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https://arxiv.org/abs/2405.12972
https://github.com/jet-universe/sophon
https://huggingface.co/datasets/jet-universe/jetclass2
https://huggingface.co/jet-universe/sophon
https://colab.research.google.com/github/jet-universe/sophon/blob/main/notebooks/Interacting_with_JetClassII_and_Sophon.ipynb
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Analyzing hadronic behavior in LHC events

remains a significant challenge
» E.g.: what is the origin of this jet?

Recent advances in ML/Al offer
transformative insights!




VH->cc search
(merged region)
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VVlep / Zlep

PRL 131 (2023) 061801

—»— ParticleNet

| Simulation
'E anti-k_R=15 jets
C p, > 300 GeV, hl <2.4

Background efficiency

----- H—cCT vs. H—bb
— H—cC vs. V+jets

Signal efficiency

Conggiao Li (Peking University)

« With merged+resolved region combined,
achieve most stringent direct limit on k:
1.1<|k<5.5

largely improved sensitivity!

Combined
Expected 7.60
Observed 14.4

Merged-jet
Expected 8.75
Observed 16.9

Resolved-jet

Expected 19.0
Observed 13.9

oL
Expected 12.6
Observed 18.3

1L
Expected 11.5
Observed 19.1

2L
Expected 14.3
Observed 20.4
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Inspiring results from CMS to address hadronic final state
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https://doi.org/10.1103/PhysRevLett.131.041803
https://doi.org/10.1103/PhysRevLett.131.061801

29t Mini-workshop on the frontier of LHC Boosting the LHC resonance search program with Sophon

Inspiring results from CMS to address hadronic final state
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r and many, many more results...

i These advancements are powered by DNN-based
taggers, such as ParticleNet.
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ATL-PHYS-PUB-2023-021

Inspiring progress on identifying H>bb/cc jets
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ATLAS

Background rejection

Top ratio

Multijet ratio

EXPERIMENT

CMS-PAS-BTV-22-001
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Huge improvements in recent 5 years
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https://cds.cern.ch/record/2866601
https://cds.cern.ch/record/2866276
https://arxiv.org/abs/2004.08262
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LHC data: Has the mining reached its limits?

Slides by John Alison at LHCP 2024

Future of HH ?

Nature 607, 60-68 (2022).

Combined HH Sensitivity
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LHC data: Has the mining reached its limits?

Slides by John Alison at LHCP 2024

Future of HH ?

Nature 607, 60-68 (2022).
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More improvements
achieved through the
renovation of
analysis techniques,

particularly in more

hadronic channels.
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LHC data: Has the mining reached its limits?

Slides by John Alison at LHCP 2024

FUture ()f HH 7 Nature 607, 60-68 (2022).
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How can we accelerate the pace?

What we possess in ATLAS and CMS
CMS: DeepAKS and DeepAK8-MD, ParticleNet- CMS__ GN2X tagger ATL-PHYS-PUB-2023-021

ParticleNet ATLAS . .
leorith MD, and DeepDoubleX experIMENT * Including flat-mass H>bb, cc and t>bqq
atgorithms algorithms samples, with QCD
JINST 15 (2020) P06005 ’
0 CMS-PAS-BTV-22-001 Jackson's slides
utput .
p . Focus on variable-mass GN2X Outputs
Cat Label P . : . . . ey
segery, mame resonance decays 3 ol S S Y
H (ob) » GN2X adds aH — cc output class in addition to the H — blb, & pr-zs0cev.so<m<z0cevi i<z~ T
Higgs H (cc) « X>bb ,CC,gg a nd QCD top and QCD classes from the previous tagger § o s B TR
H (VV*— ) 5 oosh 50% WP
o (bgq)qq (5 su bclasses) « Adiscriminant score is built using a weighted log likelihood 2
P {bcq ratio similar to what's used for small-R tagging £ 0o
Top top (bqq) - 0.03f
top (bc) +  GN2X also includes the same auxiliary vertexing and track
top (bg) origin classification tasks present in GN1/GN2 "
w W (cq) o M
W (qq) DGNZX _ ln prb -10.0 -7.5 -5.0 -25 0.0 25 5.0 75 Dgévg)?()
Z (bb) Hbb SHee * PHee + ftop *Ptop T (1 — fHee — ftop) * PQCD
z Z (cc)
Z(qq)
QCD (bb)
QCD (cc)
QCD QCD (b)
QCD (c)
QCD (others)
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How can we accelerate the pace?

