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Abstract: We present a unified projection of the sensitivity to the Arkani-Hamed-Dimopoulos—Dvali (ADD) mod-
el of large extra spatial dimensions in the monojet plus missing transverse momentum final state at three future had-
ron colliders — the HL-LHC (/s = 14 TeV, 3 ab™"), the HE-LHC (27 TeV, 15 ab™'), and the FCC-hh (100 TeV,
30 ab™') — for n=2,3,4,6 extra dimensions, using the same selection, significance estimator, and calibration
throughout. Signal samples are generated with PYTHIA 8 and combined with the post-fit Standard-Model back-
ground yields released by the ATLAS and CMS collaborations on HEPData. The expected significance is construc-
ted by combining the thirteen exclusive EM bins of the ATLAS signal region, matching the binning used in the
published likelihood fit. Two elements distinguish this analysis. First, the energy scaling of the background to high-
er /s — including the 13 — 14 TeV step — is measured as a function of ETs from dedicated Z(vv)+jets and
W(¢v)tjets samples rather than assumed to be constant, which reduces the projected FCC-hh reach by 39% relative
to a constant-factor extrapolation. Second, the framework is anchored to the published ATLAS Run-2 expected 95%
CL limits through a transparent n-dependent calibration. This calibration is determined directly for all five values of
n (with the n =5 point serving as a calibration-only anchor) and is found to be consistent with unity (1.001 + 1.4%);
it therefore serves primarily as a consistency check rather than as a substantial correction. Its selection response is in-
dependently validated against the published ATLAS cutflow at a matched benchmark. The projected 95% CL exclu-
sion reach in Mp for n=2 is 12.5, 152, and 22.0 TeV at the three colliders, with corresponding 5o~ discovery
reaches of 9.8, 12.0, and 17.0 TeV, extending the current ATLAS Run-2 bound of Mp > 11.2 TeV by factors of
1.1-2.0. The calibration scheme is-general and provides a template for analogous future-collider studies; the projec-
tions should be interpreted within the stated Run-2-anchored detector and uncertainty assumptions.
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I. INTRODUCTION )
only the graviton propagates.

the presence of n compactified extra dimensions in which

The hierarchy problem —the vast disparity between
the electroweak scale Mgw ~ 10> GeV and the Planck
scale Mp ~ 10" GeV —remains one of the central open
questions of contemporary fundamental physics. Among
the theoretical scenarios proposed to address this hier-
archy problem, the model with large extra spatial dimen-
sions introduced by Arkani-Hamed, Dimopoulos and
Dvali (ADD) [1, 2, 3] provides a particularly striking res-
olution: the apparent weakness of four-dimensional grav-
ity is interpreted as a dilution effect, with the true funda-
mental scale of gravity M, lowered to the TeV range by
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In the ADD framework, the four-dimensional Planck
mass is related to the higher-dimensional fundamental
scale via the geometric relation

M}~ MR, ()

where R is the compactification radius. For Mp of order
1 TeV, the required values of R range from sub-milli-
metre (n=2) to femtometre (n=6). The n=2 and n=3
cases are strongly constrained by sub-millimetre gravity
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tests [4, 5] and, under additional assumptions about the
bulk, by astrophysical bounds [6]; collider searches
provide a complementary, model-independent probe. The
compactification of the extra spatial dimensions induces a
Kaluza—Klein (KK) tower of massive graviton modes that
can be produced in high-energy proton—proton collisions
and, by escaping into the higher-dimensional bulk, mani-
fest experimentally as missing transverse momentum.

At hadron colliders, the most distinctive signature of
KK graviton production is the monojet plus missing
transverse momentum final state, in which an initial-state
radiation jet recoils against an undetected graviton. This
channel has been extensively explored at the LHC by
both ATLAS and CMS, leading to progressively stronger
constraints on Mp [7, 8, 9, 10, 11]. The most recent Run-
2 analysis by ATLAS, based on 139 fb™! of integrated lu-
minosity at /s = 13 TeV, has excluded values of M), be-
low 11.2 TeV at the 95% confidence level for n =2 and
below 5.9 TeV for n =6 [9].

Future collider programmes envisage significantly
more powerful hadron colliders. The High-Luminosity
upgrade of the LHC (HL-LHC) will deliver 3 ab™' at
\s =14 TeV, representing more than a twentyfold in-
crease in integrated luminosity over the current Run-2
dataset [12]. Beyond the HL-LHC era, the proposed
High-Energy LHC (HE-LHC) would utilise the existing
LHC tunnel with new high-field magnets to reach
\/s =27 TeV and 15 ab' [13], while the Future Circular
Collider in hadron-hadron mode (FCC-hh) would consti-
tute an entirely new 100 km facility delivering +/s = 100
TeV and 30 ab ™' [14, 15]. Each successive stage extends
the kinematic reach to substantially higher mass scales
and opens new windows on physics beyond the Standard
Model.

In this work, we present, to our knowledge, the first
unified projection of the ADD reach in the monojet plus
missing transverse momentum channel across all three fu-
ture collider stages within a single, internally consistent
framework. Two features distinguish our analysis.

The first concerns the background. In place of gener-
ator-level multi-process simulation, we use the post-fit
Standard-Model yields released by ATLAS and CMS on
HEPData, so that experimentally constrained back-
grounds enter the projection directly.

The second concerns the normalisation. The analysis
is tied to the published ATLAS Run-2 results through a
transparent, n-dependent calibration scheme, which
provides a data-driven bridge between our parton-
shower-level framework and the full detector simulation
of the experimental analyses. The scheme is general and
intended to be reusable in other future-collider phe-
nomenology studies. Its selection-level response is
checked independently against the published ATLAS sig-
nal cutflow [16], which the framework reproduces across
the full EF™ range.

The paper is organised as follows. Section 2 reviews
the relevant features of the ADD model and the paramet-
risation adopted in this study. Section 3 summarises the
experimental context and the published Run-2 limits that
serve as our calibration anchor. Section 4 describes the
signal generation, event selection, background estimation,
significance computation, and the n-dependent calibra-
tion scheme. Section 5 presents the projected reach in Mp,
for n€{2,3,4,6} at each collider stage and discusses the
systematic uncertainties. Section 6 summarises the con-
clusions and provides an outlook.

II. THE ADD MODEL AND SIGNAL CHARAC-
TERISTICS

The ADD model postulates that the Standard Model
fields are confined to a four-dimensional brane embed-
ded in'a (4 +n)-dimensional spacetime, while the grav-
iton propagates in the full bulk geometry. Compactifying
the n extra spatial dimensions on a torus of radius R
yields a tower of massive Kaluza—Klein (KK) graviton
modes, each labeled by an n-component integer vector
K= (ky,...,k,) with mass mg = |kl/R. The density of states
grows as p(m)ocm™! [17, 18]; consequently, summing
over the tower yields an effectively continuous spectrum
at the energy scales probed by hadron colliders.

For monojet production, the relevant partonic pro-
cesses are gg > G+g, q¢ — G+¢q, and ¢qg — G + g, where
G denotes a KK graviton summed over the tower. The
total inclusive cross section for graviton production with
associated jet emission approximately scales as [17, 19]
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reflecting the suppression due to the higher-dimensional
Planck scale combined with the phase-space factor asso-
ciated with the KK density of states. Because the grav-
iton escapes undetected, the experimental signature is that
of an energetic jet recoiling against missing transverse
momentum, with the EF** distribution extending to signi-
ficantly higher values than those for Standard Model
backgrounds.

We adopt the convention of Giudice, Rattazzi and
Wells (GRW) [18] for the parametrisation of the KK
graviton tower. Two model parameters fully specify the
signal: the fundamental scale M, and the number of ex-
tra dimensions #. The effective description of KK grav-
iton emission breaks down once the partonic centre-of-
mass energy approaches the fundamental scale, § ~ M3,
where the truncated tower is no longer a controlled ex-
pansion. The treatment of that region is a prescription
rather than a prediction, and a prescription must there-
fore be chosen. We employ the kinematic truncation in
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which contributions with §> M3 are suppressed by the
weight (M3/5)* applied to the contributing § region.
This truncation is implemented in PYTHIA 8 as
CutOffMode = 1 [18,20], and ATLAS also employs this
suppression as a validity cross-check of its nominal lim-
its [9]. This prescription is applied to all future-collider
projection samples. The 13 TeV calibration anchors are
instead generated with the nominal untruncated signal, to
match the signal definition underlying the published AT-
LAS limits to which the framework is anchored (Sec.
4.5).

