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Fully hadronic multijet events

@ Fully hadronic multijet channel typically has the largest BR.
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® The analysis is however challenging:

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

- large combinatorial backgrouna



Traditional Solutions

® Boosted regime + jet substructure Low top High top

momentum

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

Resolved
region Boosted ™

region

- combinatorial problem ameliorated

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

® Event-shape variables: Thrust, Sphericity, Aplanarity, ...
Banfi, Salam & Zanderighi (2010)

- IR-safe & permutation and rotation invariant

THRYST

- cannot capture the details of event information &

Taken from ATLAS webpage



Machine Learning approach

® ML can exploit the full event information

® Lesson of recent work: respecting the data's symmetries (& redundancies) improves performance

Shift Rotation Flip

Raw image (centre leading jet) (align subjet axis) (fix parity)
. —> e . — M
L ]
symmetry by pre-processing » symmetry built into the architecture
CNN jet images Lorentz-equivariant Network L-GATr
. Lorentz-equivariant Geometric Algebra Transformer

hift + rotation + f —> exact under boosts & rotations, —>
SHISIOAtION RS built from invariants pi-pj equivariant transformer, beyond classification
Macaluso & Shih ‘18 e.g. LorentzNet '22, PELICAN 22 Brehmer et al '24

® These respect permutation + Lorentz symmetry & keep full information

® Not IR-safe &



Spectral Function

R;; = \/[A%]Q + [Ag;; ]2

S(R): a pT-weighted histogram of pairwise angular distances (= two-point EEC)

- 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

-} complete and invertible (up to isometory) Boutin & Kemper (2004), Larkoski & Thaler (2023)

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



Spectral Function

Rij = \/ Anij|° + [Agij

S(R): a pT-weighted histogram of pairwise angular distances (= two-point EEC)

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

This talk » use it as an input of a dense NN > fixed # of input feasures; no zero padding

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



Signal:
pp — G4, G — ttX;

up to 12 signal jets

mass gap:
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Signal: Gluino pair (fully hadronic)

ATLAS gluino search 2211.08028
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Signal:

~ s ~0
pp — 99, g — ttx;
. . p g %)
up to 12 signal jets
mass gap: o N

Compressed: small Am

soft jets fail pr cut

2 high-multiplicity is lost
P leptonic channels win
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Signal: Gluino pair (fully hadronic)

ATLAS gluino search 2211.08028

ATLAS - - - Expected Limit (=1 Oexp)
Vs =13 TeV, 139 fb™ —— Observed Limit (=1 oy 0n)

Alllimits at 95% CL
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Signal:
pp — G4, G — ttX;

up to 12 signal jets

mass gap:

Compressed: small Am

soft jets fail pr cut

2 high-multiplicity is lost
P leptonic channels win
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Boosted: large Am

collimated objects merge

2 high-multiplicity is lost
B> hard cut selection wins



Signal: Gluino pair (fully hadronic)

ATLAS gluino search 2211.08028
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Spec Func is most useful
at the intermediate mass

soft jets tail pr cut gap. We fix: collimated objects merge

2 high-multiplicity is lost
» Am = 700 GeV

Compressed: small Am Boosted: large Am

2 high-multiplicity is lost

P> leptonic channels win P hard cut selection wins




Analysis/Simulation Pipeline

Event. — | Preselection | /™ Spec Func M.L . —> Statlstmg |

Generation Classification Aanalysis
Variable ATLAS Gitt-OL-C |Baseline
N, =0 =0 Event Gen: MG5 aMC@NLC! Pythia8 ! Delphes3
N 1 10 19
N 1 4 | 3 _ _
EMsS [GeV] > 400 > 300 Preselection ! Background (tt ): 4481.5 events
| !fgin > 0.4 > 0.2 : _ :
Mo 1Gev] > 800 > 600 Signal (mg = 1.6 TeV): 99.4 events
mye [GeV] > 180 > 130
M; [GeV] > 100 1D ML: Dense NN, 64! 32, ReLU, dropout 0.5.

|
Zy o I
! $n{in # rln|£\ '$jet’i $ $meiss -

bjets

- . 0 . ot (&
mbiets 4 r,n'Q Zp_tI)_Jeti EmMss 14 cos! $(#Tm|ss’#_lt_’leti) |

Sigmoid output. Adam, 50 epochs, batch 32.
60/ 20/ 20 train/ val/ test.

fan
$ %

Statistaics: Spey Araz, SciPost Phys. 16 (2024) 032
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Binned Spectral Function

