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Key points of this talk
TLu:PR

- We find that CMS/ATLAS can achieve >5x% sensitivity improvement for di-Higgs
in the HH->4b final state, with potential to observe HH even before the HL-LHC

=> This gain is driven entirely by Al engineering

% “scaling up” improves performance (larger models, larger datasets) and training
directly on low-level objects (going beyond modularized objects like jets)

-> We validated the method’s reliability

R/

% successfully reproduced two prior CMS results

-> We aim to deliver this within the next three years. It successful, it will be
transformative for the LHC, reshaping expectations for what physics
measurements are achievable

based on arXiv:2508.15048
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Illustrative view of the HH(4b) search

HH(4b) signal QCD background
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Illustrative view of the HH(4b) search
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Illustrative view of the HH(4b) search
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Illustrative view of the HH(4b) search
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Illustrative view of the HH(4b) search
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Resolved vs boosted?
B ATLAS papers: CMS papers:

Four small-radius b-iets 1. ggF+VBF resolved 1. ggF+VBF resolved —

(R=0.4) & 2.  VBEF boosted 2. ggF+VBF boosted | Two large-radius H->bb jets

3. ZZ/ZHin4b resolved ;; R= 1.0 €0.%) ATLAS (CMS)
LL/L |

PRL 129 (2022) 081802 PRL 131 (2023) 041803 |
results website results website Pr~ 2?"1 > 250 — 300 Gev
CMS 102 fb™ (13 TeV) o BOFrrr T 13817 (13 TeV)_
2 700F HH —>Dbbbb & 2017-2018 Data 8 o cMs :
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400 10¢ .
8F =
300 o
the high-mun region e 44 Comig inE el
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!
% ] introducing the N(signal) vs
_az 10° N(bkg.) canvas
=R
E ]
g 103 Concept:
E . 4 each “cut” can be visualized as a

Siomal: ooF HE —» 45 point on this canvas.
I 1gnai: — o
TN +a “dynamic cut” forms a curve—

Background: QCD effectively a ROC curve scaled by

10”3 total signal/bkg. event counts

10* E
10° 4
102 ~

10! -

10° 10! 10°
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

/ Ldt = 450 fb~!
2
d; ]
o 107 =
E X
= 8
o 1075
eNn ]
5 :
& 107 Events (100 fb-1) passing resolved HH4b
) - Signal: ggF HH — 4b triggers
10° 5
| Background: QCD Mimic CMS’s 2018 trigger (“4j3b”):
105 _ 4 Ht (Ak4 pr>30 Gev) > 330 GeV
5 4+ four jet pr> 75/60/45/40 GeV
(0% 4+ >3 b-tagged jets (SophonAK4 loose b-tag
WP: £ = 10%)
10° 5 After trigger selection (under 450 fb-1):
] Signal (ggF HH4b): 960
10° 5 Bkg. (QCD multijets): 3.5e8 (rate@2e34 ~ 18 Hz)
: pretty realistic!
10! 4

10° 10! 10°
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!

—%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
10° 4

Ol Sk, Further require all four leading jets to be
1 ’ "~ b-tagged at medium WP (g, = 1%)

Background events

107 4

Then train a ParT classifier, using four
Signal: ggF HH — 4b

106 jets’ kinematic inputs to distinguish
1 Background: QCD \"

signal events vs QCD.
(ParT algorithm constructs AR, m;; of all jet
pairs, effectively enabling jet-pair association.)

10! 5

10° 10! 10°
Signal events
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Reproducing CMS’s HH->4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

f Ldt = 450 fb~!
2 ]
% —% - CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
q>) 107
EI &3
O 10° 4 ... Further require all four leading jets to be
<] b-tagged at medium WP (g, = 1%)
S 107 5
= : Siomals woF HE - 45 Then train a ParT classifier, using four
g6 | DB 88T \ jets’ kinematic inputs to distinguish
{ Background: QCD signal events vs QCD.
105 - (ParT algorithm constructs AR, mj; of all jet
: pairs, effectively enabling jet-pair association.)
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- - - - = = = cMS 102 fo" (13 TeV)
0% _ % 700_:&?.;#?5)% ; ;?(;7 r:g;ZData
é lJ>J 600f— A4b region #39% Bkg. unc.
] - —— SM ggF-HH x 100
- 500 ——— VBF-HH (k,,=2) x 100
102 3 E
10! — |
]  $=6.7

I Tt | B=950

mAmho
w

Signal events

0102 05 04 05 06 07\‘08 09 1
BDT Output , 2025 1

o

O

Data/Bkg.