The kinematic shape of the signal depends strongly
on the number of extra dimensions. For small n (n = 2),
the cross section falls relatively slowly with the graviton
mass, leading to an EP distribution that retains a sub-
stantial yield at low to intermediate values. For large n
(n=06), the effective density of high-mass graviton states
is enhanced, hardening the EF™* tail. This n-dependence
of the signal shape has important consequences for the
analysis strategy and motivates the use of the full Ess
shape rather than a fixed ET's threshold.

III. EXPERIMENTAL CONTEXT AND RUN-2
RESULTS

The monojet plus missing transverse momentum
channel has been the subject of dedicated searches at both
ATLAS and CMS throughout LHC operation.. The most
recent published results, based on the full Run-2 dataset,
are reported in Ref. [9] (ATLAS, 139 fb™!) and Ref. [10]
(CMS, 137 fb™"). Both analyses find no significant ex-
cess over Standard Model expectations and set 95% CL
exclusion limits on M, as a function of ».

The observed 95% CL lower limits on M, from the
ATLAS Run-2 analysis are {11.2, 8.5, 7.1, 5.9} TeV for
n=1{2,3,4,6}, respectively, as reported in Table 10 of
Ref. [9] (the corresponding expected limits are
{11.6, 8.6, 7.2, 5.9} TeV). The corresponding CMS limit
for n =2 is approximately 10.7 TeV [10], consistent with
the ATLAS value given the analysis-specific choices of
selection and statistical treatment. The post-fit back-
ground yields, broken down by inclusive EM™ regions,
are publicly available on HEPData [16, 21], together with
full breakdowns of their systematic uncertainties. These
data form the experimental anchor of the present study.

A particularly valuable element of the ATLAS
HEPData record is the cutflow table for selected signal
benchmarks, which reports the acceptance times effi-
ciency at each step of the analysis selection for represent-
ative model points. For the ADD signal, the cutflow is
published for n=4, Mp=3.6 TeV with a truth-level
EMiss > 350 GeV filter applied [16]. This cutflow provides
a numerical reference against which the present parton-
shower-level analysis is cross-checked at the shape level
(Sec. 4.2 and Fig. 3).

IV. METHODOLOGY

This study projects the sensitivity to the ADD model
in the monojet plus missing transverse momentum chan-
nel at three future hadron colliders. The strategy is to gen-
erate signal samples at the parton-shower level with
PYTHIA 8, apply selection criteria modelled on the pub-
lished ATLAS and CMS Run-2 analyses, and combine
them with the post-fit background yields released by the
collaborations on HEPData. The expected significance at
each (+/s,n,Mp) point is obtained by combining the thir-
teen exclusive EXS bins of the signal region, which
match the binning of the ATLAS likelihood fit [9]. The
setup is calibrated to the published Run-2 expected 95%
CL exclusion  limits through an n-dependent factor that
absorbs residual differences between our parton-shower-
level framework and the full detector simulation used in
the experimental analyses. The selection-level response
of the setup is-independently validated against the pub-
lished ATLAS cutflow (Fig. 3).

A. Signal simulation

ADD signal samples are generated using PYTHIA 8
(version 8.317) [22, 23], which implements the real-emis-
sion graviton-production processes gg—>G+g, gg—
G +q, and qg — G + g as described by Ask et al. [20]. The
Kaluza—Klein graviton tower is treated in the GRW con-
vention [18], with the fundamental scale M, and the
number of extra dimensions 7 as the only model paramet-
ers. We employ the kinematic-truncation prescription
(Cut0ffMode = 1).

We scan a grid of ne{2,3,4,6} at three centre-of-
mass energies:

e HL-LHC: +/s =14 TeV, M, €{6,8,10,12} TeV, ex-
tended to Mp =14 TeV for n=2; for n=6, the grid is
further extended down to Mp =4 TeV (with points at
Mp =4 and 5 TeV) to bracket the 50 discovery crossing;

e HE-LHC: +/s=27 TeV, with My €1{6,8,10,12,14,
16,18,20} TeV;

e FCC-hh: +/s=100 TeV, Mp€{6,8,10,12,16,20,
25,30,35} TeV, extended to Mp =40 TeV for n=2, so
that the constant-factor comparison in Sec. 5.3 is also
bracketed.

For each (+/s,n,Mp) point, between 1x10° and
1x10° events are generated. The lower event count,
1x 103, is used only for the high-M), extension points at
4/s =100 TeV, where the high acceptance of the hard
ETs spectrum makes this count statistically sufficient;
the resulting selected-event statistics are quantified in
Sec. 5.2. The full event chain — parton showering, multi-
parton interactions and hadronisation — is run with the
default PYTHIA 8 settings, as detailed below. We adopt
the leading-order cross sections returned by PYTHIA 8
directly, without an additional K-factor. As discussed in
Sec. 4.5, the residual normalisation difference with re-
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spect to the full ATLAS analysis is absorbed into the
data-driven calibration factor. The ADD limits published
by that analysis are themselves quoted for nominal signal
cross sections, whose perturbative order is stated ambigu-
ously in Ref. [9]; see Sec. 4.5.

Detector response is approximated by a custom para-
meterised resolution smearing developed for this work;
no DELPHES or MadANALYSIS layer is used. The para-
meters follow the ATLAS Run-2 performance. The jet pr
is smeared with o/pr = \/(0-50/ VE)? +(0.03)2, where E
is the jet energy in GeV, and the resulting relative resolu-
tion is applied multiplicatively to the jet py [24]. The
missing transverse momentum is smeared with
o (EXss) = 0.45VZEr +5 GeV, where XEr (in GeV) is the
scalar sum of the transverse momenta of all visible final-
state particles [25]. This smearing is applied independ-
ently to the x and y components of the missing-mo-
mentum vector, whose magnitude is then recomputed.
Lepton candidates are counted using kinematic identifica-
tion thresholds (pr and |5|) matching those of the corres-
ponding experimental analyses; no cone-based isolation
is applied at generator level, and the treatment of z
leptons is described below.

For reproducibility, we record the generation details:
all samples are produced with PYTHIA 8 (version 8.317)
using the Monash 2013 tune (Tune:pp = 14) and the
NNPDF2.3 QCD+QED LO parton distribution set
(PDF:pSet = 13). Jets are reconstructed with the anti-k;
algorithm (R=04, pr>30 GeV, [y<4.7) via the
SLOWIJET implementation, applied to all visible final-
state particles. The missing transverse momentum is
defined as the negative vector sum of the transverse mo-
menta of all visible final-state particles. Initial- and final-
state radiation, multiparton interactions and hadronisa-
tion are all enabled at their PYTHIA defaults under the

Monash 2013 tune, so the underlying event is included in
every sample. Pile-up (additional simultaneous pp inter-
actions) is not simulated. 7 leptons are decayed by the
generator, and no explicit hadronic-z reconstruction is im-
plemented: leptonic 7 decays are indirectly rejected by the
electron and muon vetoes, whereas hadronic 7 decays are
treated as ordinary visible hadronic activity.

B. Event selection

We implement two independent monojet selection
prescriptions, modelled on the ATLAS [9] and CMS [10]
Run-2 analyses, respectively. The principal differences
between these two prescriptions are summarised in
Table 1.

