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https://indico.ihep.ac.cn/event/30320/timetable/?view=standard
https://indico.ihep.ac.cn/event/30320/timetable/?view=standard

l HH — Multilepton Channel

Several HH decay modes with small branching ratios are
included: VVVV,VVyy,VVtrt, tt1T, bbZZ

~6.5% of HH events decay to final states where the HH
system cannot be fully reconstructed and none of these
are covered by dedicated analyses.

Use a common analysis strategy for the same final states
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* Run2 Glance [link]
* Run2 INT note [link]

* Run2 Paper [10.1007/JHEP08(2024)164]
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https://atlas-glance.cern.ch/atlas/analysis/analyses/details.php?ref_code=ANA-HDBS-2019-04
https://cds.cern.ch/record/2713728/
https://link.springer.com/10.1007/JHEP08(2024)164
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lRunZ%Run3

245507, and 24S5S + 1ty

3¢ — most sensitive channel (uyy)
1/2¢ + 2t

bb4+¢ — most sensitive channel (k)

Run 2 + partial Run 3 (140 fb~1 + 2022-2024, 159 fb~1)
* ATLAS Glance [link]

* INT Note [CDS]

* EB Request meeting [link]

* Target: Moriond 2027

Two photons with leptons and 7j:
e yy + 1€0t,yy + 0811, yy + 2¢

e 2¢SC,3¢,1/2¢ + 27, bb4?
e 2¢SS + 174, dropped due to low sensitivity

e Two new channels from CMS HHML: 3€1t; and 1£3t,

Number of hadronic taus
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https://atlas-glance.cern.ch/atlas/analysis/analyses/details?ref_code=ANA-HIGP-2024-41
https://cds.cern.ch/record/2968438
https://indico.cern.ch/event/1717549/

l Team Composition

Channels Person power (Chinese)

4¢ + bb NJU + IHEP: Fabio, Yanping, Yixiang
3¢ SJTU: Cen, Liang
24SC UW + IHEP + Cambridge: Yulei, Shudong, Shuhui
3+ 1 SJTU: Jiahui, Xiang, Liang
1/2¢ + 21 -
1¢ 4+ 37 UC Santa Cruz: Alex Zeng Wang, Dongyi Liu
Combination TECHNION: Danning Liu




l Analysis Strategy

\ 4

Pre-selections Background Modelling

MVA (BDTG,

* Background Modelling:

* Irreducible backgrounds: MC (with data-
driven corrections in CR if dominant)

* Fake backgrounds:

Transformers)

\ 4

Combined Fit

Channels

Dominant backgrounds

* Template Fit (TF) for fake light leptons

* Fake Factor (FF) for fake taus

* Multivariate Analysis:

* Transformers for 2¢SC and 3¢
e XGBoost for T channels and bb4f

e 3-fold training to avoid bias

4¢ + bb tt, ttV, Z + jets, single Higgs, VV
3¢ WZ, fake lepton
2¢SC V'V, QMisID, fake lepton
3+ ZZ,WZ, fake tau
1/2¢ + 2t V'V, fake tau
1¢ + 37 fake tau




Key Improvements (1)

e 34: Optimize cutflow to increase the efficiency of k; = 5 sample by Cen (SJTU)
* Cut|mypy, — my| > 10 GeV has been removed

