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Fully hadronic multijet events 
๏ Fully hadronic multijet channel typically has the largest BR.

- the signal jets are mingled with arbitrary numbers of ISR & FSR jets

๏ The analysis is however challenging:

- large combinatorial background
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Traditional Solutions
๏ Boosted regime + jet substructure

- low signal rate for heavy resonances 😕
Taken from CMSDAS 2020 

๏ Event-shape variables: Thrust, Sphericity, Aplanarity, …

Larkoski, Moult & Nachman (2020); Kogler et al. (2019); Marzani, Soyez & 
Spannowsky (2019)

Banfi, Salam & Zanderighi (2010)

- cannot capture the details of event information 😕

- combinatorial problem ameliorated 

- IR-safe & permutation and rotation invariant

Taken from ATLAS webpage 
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Machine Learning approach
๏ ML can exploit the full event information
๏ Lesson of recent work: respecting the data's symmetries (& redundancies) improves performance

CNN jet images

shift + rotation + flip

Macaluso & Shih ‘18

Lorentz-equivariant Network

e.g. LorentzNet '22, PELICAN '22

L-GATr 
Lorentz-equivariant Geometric Algebra Transformer 

exact under boosts & rotations, 
built from invariants  pi·pj

symmetry built into the architecturesymmetry by pre-processing  

Brehmer et al '24

๏ These respect permutation + Lorentz symmetry & keep full information

equivariant transformer, beyond classification

๏ Not IR-safe 😕
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Spectral Function

- IR-safe 
- Defined for any # of objects 

- Invariant under permutation, longitudinal boost and rotation about the beam axis 

- 1D functional representation of the transverse momentum data modulo the collider isometries

๏ Applied to jet substructure, ML-based jet classification Jankowiak & Larkoski (2011, 2012), Larkoski (2012), 
Lim & Nojiri (2018), Chakraborty, Lim & Nojiri (2019)

Boutin & Kemper (2004), Larkoski & Thaler (2023)

<latexit sha1_base64="iVR9BCPBzuSwyDtku70Knb3TanE=">AAACJnicbZDJSgNBEIZ74hbjFvXopTEIghBmgkQvgaAePEYxKmTG0NOpmDY9i901QhjyNF58FS8eIiLefBQ7C+4FDT/fX0V1/X4shUbbfrMyU9Mzs3PZ+dzC4tLySn517VxHieJQ55GM1KXPNEgRQh0FSriMFbDAl3Dhdw+H/sUdKC2i8Ax7MXgBuw5FW3CGBjXzldNmKm76tEJdfaswpQ33CCQy6gKykeVdlejOF4474hP3m/mCXbRHRf8KZyIKZFK1Zn7gtiKeBBAil0zrhmPH6KVMoeAS+jk30RAz3mXX0DAyZAFoLx2d2adbhrRoO1LmhUhH9PtEygKte4FvOgOGHf3bG8L/vEaC7X0vFWGcIIR8vKidSIoRHWZGW0IBR9kzgnElzF8p7zDFOJpkcyYE5/fJf8V5qeiUi+WT3UL1YBJHlmyQTbJNHLJHquSY1EidcHJPHsmAPFsP1pP1Yr2OWzPWZGad/Cjr/QPArKS9</latexit>

Rij =
√

[!ωij ]2 + [!εij ]2
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S(R) =
∑

i,j→J

pT,i pT,j ω(R→Rij)
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S(R): a pT-weighted histogram of pairwise angular distances (≈ two-point EEC)

complete and invertible (up to isometory)
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This talk

apply the Spectral Function to the whole event (fully hadronic) 


use it as an input of a dense NN


discriminate gluino events (signal) from the ttbar (background)    

Spectral Function
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Figure 1: The signal process pp → g̃g̃, g̃ → tt̄ω̃0
1.

The hard scattering events, pp → g̃g̃ with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7) [33]. Gluino decays, g̃ →

tt̄ω̃
0
1, are handled through MadSpin, while the subsequent

top and W decays as well as showering and hadronization
are handled by Pythia8 (v8.311) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is defined in the
next section, the background is dominated by tt̄ + jets
events [31]. We simulate the production and decays
(pp → tt̄, t → bW , W → jets) by MadGraph5, with the
parton shower and hadronisation handled by Pythia8.
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
configuration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT

algorithm with a radius parameter RJ = 0.4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel of pp → g̃g̃, g̃ → tt̄ω̃

0
1 using 139 fb→1 of

↑
s = 13

TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluino–neutralino(+tt̄) mass plane. It provides the
strongest sensitivity at !m ↓ mg̃ ↔mω̃0

1
↗ 700 GeV, and

we therefore fix !m = 700 GeV throughout this work.
This intermediate-!m regime is also where we expect

the spectral function to be most useful. For very small
!m, the cascade decay products are soft and many jets

fail the pT > 30 GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e!ective probe of this corner [31].
For !m ↘ 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts on E

miss
T , me! and M

”
J become more ef-

fective than exploiting the angular energy flow [31]. The
intermediate regime !m ↗ 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object definitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0.4 and are
required to satisfy pT > 30 GeV and |ε| < 2.8. Electrons
and muons are required to satisfy pT > 20 GeV, with
|ε| < 2.47 for electrons and |ε| < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jets Nj , the
number of b-tagged jets Nb, and the missing transverse
momentum E

miss
T ↓ |ϑp

miss
T |. We further use the minimum

azimuthal angle between ϑp
miss
T and the four leading jets,

!ϖ
4j
min ↓ min

i↑4

∣∣ϖjet,i ↔ ϖεpmiss
T

∣∣ , (4)

the e!ective mass,

me! ↓

∑

i

p
jet,i
T + E

miss
T , (5)

the minimum transverse mass of the leading three b-jets,

m
b jets
T,min ↓ min

i↑3

√
2 pb jetiT E

miss
T

[
1 ↔ cos

(
!ϖ(ϑpmiss

T , ϑp
b jeti
T )

)]
,

(6)

and the total reclustered jet mass,

M
”
J ↓

∑

i↑4

mJ,i , (7)

where mJ,i is the mass of the i-th large-radius jet, ob-
tained by reclustering the RJ = 0.4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10% of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |ε| < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ‘signal’ leptons used in the leptonic SRs.

Signal: Gluino pair (fully hadronic) 
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Figure 1: The signal process pp → g̃g̃, g̃ → tt̄ω̃0
1.

The hard scattering events, pp → g̃g̃ with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7) [33]. Gluino decays, g̃ →

tt̄ω̃
0
1, are handled through MadSpin, while the subsequent

top and W decays as well as showering and hadronization
are handled by Pythia8 (v8.311) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is defined in the
next section, the background is dominated by tt̄ + jets
events [31]. We simulate the production and decays
(pp → tt̄, t → bW , W → jets) by MadGraph5, with the
parton shower and hadronisation handled by Pythia8.
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
configuration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT

algorithm with a radius parameter RJ = 0.4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel of pp → g̃g̃, g̃ → tt̄ω̃

0
1 using 139 fb→1 of

↑
s = 13

TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluino–neutralino(+tt̄) mass plane. It provides the
strongest sensitivity at !m ↓ mg̃ ↔mω̃0

1
↗ 700 GeV, and

we therefore fix !m = 700 GeV throughout this work.
This intermediate-!m regime is also where we expect

the spectral function to be most useful. For very small
!m, the cascade decay products are soft and many jets

fail the pT > 30 GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e!ective probe of this corner [31].
For !m ↘ 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts on E

miss
T , me! and M

”
J become more ef-

fective than exploiting the angular energy flow [31]. The
intermediate regime !m ↗ 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object definitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0.4 and are
required to satisfy pT > 30 GeV and |ε| < 2.8. Electrons
and muons are required to satisfy pT > 20 GeV, with
|ε| < 2.47 for electrons and |ε| < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jets Nj , the
number of b-tagged jets Nb, and the missing transverse
momentum E

miss
T ↓ |ϑp

miss
T |. We further use the minimum

azimuthal angle between ϑp
miss
T and the four leading jets,

!ϖ
4j
min ↓ min

i↑4

∣∣ϖjet,i ↔ ϖεpmiss
T

∣∣ , (4)

the e!ective mass,

me! ↓

∑

i

p
jet,i
T + E

miss
T , (5)

the minimum transverse mass of the leading three b-jets,

m
b jets
T,min ↓ min

i↑3

√
2 pb jetiT E

miss
T

[
1 ↔ cos

(
!ϖ(ϑpmiss

T , ϑp
b jeti
T )

)]
,

(6)

and the total reclustered jet mass,

M
”
J ↓

∑

i↑4

mJ,i , (7)

where mJ,i is the mass of the i-th large-radius jet, ob-
tained by reclustering the RJ = 0.4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10% of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |ε| < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ‘signal’ leptons used in the leptonic SRs.
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Figure 1: The signal process pp → g̃g̃, g̃ → tt̄ω̃0
1.