CMS: DeepAKS8 and
ParticleNet
algorithms

JINST 15 (2020) PO6005
Output

Category Label
H (bb)
Higgs H (cc)
H (VV*—qqqa)
top (bcq)

top (bqaq)
top (bc)

Top

What we propose: “Large model
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What we possess in ATLAS and CMS

DeepAKS8-MD, ParticleNet- CMS GN2X tagger ATL-PHYS-PUB-2023-021
MD, and DeepDoubleX EAm-IE-r!TnﬁNST + including flat-mass H>bb, cc and t>bqq
algorithms samples, with QCD

CMS-PAS-BTV-22-001 Jackson's slides
« Focus on variable-mass GN2X Qutputs

resonance decays

T T T T T T T
ATLAS Simulation Preliminary —— H(bb)
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for large-scale classification!” | , o
We include all possible
Major types Index range Label names final states in the search
Resonant jets: 0-14 bb, cc, ss, qq, be, cs, bg, cq, sq, gg, ee, L, ThTe, ThTu, ThTh
X — 2 prong
Resonant jets: 15-160 bbbb, bbcc, bbss, bbgq, bbgg, bbee, bbup, bbmy, Te, by, DbTLTH, bbb, bbc, bbs, bbg, bbg, bbe, bbu, cccc,
X — 3 or 4 prong ccss, ccqq, ccgg, ccee, CCllL, CCThTe, CCTh Ty, CCTHTh, ccb, cce, ccs, ccq, ccg, cce, ccl, SSSs, $5qq, S594,

ssee, SSUL, S8ThTe, SSThTu, SSThTh, ssb, ssc, sss, ssq, ssg, sse, SSi, 4999, 9999, qqee, qqiit, qqThTe,
4dThTp, 44ThTh, qqb, qqc, qqs, qqq, qq9, qqe, qqi, 9999, ggee, gguit, ggThTe, 99ThTps 99Th'Th, ggb,
gg9¢, 99s, 994, 999, gge, ggi, bee, cee, see, gee, gee, bpfu, cpip, SpL, G, UK, DThTe, CThTe, SThTe,
dThTe;, gThTe, bThTua CThTup, SThTu, 4ThTuy, 9ThTu, bThTh, CThThy SThThs 4ThTh; 9ThTh; qqu7 qqqc¢, q9q4s,
bbcq, ccbs, ccbq, ccsq, sscq, qqbe, qqbs, gqcs, besq, bes, beq, bsq, csq, becev, csev, bgev, cqev, sqev,
qqev, bcuv, csuv, bquv, cquv, squv, qquv, betev, cstev, bqtev, cqTev, sqTeV, qqTeV, beTyv, csTuv,
bgTuv, cqTuVv, sqTuV, qqTLV, beTyv, csTh, bgTyv, cqThV, SqTHY, QQTLHY

QCD jets

161-187 bbcess, bbees, bbee, bbess, bbes, bbe, bbss, bbs, bb, becess, bees, bee, bess, bes, be, bss, bs, b, cess, ces,
cc, css, cs, ¢, Ss, s, others
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How can we accelerate the pace?

aEma e R A R L D e e e e e P e A e S R A Ay e e e L R e ety e T e e o 2 o

A global jet model suitable to deploy to our
general purpose experlment (ATLAS/CMS)
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How can we accelerate the pace?

Sophon (£S5 ): Signature-Oriented Pre-training for Heavy-resonant ObservatioN

—]
[————]
_— A e

Index range Label names
THREE-BODY

e - 0-14 bb, ce, ss, qq, be, cs, bq, cq, sq, gg, ee, HEs ThTes ThTps ThTh
X — 2 prong
Resonant jets: 15-160 bbbb, bbcc, bbss, bbqq, bbgg, bbee, bbup, bby, e, bbTy T, DbTLTH, Db, bbe, bbs, bbg, bbg, bbe, bbu, ccce,
X — 3 or 4 prong cess, ccqq, ccgg, ccee, CClull, CCThTe, CCTh Ty, CCThTh, ccb, cce, ccs, ccq, ccg, cce, ccl, $588, $5qq, 8599,

ssee, sSSu, 88ThTe, SSThTu, SSThTh; ssb, ssc, sss, ssq, $sg, sse, SSi, qqqq, 9999, qq9ee, qqLit, qqThTe,
4dTh T, 94ThTh, qqb, qqc, qqs, qqq, qa9, qqe, qqi, 9999, ggee, ggpit, ggThTe, 99ThTu, 99ThTh, ggb,
ggc, 99s, 994, 999, gge, ggu, bee, cee, see, qee, gee, by, cup, Sy, qupL, g, bThTe, CThTe, SThTe,
dThTe, gThTe, bThT,ua CThTu, SThTuy qThTu, 9ThTu, bThTha CThThy SThThs 4ThTh; 9ThTh, qqu7 qqqc, qqqs,
bbcq, ccbs, ccbq, ccsq, sscq, qgbe, qqbs, gqcs, besq, bes, beq, bsq, csq, becev, csev, bgev, cqev, sqev,
qqev, bcuv, csuv, bquv, cquv, squv, qquv, betev, cstev, bqtev, cqrev, sqTev, qqTeV, beTyv, csTuv,
bgruv, cqTuV, SqTuV, qqTuV, beThv, esThy, bgThv, cqThV, SqThY, QqTHY

QCD jets 161-187 bbcess, bbees, bbee, bbess, bbes, bbe, bbss, bbs, bb, becess, bees, bee, bess, bes, be, bss, bs, b, cecss, ces,
cc, css, cs, ¢, ss, s, others

—> Major concerns:

\/

< Will the model achieve the best performance for
each specific task?