* 10% improvement on ik, scan interval

Vs=13 TeV, L=140 fb™! 3{(Run~2) ggF SM HH HH kl=0 HHkl=5 HHki=0/1 HHklI=5/1

Inclusive (3L) 4.62 + 0.01 1001 +0.02 11.74+002 217 +001 254 + 0.01 = I B L S L L L B B
Baseline 3| selection 4.62 + 0.01 1001 +0.02 11.74+002 217+ 001 254 + 0.01 ﬁ 5.6 LAS Internal ]
Trigger selection  4.62 + 001 1001 +0.02 1174 +002 217 +001 254 + 0.01 N B — 3 (ky=1,XGB w/old cuf
Lepton1 pt > 10GeV  4.62 + 0.01 10.01+0.02 1174 £0.02 217 £001 254 + 001 ! = 13 TeV, 140 fo~ —— 3¢ (ky=1, NN w//old cut)
Lepton2 pt > 15GeV 426 + 0.01 9.18 +0.02 1060 + 0.02 216 + 001 249 + 0.01 4.8 —— 3 (k=1,N new ¢al)
Lepton3 pt > 15GeV 387 +0.01 830+002 938+002 214+001 242 +001 i H multilepton - 3£0Ty, Stat. Only ]
Low massveto 3.87 +0.01 829 +002 938+002 214+001 242+ 001 [ =t i
SR-nlets>1 335+001 712+002 774+002 212+001 231+001 41— 5% Cl—
SR-nBlets==0 274+001 584+002 633+002 213+001 231001 I \ N Y Y | A
SR-Zmassveto 225+001 478+002 516+002 212+001 229+ 001 B i
SR - Leptons Tight IDand Iso 135+ 001 276+001 250+001 | 204+001 185+ 001 sar .
SR-nlets>1 135+001 276+001 250+001 | 204+001 185+ 001 B prev XGB 95% CL: k) € [-9.56, 15.56 .
24 —

Vs=13 TeV, L=140 fb! 3{(Run~2) ggF SM HH HH kl=0 HHki=5 HHkl=0/1 HHklI=5/1 B
Inclusive L) 4.62 + 0.01 10.01 + 0.02 11.74 + 0.02 2.17 £ 0.01 2.54 + 0.01
Baseline 3l selection 4.62 + 0.01 10.01 + 0.02 11.74 + 0.02 2.17 £ 0.01 2.54 + 0.01 1.6
Trigger selection 4.62 + 0.01 10.01 + 0.02 11.74 + 0.02 2.17 + 0.01 2.54 + 0.01 B
Lepton1 pt > 10 GeV  4.62 + 0.01 10.01 + 0.02 11.74 + 0.02 2.17 £ 0.01 2.54 + 0.01
Lepton2 pt > 15 GeV 426 + 0.01 9.18 + 0.02 10.60 + 0.02 2.16 £ 0.01 249 + 0.01 0.8
Lepton3 pt > 15GeV 387 £+ 0.01 830+0.02 9.38 +0.02 2.14 + 0.01 242 + 0.01 -
Low massveto 387 +001 829 +0.02 9.38 +0.02 2.14 £ 0.01 242 + 0.01 B
SR - nBlets == 326 +0.01 7.02+002 797 +0.02 2.15 £ 0.01 244 + 0.01 ol ||
SR-Zmassveto 270+001 577+002 652+002 214+001 242+ 001 -12 -8 -4 0 4 8 12 16 20
SR -12 and 13 are not ExtConv 268 + 0.01 573 +0.02 649 + 0.02 2.14 + 0.01 242 + 0.01 K
SR - Leptons Tight ID and Iso  1.81 + 0.01 3.80 + 0.01 4.08 + 0.01 2.10 + 0.01 2.26 + 0.01 -
SR Final Yields 1.81 +0.01 3.80+0.01 4.08 + 0.01 2.10 £ 0.01 2.26 + 0.01
SR - High Jet region 091 +0.00 1.87 +0.01 1.87 +0.01 2.05 + 0.02 2.04 + 0.02
SR - Low Jetregion 0.89 +0.00 193 +0.01 221 +0.01 2.16 + 0.02 248 + 0.02

prev NN 95% CL: k € [-9.28, 15.21]

ew NN 95% CL: k) € [-8.50, 14.1



https://indico.cern.ch/event/1627108/

l Key Improvements (2)

o 3¢ & 2¢SC: an advanced transformer-based ML model [EveNet] for better S/B by Yulei (UW)

* EveNet: A foundation model with reusable backbone and shared representation [ICHEP]

2ISC network structure
EveNet Backbone
o
! !