The hard scattering events, pp → g̃g̃ with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7) [33]. Gluino decays, g̃ →

tt̄ω̃
0
1, are handled through MadSpin, while the subsequent

top and W decays as well as showering and hadronization
are handled by Pythia8 (v8.311) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is defined in the
next section, the background is dominated by tt̄ + jets
events [31]. We simulate the production and decays
(pp → tt̄, t → bW , W → jets) by MadGraph5, with the
parton shower and hadronisation handled by Pythia8.
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
configuration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT

algorithm with a radius parameter RJ = 0.4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel of pp → g̃g̃, g̃ → tt̄ω̃

0
1 using 139 fb→1 of

↑
s = 13

TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluino–neutralino(+tt̄) mass plane. It provides the
strongest sensitivity at !m ↓ mg̃ ↔mω̃0

1
↗ 700 GeV, and

we therefore fix !m = 700 GeV throughout this work.
This intermediate-!m regime is also where we expect

the spectral function to be most useful. For very small
!m, the cascade decay products are soft and many jets

fail the pT > 30 GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e!ective probe of this corner [31].
For !m ↘ 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts on E

miss
T , me! and M

”
J become more ef-

fective than exploiting the angular energy flow [31]. The
intermediate regime !m ↗ 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object definitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0.4 and are
required to satisfy pT > 30 GeV and |ε| < 2.8. Electrons
and muons are required to satisfy pT > 20 GeV, with
|ε| < 2.47 for electrons and |ε| < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jets Nj , the
number of b-tagged jets Nb, and the missing transverse
momentum E

miss
T ↓ |ϑp

miss
T |. We further use the minimum

azimuthal angle between ϑp
miss
T and the four leading jets,

!ϖ
4j
min ↓ min

i↑4

∣∣ϖjet,i ↔ ϖεpmiss
T

∣∣ , (4)

the e!ective mass,

me! ↓

∑

i

p
jet,i
T + E

miss
T , (5)

the minimum transverse mass of the leading three b-jets,

m
b jets
T,min ↓ min

i↑3

√
2 pb jetiT E

miss
T

[
1 ↔ cos

(
!ϖ(ϑpmiss

T , ϑp
b jeti
T )

)]
,

(6)

and the total reclustered jet mass,

M
”
J ↓

∑

i↑4

mJ,i , (7)

where mJ,i is the mass of the i-th large-radius jet, ob-
tained by reclustering the RJ = 0.4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10% of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |ε| < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ‘signal’ leptons used in the leptonic SRs.
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Figure 1: The signal process pp → g̃g̃, g̃ → tt̄ω̃0
1.

The hard scattering events, pp → g̃g̃ with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7) [33]. Gluino decays, g̃ →

tt̄ω̃
0
1, are handled through MadSpin, while the subsequent

top and W decays as well as showering and hadronization
are handled by Pythia8 (v8.311) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is defined in the
next section, the background is dominated by tt̄ + jets
events [31]. We simulate the production and decays
(pp → tt̄, t → bW , W → jets) by MadGraph5, with the
parton shower and hadronisation handled by Pythia8.
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
configuration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT

algorithm with a radius parameter RJ = 0.4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel of pp → g̃g̃, g̃ → tt̄ω̃

0
1 using 139 fb→1 of

↑
s = 13

TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluino–neutralino(+tt̄) mass plane. It provides the
strongest sensitivity at !m ↓ mg̃ ↔mω̃0

1
↗ 700 GeV, and

we therefore fix !m = 700 GeV throughout this work.
This intermediate-!m regime is also where we expect

the spectral function to be most useful. For very small
!m, the cascade decay products are soft and many jets

fail the pT > 30 GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e!ective probe of this corner [31].
For !m ↘ 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts on E

miss
T , me! and M

”
J become more ef-

fective than exploiting the angular energy flow [31]. The
intermediate regime !m ↗ 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object definitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0.4 and are
required to satisfy pT > 30 GeV and |ε| < 2.8. Electrons
and muons are required to satisfy pT > 20 GeV, with
|ε| < 2.47 for electrons and |ε| < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jets Nj , the
number of b-tagged jets Nb, and the missing transverse
momentum E

miss
T ↓ |ϑp

miss
T |. We further use the minimum

azimuthal angle between ϑp
miss
T and the four leading jets,

!ϖ
4j
min ↓ min

i↑4

∣∣ϖjet,i ↔ ϖεpmiss
T

∣∣ , (4)

the e!ective mass,

me! ↓

∑

i

p
jet,i
T + E

miss
T , (5)

the minimum transverse mass of the leading three b-jets,

m
b jets
T,min ↓ min

i↑3

√
2 pb jetiT E

miss
T

[
1 ↔ cos

(
!ϖ(ϑpmiss

T , ϑp
b jeti
T )

)]
,

(6)

and the total reclustered jet mass,

M
”
J ↓

∑

i↑4

mJ,i , (7)

where mJ,i is the mass of the i-th large-radius jet, ob-
tained by reclustering the RJ = 0.4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10% of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |ε| < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ‘signal’ leptons used in the leptonic SRs.

Signal: Gluino pair (fully hadronic) 
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Analysis/Simulation Pipeline

4

Variable ATLAS Gtt-0L-C Baseline
N! = 0 = 0
Nj ! 10 ! 9
Nb ! 4 ! 3
E miss

T [GeV] > 400 > 300
! ! 4j

min > 0.4 > 0.2
me! [GeV] > 800 > 600
mb jets

T, min [GeV] > 180 > 130
M "

J [GeV] > 100 Ð

Table I: Numerical thresholds deÞning the Gtt-0L-C SR
from Ref. [31] and the baseline selection used in the present
work. Both selections start from the same jet, electron and
muon object deÞnitions, as described in the text. N! is the
number of baseline leptons in the event. A dash indicates
that the corresponding variable is not used.

ATLAS thresholds directly on our event sample. Instead,
we deÞne abaseline selectionas a relaxed version of the
Gtt-0L-C SR: the thresholds on Nj , Nb, E miss

T , ! ! 4j
min ,

me! and mb jets
T,min are all lowered, and theM "

J requirement
is dropped altogether. The relaxed thresholds are listed
in the third column of Table I. We relax the selection
to enlarge the event sample available to the machine-
learning classiÞer. Our full event analysis is then con-
structed by appending an ML-based classiÞer (with or
without spectral functions) to the baseline selection.

ATLAS identiÞed the tøt process as the dominant Stan-
dard Model contribution to the Gtt-0L-C SR [31]. Since
the purpose of this work is to examine the e! cacy of
the spectral function rather than to derive an accurate
gluino-mass limit, our analysis includes only thetøt back-
ground and neglects the subdominant Standard Model
processes.

V. NEURAL NETWORK ARCHITECTURE
AND TRAINING

After the baseline event selection, a supervised binary
classiÞer is used to further discriminate the gluino-pair
signal from the tøt background. The classiÞer is imple-
mented in TensorFlow/ Keras as a dense neural network.
The network contains two hidden dense layers with 64
and 32 neurons, respectively, each using a ReLU activa-
tion function. Dropout with rate 0.5 is applied after each
hidden layer to reduce overÞtting. The output layer con-
sists of a single neuron with a sigmoid activation func-
tion, producing a score between zero and one for each
event. Events with scores close to one are signal-like,
while events with scores close to zero are background-
like.

Before training, the input variables are standardized
using a StandardScaler . The scaler is Þtted only on
the training sample and then applied to the validation
and test samples, avoiding information leakage from the
validation or test sets into the training procedure. The
dataset is split into disjoint training, validation, and test

subsets, corresponding to 60%, 20%, and 20% of the se-
lected events, respectively. The training sample is used
to optimize the network weights, the validation sample is
used to monitor the training and to determine the opti-
mal score threshold, and the test sample is kept indepen-
dent for the Þnal performance evaluation. The model is
trained by minimizing the binary cross-entropy loss using
the Adam optimizer for 50 epochs with a batch size of
32.

Two main input-feature conÞgurations are considered.
In the Þrst conÞguration, only kinematic variables are
used: the transverse momenta of the Þve leading jets,
together with HT !

!
i pjet ,i

T . In the second conÞgu-
ration, the same kinematic variables are supplemented
with spectral-function observables. In the results pre-
sented below, the spectral function model uses the Þrst
ten spectral-function bins in addition to the kinematic
variables, as motivated by the SHAP analysis in Sec. VI.

The architecture and training hyperparameters above
were chosen by validation-loss monitoring, and we have
veriÞed that the results are stable in a neighbourhood of
these values.

VI. MACHINE LEARNING WITH SPECTRAL
FUNCTIONS

For the events that pass the baseline selection, we cal-
culate their spectral functions. We show in the upper plot
of Fig. 2 the binned spectral functionS(R; 0.4) of a repre-
sentative event from four samples: three gluino samples
with m÷g = 1200 GeV (blue), 1600 GeV (green), 2000 GeV
(red), and a tøt sample (black dashed). In the signal sam-
ples, ! m = m÷g " m ÷! 0

1
is Þxed at 700 GeV. The distance

parameter R is binned with a bin size of 0.4. The vertical
axis shows the value of! R áS(R; ! R) with ! R = 0 .4
divided by H 2

T . The Þrst bin accumulates all contribu-
tions from i = j in Eq. (2), where the indicator function
I [R,R + # R ) is always one. For our choice of! R and RJ ,
the contribution to this bin is

!
i ! J |pT,i |2/H 2

T , which
tends to be smaller when the energy is spread equally
among many jets.