D

1 If Rij #[R,R+! R)

TRRij)= 5 Rj #[R,R+! R)
Recover continuous limit: Ig{rln OS(R;! R) = S(R)
Wefixx | R=R;=0.4
First bin: Sp = | p%i Ht = | P |
i1 i3

SO/H% gets smaller when the energy is spread over many jets
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S(R): gluino vs tt

Representative Event  ycs+pys+Delphe: Average MG5+PY8+Delphe:
c\“_()_3. - Signal (ng = 1.2 TeV) e . S?gna (hg = 1.2 TeV)
T : i Signal (ng = 1.6 TeV) T 0.15{ B Signal (ng = 1.6 TeV)
? = . Signal (g = 2.0 TeV) ?‘7 E:' : Signal (ng = 2.0 TeV)
o 0.2 L ___! Background q 0.10 T . ___1 Background
x T S

. | N - i
FoL || <t 0.05
o. [ | 9 L__:
0.0 s S 0.0 SE——— —
00 08 16 24 32 40 48 56 64 /72 80 0.0 08 1.6 24 32 40 48 56 64 7.2 80

R R
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Feature importance (SHAP)

Mg =1.2TeV
High
: ® H+is the single most influential feature
SF, conw
SF,
SF,
PT.0
SF,
SF4
SF,
PT, 2
PT, 4
PT.3
SFq
PT,1 "

SF " Ht, pr,

SF 10 o -
SEH - No SF: (i=0,...4)

SE'=
SE 19

SEq3 T . Hr, PT.i SF bins
e o With SF: Uy

® then several spectral-function bins, notably SF,, SF,, SF;

® lower SFy — positive SHAP — more signal-like

@ only the first ~O(10) SF bins carry information;
higher bins = empty

ML Input

Feature value

SHAP value (impact on model output) 14



Score distributions

meg = 1.2 TeV mg = 1.6 TeV mg = 2.0 TeV
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Statistical Analysis

@ Cut on the ML score: keep sc > scy,; scan scy, ! [0.5, 0.95] and take the strongest expected limit
(on validation)

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

— 21 2 A4 ' _CQE- ith-SE-
s=1_4 BR ol¢ a BR 0o=1 Mg ATLAS Baseline No-SF-ML | With-SF-ML
s @' gg[BRg tag]” AL, g! 18] Gev]| s b | s b | s b | s b
l 1000 | 488.9 14.4|2764.2 481.5|512.2 2253504 34
=i - - L =139fb' *
b=, & galy = 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 4815| 26.4 38.4| 120 1.7

L(u,!) =Poisson(n|us+ b+ 'l YyaN(!|0,1), 1800 | 8.2 14.4| 353 4815| 87 36.7| 93 47
2000 | 3.1 14.4| 13.1 4815| 3.7 43.8| 3.8 59
: 2200 | 1.2 14.4| 5.0 4815/ 0.8 195 1.1 2.4
' =0.2 s?+ ¥ (20% syst) 2400 | 0.5 14.4| 1.9 4815| 04 37.2| 06 6.4

® Profile-likelihood ratio — expected 95% CL upper limiton y — on 0-BR?2

® Compared across four analyses:
Baseline - ATLAS Gtt-OL-C (recast) - No-SF-ML (kinematics) - With-SF-ML (SF + kinematics) ..



95% CL upper limit [pb]
= =
Q Q
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- W

95% CL gluino mass limit

--o-- Baseline
. --e-- NO-SF-ML
IR —e— ATLAS (Gtt-0L-C)
—e—  With-SF-ML
&~ L A "
N\ e S aGE SR L (pp* - 68)
1000 1500 2000 2500 3000

Mg [GeV]
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Where Spectral Function helps

--.--

[ -

Baseline
No-SF-ML

| —e— ATLAS (Gtt-OL-C)
| —e— With-SF-ML

1000

1500

2000
Mg [GeV]

2500
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7 Plateau form; S 1.4TeV due to signal

dominance + 20% systematics

2 Forms; 2 1.4TeV clear hierarchy

g ny
With-SF > ATLAS Gtt-OL-C > No-SF

SF gain grows with mass until m; = 2 TeV

\\;

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

For large mg, the signal becomes
more isotropic multijets, while tt BG is

back-to-back.
S(R) captures it compactly.



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 § — tt x° vs fully hadronic tt (Am =700 GeV)
® A dense net on 10 S(R) bins + H+ + 5 leading-jet pr beats kinematics-only ML

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

® Qutlook: 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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