l l i l l KL1 vs KL5 ggF vs VBF
KI1 vs bkg KI5 vs bkg KI10 vs bkg KIO vs bkg VBF vs bkg

T T T T T Split regions

O
XGBoost
e  High mHH <— Fit discriminant

° Low mHH



https://arxiv.org/abs/2601.17126
https://avencastf.github.io/EveNet-Presentation/ICHEP2027/

l Key Improvements (2)

e 3¢ & 2¢SC: an advanced transformer-based ML model [EveNet] for better S/B

* For 2LSC, ~21% gain on ugy, ~13% gain on k; interval, and ~45% gain on K,y interval (compared
with retrained XGB)

Expected +10 Expected £20 @ 3 min. bkg <O 1 min. bkg
A (%) AW AlL] AR AW ALl AR|
1 L 1 1 1 1 1 1 1 1 L 1 L 1 1 1 1
22.06 -8.57 14.36 -5.96 8.00
Inclusive XGB [ ] ref. ® < ref. & = ref.
17.53 7.25 12.59 3.06 5.35
° o o o 5 w32
XGB |0W/high 17.45 7.19 12.48 264 4.91
PR ) S O mmmmmm———————— ° O mmmmm—-— o +55.7
18.08 7.82 13.65 3.89 6.08
+18.0 ° o | #o4 +5.0 ® 5] +286 [§3AW +24.0
EveNet inc. 51 18.08 -7.82 13.65 -3.89 6.08
__—.O.— ________ +18.0 e LR R E R R R R R R RN Nl +6.4 +5.0 Oeesssss = =) +28.6 - +24.0
17.25 -7.39 12.71 -2.59 4.85
o ° —_
EveNet s1/51 17.19 -7.36 12.72 -2.59 485
e ® e +22.1 [0 VJ R ——— o) [ S ——— o +46.7 +56.5 +39.3
17.32 -7.46 12.82 -2.99 5.26
o 215 . o o 342
EveNet s5/s; 17.25 -7.39 12.71 2,59 485
--——O—— -------- +21.8 P E R TN NN e Oemsemmsm=m +46.7 +56.5 +39.3
T T T T T T T T T T T T T T T T T
EveNEt OUtpUt 10 20 30 40 -10 -5 0 5 10 15 20 25 -5 0 5 10 15 20

Expected 95% CL upper limit on u Ka interval Kav interval w



https://arxiv.org/abs/2601.17126

' Key Improvements (2)

e 3¢ & 2¢S5C: an advanced transformer-based ML model [

e For 2LSC, ~50% improvement on uyy (42 —» ~20)

44+ bb

3¢

2{SC
2/SC+Thadg

20 + 2Thag

L+ 2Thad
Yy + 2(£, Thad)
yy+1

YY + Thad
Combined ML
Combined yy + ML
Combined

ATLAS o Observed 1 *1o
o Expected (upy=0) I +20
Vs=13TeV, 140" . Expected (U = 1)
oS, e (HH) =32.8 T Exp.
: Obs.  (UHH=0)
N de 39 35
L e d 19 29
- . 32 42
L 4 e 79 63
L de | 41 37
L ¢ 46 46
L 4 53 41
L B 51 29
L | ) . 112 60
- @ | 14 14
L9 . 45 21
B f;:ll 1 I 1 1 I 1 1 1 1 I I 1 1 I 1|7 I | 11 ! 1
0 50 100 150 200

95% CL upper limit on HH signal strength Lyy

Current Run 2 results (Full Syst)

2£+5CE

] for better S/B

0.00

19.39
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https://arxiv.org/abs/2601.17126

l Key Improvements (3)

* Including Tau triggers (LTT, STT, DTT) by Cen (SJTU) and Dongyi (UC Santa Cruz)
 Still under investigation...potential gain from STT and DTT

e 31t and 1¢3T1: two new added channels in this round
e Studied by the SJITU team (Jiahui, Xiang) and UC Sata Cruz team (Dongyi, Alex Zeng Wang)

* Fake factor derived by 2 tau channels has been shared across all tau channels

* bb4?l: better fake lepton estimation using fake factor method by NJU + IHEP team (Fabio)

* |n progress...