The lower plot of Fig. 2 shows the event averages of
the histograms shown in the upper plot. We see that
the normalised spectral function has a very similar shape
for the three gluino scenarios with di" erent masses. The
averaged spectral function for thetøt background, on the
other hand, has a di" erent shape. The function has a
sharper peak atR # 3 compared to those for the gluinos.
We also see that the spectral function is very close to zero
for R > 4 for all signal and background samples.

In our full ML analysis, we use the binned spectral
function S(Ri ; ! R), where Ri denotes the R value of
the i -th bin, together with the kinematic variables HT
and pT,i (i = 0 , . . . , 4), as input features. In our initial
attempt, the Þrst 21 bins of the spectral function were
used, covering theR range between 0 and 8.4.

The resulting SHAP (SHapley Additive exPlanations)
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Figure 1: The signal processpp ! ÷g÷g, ÷g ! tøt ÷! 0
1.

The hard scattering events, pp ! ÷g÷g with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7)[33]. Gluino decays,÷g !
tøt ÷! 0

1, are handled throughMadSpin, while the subsequent
top and W decays as well as showering and hadronization
are handled byPythia8 (v8.311 ) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3 LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is deÞned in the
next section, the background is dominated bytøt + jets
events [31]. We simulate the production and decays
(pp ! tøt, t ! bW, W ! jets) by MadGraph5, with the
parton shower and hadronisation handled byPythia8 .
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
conÞguration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT
algorithm with a radius parameter RJ = 0 .4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel ofpp ! ÷g÷g, ÷g ! tøt ÷! 0

1 using 139 fb! 1 of
"

s = 13
TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluinoÐneutralino(+ tøt) mass plane. It provides the
strongest sensitivity at ! m # m÷g $ m ÷! 0

1
% 700GeV, and

we therefore Þx! m = 700 GeV throughout this work.
This intermediate-! m regime is also where we expect

the spectral function to be most useful. For very small
! m, the cascade decay products are soft and many jets

fail the pT > 30GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e! ective probe of this corner [31].
For ! m & 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts onE miss

T , me! and M "
J become more ef-

fective than exploiting the angular energy ßow [31]. The
intermediate regime ! m % 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object deÞnitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0 .4 and are
required to satisfy pT > 30 GeV and |" | < 2.8. Electrons
and muons are required to satisfypT > 20 GeV, with
|" | < 2.47 for electrons and|" | < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jetsNj , the
number of b-tagged jets Nb, and the missing transverse
momentum E miss

T # |#pmiss
T |. We further use the minimum

azimuthal angle between#pmiss
T and the four leading jets,

! $4j
min # min

i " 4

!
!$jet ,i $ $"p miss

T

!
! , (4)

the e! ective mass,

me! #
"

i

pjet ,i
T + E miss

T , (5)

the minimum transverse mass of the leading threeb-jets,

mb jets
T,min # min

i " 3

#

2pb jet i
T E miss

T

$
1 $ cos

%
! $(#pmiss

T , #pb jet i
T )

&'
,

(6)

and the total reclustered jet mass,

M "
J #

"

i " 4

mJ,i , (7)

where mJ,i is the mass of thei -th large-radius jet, ob-
tained by reclustering the RJ = 0 .4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10%of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |" | < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ÔsignalÕ leptons used in the leptonic SRs.
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Figure 1: The signal processpp ! ÷g÷g, ÷g ! tøt ÷! 0
1.

The hard scattering events, pp ! ÷g÷g with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7)[33]. Gluino decays,÷g !
tøt ÷! 0

1, are handled throughMadSpin, while the subsequent
top and W decays as well as showering and hadronization
are handled byPythia8 (v8.311 ) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3 LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is deÞned in the
next section, the background is dominated bytøt + jets
events [31]. We simulate the production and decays
(pp ! tøt, t ! bW, W ! jets) by MadGraph5, with the
parton shower and hadronisation handled byPythia8 .
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
conÞguration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT
algorithm with a radius parameter RJ = 0 .4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel ofpp ! ÷g÷g, ÷g ! tøt ÷! 0

1 using 139 fb! 1 of
"

s = 13
TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluinoÐneutralino(+ tøt) mass plane. It provides the
strongest sensitivity at ! m # m÷g $ m ÷! 0

1
% 700GeV, and

we therefore Þx! m = 700 GeV throughout this work.
This intermediate-! m regime is also where we expect

the spectral function to be most useful. For very small
! m, the cascade decay products are soft and many jets

fail the pT > 30GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e! ective probe of this corner [31].
For ! m & 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts onE miss

T , me! and M "
J become more ef-

fective than exploiting the angular energy ßow [31]. The
intermediate regime ! m % 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object deÞnitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0 .4 and are
required to satisfy pT > 30 GeV and |" | < 2.8. Electrons
and muons are required to satisfypT > 20 GeV, with
|" | < 2.47 for electrons and|" | < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jetsNj , the
number of b-tagged jets Nb, and the missing transverse
momentum E miss

T # |#pmiss
T |. We further use the minimum

azimuthal angle between#pmiss
T and the four leading jets,

! $4j
min # min

i " 4

!
!$jet ,i $ $"p miss

T

!
! , (4)

the e! ective mass,

me! #
"

i

pjet ,i
T + E miss

T , (5)

the minimum transverse mass of the leading threeb-jets,

mb jets
T,min # min

i " 3

#

2pb jet i
T E miss
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1 $ cos

%
! $(#pmiss

T , #pb jet i
T )

&'
,

(6)

and the total reclustered jet mass,

M "
J #

"

i " 4

mJ,i , (7)

where mJ,i is the mass of thei -th large-radius jet, ob-
tained by reclustering the RJ = 0 .4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10%of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |" | < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ÔsignalÕ leptons used in the leptonic SRs.
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Figure 1: The signal processpp ! ÷g÷g, ÷g ! tøt ÷! 0
1.

The hard scattering events, pp ! ÷g÷g with up to one
additional jet, are generated at leading order (LO) using
MadGraph5 (aMC@NLO 3.5.7)[33]. Gluino decays,÷g !
tøt ÷! 0

1, are handled throughMadSpin, while the subsequent
top and W decays as well as showering and hadronization
are handled byPythia8 (v8.311 ) [34]. The Monash 2013
tune [35] is applied to model the underlying event. For
the parton distribution function, the NNPDF2.3 LO [36]
PDF set is used.

The signal cross-sections are taken from the SUSY
Cross Section Working Group [37], computed at
next-to-next-to-leading order (NNLO) accuracy in the
strong coupling with next-to-next-to-leading logarith-
mic (NNLL) resummation of soft gluon emissions
(NNLO+NNLL) [38].

In the SR of our analysis, which is deÞned in the
next section, the background is dominated bytøt + jets
events [31]. We simulate the production and decays
(pp ! tøt, t ! bW, W ! jets) by MadGraph5, with the
parton shower and hadronisation handled byPythia8 .
The same PDF set and underlying-event model are used
as in the signal simulation. For both signal and back-
ground events, the detector response is simulated using
Delphes 3.5.1 [39] with the default ATLAS detector
conÞguration. FastJet 3.4.3 [40] is used to reconstruct
the jets from the calorimeter towers, applying the anti-kT
algorithm with a radius parameter RJ = 0 .4.

IV. THE ANALYSIS STRATEGY

Our event analysis is inspired by the Gtt-0L-C SR of
the ATLAS search [31], which targets the fully hadronic
channel ofpp ! ÷g÷g, ÷g ! tøt ÷! 0

1 using 139 fb! 1 of
"

s = 13
TeV pp collision data. The Gtt-0L-C SR is one of four
cut-and-count 0-lepton SRs (labelled B, M1, M2 and C in
Ref. [31]) and is optimised for a mildly compressed corner
of the gluinoÐneutralino(+ tøt) mass plane. It provides the
strongest sensitivity at ! m # m÷g $ m ÷! 0

1
% 700GeV, and

we therefore Þx! m = 700 GeV throughout this work.
This intermediate-! m regime is also where we expect

the spectral function to be most useful. For very small
! m, the cascade decay products are soft and many jets

fail the pT > 30GeV threshold; the events lose their high-
multiplicity character, and the fully hadronic channel is
in any case not the most e! ective probe of this corner [31].
For ! m & 700 GeV, conversely, the four top quarks in
the signal are highly boosted; their decay products merge
and the events are reconstructed with fewer, harder jets,
so stringent cuts onE miss

T , me! and M "
J become more ef-

fective than exploiting the angular energy ßow [31]. The
intermediate regime ! m % 700 GeV, characterised by
genuinely high jet multiplicity and a non-trivial angu-
lar topology that is neither too soft nor too boosted, is
therefore the natural target for the spectral-function ap-
proach.