Conggiao Li (Peking University) TeV Y)IBRTAEAHIRE S 31 J& LHC Mini-Workshop


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802

Reproducing CMS’s HH->4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!

_ suppressed by x100
107 - %
! Signal: ggF HH — 4b
Background: QCD

72! ]

% 1|=%= CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
> 107
,_g ]

5 10° 1 Both signal and bkg. events

S

-4

Q

S

an

X

RARE (D Events (100 fb-1) passing boosted-jet triggers

Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

Then, we reproduce boosted HH4b
results

Mimic CMS’s typical boosted-jet trigger:

Sub-leading Jet SD Mass (GeV)

10° 10!

Conggiao Li (Peking University)

R
102

Signal events
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240

140 1

[
(=}
1

80

4 Hr (Aks pr=200 Gev) > 800 GeV
4+ leading AK8 jet trimmed mass > 50 GeV

@ And further require two leading jets to have
soft-drop masses within the circle:
« centered at (125, 115) with R=25 GeV

Showing 3000 random signal events

establish a circular mass window
... with center in (125,115) and R=25

- S
1004 %+ $ L4 )
» | )

Signal (HH — 4b)

100 120 140 160

180 200 220 240

Leading Jet SD Mass (GeV)
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!

107 3

10% -

Background events

107 4

106 -

—%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
-% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))

Signal: ggF HH — 4b
Background: QCD

g
g
g
g
0

Conggiao Li (Peking University)

102
Signal events

But the QCD suppression power

... is “astonishingly” powerful

using the sum of two AKS8 jets’
Sophon (AK8) XbbvsQCD scores as
the discriminator
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!
g 1[=%= CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
5 10° - -% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))
Il X
< ] ’
g 8
o 1075
50 ]
< :
3 107 5
2 X

Signal: ggF HH — 4b
Background: QCD

But the QCD suppression power

106 -
: ... is “astonishingly” powerful

using the sum of two AK8 jets’
Sophon (AK8) XbbvsQCD scores as

the discriminator  pp; 737 (2023) 041803
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CMS’s performance is even stronger
(may be due to the use of an additjonal BDT)

102
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

f Ldt = 450 fb~!
2 ]
% —%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
5 109 - -% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))
=R x Remarks from comparison of CMS’s
205
27 resolved & boosted analyses
vl ’
3 107
m PXY
. 1 Signal: ggFHH—4b |
10” 3 |
1 Background: QCD !
1 I
1073 .'
1 I
] I
10* l'
5 I
I
1 /
103 3 /
02 1 Draw contour lines of s/v/b
é ...and we see that the boosted
10! - regime even has more potential ®

10! 10°
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!
2 ]
% —%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
q>) 10° - -% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))
©  {|— Enhanced resolved strategy x Remarks from comparison of CMS’s
= ‘
2 103 resolved & boosted analyses
EI
Q
<
/M

Signal: ggF HH — 4b

106
1 Background: QCD

But... can we improve the resolved-
regime strategy?

® Unfortunately, if we insist on
using AK4 jets in the resolved

regime, we yield only marginal gains.

10° =

104 E

107 E %
|
|
|
|
|
|
I
|
|
I
1
]

[}

1
/
/

10° -
] Here, we benchmark the best
102 - achievable performance relying on
(e small-R jets
10! + 'J'
H - Train a ParT on events passing resolved triggers,
] S S T utilizing full AK4 jet information—including tagging

10° 10! 102

. scores
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!

—%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
10° - -% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))

1|—— Enhanced resolved strategy

x Remarks from comparison of CMS’s

108-; resolved & boosted analyses

107 E %
|
|
|
|
|
|
|
|
|
I
1

]
[}
1
/
/

Background events

Signal: ggF HH — 4b
Background: QCD

@ Naively, the strong discriminative

106
power should generalize across all

boosting conditions.

10° =

10* E
: Can we achieve

somewhere close
to this line?

10° 4

10° 10! 10°
Signal events
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Reproducing CMS’s HH-»>4b results

> First, reproduce CMS’s HH-»4b results using our highly realistic Delphes simulation

[Ldt = 450 fb~!

2 ]
% 1|=%= CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
5 10° - -% - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023))
"g 1| —— Enhanced resolved strategy
g 108 _ —— Ours: Event-level classifier (1.4 X 10® training events)
eh ]
=< _
3 107 5
m 10 |
) Signal: ggF HH—4b |
10° I
1 Background: QCD !
1 I
5 I
107 I
I
‘ |
104 ‘ ]

] !
! /
- I’
10 ' °
4

Yes. This is achievable.