Acceptance of the two prescriptions. The signal ac-
ceptance after applying the two selections is compared in
Fig. 1 for the benchmark point (n=2, Mp =10 TeV).
Above the common threshold of ETiss > 250 GeV, the two
prescriptions yield very similar acceptances: the CMS-
style selection exceeds the ATLAS-style one by a factor
of 1.02-1.08 across the EF's* spectrum. This small excess
reflects the looser leading-jet pr threshold and the ab-
sence of a maximum-jet-multiplicity cut. The absolute ac-
ceptance of our parton-shower-level implementation is
not directly comparable to the A x e values quoted in Ref.
[9], which refer to exclusive EX* bins and to samples
generated with a truth-level EF™ > 350 GeV filter at dif-
ferent model points. Therefore, the absolute normalisa-
tion of the framework is not taken from the parton-
shower acceptance, but is anchored to the published Run-
2 limits through the calibration of Sec. 4.5.

Energy dependence of the acceptance. Because the
projections span a factor of seven in centre-of-mass en-
ergy, it is important to assess whether the acceptance can
be treated as energy-independent. Figure 2 shows A Xxe

Table 1. Criteria for selecting the two monojet prescriptions used in this work.

Requirement ATLAS-style CMS-style
Leading-jet pr > 150 GeV > 100 GeV
Leading-jet || <24 <24

Adjet, piss) > 0.4 (0.6) >0.5
Ems threshold >200 GeV > 250 GeV

Maximum number of jets <4 no limit
Electron/muon veto pr>17GeV pr > 10 GeV

Explicit hadronic-7 veto*

Photon veto

not implemented

not applied*

not implemented

not applied*

T A¢ > 0.6 for 200 < Emiss < 250 GeV.

* The experimental analyses use nominal hadronic-z veto thresholds of pr>20 and > 18 GeV, respectively. No explicit hadronic-z reconstruction is implemented here: 7 leptons are

decayed by the generator, leptonic 7 decays are rejected indirectly by the electron and muon vetoes, and hadronic 7 decays enter as ordinary visible hadronic activity.

i At the parton-shower level, photons from QED bremsstrahlung off the leading jet and from 70 — yy decays are spuriously flagged as isolated by a naive isolation algorithm,

leading to an unphysical signal suppression. The full experimental analyses use calorimeter-based photon identification that rejects these parton-shower photons; we therefore omit

the photon veto, in line with standard practice in collider phenomenology.
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ADD signal acceptance (n=2, Mp=10 TeV, Vs =14 TeV)
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Fig. 1.

(color online) Signal acceptance times efficiency, A x €, as a function of the inclusive EM threshold for the benchmark point

n=2, Mp =10 TeV at /s = 14 TeV, and for the ATLAS-style (red circles) and CMS-style (blue squares) selections.

ATLAS-style selection

CMS-style selection
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Fig. 2.

Inclusive EF threshold [GeV]

(color online) Signal acceptance times efficiency, A x €, as a function of the inclusive EF®*s threshold for M), = 10 TeV, for the

ATLAS-style (left) and CMS-style (right) selections at +/s = 14, 27, and 100 TeV, and for two representative values of the number of
extra dimensions: n = 2 (solid) and n = 6 (dashed). Each sample is generated at the corresponding collider energy and passed independ-
ently through the full selection; the acceptance is not scaled between colliders. The curve for n =2 and +/s = 14 TeV reproduces Fig. 1.

computed independently at +/s = 14, 27, and 100 TeV for
two representative benchmarks (n=2 and n=6 at
Mp =10 TeV). For each collider, the sample is generated
at the corresponding energy and passed through the full
selection, so the acceptance is never scaled between col-
liders. A xe rises smoothly and substantially with col-
lider energy. For the ATLAS-style selection, the ratio
Axe(100TeV)/Ax e(14 TeV) grows from ~1.4 at
EMiss > 400 GeV to ~7.9 at EM* > 1200 GeV for n=2.
The rate of this rise itself depends on n (~4.2 instead of
~7.9 at the most stringent threshold for n = 6), because
the higher-n spectrum is already hard at 14 TeV and
therefore has less capacity for further growth. At the low-
est thresholds, the ratio even falls below unity, because
increased radiation and underlying-event activity at high-
er /s more often lead to failure of the jet-multiplicity

and veto requirements. This two-parameter dependence,
which no single energy-scaling factor could reproduce, is
captured by generating each (+/s,n, Mp) configuration in-
dependently.

Validation against the published ATLAS cutflow.
The selection implementation is validated directly against
the ATLAS signal cutflow published on HEPData [16],
which reports the fraction of events with truth-level
EMs>350 GeV that survive each inclusive E
threshold for the ADD benchmark n=4, M, =3.6 TeV.
To match the benchmark and baseline definitions exactly,
we generate a dedicated sample at this point at +/s =13
TeV, retaining the truth-level EM and applying the same
EMs > 350 GeV baseline. Since the ATLAS limits are
quoted for the nominal (untruncated) signal, the compar-
ison uses CutOffMode = 0, which matches the accept-
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Cutflow validation at the matched ATLAS benchmark
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Fig. 3.

(color online) Cutflow validation for the matched ATLAS ADD benchmark (n =4, Mp =3.6 TeV, /s =13 TeV; truth-level

EmMss > 350 GeV baseline). Upper panel: fraction of events that survive each inclusive EXss threshold after the full ATLAS-style selec-

tion: the published ATLAS cutflow (PRD 103; red circles) [16], this work using the untruncated signal (CutOffMode =

angles), and this work using the truncated signal (Cut0ffMode =

ance definition of the experimental analysis. As shown in
Fig. 3, the survival fractions reproduce the published cut-
flow across the full EXss range, with a flat ratio of
1.02-1.06 and no spectral distortion: the parameterised
framework reproduces the ATLAS selection response to
within a few percent. The same figure also shows the
truncated (CutOffMode = 1) signal at the same bench-
mark; its spectrum falls more steeply, with the ratio de-
creasing from 1.05 to 0.65. This quantifies the effect of
the ultraviolet prescription at this low-Mp point, where a
large fraction of the cross section lies at § > M3

C. Background estimation

We summarise the procedure before deriving its in-
gredients. The Standard-Model background is taken from
the post-fit signal-region yields published by the experi-
mental collaborations; its composition varies with EXis
and is described immediately below. That composition is
not, however, propagated into the energy extrapolation.
Z(— vv)+jets and W(— {v)+jets are generated as separ-
ate samples and normalised to their own cross sections. A
combined V+jets Emiss-dependent scaling is derived from
these samples and applied to both, while the non-/ com-
ponents are scaled by the same factors, with an addition-
al uncertainty. The remainder of this section presents the

0, green tri-

1, blue squares). Lower panel: ratio to the ATLAS result. Because it
matches the acceptance definition used by ATLAS, the untruncated signal reproduces the published shape with a flat ratio of
1.02—-1.06; the truncated signal decreases more steeply, illustrating the UV-prescription effect at this low- M), benchmark.

composition and then derives the scaling.

Background composition. The composition of the
post-fit background varies with EXss. As extracted dir-
ectly from the HEPData tables of Ref. [16], the W+jets
fraction of the total falls from 35.0% at ED > 200 GeV
to 17.4% at ET > 1200 GeV, while Z(— v¥)+jets rises
from 57.7% to 70.4%. The non-V+jets components (top,
dibosons, multijet, and non-collision), which are scaled
by the same measured factor, remain between 4.9% and
6.0% over the entire range; the remainder is Z(— ¢€)+jets,
which rises from 1.3% to 6.6% and is itself a V+jets pro-
cess. This EM dependence does not propagate into the
energy scaling. V+jets processes are assumed to have
very similar EF-dependent energy-scaling behaviours,
since their masses are far below the collision energies
considered in this work; this assumption is tested at the
13 — 14 TeV step below. The dominant V+jets processes
are therefore scaled by the V+jets scaling factors derived
below. The subdominant non-/+jets component is scaled
by the same measured factor; varying this scaling by
+50% changes the projected reach by at most 0.7%. The
residual uncertainty of the measured ratios is quantified
in Sec. 5.2.

Rather than reproducing the full Standard-Model
background simulation chain, we adopt the post-fit sig-
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nal-region yields published by the experimental collabor-
ations on HEPData. At the Run-2 reference point, this ap-
proach intrinsically incorporates the full detector re-
sponse, control-region constraints, and higher-order the-
oretical corrections that the collaborations apply in their
likelihood fits.