In what follows we adopt the object deÞnitions of the
ATLAS analysis. Jets are reconstructed with the anti-
kT algorithm with radius parameter RJ = 0 .4 and are
required to satisfy pT > 30 GeV and |" | < 2.8. Electrons
and muons are required to satisfypT > 20 GeV, with
|" | < 2.47 for electrons and|" | < 2.5 for muons. Events
with a baseline electron or muon are vetoed.1

The remaining event selection is built from a small
set of kinematic variables: the number of jetsNj , the
number of b-tagged jets Nb, and the missing transverse
momentum E miss

T # |#pmiss
T |. We further use the minimum

azimuthal angle between#pmiss
T and the four leading jets,

! $4j
min # min

i " 4
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!$jet ,i $ $"p miss
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! , (4)

the e! ective mass,
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and the total reclustered jet mass,

M "
J #

"

i " 4

mJ,i , (7)

where mJ,i is the mass of thei -th large-radius jet, ob-
tained by reclustering the RJ = 0 .4 jets into fat jets of
radius 0.8 and trimming away subjets carrying less than
10%of the fat-jet transverse momentum [31]; these large-
radius jets are further required to satisfy pT > 100 GeV
and |" | < 2.0.

The numerical thresholds applied to these variables in
the ATLAS Gtt-0L-C SR, taken from Region C of Table 3
of Ref. [31], are summarised in the second column of Ta-
ble I. In the present work, however, we do not impose the

1 No explicit isolation requirement is applied at the baseline level:
in Ref. [31], track- and calorimeter-based isolation criteria are
imposed only on the ÔsignalÕ leptons used in the leptonic SRs.

Event 
Generation Preselection Spec Func ML 

Classification
Statistical 
Aanalysis

ATLAS Gtt-0L-C
Event Gen:  MG5_aMC@NLC !  Pythia8 !  Delphes3  

Statistaics:  Spey

ML: Dense NN, 64 !  32, ReLU, dropout 0.5.

Sigmoid output.  Adam, 50 epochs, batch 32.

60 / 20 / 20  train / val / test.

Signal (  TeV):          99.4 eventsmg̃ = 1.6
Preselection ! Background (  ):      4481.5 eventstt̄
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Binned Spectral Function

2

Wasserstein distance between eventsÑpermutation- and
multiplicity-invariant by constructionÑeither as an
event-level anomaly score [21] or as an intermediate fea-
ture representation fed to downstream ML classiÞers [22].
A complementary line of work builds ML architectures
directly on energy-energy correlators [23].

In this paper, we pursue a di! erent solution to the
problem, based on the two-point correlation spectral
function [24, 25], which is closely related to the energy-
energy correlator (EEC) [26] and, in the jet-substructure
context, to the Ôangular correlation functionÕ of Refs. [27Ð
29]. This one-dimensional function encodes the informa-
tion on the angular distances between all pairs of particles
(or jets) in the event, along with their transverse mo-
mentum. Interestingly, it has recently been shown that
the spectral function carries the complete transverse mo-
mentum information of the event up to the symmetries of
the collider (azimuthal rotations and longitudinal boosts)
and jet permutations [30]. In other words, spectral func-
tions provide a functional representation of the momen-
tum data modulo the above symmetries, regardless of the
particle (jet) multiplicity.

Spectral functions were used for ML-based jet classi-
Þcation in [24, 25]. In this work, we use them as input
to deep neural networks to classify fully hadronic multi-
jet events. In particular, we apply them to a search for
gluino-pair production events, in which each gluino de-
cays into a top-antitop pair plus the lightest neutralino.
The projected sensitivities obtained from analyses with
and without the spectral function are compared to assess
the e" cacy of the method.

The rest of the paper is organised as follows. Sec-
tion II reviews the deÞnition of the two-point correlation
spectral function. Section III describes the signal and
background processes considered in this work, together
with the Monte Carlo simulation pipeline. Section IV
introduces our analysis strategy: it deÞnes the baseline
event selection and contrasts it with the Gtt-0L-C sig-
nal region (SR) of the ATLAS search for supersymmetry
in Þnal states with missing transverse momentum and
three or more b-jets [31]. Section V details the architec-
ture of the neural-network classiÞer. Section VI presents
the application of the spectral function to gluino-pair
events, together with a feature-importance analysis based
on SHAP values. Section VII compares the projected
sensitivities to the gluino mass obtained from the four
analyses, and Section VIII concludes.

II. THE SPECTRAL FUNCTION

The two-point correlation spectral function provides a
representation of the momentum data of a set of particles
by mapping it into a one-dimensional function S(R) of
the angular distance R. For jet classiÞcation, the func-
tion is deÞned for a given jet, and the particles are the
constituents of the jet [24, 25]. In this work, we con-
struct a spectral function for a multijet event by treating

the jets in the event as particles. LetpT,i and öni be the
magnitude of the transverse momentum and the angular
direction (parameterised by its pseudo-rapidity and az-
imuth) of the i -th jet, respectively. The spectral function
is then deÞned as [24, 25]

S(R) =
!

i,j ! J

pT,i pT,j ! (R ! Rij ) . (1)

where J is the set of all jets in the event and
Rij "

"
[! " (öni , önj )]2 + [ ! #(öni , önj )]2, with ! " (öni , önj )

and ! #(öni , önj ) being the di! erences in the pseudo-
rapidity and the azimuthal angle between öni and önj , re-
spectively.

By construction, the spectral function is invariant un-
der boosts along, and rotations about, the beam direc-
tion, as well as under jet permutations, as it is con-
structed from the longitudinal boost invariant quantities,
pT , ! # and ! " , only. It has been shown that the spec-
tral function encodes the information of the transverse
momentum data up to the event isometries and jet per-
mutations [30], building on a general result on the recon-
struction of point conÞgurations from the distribution
of pairwise distances [32]. Namely, for a given spectral
function S(R), it is possible to reconstruct the list of
transverse momenta{ $pT,i } (i # J ) up to rotations about
the beam axis, longitudinal boosts and permutations of
the jet labels.

For general collider analyses with Þnite angular resolu-
tions, it is practical to deÞne a binned spectral function
as [24, 25]

S(R; ! R) =
1

! R

# R + ! R

R
S(R") dR"

=
1

! R

!

i,j ! J

pT,i pT,j I [R,R + ! R ) (Rij ), (2)

where ! R is a Þxed cone size and

I [R,R + ! R ) (Rij ) =

$
1 if Rij # [R, R + ! R),
0 if Rij /# [R, R + ! R),

(3)

is the indicator function for the angular distance Rij
within the region [R, R + ! R). In this work, we Þx
! R = 0 .4, which coincides with our choice for the jet
cone radius. Note that lim! R # 0 S(R; ! R) = S(R).

III. SIGNAL, BACKGROUND AND MONTE
CARLO SIMULATIONS

As an example of new physics scenarios that give rise
to fully hadronic multijet signatures at the LHC, we con-
sider the pair production of gluinos, pp $ ÷g÷g, followed by
the gluino decay ÷g $ tøt ÷%0

1, where ÷%0
1 is the lightest neu-

tralino (see Fig. 1). We veto baseline leptons to ensure
that fully hadronic top decays dominate.
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event-level anomaly score [21] or as an intermediate fea-
ture representation fed to downstream ML classiÞers [22].
A complementary line of work builds ML architectures
directly on energy-energy correlators [23].

In this paper, we pursue a di! erent solution to the
problem, based on the two-point correlation spectral
function [24, 25], which is closely related to the energy-
energy correlator (EEC) [26] and, in the jet-substructure
context, to the Ôangular correlation functionÕ of Refs. [27Ð
29]. This one-dimensional function encodes the informa-
tion on the angular distances between all pairs of particles
(or jets) in the event, along with their transverse mo-
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the spectral function carries the complete transverse mo-
mentum information of the event up to the symmetries of
the collider (azimuthal rotations and longitudinal boosts)
and jet permutations [30]. In other words, spectral func-
tions provide a functional representation of the momen-
tum data modulo the above symmetries, regardless of the
particle (jet) multiplicity.

Spectral functions were used for ML-based jet classi-
Þcation in [24, 25]. In this work, we use them as input
to deep neural networks to classify fully hadronic multi-
jet events. In particular, we apply them to a search for
gluino-pair production events, in which each gluino de-
cays into a top-antitop pair plus the lightest neutralino.
The projected sensitivities obtained from analyses with
and without the spectral function are compared to assess
the e" cacy of the method.

The rest of the paper is organised as follows. Sec-
tion II reviews the deÞnition of the two-point correlation
spectral function. Section III describes the signal and
background processes considered in this work, together
with the Monte Carlo simulation pipeline. Section IV
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nal region (SR) of the ATLAS search for supersymmetry
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three or more b-jets [31]. Section V details the architec-
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events, together with a feature-importance analysis based
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spectively.
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tion, as well as under jet permutations, as it is con-
structed from the longitudinal boost invariant quantities,
pT , ! # and ! " , only. It has been shown that the spec-
tral function encodes the information of the transverse
momentum data up to the event isometries and jet per-
mutations [30], building on a general result on the recon-
struction of point conÞgurations from the distribution
of pairwise distances [32]. Namely, for a given spectral
function S(R), it is possible to reconstruct the list of
transverse momenta{ $pT,i } (i # J ) up to rotations about
the beam axis, longitudinal boosts and permutations of
the jet labels.