107 =

1
10° 10! 102
Signal events
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Introducing our HH4b strategy
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Analysis strategy: training a X>h1h,>4b vs bkg. classifier

=> Train “X~>h1h,>4b” signal versus QCD and tt (passing the “4j3b” resolved trigger!)
% hi1and h, masses: uniformly distributed in [40, 200] GeV

R/

% Xmass - taking various HH->4b topologies as a reference

R/

% using full-event particle-level inputs

b b
<= =
h, <~ g
b L2 X =,

(13 TeV)

< 0.025 :
< figure credit — k, =1, SM

0.02 — k, =0, only box diagram

— k, =2.45, maximal interference

0.015 k, =5, soft spectrum

— k, =20, mainly triangle diagram

0.01

0.005

‘ X
P v SNAN ANNNMN N AAMARNENNRN AN |

250 | ‘300 350 40 450 500 550
My [GeV]
Take mun spectrum as a reference
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https://repository.cern/records/3jrfq-10p79/preview/CERN-THESIS-2017-231.pdf
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Analysis strategy: training a X>h1h,>4b vs bkg. classifier

m,
b . X b 2004
40-200 GeV S 40-200 GeV €135
<= => "
h, <~ |:: > h 180
b & X 1

AN

Ca ] s

Split the signal training samples into 136 grids I I
(classes), based on (my, , my, ) 40

ol ala

>
40 50 60 70 180 190 200 mh

Train a “136+2 class” classifier

« on full-event reconstructed particle inputs (pileup-mitigated)

« using a Particle Transformer architecture
The current standard in HEP-ex

e
£ U
5
Interactions —| E
< E|
N =
.
.
.

: -Soft]\/[ax
A=/ (Yo — )2+ (B — )2, T | PMHA o~
Ma .0
V

kr = min(pr,q, prp)A, U > 0

2 = min(pr.q,prp)/(Pr.a +P18),
m? = (Eq + Eb)* — ||lpa + pol%

| full-event P-MHA(Q, K, V) = SoftMax(QK " //d), + U)V,

| particles

H. Qu, CL, S. Qian. ICML 2022
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Analysis strategy: training a X>h1h,>4b vs bkg. classifier

— mh2 A
b 40-200 GeV 40-200 GeV b ?ZZ i35
h, <~ X |:> h; 180
b &5 AN
%’ 70 e lc
’ o 60 |——14—
Split the signal training samples into 136 grids so f—-
(classes), based on (m, , m;, ) wlolol | T .
The “136+2” classifier offers
two analysis tools
A powerful bkg-veto classifier An (m, ,m, ) estimator
0.0200 9 - .

-  psig = the sum of 136 signal-class oo ' 136-grid NN output
scores, defining estimated a discrete
discr = psig [ (Psig + Pacp * Pttbar) N 00]25; (pbr © lli]aeb Irlrl]t;/nd_epnesalgorstlo
provides a powerful background- 2 o § l y );
veto discriminant = o] s emma

80 “ - o

> naturally mass-decorrelated due to ::rformta flt;o;lxtract

the flat prior Of (mh ’ mh ) TR 5 10 135 10 U5 aw o e. mos Oproo apte
1 2 my, (GeV) — pOInt (mh], mh )

2

Conggjiao Li (Peking University) TeV ¥FEANEERAAITRESE 31 @ LHC Mini-Workshop 11 October, 2025 21



TeV YR EBAITEES 31 J& LHC Mini-Workshop

Mass distributions

Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

- Distributions on (mhl, mhz) plane after selection
discr = psig [ (Psig + Pacp + Pttbar) > 0.9

ggF HH— 4b 77 7ZH
0.08
160 1 160 160
0.07 0.06 0.04
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%\ 0.05 é % 0.04 é % o §
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80 0.01 80 80
T T T T T O'OO T T T T T 0'00 T T T T T 0'00
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| Expected shapes
QCD Z+jets _
oz o sSmooth QCD and tt
160 160 1 160 1
0.010 0.010 0.010 Spect rum
140 1 140 1 140 1 . .
s omsE o o g o sz o single-Z/H: form ridge-
o (=] o
[5) S v SR 3 .
(% 120 0.006 % Q 120 0.006 g @1 120 0.006 é l| ke Stru CtU res
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z z z .
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Effect of analysis selection

discr = psig [ (Psig+ Pocp + Pitbar) [Ldt = 450 fb~!
2
S ROC Curve
> Event-level classifier using SCOreqy vs both
= 1005
g ]
g Background Components
5h W-H (W W
5
§ 1073 ZH A4 Single Top
m W+tH itz Z+jets
77 ttH it
10° 5 A% H QCD
VBF H
103 5 .
1 Signal: ggF HH — 4b
10% 5
10! E
10° -