11



Re-optimizing Run2

EB Request version

ATLAS e Observed 1 1o
o Expected (uyy=0) T +20
VS=13TeV,140fo-" ... Expected (1= 1)
Ogf + ver(HH) =32.8 fo Exp.
. Obs.  (UHH=0)
44 + bb|- de 39 35
s e d 19 29
2sc| . d 32 42
20SC+Thag | 4 e 79 63
20+ 2Thaal de | 41 37
£+ 2Thaal ¢ 46 46
VY + 20, Thaa) F d e 53 41
yy+eF d . 51 29
YV + Thaal- | ) . 112 60
Combined MLF- @ | 14 14
Combined yy +MLF o . 45 21
Combined-- ge | R
0 50 100 150 200

95% CL upper limit on HH signal strength Lyy

- ATLAS Internal ---- Expected limit (95% CL)
L \/— =13TeV. 140 fb—l | — EXPECted limit 10
E [ Expected limit £20
s stat + NF + syst Obs. EXp.
r 1
0+ 2ThagF i 0.00  22.88
L . .
r 1
ll+3‘rhad:— ! 0.00 33.59 Stat- Only
I 1
20+ 2Thag [ i 0.00  31.11
20+ SCl i 0.00  19.39
: ! Full syst.
30 + 0Thag| i 0.00  17.39
|- * I
30+ 1Thaa E 0.00  38.48
g — Stats + NF
40+ bb|- i 0.00  28.07
r 1
Combined|- i 0.00 7.85
: - 1 1 1 Il J Il Il J 1 1 1 | 1 1 1 | 1 1 | 1 1 1
0 20 40 60 80 100 120

95% CL upper limit on HH signal strength uyy

W
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https://link.springer.com/10.1007/JHEP08(2024)164

l Re-optimizing Run2

< i 1 T T I i T i 1 I T T i 1 I T T i i I 1 T T T I 1 T T T I T T
% 10 ATLAS —— Combined
I i —— Combined ML |
i Vs =13 TeV, 140 fo' Combined yy+ML |
- HH-MLyy+ML e Expected
8- Expected Observed —— Observed

. 68% CL: ky € [-2.4,7.4] 68% CL: k) € [-4.3,0.6] U[4.4,9.8]
- 95% CL: ky € [-4.5,9.6] 95% CL: k) € [-6.2,11.6]

From stat only case: driven by 2¢SC and bb4+¢

EB Request version

—2AIn(L)

ATLAS Internal
Vs =13TeV, 140 fb~?
stat + NF + syst

1227 (Exp.)
1437 (Exp.)
227 (Exp.)
24sc (Exp.)
30T (Exp.)
3/17 (Exp.)
bb4/{ (Exp.)

Combined (Exp.)

20:[—4.2,9.7]
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https://link.springer.com/10.1007/JHEP08(2024)164

Run2

HH — Multilepton
2¢ss

1t < 125 (62.8 exp)

37

1 <59.3 (41.2 exp) |

47
1 < 56.7 (76.8 exp) |

37 + 1Th
W < 45.7 (63.2 exp)

2{+2Th
1 < 50.3 (62.0 exp)

1[+3Th

Comparison

CMS 138 fb'' (13 TeV)
REAEEBEERAE RS ERE L RE LR
-8~ Observed B 68% expected

===+ Median expected

t

95% expected

1t < 50.9 (48.5 exp)

4Th
1 < 50.0 (78.8 exp)

Combined
1 <21.3(19.4 exp)

| e b poa g Lo o g 1 5 5 5 &
0 50 100 150 200 250
95% CL upper limit on p = o(pp— HH) / G