“* What can we use this model for, beyond its
identification task supported by its final states?

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 7
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How can we accelerate the pace?

Sophon (£S5 ): Signature-Oriented Pre-training for Heavy-resonant ObservatioN

—]
[————]
_— A e

Index range Label names
THREE-BODY

e - 0-14 bb, ce, ss, qq, be, cs, bq, cq, sq, gg, ee, HEs ThTes ThTps ThTh
X — 2 prong
Resonant jets: 15-160 bbbb, bbcc, bbss, bbqq, bbgg, bbee, bbup, bby, e, bbTy T, DbTLTH, Db, bbe, bbs, bbg, bbg, bbe, bbu, ccce,
X — 3 or 4 prong cess, ccqq, ccgg, ccee, CClull, CCThTe, CCTh Ty, CCThTh, ccb, cce, ccs, ccq, ccg, cce, ccl, $588, $5qq, 8599,

ssee, sSSu, 88ThTe, SSThTu, SSThTh; ssb, ssc, sss, ssq, $sg, sse, SSi, qqqq, 9999, qq9ee, qqLit, qqThTe,
4dTh T, 94ThTh, qqb, qqc, qqs, qqq, qa9, qqe, qqi, 9999, ggee, ggpit, ggThTe, 99ThTu, 99ThTh, ggb,
ggc, 99s, 994, 999, gge, ggu, bee, cee, see, qee, gee, by, cup, Sy, qupL, g, bThTe, CThTe, SThTe,
dThTe, gThTe, bThT,ua CThTu, SThTuy qThTu, 9ThTu, bThTha CThThy SThThs 4ThTh; 9ThTh, qqu7 qqqc, qqqs,
bbcq, ccbs, ccbq, ccsq, sscq, qgbe, qqbs, gqcs, besq, bes, beq, bsq, csq, becev, csev, bgev, cqev, sqev,
qqev, bcuv, csuv, bquv, cquv, squv, qquv, betev, cstev, bqtev, cqrev, sqTev, qqTeV, beTyv, csTuv,
bgruv, cqTuV, SqTuV, qqTuV, beThv, esThy, bgThv, cqThV, SqThY, QqTHY

QCD jets 161-187 bbcess, bbees, bbee, bbess, bbes, bbe, bbss, bbs, bb, becess, bees, bee, bess, bes, be, bss, bs, b, cecss, ces,
cc, css, cs, ¢, ss, s, others

=> Major concerns: A _.+ VYes,itdoes. The Particle
< Will the model achieve the best performance for = > fransformer can support each

- 7 task to reach its optimal
each specific task? performance

“* What can we use this model for, beyond its

) e 7 We can regard it as a true
identification task supported by its final states? ==

“based model” and fine-tune
it for wider ranges of
downstream tasks

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 7
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Sophon performance benchmark

Boosting the LHC resonance search program with Sophon

‘arX/v240512972 -

, Sophon demonstrates the best performance on the dlrect |dent|f|cat|on task ';

. i AR S SN, SRk

Search S|gn|f|cance:
Z = \/2((s + b)log(1 + s/b) — )

o

% Sophon

S 57 - Sophon” (42 class)

'qé 44 ParT x - ppvs. Qcp

%o ParticleNetx_, p»vs. QcD

1073 1074 1073
SM background efficiency (ep)

10~2

10~1 10°

ARSI R

RGeS

S

discr(X — bb vs. QCD) =

 Sophon (training on 188 classes) has best
performance

EX—bb

8X—bb + Zl 1gQCD

 Performance gain does come from large-

E | 0 oco B i L
2 300 | B Vis  — xeoh scale classification (compared to Sophon*
: 2 #+ST | SM total unc.
| B Vv (42 classes))
200 A
. and ParticleNet for binary
100 - classification: they represent the best
performance we can reach in experiment
0

120 140 160

180

200

220 240 260 now

msp [GeV]

« Check discrimination power of
X (200 GeV) > bb signal vs. all backgrounds

Conggiao Li (Peking University)
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Sophon: performance benchmark

arXIV 2405 12972

! Sophon demonstrates the best performance also when flne tuned for hew tasks ,f
Search significance:
Z =4/2((s + b)log(1 + s/b) — s)
g Sophon f.t.
2> P S Shg ol  Sophon (training on 188 classes) reaches the
go 4 .X—>b3vs.QCD . .
7 3 S it e best performance after fine-tuned (via
N transfer learning)
1 . and ParticleNet for binary X>bs vs QCD
0 et classification: they reveal the best