10 10°
Signal events

Conggiao Li (Peking University) TeV Y)IBRTAEAHIRE S 31 J& LHC Mini-Workshop

Signal selection:
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125 GeV ‘ 4 =252

5
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M

125 GeV

Select events in the HH mass
window, and count the yields
of each physics process
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Effect of analysis selection

Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

discr = psig [ (Psig+ Pocp + Pitbar) [Ldt = 450 fb~!
2
S ROC Curve
> Event-level classifier using SCOreqy vs both
= 1005
g ]
g Background Components
5h W-H (W W
5
§ 1073 ZH A4 Single Top
m W*H itz Z+jets
77 ttH it
10° 5 WW H QCD
' VBF H
10° 5 .
1 Signal: ggF HH — 4b

10% 5

10! E

10° - - —

10! 102

Conggiao Li (Peking University)

Low statistics at tail region, despite @(10711) QCD
events before trigger selections are generated

Signal events

Background events

smoothed ROC curve
TeV ¥ERIS T AMIZES 31 & LHC Mini-Workshop

Signal selection:
My>

125 GeV
a =252

My

125 GeV

Select events in the HH mass
window, and count the yields
of each physics process

ROC Curve Smoothing - Full Range

Original ROC curve
Savgol Heavy

100 4

105 .

104 .

10% 5

T T T T L B R |
10! 102
Signal events
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Expected result

Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

-> The ssignificance is calculated for each points at smoothed ROC:

e e e ]

-> Bestsignificance at $=20.5 and B=15.2

-> Different settings for op are considered

* 0%, 10%, 20%, 50%

Background (signal) SM significance 95% CL kx
uncertainties (o) range
0% (0%) 4.5 [—0.35,3.1] U [4.6, 8.1]
10% (10%) 4.1 [—0.58, 8.3]
20% (20%) 33531 [—1.1,8.8]
50% (20%) 1.8 [—1.4,9.1]

TABLE I. Summary of the expected SM di-Higgs statistical
significance and 95% CL constraints on k) under different
signal and background uncertainty scenarios, for an integrated
luminosity of 450 fb~1.

 >5x improvement in significance over
existing approach!

2

[Ldt = 450 fb-!
~
= 10
c<\11 —— No Unc: x, €[-0.351,3.119] U [4.646,8.116] (95% CL)
I —— Bkg Unc 10%: k; €[—0.580, 8.344] (95% CL)
8 4 | —— Bkg Unc 20%: x; €[—1.060, 8.825] (95% CL)
—— Bkg Unc 50%: x; €[—1.381,9.146] (95% CL)
6 -
4 -
-A" :ﬂ,.."
O I 1 1 1 1 w I 1
-2 0 2 4 6 8 10
K
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Validity of the new method?
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Further mvestlgatlon into the classifier

What does it take to train a powerful classncler’?
Data size is important!

[Ldt = 450 fb™!
A ]
§ —:— gx: ;esolvedd strategy((Phhys. Rev. Lett.113219, 0(;81188002((2022)) * Th e nominal m odel (denoted SOph onHH) is
94| == oosted strategy (Phys. Rev. Lett. , 3(2023)) .
o0 - BV R e trained on the full dataset of 140M events
= nhanced resolved strategy
5 10% 3 —— Ours: Event-level classifier (1.4 x 10® training events) e ParT with 10M para meters (4X default size)
'&0 ] Ours: Event-level classifier (1.4 X 107 training events) .
S ] 4+ To study data dependence, we also trained on
[ | reduced subsets: of the full
0 o I
106 ] Signal: ggF HH — 4b | dataset.
1 Background: QCD : .
] ! 4 Number of training batches scale down
10° 4 . . c e
5 .' accordingly to avoid overfitting (by 5x)
_ I
10* = l'
] !
I
. /
10° 5 /
10% 5
10! | '
-' ! L | - l'-! ' ! L ! ! ! L
10° 10! 102

Signal events

SRS AS LA S Oy y eV 1usERY/A T REWI L B s o1 LHC Miﬂi-WOl’kShOP
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Further mvestlgatlon into the classifier

What does it take to train a powerful classncler’?
Data size is important!

f Ldt = 450 b1
% =% = CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022)) 4 The nominal model (denoted SophonHH) is
= 10° 4| =% = CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023 :
| e B ostoc stimogy (PR KeLe N trained on the full dataset of 140M events
= : nhanced resolved strategy
g 10841 Ours: Event-level classifier (1.4 x 108 training events) e ParT with 10M para meters (4X default size)
ED Ours: Event-level classifier (1.4 x 10 training events) )
3 o] 4+ To study data dependence, we also trained on
= . : reduced subsets: of the full
106 ] Signal: ggF HH — 4b | dataset.
Background: QCD : o
5 ! 4+ Number of training batches scale down
10° 4 . . __
,' accordingly to avoid overfitting (by 5x)
] I
10* = l'
z I
] /' Data size is crucial to the classifier's performance!
107 From 13M to 130M: bkg rejection improved by 4-8x
102—;
L] |
10 il I,:.! .