For the ATLAS-style selection, we use the inclusive
signal-region yields of Ref. [16], covering thirteen EXiss
thresholds from 200 to 1200 GeV at £ =139 fb’!; the
post-fit uncertainties quoted there, rising from 1.3% at
EMs > 200 GeV to 8.5% at EM > 1200 GeV, already in-
clude the constraints from the five ATLAS control re-
gions. For the CMS-style selection, we use the post-fit
yields of Ref. [21] covering twenty-two exclusive recoil
bins at £ =137 fb"!, combined into cumulative inclusive
yields. The cumulative form is used only for the back-
ground comparison of Fig. 4, which is a cross-check of
the two published background sets; the CMS-style selec-
tion does not enter the projected limits, which are
anchored to ATLAS throughout (Sec. 4.5). The two sets
are compared in Fig. 4: the luminosity-corrected ratio

Bems/Barias lies between 0.84 and 0.91 (mean 0.88)
across the spectrum.

Energy scaling: measurement. For projections to the
future colliders, the background yields are extrapolated as

’

B( \/?,L/,ErTmss) = Biynev(EF™) X £
Lref

xra (Vs Ef™), (3)
where L; =139 fb™" and the energy-scaling factor r,, is
measured as a function of EXs rather than assumed con-
stant. Dedicated PYTHIA 8 samples of Z(— vv)+jets and
W(— {v)+jets are generated at +/s =13, 14, 27, and 100
TeV from the electroweak F+parton matrix elements”
and passed through the same reconstruction and selection
chain as the signal. No event-level stitching is performed:
each sample 1s normalised to its own generator cross sec-
tion. ~The inclusive samples provide the ratios for
Emss< 600 GeV and the high-p; samples provide those
for EZ > 700 GeV. The 700-900 GeV overlap region is
used for validation, where the two determinations agree

Post-fit SM background yields from HEPData
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Fig. 4.

(color online) Post-fit Standard Model background yields obtained from HEPData. Upper panel: cumulative inclusive yields

above each Em threshold from the ATLAS Run-2 analysis [16] at 139 fb™' (red circles) and the CMS Run-2 analysis [21] at 137 fb™!
(blue squares). Lower panel: luminosity-corrected ratio BMmi-<or/ B,y x5, Which lies within 0.84-0.91 across the Ess spectrum.

WeakBosonAndParton: qgbar2gmZg and qg2gmZq for Z, restricted to the pure-Z contribution (WeakZ0:gmZmode = 2) and decayed to all three neutrino flavours;
qgbar2Wg and qg2wq for W, decayed inclusively to ev, uv, and 7v. Inclusive samples: 10° events with p, > 150 GeV; high- 5, samples: 5x 10* events with p; > 600

GeV.
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within 1.60 at all three energy steps.

Energy scaling: parameterisation and robustness.
The measured ratios, shown in Fig. 5, are well described
by Inr,, =aEM+b, with (a,b)=(0.00112GeV~",
0.982) at 27 TeV and (0.00233 GeV™',2.558) at 100 TeV
over the measured range 300 < EF™ <1200 GeV. The
statistical uncertainties on the slopes are o,/a=2.2% and
1.1%, respectively, and the maximum fractional devi-
ations of the measured points from the fitted curves are
5.9% and 4.9%, respectively. At 100 TeV, the latter lies
within the £10% slope variation adopted in Sec. 5.2; at 27
TeV, the former is comparable to the 5% variation at the
ends of the fitted range. The extrapolation does not rest
on the fitted form: replacing the fits with direct log-linear
interpolation between the measured points changes the
projected reach by at most 0.3%. For more stringent se-
lections, the ratio grows substantially, reaching ~83 at
E™s > 800 GeV and ~210 at EXs > 1200 GeV for 100
TeV; this is the expected consequence of small-x PDF
growth at fixed EM and higher +/s. The fitted ri;_i00

crosses the constant NNLO value of Ref. [14] at
EMis ~ 430 GeV, and at EM >250 GeV the directly
measured Z(vv)-flavour ratio r%,_,, =3.22 matches the
NNLO factor of 3.20 to within 1%.

The 13 — 14 TeV step. The same procedure, applied
to dedicated 13 TeV samples, determines the 13 — 14
TeV step, riza(EF™) = Bis(EF™)/Biy(EF™S): Inrjz, =
(-1.70x 107* GeV ") EXi» —0.088, falling from 0.87 at
Emiss =300 GeV to 0.75 at EMss = 1200 GeV. At this step,
at which the two flavours can be compared directly, the
ratio of independently determined per-flavour factors is
rw/rz = 1.004 +0.018 (x*/ndf = 6.0/9), with separately fit-
ted slopes ap=(=1.90+£0.66)x10* GeV' and
az =(-1.34+0.21)x10™* GeV' that differ by 0.8 stand-
ard deviations (Fig. 5, lower panel), which supports the
common V4+jets scaling assumed above. Since the refer-
ence yields are taken at 13 TeV while the ratios above are
measured relative to 14 TeV, the factor entering Eq. (3) is
the composite 7o( Vs EF) = ri, yw(EF*)/ri3pna(EFS);
for the HL-LHC this reduces to 1/ry3/4(ERS), an EFss-

Measured background energy scaling

O ru- (inclusive) B 7100 (pr>600 GeV)
B ruoo (hr>600 GeV) Q s (inclusive) -
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Fig. 5.

(color online) Measured background energy scaling. Upper panel: measured yield ratios r,,_, (EF™) of the combined W +Z

background relative to 14 TeV after applying the full ATLAS-style selection, from the inclusive samples (open markers, EXis < 600
GeV) and the high-p, samples (filled markers, EFis > 700 GeV), together with exponential fits (solid lines) and ry3,14 = Bj3/B14 (< 1),
the ratio used for the 13 — 14 TeV reference step. The dotted horizontal lines indicate the constant NNLO factors from Ref. [14]; they
are consistent with the measurement at moderate selections but are exceeded by up to a factor of ~6 at the hardest thresholds. Lower
panel: flavour ratio ry/r, at the 13 — 14 TeV step, evaluated in exclusive EFs* bins and consistent with unity within statistical uncer-

tainties (1.004 +0.018).
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dependent background increase of 14—34% across the
analysis range that a constant-factor treatment would
miss.

D. Significance calculation

The expected significance at each (+/s,n, Mp) point is
computed using the combined Asimov significance [26]
across the thirteen exclusive ET™ bins of the signal re-
gion, matching the binning used in the ATLAS likeli-
hood fit. For each exclusive bin i,

S;+B) (B, +O—%§,i)
Bl2 +(S,' +B[)O'%_'i

Ziz{Z{(Si+B,~)ln

2
O—B,iSi

B
5 1n<1 +
OB, B;

where S; and B; are the signal and background yields in
bin i, and op; is the post-fit background uncertainty in
that bin; the exclusive yields are obtained by taking dif-
ferences of the published inclusive thresholds, with the
highest bin remaining open-ended. For projections to. fu-
ture colliders, the post-fit uncertainty is propagated with a
fixed relative size,

“)

(@)
B.13

a5 L) = o BUVS L), Sni= =,
13

That is, the statistical and systematic components of the
Run-2 post-fit uncertainty are held fixed jointly at their
measured relative values (1.3%-8.5%; Sec. 4.3), and the
absolute uncertainty scales in proportion to the extrapol-
ated yield. This defines our conservative baseline uncer-
tainty scenario. With respect to luminosity, this choice is
conservative: it assumes no reduction arising from the
twentyfold to two-hundredfold increase in control-region
statistics and no future improvement in theoretical model-
ling. It deliberately does not attempt to model possible
new systematic sources specific to higher energies, which
cannot be anchored to Run-2 data. At the most stringent
thresholds, this fixed relative uncertainty renders the pro-
jected significance systematics-limited at high luminos-
ity, and this saturation is fully reflected in the quoted
reach values. The expected significance for the model
point is then

1/2

Zeo(Vsn M) = | 322 )

This construction uses the shape of the EXss distribution,
as the model-dependent ATLAS limits do, and is the es-
timator against which the calibration of Sec. 4.5 is
defined. Adding the bins in quadrature treats them as un-

correlated, which is optimistic: the ATLAS post-fit un-
certainties are strongly correlated across bins, and a full
likelihood would generally recover less than the quadrat-
ure sum. The assumption is therefore not neutral, and no
separate correction is introduced for it; its residual signa-
ture appears in the calibration factors of Sec. 4.5, which
absorb it at the anchor.