41+ bb

3

24SC
20SC+Thag
20+ 2Thag

L+ 2Thag

Yy + 2(L, Thad) [

yy+1
YY + Thad
Combined ML

Combined yy + ML

Combined

ATLAS e Observed [ 1o
o Expected (upy=0) I +20
Vs=13TeV,140fb" Expected (U = 1)
ogglthBF(HH) =3281fb Exp.
Obs. (MHH =0)
39 35
19 29
32 42
79 63
41 37
46 46
53 41
51 29
. 112 60
"""""""" 14 14
45 21
1 I ! ! 1 1 I ! 1|7 | 1 v1 1 1
100 150 200

95% CL upper limit on HH signal strength Liyy

EB Request version

ATLAS Internal ---- Expected limit (95% CL)
L VS =13TeV, 140 fb~1! @@ Expected limit 10
; stat + NF + syst = Expected él)r[?: tZUEXp_
l+21'hadf— 0.00 22.88
1l+3'rhadf— 0.00 33.59
20+ 2rhadf— 0.00  31.11
2/ +SCf— 0.00 19.39
3ll+0'rhadf— 0.00 17.39
30+ 1rhadE— 0.00 38.48
44 +bbf— 0.00 28.07
Combined; ---------------- 0.00 7.85
ETTT S I
0 20 40 60 80 100 120

95% CL upper limit on HH signal strength uyy

W
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l Run2 +Run3 (MHH)

Run2 Run3 Run2 + Run3
- ATLAS Internal ---- Expected limit (95% CL) - ATLAS Internal --- Expected limit (95% CL) | ATLAS Internal ---- Expected limit (95% CL)
L VS = 13TeV, 140 fb~1 [0 Expected limit x1o0 L VS =13.6TeV, 159 fb~1 @@ Expected limit 1o T Run2: 140 fb~1, 13 TeV @ Expected limit x10
: =1 Expected limit = - = imit + . i it +
- stat + NF + syst xpecte gg: ZUEX - stat + NF + syst Expected g’;;: 20 Ex | Run3: 159 fb=1, 13.6 TeV 3 Expected limit 20
C ’ p. C ' P I stat + NF + syst
£+ 2Thad| 0.00 22.88 £+ 2Thadl 0.00 23.42 -
14 + 3Thag- 0.00 3359 | 1+ 3Thagl 0.00  32.68 i Obs.  Exp.
20+ 2Thag [ 0.00 3111 | 20+2Thal 0.00  32.47 I
- - Run2|- 000  7.85
20+ SCH 0.00 19.39 20+SCH 0.00 19.57 -
30+ 0Thag [ 0.00 17.39 | 30+ O0Thaq[ 0.00 15.46 I
r r Run3{- 0.00 7.74
30+ 1Thaa [ 0.00  38.48 | 30+ 1Tha| 0.00  40.48 I
40 + bb|- 0.00  28.07 40 + bb[- 0.00  25.12 -
— L Run2+Run3r- 0.00 5.35
Combined 0.00 7.85 | Combinedf- 0.00 7.74 :
:III|III|IAI|1IIIIII|[IIIII1 :.\.I P S I S N SO SR SR (N SR _llllllllll‘llllll
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 5 10 15 20
95% CL upper limit on HH signal strength uyy 95% CL upper limit on HH signal strength uyy 95% CL upper limit on HH signal strength uyy

W
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l Run 2 + Run 3 (k;)

—2AIn(L)

0
-20

Run2

Run3

Run2 + Run3

ATLAS Internal
Vs =13TeV, 140 fb~!

stat + NF + syst

— 1227 (Exp.)
—— 1437 (Exp.)
—— 2027 (Exp.)

- 2Isc (Exp.)
—— 3207 (Exp.)
— 317 (Exp.)
—— bb4/{ (Exp.)
—-— Combined (Exp.)

20

—2AIn(L)

ATLAS Internal
Vs =13.6TeV, 159 fb~1

stat + NF + syst

— 1127 (Exp.)
—— 1437 (Exp.)
—— 2427 (Exp.)

- 2Isc (Exp.)
—— 3107 (Exp.)
— 3f1t (Exp.)
—— bb4Z (Exp.)

—:—= Combined (Exp.)