10° 10! 10?
Signal events

ISV {/JLERY /O Y EEWI VI ZZ B 50 O JH LHC Miﬂi-WOI’kShOp
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Further investigation into the classifier

Is the QCD background truly irreducible? -No
[Ldt = 450 fb~!
% —%— CMS resolved strategy (Phys. Rev. Lett. 129, 081802 (2022))
> —J - .
> 109_E % - CMS boosted strategy (Phys. Rev. Lett. 131, 041803 (2023)) . From S|gnal VS QCD ROC CurveS, we Observe
"g i [— Enhanced resolved strategy
g 103_: —— Ours: Event-level classifier (1.4 x 10® training events) th at we can su ppress QCD bkgS to a non-
;-‘ : [ ] [ ] . .
2 negligible level, even in the resolved regime.
S 107 4 . . . . .
= | « Using solely jet-based info, it’s challenging to
Signal: ggsF HH—4b |
10° 4 . reach the same stage
Background: QCD :
105 ] ! o Soft radiation pattern matters in vetoing
I
| QCD!
10* 5 !
]
)
/
103 4 /
102 |
10!

10° 10! 10?
Signal events
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Further mvestlgatlon into the classifier

Should HH4b VS bkgs have a S|m||ar separatlon power
across all Lorentz boost conditions? -Yes

SRR SN S

>, 10°
Q
= — pmax 140170 GeV ,
k> P bradron p *» Focus on ggHH signal vs QCD that
.2 p T b-hadron pajrs‘ 170 —200 GeV .
= 10-14 | contains exactly 4 gen-b-hadrons
O 1 |— p‘{f%jfhadmn pairs 200 — 250 GeV . .
T ] mix % Use the maximum pr vector sum
= ] PT, b-hadron pairs: 250 - 350 GeV R
o ' o of all b-hadron pairs as an
;5‘0 1072 4 PT, b-hadron pairs: 350 - 500 GeV . . .
LY indicator to characterize the
av] ’
M Signal: ggF HH — 4b event’s Lorentz boost

107 4 Background: QCD with Ni.nadon > 4 ¢ Result: separation ability is

consistent across different

o boosting conditions!

1072 - _,_r' g

10~° — ——r

103 1072 10! 10°

Signal efficiency
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Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

TeV ¥ERDEE RIS ES

Further mvestlgatlon into the classifier

Robustness across hadronlzatlon models

31 J& LHC Mini-Workshop

e

Comparing the efficiencies of

Pythia 8.3 and Vincia : . : :
y ’ « Tighter classifier working points enlarge
10~ — 1 discrepancies, most notably between Herwig 7.2
. J ythia 8.
. Herwig 7.2 o N and the others
z Vincia A . . re . . .
» No significant efficiency loss is observed
1072 - ® x -
;  Similar behavior between and HH vs ZZ
o , (allowing to use ZZ->4b as a “calibration candle”)
2 SCOreHH vs both > 0.999903
2 103 : :
9 10°F T T ggF HH — 4b 77
t F ] 0.08 ol
= = 0.07 0.06
= - % * 0.05; % 0.045
10 F - S 1o 0ol S z
- ] E: 0.03: E: -0.03;
| SCOTC€HH vs both > 0.997 " . : : i : 0100 N , I : : . L 0.00
10_2 1 80 100 mHl?CO}eV) 140 160 80 100 mH]FCO}eV) 140 160

77— 4b

Conggiao Li (Peking University)

ggF HH — 4b

TeV ¥ERIS T AMIZES 31 & LHC Mini-Workshop
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Summary & outlook arXiv:2508.15048

-=> Take home:

% We show that CMS/ATLAS can achieve >5x sensitivity improvement for di-Higgs in the
HH-4b final state, with potential to observe HH even before the HL-LHC

% This gain is driven entirely by Al engineering
» “scaling up” improves performance; training directly on low-level objects
% also validated the method’s reliability
-> These findings challenge the conventional understanding of di-Higgs!