The exclusive yields and their uncertainties warrant
discussion, since the two enter differently. ATLAS pub-
lishes both an inclusive set of thresholds, used for its
model-independent interpretation, and an exclusive set of
bins, used for the model-dependent fit; the two are de-
rived from separate fits. We construct the exclusive yields
by differencing the inclusive ones, and assign to each ex-
clusive bin the relative uncertainty of the inclusive
threshold at its lower edge. Neither step is exact, and we
have quantified the impact of each. The differenced
yields agree with the published exclusive yields to better
than 3% in eleven of the thirteen bins and to 11-13% in
two; substituting the published yields throughout changes
any-projected reach by no more than 0.3%, since those
two bins are not among the dominant ones. The uncer-
tainties are more consequential: those we assign exceed
the published exclusive ones by a factor that grows with
EMiss averaging 2.4 over the four highest bins. This infla-
tion is not incidental. Adopting the published exclusive
uncertainties while retaining the uncorrelated quadrature
sum combines two optimistic approximations and yields
significances so large that the 13 TeV anchor crossings
for n=2 and n=06 fall outside the simulated grid en-
tirely; conversely, scaling the published uncertainties by
2.4 reproduces our projected reach to within 1% at every
point. Our treatment is therefore equivalent to using the
published exclusive uncertainties inflated by a factor that
compensates, to the accuracy relevant here, for the bin-to-
bin correlations neglected by the quadrature sum. AT-
LAS does not publish a covariance matrix for this signal
region, so an exact treatment is not available, and the
same uncorrelated approximation is adopted in published
reinterpretations of this analysis [27].

E. Run-2 anchored calibration

A parton-shower-level analysis cannot reproduce in
detail the multivariate identification algorithms, the full
GEANT4 detector simulation, the profile-likelihood fit
over multiple control regions, and the experiment-specif-
ic generation settings of the published ATLAS and CMS
Run-2 analyses. To account transparently for these differ-
ences, we apply an n-dependent calibration factor to our
projected M) reach, defined at the Run-2 anchor point of
each n as

Mpublished,n

C,= b

. 6
My™"(Z = 1.96) ©
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Here MY™'*" denotes the expected 95% CL exclusion
limit from ATLAS PRD 103 for a given n; the expected,
rather than the observed, limit is used so that the calibra-
tion is consistent with the Asimov (expected) signific-
ance of Sec. 4.4. The denominator M)""(Z = 1.96) is the
value at which our uncalibrated significance crosses
Z=1.96 at \/s=13 TeV and £ =139 fb"', using the AT-
LAS-style selection and the ATLAS post-fit back-
grounds.

Like-for-like construction. Equation (6) is a ratio of
two limits; it isolates the framework difference only if
everything outside the framework matches on both sides.
Three choices follow. First, the significance is the com-
bined estimator over the thirteen exclusive EF** bins of
Sec. 4.4, the same binning that underlies the published
ATLAS limits. Second, the anchor samples are generated
without the § > M?% suppression, since the published AT-
LAS limits are quoted for the untruncated signal and this
damping is treated there as a separate cross-check of neg-
ligible impact [9]. Third, the crossing is located by inter-
polating logZ linearly in log Mp, the form implied by the
M"*? scaling of Eq. (2). The simulated grids support
this: the local logarithmic slope approaches —(n+2) from
above, and on the n =2 grids, where the spacing is finest
relative to the curvature, it varies by less than 1%
between adjacent intervals in the bracketing region. The
first and third choices are applied identically to the an-
chors and to every projected crossing. The second choice
concerns the anchors alone, where it matches the pub-
lished signal definition; the projection samples use the
truncated signal of Sec. 4.1, and C, is applied to them as
the normalisation correction described below.

Anchor determination. The anchor crossings are ob-
tained from dedicated signal samples generated at
Vs=13 TeV (3x10° events per point) on M), grids
chosen to bracket each crossing. No anchor or projected
crossing quoted in this work relies on extrapolation bey-
ond the simulated grid. All five values of » are calibrated
directly. The projections are quoted for n=2,3,4,6, the
set chosen for the projections, to which the comparison of
Sec. 5 is restricted; the n =35 anchor enters solely as an
additional, independent calibration point. Inserting the
ATLAS expected limits (Table 10 of Ref. [9]) together
with our uncalibrated crossings,

MpDublished — {116’ 86’ 72, 64, 59} TCV,
M = {11.89, 8.64, 7.13, 6.33, 5.83} TeV,

into Eq. (6) gives

C, =0.975,
Cs =1.011,

C;=0.995, C,=1.010,
Ce=1.012, 7

a mean of 1.001 with a dispersion of £1.4% and a stand-
ard error of the mean of 0.6% (Fig. 6). The factors are
evaluated from the unrounded crossings; the two-decimal
values displayed above reproduce them to within 0.001.

What the calibration carries. The five factors have a
mean of 1.001 and all lie within 2.5% of unity: the frame-
work reproduces the published expected limits with at
most a 2.5% correction. This provides additional valida-
tion of the workflow, beyond the cutflow comparison of
Sec. 4.2.

The factors are not structureless, however. They rise
with 7. by 3.7% from 0.975 at n =2 to 1.012 at n = 6, flat-
tening above n =4. The sign and shape are those expec-
ted from treating the thirteen bins as uncorrelated in the
combined estimator (Sec. 4.4): that treatment is optimist-
ic, and particularly so where the signal is spread over the
largest number of bins, i.e. at low n. No separate correc-
tion is introduced for this effect. When applied per n, C,
absorbs this n-dependent mismatch at the Run-2 anchor;
its transfer to the other collider energies is a modelling
assumption, and the uncertainty assigned to the calibra-
tion is given in Sec. 5.2."

Transfer across collider energies. All projected
reach values in Sec. 5 are obtained by multiplying the un-
calibrated reach by the appropriate C,, treated as an en-
ergy-independent normalisation correction. The energy
evolution of the signal acceptance and background is car-
ried explicitly by the dedicated samples generated at each
/s, not by the calibration. The transfer of the correction
across energies is a modelling assumption: its ingredients
are held fixed in our setup, but their relative impact can
itself vary with energy. This assumption is supported by
the explicit energy-dependent acceptance study of Fig. 2
and by the stability of the anchors noted above,” but can-
not be fully validated without detector-level simulations
at each collider; it has the same status as the detector-per-
formance assumption discussed in Sec. 5.2, where an un-
certainty is assigned to it. A direct test would be a second
anchor at a different centre-of-mass energy, which re-
quires matching a different selection and background
model and is left to future work.

The published ATLAS reference is ambiguous about the perturbative order underlying its limits: Table 10 of Ref. [9] quotes them as “considering nominal LO sig-
nal cross sections”, while the sample description in the same reference states that the ADD cross section is computed at NLO accuracy. Either way, the offset with re-
spect to our leading-order setup is M, -independent at fixed n, since M, enters the untruncated cross section only as an overall factor.