—2AIn(L)

ATLAS Internal
Run2: 140 fb~1, 13 TeV
Run3: 159 fb~1, 13.6 TeV
stat + NF + syst

Run2
Run3
—— Run2+Run3

24

i
i
i
.'
i
.'
]

-15 -10 -5 0 - 10
Ka

20:[—4.2,9.7]

15 20

25

0
-20

-15

20: [—4.2,9.6]

15 20

25

=75 -5.0

207 [-3.1,8.5]
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l Run 2 + Run 3 (x5y)

Run2 Run3 Run2 + Run3
— 1427 (Exp.) — 1427 (Exp.) - Run2
ATLAS Internal —— 1437 (Exp.) ATLAS Internal —— 1137 (Exp.) ATLAS Internal - Run3
o]  VS=13TeV, 140 fb~! et2r(Exp.) o] VS=13.6TeV, 159 fb~? 2027 {EXp.) Run2: 140 fb~, 13 Tev Run2+Run3
- 2Isc (Exp.) - 2Isc (Exp.) o
stat + NF + syst —— 3407 (Exp.) stat + NF + syst —— 3707 (Exp.) Run3: 159 fb™, 13.6 Tev
— 3017 (Exp.) —— 3417 (Exp.) stat + NF + syst
—— bb4/ (Exp.) —— bb4{ (Exp.)
—-—= Combined (Exp.) —-— Combined (Exp.)
6 6 6
! i \
3 3 ‘. i 3 \
z z ! ,' z \
N g i H 3 u
~ o~ . | (N \
I . % 20 N, i i 20 N, ) 29
". i :
| i | 3
\. i 4
\ 1 v
'\ i
2 2 \ \ I 2
\ i
lo \ \\ I lo lo
/
\ /
\, L
i)10.0 -7.5 A 5.0 b - 10.0 —010.0 -75 -5.0 -2.5 0.0 b4 5.0 f AL 10.0 0—4 -2 0 2
Koy Kav

207 [—1.8,4.0]

Kav
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l To-do and Plan

* Finalize the Run2 + partial Run3 HHML Analysis
* Target: Moriond 2027
e Status: EB requested
 New NTuple productions with small syst bugs fixed, also with alternative signal samples for PS
* Implement systematics for tau channels
* Finalize fake lepton estimation for bb4¢
* (More optimizations on Machine Learning strategy...)

* To be included in the next round HH combination (Moriond 2027)

 Run2 + Full Run3 HHML Analysis...

e Too early for now @
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l Summary

* 95% C.L. combined expected upper limit reaches 5 on the HH cross-section over SM for HH —
multilepton final states with the full Run 2 data (140 fb~!) and partial Run 3 data (159 fb~') &

e ~64% gainon uyy (14 = 5)
« ~259% gain on k; interval ([—5.2,10.2] - [-3.1, 8.5]) Compared with previous publication
» ~25% gain on K,y interval ([—2.1, 4.3] - [—1.3, 3.5])

 Latest results by Danning: https://hhml-combination.web.cern.ch/

* Chinese teams play the dominant roles for HHML analysis
* Analysis Contact: Yulei Zhang (UW)

INT note editor: Cen Mo (SJTU)
EB request talk: Alex Zeng Wang (UC Santa Cruz)

Status reports on NRML plenary: 4/6 (Danning, Dongyi, Shudong, Cen)

Several key improvements led by Chinese teams (cutflows, ML models, new channels, ...) w
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https://hhml-combination.web.cern.ch/
https://hhml-combination.web.cern.ch/
https://hhml-combination.web.cern.ch/

l Summary

e Chinese plays the dominant roles beyond HHML in Non-Resonant Multilepton (NRML) subgroup
e Subgroup Convenor: Yulei Zhang (UW), Jiayi Chen (SFU)
* HWW ggF & VBF measurement AC: Yifan Zhu (SJTU/TDLI)
« HWW Ivlv QE measurement AC : Danning Liu (Technion)
« HWW lvcs QE measurement AC: Ang Li (BNL)
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