-> Aim to deliver this search within the next three years

Conggiao Li (Peking University) TeV ¥IERTAEBHHISE S 31 f& LHC Mini-Workshop 11 October, 2025 30
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Summary & outlook

-=> Take home:

arXiv:2508.15048

% We show that CMS/ATLAS can achieve >5x sensitivity improvement for di-Higgs in the
HH-4b final state, with potential to observe HH even before the HL-LHC

% This gain is driven entirely by Al engineering

“scaling up” improves performance; training directly on low-level objects

% also validated the method’s reliability

-> These findings challenge the conventional understanding of di-Higgs!

-> Aim to deliver this search within the next three years

40— ® Data2011+2012
~ [l SM Higgs Boson

- m,=124.3 GeV (fit)
35—
- [__] Background Z, ZZ*
= [ Background Z+jets, tf
30 % syst.Unc.

Events/5 GeV

A conceptual sketch

« We are using advanced Al to make the
fully hadronic channel “clean”

e As clean as H>4£ observation (=

251
20F 1
15F

10F

100 150

Conggiao Li (Peking University) TeV Y)IBRTAEAHIRE S 31 J& LHC Mini-Workshop

ATLAS
H—ZZ*—4l

\s=7TeV |Ldt=4.6fb"
's=8TeV JLdt=207fb"

200

250
m,, [GeV]
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Interlude: Our journey toward a “more realistic Delphes”
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TeV YIEBALEERFITRES 31 & LHC Mini-Workshop Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework

Interlude: Our journey toward a “more realistic Delphes”

H. Qu*, CL, S. Qian, ICML 2022 CL* et al. arXiv:2405.12972
«\l "L’L ")A
» /
o we
JetClass [data card] JetClass-1l [data card]
Realistic particle-level features: emulate pileup (<p>=50) &
(+impact params d0, dz, dO_err, dz_err) pileup mitigation with PUPPI

= enable realistic flavour-tagging
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Interlude: Our journey toward a “more realistic Delphes”

H. Qu*, CL, S. Qian, ICML 2022 CL*etal. arXiv:2405.12972 Y. Zhao, CL* et al. arXiv:2503.00118
«\| "L’L (.’)A \A ‘16
wat’ = (AN -

¢eo® e Wt

JetClass [data card] JetClass-II [data card] JetClass-II

. + realistic small/large-R jet

Realistic particle-level features: emulate pileup (<p>=50) & tagger (antik R:{) 4 /f ) .
(+impact params d0, dz, d0_err, dz_err) pileup mitigation with PUPPI — T

= enable realistic flavour-tagging [SophonAK4], [Sophon (AKS8)]
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Interlude: Our journey toward a “more realistic Delphes”

H. Qu*, CL, S. Qian, ICML 2022 CL*etal. arXiv:2405.12972 Y. Zhao, CL* et al. arXiv:2503.00118
«\l "L’L (.’)A \A ‘16
wat’ = A\ e

er‘ \]\3\1 N\a(c

JetClass [data card] JetClass-II [data card] JetClass-II

. + realistic small/large-R jet

Realistic particle-level features: emulate pileup (<p>=50) & tagger (anti-k R:{) 4 /f ) .
(+impact params d0, dz, d0_err, dz_err) pileup mitigation with PUPP! tagger TR

= enable realistic flavour-tagging .. [SophonAK4], [Sophon (AKS8)]

& arXiv:2503.00118 mmv:2503. 00118
Performance of b vs light/c tagging Performance of X>bb vs QCD tagging

100 -
10° 5 ] T T T I
: Slophon AK4 'B wsL ( AI'JC : 0.97ssl) Sophon X — bb vs QCD (AUC : 0.9940)

SophonAK4 B vs C (AUC : 0.9310) Sophon X — bc vs QCD (AUC : 0.9918)
Sophon X — cc vs QCD (AUC:0.9728)

10"
1 Signal: X% (125 GeV) — bb/bc/cc /
1 450<pr<600 GeV, Inl<2.4

90 <msp < 140 GeV

—
<

11t events /

S
e V&

S
IIQ
Background (QCD) efficiency

AN\

Background (c / light jet) efficiency

—
S
B8

10—4 r’ / 10_4
0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 0.4 0.6 08 10
Signal (b jet) efficiency Signal (X — bb/bc/ cc) efficiency
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Interlude: Ourjourney toward a “more realistic Delphes”

H. Qu*, CL, S. Qian, ICML 2022 CL*etal. arXiv:2405.12972 Y. Zhao, CL* et al. arXiv:2503.00118
«\l "L’L (.’)A A ‘16
wat’ = (AN e

¢eo® e Wt

JetClass [data card] JetClass-II [data card] JetClass-II

. + realistic small/large-R jet

Realistic particle-level features: emulate pileup (<p>=50) & tagger (anti-k R:{) 4 /f ) .
(+impact params d0, dz, d0_err, dz_err) pileup mitigation with PUPP! tagger TR