The calibration is also insensitive to the upper edge of the background table: extending the tabulated yields for gpiss > 1200 GeV by the measured tail slope changes
C, by less than 0.2% for all five values of n, because at /s = 13 TeV the anchor spectra contribute negligibly beyond that threshold. The corresponding effect on the

projections, where the spectra are harder, is quantified in Sec. 5.2.
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Fig. 6. Run-2-anchored, n-dependent calibration of the projection framework, referenced to the expected limits. Upper panel: M/, val-
ues at which our uncalibrated significance crosses Z = 1.96 for /s =13 TeV and £ =139 fb', using an ATLAS-style selection with
the combined exclusive-bin estimator (blue squares); the crossings are obtained from dedicated 13 TeV anchor samples bracketing each
crossing. These values are compared with the 95% CL expected limits published by ATLAS in PRD 103, from Table 10 of Ref. [9]
(red circles). Lower panel: calibration factors'C, of Eq. (6), with all five determined directly (filled diamonds), clustered around a mean
of 1.001 (dashed line) with a standard deviation of 0.014 (shaded band); the grey line marks unity. The n =5 point is a calibration-only

anchor and does not enter the projections.

F. Reach projection

For each (+/s,n) point, the reach in My is determined
by locating the value at which the calibrated significance
crosses Z = 1.96 (95% CL exclusion) or Z =5.0 (50 dis-
covery); the crossing is located by interpolating logZ lin-
early in log Mp within the simulated grid (Sec. 4.5). The
bracketing requirement applies to the uncalibrated cross-
ing My"™(Z), to which C, is subsequently applied. With
the measured background scaling of Sec. 4.3, all cross-
ings reported in Sec. 5 are bracketed within the simulated
grids, and no extrapolation is used.

The validity of the effective-theory interpretation is
governed not by a bound on M, itself — M), is the high-
er-dimensional gravity scale, not the mass of a produced
particle, and is not subject to a kinematic ceiling at
vs — but by the §> M2 truncation prescription
(CutOffMode = 1) used for all projection samples (Sec.
4.1).

V. RESULTS

A. Projected reach

The principal results of this study are the projected
95% CL exclusion and 50 discovery reaches in Mp for
ne€{2,3,4,6} at the three future hadron colliders. These
calibrated reach values are summarised in Table 2 and
shown in Fig. 7.

The most striking feature of these results is the sub-
stantial increase in the M) reach across the three collider
stages. For n =2, the 95% CL exclusion reach increases
from Mp=11.2 TeV (ATLAS Run-2) to 12.5 TeV at HL-
LHC, representing an 11% improvement at a modestly
higher centre-of-mass energy (13 — 14 TeV) and with a
twentyfold increase in integrated luminosity; the crossing
lies well within the simulated grid. The transition to HE-
LHC, with its near-doubling of +/s, drives the reach to
15.2 TeV, a 22% improvement over HL-LHC. The step
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Table 2. Projected 95% CL exclusion and 50 discovery reach in Mj, (TeV), obtained using the ATLAS-style selection with the n-de-
pendent calibration of Sec. 4.5. All calibration factors, including those for n = 6, are determined directly from dedicated 13 TeV an-
chor samples (Sec. 4.5). For n = 6, the 14 TeV grid was extended down to M, =4 TeV so that all quoted crossings, including the n =6

HL-LHC 50 value, are bracketed within the simulated grid.

HL-LHC HE-LHC FCC-hh
n 14 TeV,3 ab™! 27 TeV, 15ab! 100 TeV, 30 ab™!
95% CL S0 95% CL So 95% CL S0
2 12.46 9.81 15.18 11.99 22.03 17.03
3 9.23 7.59 11.94 9.80 19.11 15.32
4 7.75 6.56 10.49 8.78 18.07 14.70
6 6.27 5.46 8.99 7.74 17.30 14.46
6 HL-LHC (VS =14TeV, £=3ab™) 2 HE-LHC (V5 =27 TeV, £=15ab™) FCC-hh (V5 =100 TeV, £ =30ab™?)
! ~@—- 95% CL exclusion
141 -3 50 discovery 25 4
16
12 ATLAS Run-2 limit (n =2, 95% CL)
E 10 4 124
o
£ 6 *
41
44 54
>
(a) (b) (c)
01— T T T 04— T T T 04— T T T
2 3 4 6 2 3 4 6 2 3 4 6
Number of extra dimensions, n Number of extra dimensions, n Number of extra dimensions, n
Fig. 7.  (color online) Projected 95% CL-exclusion reach (solid lines, filled circles) and 50 discovery reach (dashed lines, open

squares) in M), as a function of the number of extra dimensions #, for the HL-LHC (a), HE-LHC (b), and FCC-hh (c). The dotted hori-
zontal line in panel (a) indicates the ATLAS Run-2 observed 95% CL limit for n = 2 [9], reproduced here solely as an experimental ref-
erence for direct comparison with the HL-LHC projection; the calibration itself is anchored to the expected limits (Sec. 4.5).

to FCC-hh, with both energy and luminosity gains, ex-
tends the reach to 22.0 TeV, a further 45% improvement
over HE-LHC. Thus, in the n =2 exclusion channel, the
total improvement from ATLAS Run-2 to FCC-hh is a
factor of 2.0. These values reflect the measured EXis-de-
pendent background scaling of Sec. 4.3, including the
measured 13 — 14 TeV step, which by itself lowers the
reach at all three colliders by 3—7% depending on n; the
comparison with the constant-factor prescription is quan-
tified in Sec. 5.2.

The 50 discovery reach is systematically lower than
the exclusion reach by approximately 13-23% (0.8-5.0
TeV), depending on n and the collider stage, reflecting
the larger signal yield required to establish a discovery
rather than merely set an exclusion bound. At FCC-hh,
the discovery reach for n =2 extends to 17.0 TeV, well
beyond the existing constraints from any current or near-
term collider experiment.

The reach decreases monotonically with n, as expec-
ted from the steeper falloff of the signal cross section at
large n (Eq. 2). For n =6 at HL-LHC, the exclusion reach
of 6.3 TeV lies about 6% above the existing ATLAS
Run-2 bound of 5.9 TeV, whereas the 50 discovery reach

of 5.5 TeV falls below that bound, reflecting the steep
cross-section suppression at large n. In contrast, the n =6
HE-LHC and FCC-hh projections both yield a discovery
reach substantially above the Run-2 bound.

B. Systematic uncertainties

The sources considered here enter the projection
through two distinct routes. The background uncertainty
enters the significance directly as the term o, of Eq. (4);
all other sources are propagated by varying an assump-
tion, recomputing the full chain—significance, crossing,
calibration—and taking the induced shift of the projected
M reach. The two are therefore not combined at the
level of o3, but at the level of the reach. Table 3 summar-
ises the budget; the individual items are discussed below.

Background scaling. The energy scaling of the back-
ground is measured as a function of EF™* rather than
taken as a fixed factor (Sec. 4.3). Its residual uncertainty
comprises three components. (i) The statistical precision
of the measured ratios: ~4% on r at the hardest threshold
— the fitted (1200 GeV) =211 agrees with the direct
counting measurement of 207 — corresponding to =1%
on the Mp reach, with the 13 — 14 TeV step measured to
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Table 3. Systematic uncertainties in the projected M), reach. The first block is combined in quadrature to yield the experimental pro-

jection budget; the last two entries represent prescription choices, quoted separately for the 95% CL reach (the effect of the alternative

choice relative to the adopted one) rather than included in the budget.

Source Enters through Effect on reach
Calibration factor reach variation +3.8% (propagated + assigned transfer)
Background energy scaling op and B 2%
Background composition B <0.7%
Monte-Carlo statistics reach variation <0.8%
Sample class assignment B <0.7%
Combined (quadrature) +4.5%
Signal yield (assumed +30%) reach variation <9% (additional)
Significance estimator reach variation +0.2 to +9.1% (95% CL)
Background-table range B +4 to +12%

<2% per threshold. (ii)) The leading-order modelling of
the shape evolution: we retain a conservative £10% vari-
ation of the fitted slope, with the intercept adjusted so that
the fit remains anchored at the pivot threshold EF's =750
GeV, where slope and intercept are uncorrelated.. This
corresponds to <2% on the reach (at most 2.0% for n.=2
at the FCC-hh) and exceeds the statistical slope uncer-
tainty by factors of 4.5 and 9 at 27 and 100 TeV. (iii) The
composition assumption: the non-V+jets component, at
most 6.0% of the total across the EF* range (Sec. 4.3), is
scaled with the same measured factor, and a +50% vari-
ation of its scaling shifts the reach by at most 0.7%. For
context, the measured 13 — 14 TeV step alone lowers the
projected reach by 3—7% relative to treating the 13 and 14
TeV backgrounds as equal, and using the constant factors
of Ref. [14] instead of the measured scaling would raise
the leading case (n =2 at the FCC-hh) from 22.0 to 36.2
TeV.