1073 10~ 1073 1072 107! 10°

SM background efficiency (e5) performance we can reach in the experiment

NOW

w 4 L]

= l [ QcD  EEE Higes

LE 200 : 3 Vijets —— X-obs
: E +ST | SM total unc.
|

B Vv

120 140 160 180 200 220 240 260

. .. . msp [GeV]
 Check discrimination power of

X (200 GeV) > bs signal vs. all backgrounds

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 9


https://arxiv.org/abs/2405.12972

29t Mini-workshop on the frontier of LHC Boosting the LHC resonance search program with Sophon

W marks
Sophon: close to actual ATLAS/CMS performance? |coscrs

signal eff. = 60%
ATLAS results ATL-PHYS-PUB-2023-021  CMS results cvs-pAS-BTV-22-001 Sophon results
| T T o] (performance on Delphes)

c F L e
2 [ ATLAS Simulation Preliminary —— Dxwp ] . . ..
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Use cases: rediscover the SM particles?

Events

Events

Events

29t Mini-workshop on the frontier of LHC Boosting the LHC resonance search program with Sophon

arXiv:2405.12972

-> Use Sophon to rediscover Z/W/t particles

Select by X — bb vs. QCD discr.

104 .

10% -

10

1 QCDh
[ WHjets

CO Z+jets A VV | SM total unc.
 #+ST I Higgs

<€ \\ithout selection
Select at eff. = 1e-4

Select by X — c¢s vs. QCD discr.

104 .

10°

109

O Focus on dedicated final states, and use
Sophon to define corresponding selection

m discriminants
fissde i RO (D: A = {bb}

Select by X — bgangan vs. QCD discr.

8A

10* ~

102 .

discr =

\@): A = {ccb, ssb, qqgb,

e
M bcs, bcq, bsq}

10°
5

0 75

100

_'_'—||_! I_III_||_:_|I_||_!|_|||:'—|I_III'_|I -

125 150 175 200

Conggiao Li (Peking University)
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Use cases: discover a BSM resonance

arXiv:2405.12972
7
a (w9

-> Consider triboson signal:
W’ (mw =3 TeV) > W (mg =400 GeV) > WIVW - 6q

-> Optimize an event-level discriminant

R W
, 8A.jet W N
discr = Z % (sum for jets 1, 2) \%q“ N

jet=1,2 gA,jet + lel gQCDl,jet Jet g

" 0.3 x {cs, gg}
A= < +0.1 x fccss, gqgcs, gqqg}
\_+ 0.6 x {ccs, ccq, ssc, ssq, gqc, 9gs, gqg}

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 12
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Use cases: discover a BSM resonance

-> Consider triboson signal:

W’ (mw =3 TeV) > W (mg =400 GeV) > WIVW - 6q

-> Optimize an event-level discriminant

gA,jet

discr = Z

jet=1,2 gA,jet

A

Search significance

Z = \/2((s + b)log(1 + s/b) — s)

in dijet inv. mass window
2500-3100 GeV

Conggiao Li (Peking University)

27
+ lel gQCDl,jet

" 0.3 x {cs, gg}
< + 0.1 x {ccss, ggcs, ggqq}
\_+ 0.6 x {ccs, ccq, ssc, ssq, gqc, 9gs, gqg}

(sum forjets 1, 2)

v

)}

N
L

Significance

=== Sophon (optimised)

cut tighter,
@ificance rises

T L R | L

M 1073

1072 107! 10°
SM background efficiency (&)

29t Mini-workshop on the frontier of LHC

Events

Boosting the LHC resonance search program with Sophon

arXiv:2405.12972
g
g
q )
et —7
J q
30 - L 1 ocD B Higes
:SB =1le-4 C Vjets Wik — Wop — 3W
| 3 A+ST | SM total unc.
1
5 - | . v
|
1
1
10 '
] I §
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1 1
2 1 : | 5
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Use cases: anomaly detection

-> Background:

S

Boosting the LHC resonance search program with Sophon

N

YEK7

arXiv:2405.12972

% anomaly detection (via a weakly supervised approach) is a novel experimental

technique to explore peculiar resonance structures directly from data

refer to ATLAS and CMS’s established methods & results:
not working if there are too few signals in data!