= enable realistic flavour-tagging .. [SophonAK4], [Sophon (AKS8)]

& arXiv:2503.00118 MXI'V:2503. 00118
Performance of b vs light/c tagging Performance of X>bb vs QCD tagging

o, 100 5 . . . . > 1075 ' ' ' .
% SophonAK4 B vs L (AUC: 0.9785) .§ Sophon X — bb vs QCD (AUC : 0.9940)
o — E Q .
5 SophonAK4 B vs C (AUC : 0.9310) = Sophon X — bc vs QCD (AUC : 0.9918)
S 1 ’ Sophon X — cc vs QCD (AUC:0.9728)
g -1
B 107§ events Referenced CMS performance! 'y — -
g ] pr>30 GeV, Iyl <25 — Signal: X"* (125 GeV) - bb/bc/cc
2 ] CMS-DP-2024-066 | 2 1 450 <pr <600 GeV, Iyl <2.4 CMS-PAS-BTV-22-001
> , CMS Simulation Preliminary 13.6 TeV 2 I i J
~ B s e e e 5h 1072 90 <msp < 140 GeV , CMS Simulation Preliminary (13 TeV)
= 1072 S F tt events 1 v E ~ 3105‘”_‘”‘_”_”_”E
g S | pr>30GeV,In|<25 : 9 ] © | H-bbvsacD
e © mm UParT 4 m E > ) L 450 < pr <600 GeV, Il <2.4
.&D & 10-1 Bl ParticleNet i T £ L 90 < mep < 140 GeV
Q T W RobustParT ] I v - 107}
(] 1 [
M ) = Bl DeepJet ] 10-3 y Yy 3
1073 7 S — buvsc E / _é)
% ----- b vs udsg ] 3]
20 é : g vl
3 ] ]
' 2
10~ - 3 3 7 10~ 102 ParticleNet-MD bbvsQCD
O 1073 = — ParticleNet-| VS 1
0.0 0.2 0.4 : 0.0 0.2 04 o3 — Cebpnowenn,
] Signal (X — bb ~— DeepAKB-MD bbvsQCD |
| &t double-b 1
I a7 A ool A4
AR VAV 4 RBP4 EERERRE 0.0 0.2 0.4 0.6 0.8 1.0
> | 1030 0.2 0.4 06 08 10 | 1 Signal efficiency
b-jet tag efficiency
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Potential of di-Higgs observation via a calibratable jet-free HH(4b) search framework
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Interlude: Our journey toward a “more realistic Delphes”

H. Qu*, CL, S. Qian, ICML 2022 CL*etal. arXiv:2405.12972 Y. Zhao, CL* et al. arXiv:2503.00118
«\l "L’L G’)A A G16
-\ R4 = A\ e
?e‘o(\\ way Wt
JetClass [data card] JetClass-II [data card] JetClass-II
. + realistic small/large-R jet

Realistic particle-level features: emulate pileup (<p>=50) & tagger (antik R={) 2 /f ) .
(+impact params d0, dz, d0_err, dz_err) pileup mitigation with PUPP! tagger TR

.. [SophonAK4], [Sophon (AKS8)]

= enable realistic flavour-tagging

& arXiv:2503.00118 MX/'V:%O& 00118

Performance of b vs light/c tagging X->bb vs QCD tagging
Labes V imulation Preliminary .6 TeV e 10— ———

o SbeerE4 B vsL (AUC:0.9785) ] S0 | H—bBOE@CD- bh vs QCD (AUC:0.9940)

T|pe @Qp@(ﬁl\&ﬂﬁl 25 (AUC: 0.9310) : :,-:’(:) 1 -450<pSephomadV/—+he estQCD (AUC: 0.9918)

1 - UPart ; B | 0<mg@HHGEL cc vs QCD (AUC: 0.9728)

: 4 i /)

Ord-—revdiy- "2 10V 7 BT S %lmﬁ 1 Signal: X0* (125 GeV) — bb/ be/ |

1 pr>30GEFEES ey o5 Slenal X2 GeV) = bbibelce

e e /- 95, 1 450<pr <600 GeV, Iyl <2.4

—  bvsc =4 1

140 GeV |~ N

Overlaying Sophon@Delphes

)
il

Background (¢ / li%ht %'et) efficiency
|

Cc/udsg-jet misidentificatian efficiency

- b vs udsg
| / and CMS results! Pe : :
] y K ///" KXbb Vs Q“:D
9/ 1004 ; .
(3-013? 7/ o . T ParticleNet-MD bbvsQCD
1 b vs C . 1 £— DeepDoubleBvL
| bvs l’.ght DeepAK8-MD bbvsQCD 1
1 4 | 1 double-b |
o A S | ofty—-—
16&8'8 8'3 811 8.'8 8!§ 18 0.0 0:2 0:4 06 0:8 1.0
' ' ' . B;jet tag efficiency Signal (X — bb/BEVRCRélfiésHeY