Calibration factor. Each C, of Eq. (6) is a ratio of
two limits. Two contributions to its uncertainty are distin-
guished: the numerical precision of the factor at 13 TeV,
which is propagated from its two inputs, and its transfer
to the other collider energies, which cannot be propag-
ated and is therefore assigned.

The published expected limits are quoted to 0.1 TeV.
The half-width of the rounding interval, 0.05 TeV, is used
as a conservative one-standard-deviation equivalent (a
uniform distribution over the interval would give
0.05/ V3 =0.03 TeV); it corresponds to 0.4% (n=2) to
0.8% (n=6). ATLAS publishes no uncertainty on the ex-
pected limit itself; the +10- band around it describes the
distribution of possible observed outcomes, not the preci-
sion of the median expectation. The crossing MY"™ car-
ries the Monte Carlo statistical uncertainty of the anchor
samples; it is evaluated by fluctuating the selected counts
in the thirteen exclusive bins of both bracketing points ac-
cording to Poisson statistics and recomputing both the

combined, significance and the crossing (2000 replicas).
For a sample of fixed size, the exclusive-bin counts are
multinomial rather than Poisson. The resulting correc-
tions — a factor (1 — p;) in the variance and negative cov-
ariances between bins — are of relative order p;, the frac-
tion of the sample selected in bin i, and amount to a small
fraction of an already small term. The 0.3% uncertainty
assigned to the generated cross section is included as an
independent term and contributes less than 0.1%. The res-
ult is 0.1-0.3% in Mp, compressed by the steep local
slope dInZ/dIn Mp, which ranges from -3.9 (n=2) to -
7.4 (n =6). The interpolation systematic is measured for
n=3 and 5 — where the anchor grid has three points —
by replacing the log—log linear interpolation with a quad-
ratic through all three points: 0.04% and 0.17%. The lar-
ger value is assigned to the remaining »n. In quadrature,
these give 0.6-0.9% on C,. This is smaller than the dis-
persion of the five factors (1.4%), which supports apply-
ing the factors per n rather than as a common average.
The transfer of C, across collider energies (Sec. 4.5)
is the dominant term. No measurement at a second en-
ergy is available to test it, and the closeness of C, to unity
at 13 TeV does not by itself bound it: effects that com-
pensate at one energy need not compensate at another. Its
uncertainty is therefore assigned using the one measured
quantity that probes the same mechanism. The collider
energy enters the calibration through the hardness of the
signal spectrum — the harder the spectrum, the more the
signal is concentrated in the highest EXs* bins — and the
hardness is also what distinguishes the five anchors at 13
TeV and what the method-dependent part of C, responds
to (Sec. 4.5). The measured variation of C, from the soft-
est anchor (n =2) to the hardest (n = 6), 3.7% end to end,
is taken as the transfer uncertainty for all n. This is an as-
sumption, namely that the energy dependence of the
framework difference is no larger than its measured spec-
trum dependence at 13 TeV, and not a derived limit. It is
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consistent with the flat selection-level response of Fig. 3
— a difference that is flat in EF™* transfers unchanged to
a harder spectrum — and with the expected direction of
the effect: the projected spectra are harder than every an-
chor, so that for n =2 and 3 the factor appropriate at the
higher energies lies closer to its large-n value and the
quoted reach is, if anything, conservative. The same
mechanism accounts for the pattern of the estimator vari-
ation discussed below. Combined in quadrature with the
propagated precision, the calibration uncertainty is 3.8%,
which we assign to all .

Signal cross section. The leading-order PYTHIA 8§
cross section differs from the signal generation underly-
ing the ATLAS analysis, and this difference is absorbed
by the calibration: the matched-benchmark comparison of
Fig. 3 shows that the selection-level response itself agrees
with ATLAS within a flat 2—-6%, so the remaining offset
is a normalisation that C, anchors to the measured limits.
The Run-2 calibration cannot remove the energy-depend-
ent signal-theory uncertainties — PDF, renormalisation
and factorisation scales, and parton luminosities at 27 and
100 TeV — which are not evaluated here. Their impact is
strongly compressed by the steep M) dependence of the
cross section: an aggressive £30% variation of the signal
yield shifts the reach by +3.5-6.9% / -4.7-8.7%, largest
forn=2.

Detector resolution. The parameterised smearing is
taken from the ATLAS Run-2 performance. The HL-
LHC upgrades and the FCC-hh reference detector target
performance equal to or better than that of Run-2 in the
kinematic regime relevant here, so the currently meas-
ured performance provides a conservative floor. The re-
sidual sensitivity is small: varying the jet and EX* resol-
utions by £20% changes the selected signal yield by at
most *2% over ET >400-1200 GeV, since the projec-
tion is driven by the steeply falling EM* spectrum (fal-
loff scale ~180 GeV) rather than by the resolution model.
This variation probes the resolution model only and does
not constitute a treatment of pile-up: the much higher
pile-up of the HL-LHC and FCC-hh environments can
additionally affect jet multiplicity, E™ tails, and veto ef-
ficiencies, and quantifying that requires experimental
simulation beyond the scope of a generator-level study.

Significance estimator. The baseline estimator is the
combined exclusive-bin construction of Sec. 4.4, match-
ing the ATLAS likelihood binning. Reverting to the
single most sensitive inclusive bin used in the ATLAS
model-independent results, with the calibration recom-
puted consistently, would raise the projected 95% CL
reach by 0.2% to 9.1%, the largest shift occurring for
n =2 at the FCC-hh. At 50 the same reversion lowers the

HL-LHC reach for n=2 and n=6 by 0.1% and 1.6%,
with those crossings lying at low enough M, for the com-
bined estimator to gain from the wider spread of the sig-
nal over bins. The size and pattern of the shift match
those of the transfer effect discussed above under the cal-
ibration factor: each estimator carries its own method-de-
pendent part of the 13 TeV calibration, which does not
transfer unchanged to a regime where the signal is con-
centrated in the highest bin, and the two estimators differ
most where that part is largest, at low n. This variation is
not an uncertainty on the present result but rather the
measured size of the estimator choice, and it is not fol-
ded into the quadrature sum above; the residual of the un-
correlated-bin approximation within the adopted estimat-
or is covered by the transfer uncertainty assigned to the
calibration factor, which is derived from the same n-de-
pendence.

Background-table range. The dominant contribu-
tion to the combined significance comes from the highest
bin tabulated by ATLAS, the open-ended EXs* > 1200
GeV bin. Extending the table beyond that edge would re-
quire simultaneous extrapolation of the post-fit yields, the
measured energy-scaling ratios, and the relative systemat-
ic uncertainty, two of which act in the direction of in-
creased sensitivity; we therefore retain the published
range. Estimating the extension from the measured tail
slope raises the projected reach by 4-12% depending on
collider and n. This estimate uses the single-bin estimat-
or, since the sensitivity is dominated by the highest Emis
bin in the relevant region. The calibration is unaffected,
as noted in Sec. 4.5.

The estimated total systematic uncertainty in the pro-
jected M reach, obtained by combining in quadrature the
calibration uncertainty (+3.8%), the residual uncertainty
in the measured background scaling ($2%), the composi-
tion-assumption uncertainty (<0.7%), the uncertainty
from the finite Monte Carlo statistics of the signal grids
(50.8%)", and the uncertainty from the inclusive/high-pr
class-assignment choice (<0.7%; moving the boundary
from 600/700 to 800/900 GeV), with the assigned trans-
fer uncertainty treated as a standard deviation and correl-
ations among the sources neglected, is

V(3.8%)2 + (2%)? +(0.7%)* + (0.8%)* + (0.7%)? ~ +4.5%.