PRL 125, 131801 (2020)

CMS-PAS-EXO-22-026

Initial significance Zl,, =
0.5 1.0 2.0 5.0

—&— IAD: Sophon (transfer learning)
—&é— IAD: high-level input
——=- 50 limit

* Discovery point for each method

0.2
7? :35 \(ta
_“%Q \ \\J\
S 30 4\
— N
S N\
~ 25 A \
_@ \
N 20 -
>
g
15 -
10 -
5 -
100

Conggiao Li (Peking University)
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https://doi.org/10.1103/PhysRevLett.125.131801
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-026/index.html
https://arxiv.org/abs/2405.12972
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gioe PRI AP AN

'. In CMS, we developed “Global Partlcle Transformer” (GloParT)
— an effort initiated in mid-2022

The 1st version has been released:

Final state/
Process - heavy flavour | # of classes
prongness

q
H-VV qqqq 3 H g H q . o go .
(ullhacronic) etz —%ﬁfé q Aﬂaf; q a fatjet tagger for 37-category classification
evqq 2 4q q
Howw — : H ; H 7 CMS-PAS-HIG-23-012
(semi-leptonic) fevad Octe 2 _‘Mwmvﬁ A ﬂ@ %
TWvaq 2 “a (rpv)a
Thvaq 2
bb 1
H—»qq cc 1
Ss 1
qq (q=u/d) 1
TeTh 1
H—tt TuTh 1
ThTh 1
=AY Sl 1b + Oc/1c 2
(hadronic) bq 2
bev 1
buv 1
t_'bw bTev 1b 1
(leptonic) b ;
bThv 1
b 1 8 g (blc) g (blc)
bb 1 m<: 6(5/5) >
QCD c 1
cc 1 Q_@ 88 8 8
others (light) 1 q 8 TR

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 14


https://cds.cern.ch/record/2904879

29t Mini-workshop on the frontier of LHC

CMS version of “Sophon” is now available!

Boosting the LHC resonance search program with Sophon

AR TN

AP R NE e e s e

T v

Now we’ve finalized the 3rd
version of the Global Particle
Transformer (GloParT-3) and
successfully integrated it into
the CMS software

e 750 nodes in total

o expected to benefit all
relevant Run 2 & Run 3
analyses through 2030

Conggiao Li (Peking University)

AN

SSAAPIIP

WEASAPRIfas

In CMS, we developed “Global Particle Transformer” (GloParT) |
— an effort initiated in mid-2022

SR AN a

P DT

GloParT 3 categorization

HO::3x;x; (2-prong) like
(15 classes)

HO,i ?
:: ?
bb, cc, ss, qq, (bc)*, (bc)-, bs,

(cs)*, (cs), gg,

€scs, €sqq, qqq9q,

Csc, Css, €s(q, qq¢, q4s, qqq,
csev, qgev, CSUV, qquv, cSTeV,

W) ee) P-U-, ThTe, ThTH’ ThTh

Ho:t>yyxix; like

(40 classes)
; 4
0
H h y
?
W ;

Yybb, yyce, yyss, yvqq, yybe, yves, yyba, yycq, yvsq,
YYE8, YYee, YYmMM, YYThTe, YYThTy, YYThTh,
YYD, VY€, YV, Y4, YV8, Yve, YYM, YYTe, YV Tu, YYTh,
vbb, yee, vss, vqq, vbe, yes, ybg, veq, vsq, vge,
Yee, ymm, YThTe, YThTy, YThTh

29t Mini-workshop on the frontier of LHC

qqQTeV, CSTRV, QqTyV, CSThY, 4qThV

?
H ?
VA ?
bbbb, bbcc, bbss, bbqq, cccc, ccss, ccqq, ssss, ssqq, qqqq,
bbb, bbc, bbs, bbq, ccb, ccc, ccs, ccq, ssb, ssc, sss, ssq, qqb,
qqc, q9s, 949,
bbee, bbup, bbe, bby, bee, bup, bbthte, bbthTy, bbThTh, bThTe,
bTthTy, bThTh, Ccee, ccuy, cce, ccu, cee, CUM, CCThTe, CCTHTy,
CCThTh, CThTe, CThTy, CThTh, SS€E, SSUH, SS€, SSH, See, SUH, SSThTe,
SSThTy, SSThTh, SThTe, SThTw, SThTh, €€, qquUi, qqe, qqu, gee,
UK, GqThTe, GqThTy, GGThTh, QThTe, QThTy, GThTh

t>bW like t->bW* like
(17x2 classes) t>bW- like QCD
t w& ? (5 classes)
?
! q(blc)
b fmé‘o‘o‘a<: .

bWcs, bWqgq, bWc, bWs, bWg, bWev,

bWpv, bWtev, bWtyuv, bWthv,
Wcs, Wqq, Wev, Wnv, Wtev, WT,v,
WTthv

g (blc)

q_@ 8 5
5TBOOD
q(blo)

bb, cc, b, ¢, others

H->ZZ" like
H->WW-* like H * Y H a
T >Z2(Z) like H->ZZ like
(19x3 classes) . classes) H~»>Z'Z" like
H>W*W®) like 7

15 December, 2024
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Summary: Sophon, GloParT...

-> Sophon: using Sophon on Delphes LHC dataset to (re)study the LHC potential

% extensive BSM programs to explore with the cutting-edge tool

% we welcome future collaborations with theorists and phenomenologists to
explore novel potentials at the LHC

-> GloParT’s opportunity to CMS: expanding the resonance search program with
GloParT!

