distance event selection requirements.
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