For general collider analyses with Þnite angular resolu-
tions, it is practical to deÞne a binned spectral function
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is the indicator function for the angular distance Rij
within the region [R, R + ! R). In this work, we Þx
! R = 0 .4, which coincides with our choice for the jet
cone radius. Note that lim! R # 0 S(R; ! R) = S(R).

III. SIGNAL, BACKGROUND AND MONTE
CARLO SIMULATIONS

As an example of new physics scenarios that give rise
to fully hadronic multijet signatures at the LHC, we con-
sider the pair production of gluinos, pp $ ÷g÷g, followed by
the gluino decay ÷g $ tøt ÷%0

1, where ÷%0
1 is the lightest neu-

tralino (see Fig. 1). We veto baseline leptons to ensure
that fully hadronic top decays dominate.
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Figure 2: The binned spectral function for signal events
with m÷g = 1200 GeV (blue), 1600 GeV (green) and 2000
GeV (red), and for background events (dashed black). Top
panel: a single representative event from each sample.
Bottom panel: the event average of the spectral function for
each sample.

1200 GeV. In this summary plot, input features are or-
dered along the vertical axis according to their global im-
portance, quantiÞed by the mean absolute SHAP value
across the dataset. The most inßuential features appear
at the top. Features corresponding to spectral function
bins beyond index 13 are not shown, as these bins are
empty or nearly empty and have negligible impact on
the model output. Each point represents a single event.
The horizontal position indicates the SHAP value of that
feature for the event, i.e., its contribution to the model
prediction. The colour encodes the feature value, with
red (blue) corresponding to high (low) values. Positive
(negative) SHAP values indicate that the feature pushes
the model output toward a higher (lower) score, typi-
cally corresponding to a more signal-like (background-
like) prediction.

We see in Fig. 3 that the eventHT is the most inßu-
ential feature, followed by several spectral function bins
(notably SF0, SF2, and SF3). In particular, for SF 0,
lower values tend to yield positive SHAP values, indi-
cating a tendency to increase the model score and thus
favour signal-like classiÞcation. More generally, only the
Þrst O(10) SF bins show signiÞcant impact on the model
output, while the contribution from higher bins is neg-
ligible. Based on this observation, we restrict the in-

Figure 3: The SHAP plot for a gluino mass of 1200 GeV
including all the bins of the spectral function as features.

put feature set in our analysis to the Þrst ten spectral
function bins, corresponding approximately to the range
R ! [0, 4].

VII. SENSITIVITIES TO THE GLUINO MASS

The events that pass the baseline selection are subject
to the ML classiÞcation. Figure 4 shows the distribu-
tions of the score outputs,sc, obtained from our two ML
models. The Þrst ML model, indicated by ÒNo SFÓ in
the left column of the Þgure, only uses the kinematic
variables (HT and pT,i , i = 0 , . . . , 4) as input. On the
other hand, the second ML model, indicated by ÒWith
SFÓ in the right column, utilises the Þrst 10 bins of the
spectral function in addition to the kinematic variables.
The top, middle and bottom rows of the Þgure corre-
spond to m÷g = 1 .2, 1.6 and 2.0 TeV, respectively, where
the gluinoÐneutralino mass di! erence is Þxed at 700 GeV.
The score distributions of the background and signal are
represented by the orange and blue histograms, respec-
tively. These histograms are separately normalised to
their expected yield at L = 139 fb! 1, i.e. [! base á" á L]
with ! base and " being the baseline e" ciency and the
production cross section, respectively.

As can be seen in Fig. 4, the performance of With-SF-
ML is much better than that of No-SF-ML: The clear

5

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.2 8.0
R

0.0

0.1

0.2

0.3

0.
4

S
(R

,0
.4

)/H
2 T

MG5+PY8+Delphes

Signal (m÷g = 1.2 TeV)

Signal (m÷g = 1.6 TeV)

Signal (m÷g = 2.0 TeV)

Background

0.0 0.8 1.6 2.4 3.2 4.0 4.8 5.6 6.4 7.2 8.0
R

0.00

0.05

0.10

0.15

!0
.4

S
(R

,0
.4

)/H
2 T
"

MG5+PY8+Delphes

Signal (m÷g = 1.2 TeV)

Signal (m÷g = 1.6 TeV)

Signal (m÷g = 2.0 TeV)

Background

Figure 2: The binned spectral function for signal events
with m÷g = 1200 GeV (blue), 1600 GeV (green) and 2000
GeV (red), and for background events (dashed black). Top
panel: a single representative event from each sample.
Bottom panel: the event average of the spectral function for
each sample.

1200 GeV. In this summary plot, input features are or-
dered along the vertical axis according to their global im-
portance, quantiÞed by the mean absolute SHAP value
across the dataset. The most inßuential features appear
at the top. Features corresponding to spectral function
bins beyond index 13 are not shown, as these bins are
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the model output. Each point represents a single event.
The horizontal position indicates the SHAP value of that
feature for the event, i.e., its contribution to the model
prediction. The colour encodes the feature value, with
red (blue) corresponding to high (low) values. Positive
(negative) SHAP values indicate that the feature pushes
the model output toward a higher (lower) score, typi-
cally corresponding to a more signal-like (background-
like) prediction.

We see in Fig. 3 that the eventHT is the most inßu-
ential feature, followed by several spectral function bins
(notably SF0, SF2, and SF3). In particular, for SF 0,
lower values tend to yield positive SHAP values, indi-
cating a tendency to increase the model score and thus
favour signal-like classiÞcation. More generally, only the
Þrst O(10) SF bins show signiÞcant impact on the model
output, while the contribution from higher bins is neg-
ligible. Based on this observation, we restrict the in-
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including all the bins of the spectral function as features.

put feature set in our analysis to the Þrst ten spectral
function bins, corresponding approximately to the range
R ! [0, 4].

VII. SENSITIVITIES TO THE GLUINO MASS

The events that pass the baseline selection are subject
to the ML classiÞcation. Figure 4 shows the distribu-
tions of the score outputs,sc, obtained from our two ML
models. The Þrst ML model, indicated by ÒNo SFÓ in
the left column of the Þgure, only uses the kinematic
variables (HT and pT,i , i = 0 , . . . , 4) as input. On the
other hand, the second ML model, indicated by ÒWith
SFÓ in the right column, utilises the Þrst 10 bins of the
spectral function in addition to the kinematic variables.
The top, middle and bottom rows of the Þgure corre-
spond to m÷g = 1 .2, 1.6 and 2.0 TeV, respectively, where
the gluinoÐneutralino mass di! erence is Þxed at 700 GeV.
The score distributions of the background and signal are
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Feature importance (SHAP)

14

๏ HT is the single most influential feature

๏ then several spectral-function bins, notably SF0, SF2, SF3

๏ lower SF0 → positive SHAP → more signal-like

๏ only the first ~O(10) SF bins carry information; 
higher bins ≈ empty

No SF:

With SF:
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Figure 2: The binned spectral function for signal events
with m÷g = 1200 GeV (blue), 1600 GeV (green) and 2000
GeV (red), and for background events (dashed black). Top
panel: a single representative event from each sample.
Bottom panel: the event average of the spectral function for
each sample.

1200 GeV. In this summary plot, input features are or-
dered along the vertical axis according to their global im-
portance, quantiÞed by the mean absolute SHAP value
across the dataset. The most inßuential features appear
at the top. Features corresponding to spectral function
bins beyond index 13 are not shown, as these bins are
empty or nearly empty and have negligible impact on
the model output. Each point represents a single event.
The horizontal position indicates the SHAP value of that
feature for the event, i.e., its contribution to the model
prediction. The colour encodes the feature value, with
red (blue) corresponding to high (low) values. Positive
(negative) SHAP values indicate that the feature pushes
the model output toward a higher (lower) score, typi-
cally corresponding to a more signal-like (background-
like) prediction.

We see in Fig. 3 that the eventHT is the most inßu-
ential feature, followed by several spectral function bins
(notably SF0, SF2, and SF3). In particular, for SF 0,
lower values tend to yield positive SHAP values, indi-
cating a tendency to increase the model score and thus
favour signal-like classiÞcation. More generally, only the
Þrst O(10) SF bins show signiÞcant impact on the model
output, while the contribution from higher bins is neg-
ligible. Based on this observation, we restrict the in-

Figure 3: The SHAP plot for a gluino mass of 1200 GeV
including all the bins of the spectral function as features.

put feature set in our analysis to the Þrst ten spectral
function bins, corresponding approximately to the range
R ! [0, 4].

VII. SENSITIVITIES TO THE GLUINO MASS

The events that pass the baseline selection are subject
to the ML classiÞcation. Figure 4 shows the distribu-
tions of the score outputs,sc, obtained from our two ML
models. The Þrst ML model, indicated by ÒNo SFÓ in
the left column of the Þgure, only uses the kinematic
variables (HT and pT,i , i = 0 , . . . , 4) as input. On the
other hand, the second ML model, indicated by ÒWith
SFÓ in the right column, utilises the Þrst 10 bins of the
spectral function in addition to the kinematic variables.
The top, middle and bottom rows of the Þgure corre-
spond to m÷g = 1 .2, 1.6 and 2.0 TeV, respectively, where
the gluinoÐneutralino mass di! erence is Þxed at 700 GeV.
The score distributions of the background and signal are
represented by the orange and blue histograms, respec-
tively. These histograms are separately normalised to
their expected yield at L = 139 fb! 1, i.e. [! base á" á L]
with ! base and " being the baseline e" ciency and the
production cross section, respectively.