* H/X>bb/cc/tt/WW... diverse channels for search

% broadening conventional searches with GloParT’s fine-
tuning capabilities for less-explored channels

% anomaly detection: the “data-only searches”

-> Abright journey ahead!

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 15



29t Mini-workshop on the frontier of LHC Boosting the LHC resonance search program with Sophon

Backup

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 16
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Propose “Large model for large-scale classificationy:

View from jet tagging Bl
3 . "
=> Instead of training dedicated jet taggers, we consider multi- i'\i —t
class classification with N(class) reaches 0(100)
% statistical insights: an ideal multi-class classifier is a stack of r_%g r_,.QE ¢
ideal binary classifiers b Vs b
-> The model should be large - carry enough capacity g ¢ ¢ R

> The classes should be comprehensive > tagging ability can
be further generalized by fine-tuning

View from a pre-training solution

DEEP LEARNING

-> Based on a comprehensive jet dataset, we hope to pre-train
a base model to facilitate all LHC analyses exploring the large-R
jet

-> Set the training task: let the model learn to connect

“what a jet is like” to “which truth signature the jet reveals”
(= jet label in our case)

7/

% “jetlabels” are simple signatures to explore
> pre-training it as a classifier is just a starting point in this sense!

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 17
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A glance into fine-tuning spirits

the pre-trained
Transformer
network

the pre-trained |
Transformer
network

s]elelo]o]e]e]ele

QOO

(Sage

use the
hidden layer

Conggiao Li (Peking University)

customized scores!
(optimized for analysis)

train a BDT or NN

customized scores!
(optimized for analysis)

train an NN
equivalently, this means to replace then
retrain the last layer

This is a fine-tuning approach (specifically, transfer learning)
in its equivalent form

29t Mini-workshop on the frontier of LHC 15 December, 2024 18
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Statistical essence of jet tagging problem

—> Question: where is the limit of jet tagging?
-> Answer: the probability density ratio of two classes provides the optimal tagging

class 2
I.-Ilgh-dlmensmnal class 1 Py(X)
Jet phase spaces
p1(X)
X0
O
i R

>

¢ ldeal classifier network
results in

.. class1

W The optimal
2 +class 2 i i i i
7 BN o % Itis adirect estimation of p
ey, ||| P < The network capacity decides
R N . . .
gt 4 how close the estimation is

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 19
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Statistical property of multi-class classifier

-> Statistical theory shows that:

A multi-class classifier with minimum cross-
entropy loss estimates the probability ratios
on the input classes:

class =i|x
(X) = p( %) hence it contains all the information
gl NOllt

Zj=1 p(class = j|x) theideal N(V — 1) binary classifiers
cando

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 20
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Statistical property of multi-class classifier

-> Statistical theory shows that:

A multi-class classifier with minimum cross-
entropy loss estimates the probability ratios
on the input classes:

p(class = i|x)

gi(X) — hence it contains all the information
Z]\i"it p(class = j|x) the ideal N(NV — 1) binary classifiers
/ cando
splitting OA 0.55
class A : PA = Pa, ¥ Pa,
- O remains
Two properties: V A 0,25 the same
The optimal
network B adding A
O 0.2 class C O 06 PalPg
\ OB 015 => remains
the same
Oc 025

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 20
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Statistical property of multi-class classifier

The key question in this context

= Statistical theory shows that: Does the model’s capacity still enable us to
reach the best achievable performance in

A multi-class classifier with minimum cross- a
existing tasks?

entropy loss
on the input classes:

Our result will show: Yes.

~/

— ] X
p(ClaSS ll ) hence it contains

gl(X) — N .
Zj:‘)‘;t p(class = j| x)
splitting
class A o Pa p.Al * Pa,
. remains
Two properties: Ay the salme
A = B
The optimal
network B adding A
class C PalPg
B remains
the same

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024
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&
‘?

|ntr0ducing Sophon arXiv:2405.129724)

https://github.com/jet-universe/soj

-> Signature-Oriented Pre-training for Heavy-resonant ObservatioN

=> the modelis based on Particle Transformer (ParT) architecture

-> apre-trained model on a newly developed comprehensive dataset: JetClass-Il

~  finely categorized labels:

Resonant jet: Resonant jet:
X> 2 prong X> 3/4 prong QCD jets

bb/cc/ss/qa/gg9/ee/up/TT
bc/bqg/cs/cq

contributed ~ bb/cc/ss/qa/gg/ee/pp/rr  all combination of Y decays,
final states:  P¢/ba/cs/cq resulting to 4-prong or 3-prong

Key property: we do not focus on any specific X and Y masses
Their masses are variables: ranges from 20-500 GeV