Signal (b jet) gfflClency

‘ Sophon/SophonAK4 is really close to CMS's state-of-the-art taggers
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Particle Transformer

> Transformer tailored for particle physics
featuring its “attention bias” that embed pairwise features

0:0
respecting different levels of Lorentz symmetry
H. Qu, CL, S. Qian. ICML 2022
Interactions —)%0 U
............... S
..................... .,: T
""" i 1 — SoftMax
A= \/(ya - yb)2 + (¢a - ¢b)27 pHA .A""‘ | ( )
. ( MatMul ,»* )
kr = min(pr,q, pr,p) A, f =R U >
¢ =min(pre, prp)/(pre +orp), | |
m2 — (Ea _|_Eb>2 . Hpa ‘|‘pr2, ——> .............
-
v ) P-MHA(Q, K,V) = SoftMax(Q K" /+/dy + U)V,
Q A KA
( Lineur) ( Lineur) ( Linezu‘)
X ) )
‘ ! ’ Engineering blueprint
Plain Transformer + Inductive bias
« Now a new standard in the HEP field from “jet symmetries”
11 October, 2025 34
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Further investigation into the classifier

Sl i

PP PP

. RN AAPINL . A . WEASARAIS

Which background dominates? QCD or ttbar?

discr = psig / (psig + Paco)

10° 5

Background events
S

10* 5
10° 3
10? 3

10! 3

ROC Curve

Event-level classifier using scoreun vs ocp

Background Components

W-H 1w
ZH VA4
W+H tZ
7z ttH
ww H
VBF H

W
Single Top
Z+jets

10° 5

Signal: ggF HH — 4b

« If ttbar is not vetoed from the discriminant

L
10!

definition, it becomes dominant

« Suggest that boosted-channel search can be
further improved by incorporating a top-like jet 10}
veto (currently using a XbbvsQCD discriminant)

Conggiao Li (Peking University)

e Can e e e

P

& J—_— .

discr = Psig / (psig tPocp T Pttbar)

[Ldt = 450 fb~!

[Ldt = 450 fb~!
[0}
i)
g ROC Curve
5 Event-level classifier using scorep vs both
- 106 .
=
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Calibration strategy

™ 2D Histogram for ZZ with Bin Counts Annotated - 2D Histogram for ggHH with Bin Counts Annotated
w  ow  ae  a@  ar e a0 e e e ae a0 e oo s aw a0 aw o e oo am s am s o ol

We assume their MC-to-data
scale factors, peak shifts,

and smearing effects are the O
same [ S

szsz

A valid strategy

ZZ->4b extraction

§ smearing obtained from §
' the fit)

An even safer strategy

‘ extracting fake

{ “ZZ->4b” obtained from § <}=> ZZ4b extraction
' event mixing ! (using shared factors)
. (with SF, peak shifts and

{ smearing obtained from the {
fitin a different phase space) §

Validation region
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£ (with SF, peak shifts and ;'? <=> ' HH->4b extraction |
| (using shared factors) §

} <=> t HH-4b extraction

(using shared factors)
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Sample production

-> QCD:

% Pythia-generated

% forresolved studies: only kept events passing the resolved “4j3b” trigger - enabled GEN-level filters to
improve event-generation efficiency: GEN Hr and GEN jet pr cuts (looser than reco-level cuts to avoid over-
removing phase space)

% use the Pythia calculated cross-section
> Z(qq)tjets

% generated by MadGraph LO with the addition +0/1/2 jets and MLM matching with partons. Z-»qq decay
implemented in MadGraph

% forresolved studies: only kept events passing the resolved “4j3b” trigger > use matrix-element-level cuts, on
Pr,j1/2/3 and Hr
% use the MadGraph calculated cross-section

-> ttbar, single-top, tW, ttW, ttZ, WW, WZ, ZZ
% generated by MadGraph LO with the addition +0/1/2 jets, or +0/1 jet, or 0 jet (depending on the processes)

7/

% considerinclusive “boson -> fermion fermion” decay modes

/7

% use the highest-order cross sections recommended
-> ggF Higgs, VBF Higgs, VH, ttH & ggHH signal

% generated by Powheg at NLO
% considerinclusive decay

% use the Powheg cross sections
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