As can be seen in Fig. 4, the performance of With-SF-
ML is much better than that of No-SF-ML: The clear
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The events that pass the baseline selection are subject
to the ML classiÞcation. Figure 4 shows the distribu-
tions of the score outputs,sc, obtained from our two ML
models. The Þrst ML model, indicated by ÒNo SFÓ in
the left column of the Þgure, only uses the kinematic
variables (HT and pT,i , i = 0 , . . . , 4) as input. On the
other hand, the second ML model, indicated by ÒWith
SFÓ in the right column, utilises the Þrst 10 bins of the
spectral function in addition to the kinematic variables.
The top, middle and bottom rows of the Þgure corre-
spond to m÷g = 1 .2, 1.6 and 2.0 TeV, respectively, where
the gluinoÐneutralino mass di! erence is Þxed at 700 GeV.
The score distributions of the background and signal are
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

ML is much better than that of No-SF-ML: The clear
peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood

L (µ, ! ) = Poisson(n | µs + b+ ! ! ) N (! | 0, 1), (8)

where Poisson(n|" ) = " n e" ! /n ! is the Poisson distribu-
tion, N (! |0, 1) = 1#

2"
exp(! #2

2 ) is the normal distribu-
tion, µ is the dimensionless signal-strength parameter,
s and b are the signal and background yields after the
corresponding selections, and! is a nuisance parameter
associated with the absolute systematic uncertainty!
assigned to the single-bin prediction. The expected limit
is obtained from the Asimov data with the observed num-
ber of eventsn = b. The signal and background yields
are computed as

s = #s $sig L , b = #b $bg L , (9)

where$sig = $(pp " ÷g÷g) [BR(÷g " tøt ÷%0
1)]2, $bg = $(pp "

tøt) and #s and #b are the e! ciencies for the signal and
background, respectively, i.e., the probabilities of these
samples to pass the event selection in a given analysis.
We assume20%relative systematic uncertainties on both
the signal and the background, and combine them in
quadrature. Thus, ! = 0 .2 á

#
s2 + b2.2

In the Spey implementation, ! is passed through
absolute_uncertainties , while the explicit signal un-
certainty conÞguration is set to zero. The proÞle-
likelihood-ratio method is then used to obtain the ex-
pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
tion by simple rescaling. Details on the procedure can be
found in the Spey online documentation.3

Table II reports the expected signal and background
yields after each of the four selections, atL = 139 fb" 1

and for gluino masses between1 and 3 TeV. These yields
are used to calculate the expected95% CL ULs on
$(pp " ÷g÷g) $ [BR(÷g " tøt ÷%0

1)]2 as a function ofm÷g for the
four analyses as explained above. The results are shown
in Fig. 5. The intersection of each curve with the red the-
oretical cross section curve, assumingBR(÷g " tøt ÷%0

1) = 1 ,
deÞnes the corresponding95% CL gluino-mass exclusion
reach, under this assumption.

As can be seen, the baseline analysis has by far the
weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !

J > 100 GeV cut, as in the

2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
the same ! enters all four analyses being compared, the relative
gain of the spectral function reported here is in any case robust
to the precise value chosen.

3 https://spey.readthedocs.io/
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

ML is much better than that of No-SF-ML: The clear
peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood
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is obtained from the Asimov data with the observed num-
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In the Spey implementation, ! is passed through
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pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
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1) = 1 ,
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weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !
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2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

ML is much better than that of No-SF-ML: The clear
peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood

L (µ, ! ) = Poisson(n | µs + b+ ! ! ) N (! | 0, 1), (8)

where Poisson(n|" ) = " n e" ! /n ! is the Poisson distribu-
tion, N (! |0, 1) = 1#

2"
exp(! #2

2 ) is the normal distribu-
tion, µ is the dimensionless signal-strength parameter,
s and b are the signal and background yields after the
corresponding selections, and! is a nuisance parameter
associated with the absolute systematic uncertainty!
assigned to the single-bin prediction. The expected limit
is obtained from the Asimov data with the observed num-
ber of eventsn = b. The signal and background yields
are computed as

s = #s $sig L , b = #b $bg L , (9)

where$sig = $(pp " ÷g÷g) [BR(÷g " tøt ÷%0
1)]2, $bg = $(pp "

tøt) and #s and #b are the e! ciencies for the signal and
background, respectively, i.e., the probabilities of these
samples to pass the event selection in a given analysis.
We assume20%relative systematic uncertainties on both
the signal and the background, and combine them in
quadrature. Thus, ! = 0 .2 á

#
s2 + b2.2

In the Spey implementation, ! is passed through
absolute_uncertainties , while the explicit signal un-
certainty conÞguration is set to zero. The proÞle-
likelihood-ratio method is then used to obtain the ex-
pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
tion by simple rescaling. Details on the procedure can be
found in the Spey online documentation.3

Table II reports the expected signal and background
yields after each of the four selections, atL = 139 fb" 1

and for gluino masses between1 and 3 TeV. These yields
are used to calculate the expected95% CL ULs on
$(pp " ÷g÷g) $ [BR(÷g " tøt ÷%0

1)]2 as a function ofm÷g for the
four analyses as explained above. The results are shown
in Fig. 5. The intersection of each curve with the red the-
oretical cross section curve, assumingBR(÷g " tøt ÷%0

1) = 1 ,
deÞnes the corresponding95% CL gluino-mass exclusion
reach, under this assumption.

As can be seen, the baseline analysis has by far the
weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !

J > 100 GeV cut, as in the

2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
the same ! enters all four analyses being compared, the relative
gain of the spectral function reported here is in any case robust
to the precise value chosen.

3 https://spey.readthedocs.io/
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

ML is much better than that of No-SF-ML: The clear
peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood

L (µ, ! ) = Poisson(n | µs + b+ ! ! ) N (! | 0, 1), (8)

where Poisson(n|" ) = " n e" ! /n ! is the Poisson distribu-
tion, N (! |0, 1) = 1#

2"
exp(! #2

2 ) is the normal distribu-
tion, µ is the dimensionless signal-strength parameter,
s and b are the signal and background yields after the
corresponding selections, and! is a nuisance parameter
associated with the absolute systematic uncertainty!
assigned to the single-bin prediction. The expected limit
is obtained from the Asimov data with the observed num-
ber of eventsn = b. The signal and background yields
are computed as

s = #s $sig L , b = #b $bg L , (9)

where$sig = $(pp " ÷g÷g) [BR(÷g " tøt ÷%0
1)]2, $bg = $(pp "

tøt) and #s and #b are the e! ciencies for the signal and
background, respectively, i.e., the probabilities of these
samples to pass the event selection in a given analysis.
We assume20%relative systematic uncertainties on both
the signal and the background, and combine them in
quadrature. Thus, ! = 0 .2 á

#
s2 + b2.2

In the Spey implementation, ! is passed through
absolute_uncertainties , while the explicit signal un-
certainty conÞguration is set to zero. The proÞle-
likelihood-ratio method is then used to obtain the ex-
pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
tion by simple rescaling. Details on the procedure can be
found in the Spey online documentation.3

Table II reports the expected signal and background
yields after each of the four selections, atL = 139 fb" 1

and for gluino masses between1 and 3 TeV. These yields
are used to calculate the expected95% CL ULs on
$(pp " ÷g÷g) $ [BR(÷g " tøt ÷%0

1)]2 as a function ofm÷g for the
four analyses as explained above. The results are shown
in Fig. 5. The intersection of each curve with the red the-
oretical cross section curve, assumingBR(÷g " tøt ÷%0

1) = 1 ,
deÞnes the corresponding95% CL gluino-mass exclusion
reach, under this assumption.

As can be seen, the baseline analysis has by far the
weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !