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 21
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Introducing Sophon V205158

https://github.com/jet-universe/soj

-> Signature-Oriented Pre-training for Heavy-resonant ObservatioN

=> the model is based on Particle Transformer (ParT) architecture

-> apre-trained model on a newly developed comprehensive dataset: JetClass-Il

finely categorized labels:

Resonant jet: Resonant jet:
X> 2 prong X> 3/4 prong QCD jets
bb/cc/ss/qq/gg/ee/up/TT
bc/bqg/cs/cq
Major types Index range Label names A" final states!
Resonant jets: 0-14 bb, cc, ss, qq, be, cs, bg, cq, sq, gg, ee, [, ThTe, ThTu, ThTh
X — 2 prong
Resonant jets: 15-160 bbbb, bbcc, bbss, bbgq, bbgg, bbee, bbuu, bbry, Te, by, DbTLTH, bOD, bbc, bbs, bbg, bbg, bbe, bbu, cccc,
X — 3 or 4 prong ccss, ccqq, ccgg, ccee, CClLh, CCThTe, CCTh Ty, CCTHTh, ccb, cce, ccs, ccq, ccg, cce, ccl, $5SS, $8qq, SS9,

Ssee, SSj, SSThTey, SSThTu, SSThTh, ssb, ssc, sss, ssq, ssg, sse, SSi, qqqq, 9499, q4€e, qqiit, qqThTe,
49T T, 99ThTh, 995, 9qc, qqs, 994, 949, q9€, qqit, 9999, ggee, ggith, 99ThTe, 99ThTu, 99ThTh, 9gb,
ggc, 99s, 999, 999, 99e, ggu, bee, cee, see, qee, gee, by, cup, Spp, quiL, gibth, bThTe, CThTe, SThTe,
dThTe; 9ThTe; OTh Ty, CTh T, SThTu, QThTus 9ThTs OTh Thy CThTh, SThTh, 4ThThs 9ThTh, 9990, 999¢, qqqs,
bbcq, ccbs, ccbq, ccsq, sscq, qqbe, qqbs, qqcs, besq, bes, beq, bsq, csq, becev, csev, bgev, cqev, sqev,
qqev, bcuv, csuv, bquv, cquv, squv, qquv, betev, cstev, bqTev, cqTeV, SqTeV, qqTeV, beTyv, csTuV,
bqruv, cqTuV, SqQTLV, QqTuV, beTywv, csThV, bgThV, cqThV, SQThY, QQThY

QCD jets 161-187 bbccss, bbces, bbee, bbess, bbes, bbe, bbss, bbs, bb, bcecss, bees, bee, bess, bes, be, bss, bs, b, ccss, ccs,
cec, css, cs, ¢, Ss, s, others



https://github.com/jet-universe/particle_transformer
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Using Sophon

(a) Pre-training

Boosting the LHC resonance search program with Sophon

Matent = 128 8 N, = 188 classes
O ®)
( (O) O IO resonant jets }7
O O O (2 prongs)
O O O
> Sophon mOdel O O @ resonant jets %‘, /ﬁ,
(main structure) |© O O (3, 4 prongs)
O ® O
O ® ® )
9 O O IO QCD jets
O &)
O
(b) Usage ﬂ O N
[ [
O O o
@ O O s 2
® O O °
® O O - T
O . O di _ o
Train new layers | CISCL. =
of | Train new layersfq : St + 256
® O O 5
® O O °
O O O pt
O O ° Constructing
Transfer learning - discriminants -

Conggiao Li (Peking University)
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Using Sophon

/

ol

XX XX X Xo)

28.
Y set+XSe

discr. =

Constructing

discriminants — %

Use it out of the box!

Construct a dedicated discr.
> perform a bump hunt

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC 15 December, 2024 22
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Sophon’s transfer learning

(a) Pre-training

Magent = 128 8 Nyt
0)
f O) O Io
Sophon model |- o -l
1
> ' ® O
(main structure) =
® O TP
® " e
L O =0 [0
O o
O
(b) Usage O
O O
@ O O
® O O
® O O
Ol [ fra | O
O rain new ayers O
® 0 O
® O O
© O O
O O

K

Transfer learning

 Transfer to uncovered tagging scenarios...
. facilitate anomaly detection (weakly-
supervised, autoencoder)...

« more potential to unlock!