Energy-dependent signal-theory uncertainties, which
are not explicitly evaluated, are additional to this experi-
mental budget; the assumed £30% signal-yield variation
used as a proxy for them shifts the reach by <9%. The
two prescription choices in Table 3 are likewise quoted
separately.

The lowest selected-event count anywhere in the n =6 grid at /s = 14 TeV, in the dominant bin, is 1.0x 10°, occurring at the M, = 4 TeV extension point, corres-
ponding to <3.2% per point; the points that actually bracket the n = 6 crossings lie at higher M, and have harder spectra, so this is a conservative bound. The steep
o o M;* dependence reduces a yield uncertainty by a factor 1/(n+2) = 1/8 when propagated to the reach, so the uncertainty transferred to the reach remains <0.8%.



Projected sensitivity to the ADD large extra dimensions model in the monojet plus missing ...

Chin. Phys. C 51, (2027)

C. Comparison with previous projections and the liter-
ature

A targeted survey of the existing literature confirms
that the combination of three elements adopted in the
present work—(i) the ADD model, (ii) the monojet plus
missing transverse momentum channel, and (iii) a uni-
fied projection across HL-LHC, HE-LHC, and FCC-
hh—has not previously been treated within a single, in-
ternally consistent framework. We now discuss the relev-
ant prior work, which falls into several distinct categor-
ies.

Official HL-LHC and HE-LHC projections. The
most extensive prior effort relevant to the present study is
the BSM volume of the workshop report on the physics
of the HL-LHC and perspectives at the HE-LHC, Ref.
[28], which collects projections for a wide variety of
BSM scenarios contributed by the ATLAS, CMS, and
theory communities. While that report devotes substan-
tial attention to dark-matter mono-X signatures and to a
number of related new-physics models, it does not
present a dedicated, fully tabulated projection of the ADD
large-extra-dimension reach in the monojet channel as a
function of both n and the collider stage. Reference [29]
similarly focuses on Standard-Model physics and offers
no ADD-specific projection. The present study comple-
ments these efforts by providing such a dedicated; self-
contained ADD reach projection in the monojet channel.

Official FCC-hh projections. For the FCC-hh, the
principal reference is the Yellow Report by Mangano et
al. [14], supplemented by the FCC Conceptual Design
Report [15] and the FCC summary submitted to the 2021
Snowmass process [30]. These documents discuss low-
scale gravity in broad terms and indicate FCC-hh sensit-
ivity to Mp values of order 40 TeV for n =2, but do not
provide a detailed n-by-n reach table based on a unified
monojet-channel analysis with identical selection criteria
across all collider stages. Our value My *(n=2)=22.0
TeV at the FCC-hh lies below the broad estimates of the
~40 TeV class quoted in Ref. [14]. This difference is
quantitatively accounted for. Adopting the constant back-
ground energy-scaling factors of that reference, our
framework would itself yield 36.2 TeV. The reduction
therefore follows from the measured EM-dependent
scaling of Sec. 4.3—which exceeds the constant factor by
up to a factor of ~6 in the high-EX* signal region—to-
gether with the exclusive-bin significance construction
and the Run-2-anchored calibration.

Complementary low-scale gravity channels. A re-
cent study by Gamsizkan [31] addresses microscopic
black-hole production at HE-LHC and FCC-hh in the
same ADD framework, using the BLACKMAX event gen-
erator. That work explores a regime—black-hole forma-
tion at Mgy > Mp with high-multiplicity final states—that
is kinematically and phenomenologically complementary

to the real-graviton-emission monojet channel con-
sidered here. The mass scales accessible in Ref. [31]
(Mp ~ 15 TeV at HE-LHC, Mp ~ 45 TeV at FCC-hh) are
broadly consistent in order of magnitude with our mono-
jet reach values, providing a useful cross-channel consist-
ency check. A combined analysis exploiting both chan-
nels simultaneously is left for future work.

Earlier monojet ADD phenomenology. The phe-
nomenology of the monojet channel for ADD signals at
vs =14 TeV was_studied during the planning phase of
the LHC, most notably in the classic study of ATLAS
sensitivity by Vacavant and Hinchliffe [32] (which repor-
ted sensitivity upto Mp'~ 9.1 TeV (n=2) at 100 fb '), in
the early estimates collected in the CMS Physics TDR
[33], and in the PYTHIA-based study by Ask et al. [20].
Reference [34] derived ADD constraints from LHC Run-
2 dijet ‘angular distributions, complementing the direct
monojet searches. None of these studies extended their
projections to the HL-LHC luminosity, the HE-LHC en-
ergy, or the FCC-hh.

Summary of the contribution of this work. Within
this landscape, the present study makes four contribu-
tions. It provides, to the best of our knowledge, the first
unified projection of the ADD monojet reach across the
three future hadron colliders, with the same selection, sig-
nificance estimator, and calibration applied throughout. It
adopts the post-fit Standard-Model background yields re-
leased on HEPData in place of the generator-level multi-
process simulation typically used in phenomenology
studies. It introduces an n-dependent Run-2 calibration,
determined directly for all five values of n, that bridges
parton-shower-level acceptance and detector-level limits.
Finally, it measures the energy scaling of the monojet
background as a function of EF™** rather than treating it as
a constant factor—to our knowledge, one of the first ded-
icated determinations in this context, and one that modi-
fies the projected reach by up to =39%.

VI. CONCLUSIONS

We assess the sensitivity to the ADD model of large
extra spatial dimensions in the monojet plus missing
transverse momentum channel at three future hadron col-
lider stages—HL-LHC (+/s = 14 TeV, 3 ab '), HE-LHC
(27 TeV, 15 ab'), and FCC-hh (100 TeV, 30
ab™')—within a single framework. We combine PYTHIA
8 signal samples with the post-fit Standard-Model back-
ground yields released by ATLAS and CMS on HEPData
and evaluate a combined Asimov significance over the
exclusive ET™ bins.

Two elements underpin the projection. The back-
ground is extrapolated with an energy-scaling factor
measured as a function of ET™ from dedicated Z+jets
and W+jets samples, including the 13 — 14 TeV step;
this step alone lowers all projections by 3—7%. Using the
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constant factors of Ref. [14] instead would raise the lead-
ing case from 22.0 to 36.2 TeV. The absolute scale is
fixed by an n-dependent calibration to the published AT-
LAS Run-2 expected limits. This calibration is determ-
ined directly from dedicated 13 TeV anchor samples for
all five values of n (C, consistent with unity, mean 1.001,
dispersion +1.4%). The selection response underlying the
calibration is validated against the published ATLAS cut-
flow at a matched benchmark, which it reproduces with a
flat ratio of 1.02—1.06.

The projected 95% CL exclusion reach in M, for
n =2 extends from the current ATLAS Run-2 bound of
11.2 TeV to 12.5 TeV at the HL-LHC, 15.2 TeV at the
HE-LHC, and 22.0 TeV at the FCC-hh, with correspond-
ing 5o discovery reach values 0of 9.8, 12.0, and 17.0 TeV.
The reach decreases monotonically with n, falling to 6.3,
9.0, and 17.3 TeV for n=6. The total extension from
Run-2 to the FCC-hh in the n =2 exclusion channel is a
factor of 2.0. The experimental projection uncertainty is
+4.5%; an assumed +30% signal-yield variation, which
stands in for the unevaluated energy-dependent signal-
theory uncertainties, shifts the reach by an additional

<9%. Two prescription choices—the significance estimat-
or and the upper edge of the background table—are quan-
tified separately in Sec. 5.2.

Each successive collider stage therefore offers a
meaningful increment in reach, with the FCC-hh probing
nearly twice the scale accessible today. Beyond the ADD
model itself, the combination adopted here —post-fit
HEPData backgrounds, a measured rather than assumed
energy scaling, and an n-resolved calibration anchored to
published limits —provides a reproducible template for
future-collider phenomenology studies that avoids reli-
ance on fast detector simulations, whose applicability to
these environments would itself require validation.
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