J > 100 GeV cut, as in the

2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
the same ! enters all four analyses being compared, the relative
gain of the spectral function reported here is in any case robust
to the precise value chosen.
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

ML is much better than that of No-SF-ML: The clear
peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood

L (µ, ! ) = Poisson(n | µs + b+ ! ! ) N (! | 0, 1), (8)

where Poisson(n|" ) = " n e" ! /n ! is the Poisson distribu-
tion, N (! |0, 1) = 1#

2"
exp(! #2

2 ) is the normal distribu-
tion, µ is the dimensionless signal-strength parameter,
s and b are the signal and background yields after the
corresponding selections, and! is a nuisance parameter
associated with the absolute systematic uncertainty!
assigned to the single-bin prediction. The expected limit
is obtained from the Asimov data with the observed num-
ber of eventsn = b. The signal and background yields
are computed as

s = #s $sig L , b = #b $bg L , (9)

where$sig = $(pp " ÷g÷g) [BR(÷g " tøt ÷%0
1)]2, $bg = $(pp "

tøt) and #s and #b are the e! ciencies for the signal and
background, respectively, i.e., the probabilities of these
samples to pass the event selection in a given analysis.
We assume20%relative systematic uncertainties on both
the signal and the background, and combine them in
quadrature. Thus, ! = 0 .2 á

#
s2 + b2.2

In the Spey implementation, ! is passed through
absolute_uncertainties , while the explicit signal un-
certainty conÞguration is set to zero. The proÞle-
likelihood-ratio method is then used to obtain the ex-
pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
tion by simple rescaling. Details on the procedure can be
found in the Spey online documentation.3

Table II reports the expected signal and background
yields after each of the four selections, atL = 139 fb" 1

and for gluino masses between1 and 3 TeV. These yields
are used to calculate the expected95% CL ULs on
$(pp " ÷g÷g) $ [BR(÷g " tøt ÷%0

1)]2 as a function ofm÷g for the
four analyses as explained above. The results are shown
in Fig. 5. The intersection of each curve with the red the-
oretical cross section curve, assumingBR(÷g " tøt ÷%0

1) = 1 ,
deÞnes the corresponding95% CL gluino-mass exclusion
reach, under this assumption.

As can be seen, the baseline analysis has by far the
weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !

J > 100 GeV cut, as in the

2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
the same ! enters all four analyses being compared, the relative
gain of the spectral function reported here is in any case robust
to the precise value chosen.

3 https://spey.readthedocs.io/
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Figure 4: The score distribution for signal (blue) and
background (orange) for di ! erent gluino masses with (right)
and without (left) spectral function. The dashed red vertical
lines represent the thresholds for the signal/background
classiÞcation.

peaks at sc = 0 for background and at sc = 1 for signal
are visible in the right plots, while the two distributions
largely overlap in the left plots.

We further select events based on the neural-network
score output, sc, by requiring sc > scth , where scth is
the applied threshold. For each gluino mass, we train
the classiÞer and scan the thresholdscth from 0.50 to
0.95 in steps of 0.05. The optimal threshold,sc!

th (m÷g), is
chosen using the validation sample as the value that gives
the strongest upper limit (UL) on the signal cross section.
The Þnal ML selection is then deÞned assc > sc!

th (m÷g),
and the corresponding performance is evaluated on the
independent test sample.

In what follows, we compare the following four analyses
in terms of the gluino mass sensitivity:

¥ Baseline: baseline selection only

¥ ATLAS: ATLAS Gtt-0L-C selection

¥ No-SF-ML: Baseline + kinematics-only ML

¥ With-SF-ML: Baseline + SF-augmented ML

The expected 95% conÞdence level (CL) ULs on the
signal cross section are calculated usingSpey 0.2.5 [42].

For each gluino mass point and for each analysis strat-
egy, we useSpeyÕsdefault.uncorrelated_background
backend to construct a single-bin likelihood

L (µ, ! ) = Poisson(n | µs + b+ ! ! ) N (! | 0, 1), (8)

where Poisson(n|" ) = " n e" ! /n ! is the Poisson distribu-
tion, N (! |0, 1) = 1#

2"
exp(! #2

2 ) is the normal distribu-
tion, µ is the dimensionless signal-strength parameter,
s and b are the signal and background yields after the
corresponding selections, and! is a nuisance parameter
associated with the absolute systematic uncertainty!
assigned to the single-bin prediction. The expected limit
is obtained from the Asimov data with the observed num-
ber of eventsn = b. The signal and background yields
are computed as

s = #s $sig L , b = #b $bg L , (9)

where$sig = $(pp " ÷g÷g) [BR(÷g " tøt ÷%0
1)]2, $bg = $(pp "

tøt) and #s and #b are the e! ciencies for the signal and
background, respectively, i.e., the probabilities of these
samples to pass the event selection in a given analysis.
We assume20%relative systematic uncertainties on both
the signal and the background, and combine them in
quadrature. Thus, ! = 0 .2 á

#
s2 + b2.2

In the Spey implementation, ! is passed through
absolute_uncertainties , while the explicit signal un-
certainty conÞguration is set to zero. The proÞle-
likelihood-ratio method is then used to obtain the ex-
pected 95% CL UL on the signal strengthµ, µ95, which
in turn gives the 95% CL limit on the signal cross sec-
tion by simple rescaling. Details on the procedure can be
found in the Spey online documentation.3

Table II reports the expected signal and background
yields after each of the four selections, atL = 139 fb" 1

and for gluino masses between1 and 3 TeV. These yields
are used to calculate the expected95% CL ULs on
$(pp " ÷g÷g) $ [BR(÷g " tøt ÷%0

1)]2 as a function ofm÷g for the
four analyses as explained above. The results are shown
in Fig. 5. The intersection of each curve with the red the-
oretical cross section curve, assumingBR(÷g " tøt ÷%0

1) = 1 ,
deÞnes the corresponding95% CL gluino-mass exclusion
reach, under this assumption.

As can be seen, the baseline analysis has by far the
weakest reach: the gain in signal acceptance is more than
o" set by the very large tøt background that survives the
relaxed selection. Tightening the kinematic thresholds
and re-introducing the M !

J > 100 GeV cut, as in the

2 This 20% is a simplifying choice for the phenomenological projec-
tion. It is implicitly calibrated against ATLAS: with this ! , our
recasted ATLAS Gtt-0L-C reach of m ÷g ! 1.73 TeV reproduces
the published ATLAS expected limit at ! m = 700 GeV. Since
the same ! enters all four analyses being compared, the relative
gain of the spectral function reported here is in any case robust
to the precise value chosen.
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Statistical Analysis
๏ Cut on the ML score: keep sc > scth;  scan scth !  [0.5, 0.95] and take the strongest expected limit 

(on validation)

๏ Signal & background yields, then a single-bin likelihood via Spey:

๏ Profile-likelihood ratio → expected 95% CL upper limit on µ  →  on σ·BR2

๏ Compared across four analyses:                                                             

Baseline  ·  ATLAS Gtt-0L-C (recast)  ·  No-SF-ML (kinematics)  ·  With-SF-ML (SF + kinematics)
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m ÷g ATLAS Baseline No-SF-ML With-SF-ML
[GeV] s b s b s b s b
1000 488.9 14.4 2764.2 481.5 512.2 22.5 350.4 3.4
1200 181.1 14.4 884.0 481.5 164.2 22.7 163.7 6.2
1400 64.2 14.4 290.4 481.5 32.5 12.2 60.4 5.1
1600 22.9 14.4 99.4 481.5 26.4 38.4 12.0 1.7
1800 8.2 14.4 35.3 481.5 8.7 36.7 9.3 4.7
2000 3.1 14.4 13.1 481.5 3.7 43.8 3.8 5.9
2200 1.2 14.4 5.0 481.5 0.8 19.5 1.1 2.4
2400 0.5 14.4 1.9 481.5 0.4 37.2 0.6 6.4
2600 0.2 14.4 0.8 481.5 0.2 38.5 0.2 2.6
2800 0.07 14.4 0.3 481.5 0.07 34.4 0.08 2.9
3000 0.03 14.4 0.1 481.5 0.03 33.6 0.03 2.3

Table II: Signal (s) and background (b) yields at
L = 139 fb! 1 for the four selections deÞned in the text
(ÒATLASÓ denotes the ATLAS Gtt-0L-C SR), as a function
of the gluino mass.
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Figure 5: Expected 95% CL ULs on ! ÷g÷g ! [BR ÷g" t øt ÷! 0
1
]2 as a

function of m÷g , obtained with the baseline (dashed black),
the ATLAS Gtt-0L-C (solid black), No-SF-ML (dashed
blue) and With-SF-ML (solid blue) analyses. The
theoretical prediction for ! ÷g÷g is shown in red.

ATLAS Gtt-0L-C SR (see Table I), suppresses the back-
ground by a factor of ! 30 (see Table II) and improves
the expected exclusion tom÷g " 1.73 TeV. This agrees
with the expected limit from ATLAS [31], see Fig. 7a
of the auxiliary material provided on the analysis wiki
page4, validating our analysis pipeline.

Relaxing the ATLAS Gtt-0L-C SR to the baseline
selection and applying a dense neural network trained
on jet kinematics alone (No-SF-ML) brings a mild gain
over the baseline analysis, extending the reach tom÷g "
1.63 TeV. Adding the binned spectral function to the
network input (With-SF-ML) provides a further size-
able improvement, pushing the expected exclusion to
m÷g " 1.87 TeV, extending the ATLASÕs mass limit by

4 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/
SUSY-2018-30/
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Figure 6: Values of s/
"

b+ ! 2 as a function of the gluino
mass for the di! erent analysis strategies: baseline (dashed
black), ATLAS Gtt-0L-C (solid black), No-SF-ML (dashed
blue) and With-SF-ML (solid blue).

about 150 GeV.5

The fact that With-SF-ML outperforms the ATLAS
Gtt-0L-C SR by " 150 GeV in reach already estab-
lishes that the spectral function contributes information
beyond what the standard kinematic variables encode:
the ATLAS selection exploits the full set E miss

T , me! ,
mb jets

T,min and M "
J , together with b-tag information, while

our With-SF-ML augments only the more minimal HT
and Þve leading-jet pT Õs with the SF and still wins.
Adding the full ATLAS variable list to With-SF-MLÕs
kinematic inputs would only strengthen this conclusion.