Conggiao Li (Peking University)
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Boosting the LHC resonance search program with Sophon

= 188 classes

resonait jets

( ,1ongjs) })
1‘esoman’c jets

ky 4 prongs) ﬁ /ﬁ)

( QCDjets )
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Background: anomaly detection in weakly-supervised approa
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JHEP 10 (2017) 174
mixed sample 2
$ A /\
é— —
Q s
.
S
packground
signal® =
>
Mres
Mixed Sample 1 Mixed Sample 2
©CeOOO®O® | ©O©COOO®
©COCCOO® | ©O©COOO
©CCO®O® | ©CCOOGO
OO | ©GOCOOO
®CCCe | ©6COOGO

(¢..b \o

1/

Classifier

Equivalent effect for training S vs B

Conggiao Li (Peking University)

Boosting the LHC resonance search program with Sophon

> Recall the early work: CWola (classification without labels)

Hunting
% allow to detect anomalies purely from data

¢ train a classifier for mass window vs mass sideband (mixed
sample 1vs 2)

“* many improved approaches in recent years - very active field

29t Mini-workshop on the frontier of LHC 15 December, 2024 24
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\?
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Background: anomaly detection in weakly-supervised appro

JHEP 10 (2017) 174
mixed sample 2 > Recall the early work: CWola (classification without labels)
2 4 £\ Hunting
5 % allow to detect anomalies purely from data
=
© 9.

¢ train a classifier for mass window vs mass sideband (mixed
sample 1vs 2)
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“* many improved approaches in recent years > very active field

>
Mres . i
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Dijet search capabilities

Initial significance Zlg, =1
1.0 2.0 50

——— IAD: h'.gh—level input
-==- Solimi

“How much does the
significance need to
be increased to reach
the 50 discovery”

100

Conggiao Li (Peking University)

2000 5000
Signal events (Ns)

a similar 20 7¢ is reached with
conventional AD approach;
roughly reproduce the result in
PRL, 121 (2018) 24, 241803
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Boosting the LHC resonance search program with Sophon

“If signal event
reach this point,
with initial Z=5,

then we have already
discovered the signal
without needing to
make a cut”
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Dijet search capabilities

Initial significance Zl,, =

0.2 0.5 1.0 2.0 5.0
- 35 \ | ] ] | ] ] a1 | ] ] |
= \\S\\ IAD: Sophon (transfer learning)
N N\ —4— IAD: high-level i
N 304\ : high-level input
= A\ —==- 50 limit
= 75 - \\ * Discovery point for each method
s \
- \
N 20 - R
> \\
< \
5 s
\\
\\
10 - \\ 2.4x less data to
\*\ mark a discovery!
5 A \ ’
— a E— ‘ﬁh)‘d#" — ~~--_-T-=— ; ;
100 200 500 1000 2000 5000

Signal events (Ns)

Combining Sophon’s transfer learning (using Sophon’s “knowledge”)
with AD marks a success

« More sensitive at low signal injection (even starting at ~0.60)
« Much improved S vs B distinguishability than using high-level input
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Dijet search capabilities

Initial significance Zl,, =

0.2 0.5 1.0 2.0 5.0
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jet=12 8ajer T -1 8QCD jer

A = 0.3 x {cs, qg}
o + 0.1 x {ccss, gqcs, qqqq}
+ 0.6 % {ccs, CCq, SsC, ssq, 9gQc, gqgs, qqq}

= 2.4x less data to
m a discovery!
using Sophon’s . /( TS '
— a | —.hq#’ ——
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Signal events (Ns)

Conggiao Li (Peking University) 29t Mini-workshop on the frontier of LHC

15 December, 2024

27



29t Mini-workshop on the frontier of LHC Boosting the LHC resonance search program with Sophon

Implications to ATLAS/CMS experiments?

-> “Sophon methodology” releases a lot of new opportunities for future LHC

experiments
it creates a “global large-R jet tagger” - bring benefits of the advanced NN to
~all hadronic final-state searches

% also viewed as a pre-trained jet model: a base model tailored for a broad
range of LHC analyses
-> How to use the experimental version of the Sophon model?

% used in conventional analyses: except for some well-calibrated nodes, the major
challenge will be the calibration of peculiar signals (not easy to find proxies)

% data-only analysis: develop discriminants dedicated to different signals - cut
tight on the data events > peak finding on some mass observable (single jet / di-

jet / jet+lepton...)
> could be helpful in broadly searching for BSM resonance!

% anomaly detection: weakly-supervised approaches / further improvements?

/7
%*
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UNIPp

JetClass-Il and Sophon N

arXiv:2405.12972

4L1€$

-> Developed the JetClass-Il dataset and the Sophon model

- JetClass-Il [Hugging Face dataset] covers more comprehensive phase spaces and can be a good
playground to develop future foundation models

< howtouseit?

> can be used to train models for various jet-related tasks, e.g. jet classification, regression, generation
or reconstruction...

> its extensive phase space coverage and high statistics enable model developers to focus on specific
regions of interest, or work with the entire dataset

% include detailed low-level information (particle kinematics, PID and IP features), the same as
JetClass

% alsoinclude generator-level information (GEN particles within the GEN-jet, and the GEN
resonances)

% generation details can be found in this repository 1§

=> The Sophon model [Hugging Face] can be helpful to deliver future LHC pheno
research

% optimizing sensitivity for dedicated searches/anomaly detection/novel paradigms

% performing studies on the pheno dataset/model can inspire how we do real
experiments at the LHC
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