The same hierarchy is reinforced by the signiÞcance
plot of Fig. 6, which showss/

#
b+ ! 2 as a function ofm÷g

for the four analyses. For light gluinos,m÷g ! 1.2 TeV, all
four curves saturate at a common plateau,s/

#
b+ ! 2 "

5, set by the 20% relative signal systematic uncertainty
that dominates ! when the signal yield is large. The
curves begin to spread fromm÷g " 1.4 TeV onwards, and
across the intermediate- and high-mass region they ar-
range themselves into a clear hierarchy that mirrors the
exclusion-limit ordering seen in Fig. 5: the With-SF-ML
curve (solid blue) lies systematically above the ATLAS
Gtt-0L-C curve (solid black), which in turn lies above the
No-SF-ML curve (dashed blue), with the baseline curve
(dashed black) well below the others.

5 In addition to the cut-and-count SRs, Ref. [31] also presents
a complementary neural-network analysis that combines the 0-
lepton and 1-lepton channels and uses a richer input feature set
than the cut-and-count SRs (including the four-momenta of the
ten leading jets together with b-tag information and the high-
level discriminants E miss

T , me! , ! ! 4j
min , mb jets

T, min and M "
J ), all

evaluated within the full ATLAS detector simulation. Read along
the ! m = 700 GeV slice of Fig. 10 of that reference, the corre-
sponding expected reach is m ÷g ! 2 TeV. A direct comparison
with the present results is not straightforward given the di ! er-
ences in simulation framework, input variables and channel com-
bination.
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Table II: Signal (s) and background (b) yields at
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(ÒATLASÓ denotes the ATLAS Gtt-0L-C SR), as a function
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theoretical prediction for ! ÷g÷g is shown in red.

ATLAS Gtt-0L-C SR (see Table I), suppresses the back-
ground by a factor of ! 30 (see Table II) and improves
the expected exclusion tom÷g " 1.73 TeV. This agrees
with the expected limit from ATLAS [31], see Fig. 7a
of the auxiliary material provided on the analysis wiki
page4, validating our analysis pipeline.

Relaxing the ATLAS Gtt-0L-C SR to the baseline
selection and applying a dense neural network trained
on jet kinematics alone (No-SF-ML) brings a mild gain
over the baseline analysis, extending the reach tom÷g "
1.63 TeV. Adding the binned spectral function to the
network input (With-SF-ML) provides a further size-
able improvement, pushing the expected exclusion to
m÷g " 1.87 TeV, extending the ATLASÕs mass limit by

4 https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/
SUSY-2018-30/
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mass for the di! erent analysis strategies: baseline (dashed
black), ATLAS Gtt-0L-C (solid black), No-SF-ML (dashed
blue) and With-SF-ML (solid blue).

about 150 GeV.5

The fact that With-SF-ML outperforms the ATLAS
Gtt-0L-C SR by " 150 GeV in reach already estab-
lishes that the spectral function contributes information
beyond what the standard kinematic variables encode:
the ATLAS selection exploits the full set E miss

T , me! ,
mb jets

T,min and M "
J , together with b-tag information, while

our With-SF-ML augments only the more minimal HT
and Þve leading-jet pT Õs with the SF and still wins.
Adding the full ATLAS variable list to With-SF-MLÕs
kinematic inputs would only strengthen this conclusion.

The same hierarchy is reinforced by the signiÞcance
plot of Fig. 6, which showss/

#
b+ ! 2 as a function ofm÷g

for the four analyses. For light gluinos,m÷g ! 1.2 TeV, all
four curves saturate at a common plateau,s/

#
b+ ! 2 "

5, set by the 20% relative signal systematic uncertainty
that dominates ! when the signal yield is large. The
curves begin to spread fromm÷g " 1.4 TeV onwards, and
across the intermediate- and high-mass region they ar-
range themselves into a clear hierarchy that mirrors the
exclusion-limit ordering seen in Fig. 5: the With-SF-ML
curve (solid blue) lies systematically above the ATLAS
Gtt-0L-C curve (solid black), which in turn lies above the
No-SF-ML curve (dashed blue), with the baseline curve
(dashed black) well below the others.

5 In addition to the cut-and-count SRs, Ref. [31] also presents
a complementary neural-network analysis that combines the 0-
lepton and 1-lepton channels and uses a richer input feature set
than the cut-and-count SRs (including the four-momenta of the
ten leading jets together with b-tag information and the high-
level discriminants E miss

T , me! , ! ! 4j
min , mb jets

T, min and M "
J ), all

evaluated within the full ATLAS detector simulation. Read along
the ! m = 700 GeV slice of Fig. 10 of that reference, the corre-
sponding expected reach is m ÷g ! 2 TeV. A direct comparison
with the present results is not straightforward given the di ! er-
ences in simulation framework, input variables and channel com-
bination.
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ground by a factor of ! 30 (see Table II) and improves
the expected exclusion tom÷g " 1.73 TeV. This agrees
with the expected limit from ATLAS [31], see Fig. 7a
of the auxiliary material provided on the analysis wiki
page4, validating our analysis pipeline.

Relaxing the ATLAS Gtt-0L-C SR to the baseline
selection and applying a dense neural network trained
on jet kinematics alone (No-SF-ML) brings a mild gain
over the baseline analysis, extending the reach tom÷g "
1.63 TeV. Adding the binned spectral function to the
network input (With-SF-ML) provides a further size-
able improvement, pushing the expected exclusion to
m÷g " 1.87 TeV, extending the ATLASÕs mass limit by
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The fact that With-SF-ML outperforms the ATLAS
Gtt-0L-C SR by " 150 GeV in reach already estab-
lishes that the spectral function contributes information
beyond what the standard kinematic variables encode:
the ATLAS selection exploits the full set E miss

T , me! ,
mb jets

T,min and M "
J , together with b-tag information, while

our With-SF-ML augments only the more minimal HT
and Þve leading-jet pT Õs with the SF and still wins.
Adding the full ATLAS variable list to With-SF-MLÕs
kinematic inputs would only strengthen this conclusion.

The same hierarchy is reinforced by the signiÞcance
plot of Fig. 6, which showss/
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for the four analyses. For light gluinos,m÷g ! 1.2 TeV, all
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5, set by the 20% relative signal systematic uncertainty
that dominates ! when the signal yield is large. The
curves begin to spread fromm÷g " 1.4 TeV onwards, and
across the intermediate- and high-mass region they ar-
range themselves into a clear hierarchy that mirrors the
exclusion-limit ordering seen in Fig. 5: the With-SF-ML
curve (solid blue) lies systematically above the ATLAS
Gtt-0L-C curve (solid black), which in turn lies above the
No-SF-ML curve (dashed blue), with the baseline curve
(dashed black) well below the others.

5 In addition to the cut-and-count SRs, Ref. [31] also presents
a complementary neural-network analysis that combines the 0-
lepton and 1-lepton channels and uses a richer input feature set
than the cut-and-count SRs (including the four-momenta of the
ten leading jets together with b-tag information and the high-
level discriminants E miss

T , me! , ! ! 4j
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T, min and M "
J ), all

evaluated within the full ATLAS detector simulation. Read along
the ! m = 700 GeV slice of Fig. 10 of that reference, the corre-
sponding expected reach is m ÷g ! 2 TeV. A direct comparison
with the present results is not straightforward given the di ! er-
ences in simulation framework, input variables and channel com-
bination.

Where Spectral Function helps

For large mg̃ , the signal becomes 
more isotropic multijets, while t̄t BG is 
back-to-back.

Plateau for  due to signal 
dominance + 20% systematics 

mg̃ ≲ 1.4 TeV

For  clear hierarchy mg̃ ≳ 1.4 TeV

With-SF  >  ATLAS Gtt-0L-C  >  No-SF

SF gain grows with mass until mg̃ ≃ 2 TeV

With-SF / No-SF reaches a factor of 4 

S(R) captures it compactly.
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Conclusion
๏ We use the spectral function S(R) as the ML input for fully hadronic events

IR-safe  ·  invariant under longitudinal boosts, beam-axis rotations & jet permutations    
independent of jet multiplicity   →   no ISR/FSR combinatorics, no zero-padding

๏ Benchmark: gluino pair  g̃ → t t̄ χ̃0  vs fully hadronic  t t̄   (Δm = 700 GeV)

๏ A dense net on 10 S(R) bins + HT + 5 leading-jet pT beats kinematics-only ML

Expected 95% CL reach:   mg̃ "  1.87 TeV
+150 GeV vs ATLAS   ·   +250 GeV vs kinematics-only ML   ·   grows with mass

๏ Outlook: other multijet SUSY (incl. RPV), extended-Higgs & heavy-resonance searches — any 
analysis with large combinatorial background or variable multiplicity;  study detector & pile-up 
effects on S(R)
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