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Nature of EWSB

A We have no idea on the thermal history of the EW symmetry breaking
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Probe Higgs potential

A Expand Higgs potential about the minimum
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A Multi-Higgs production is a direct probe of Higgs potential!
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HH Decays

A 5 major analyses channels The other Higgs Boson decay
A bbbb (resolved(PRD 108 (2023) 052003),
boosted VBF (PLB 858 (2024) 139007) L N I B “ "

A bbtt (PRD 110 (2024) 032012)

A byt (JHEP 01 (2024) 066)

A bbll+MET(JHEP 02 (2024) 037)

A Multi-lepton (JHEP 08 (2024) 164)

A Combination: PRL 133 (2024) 10, 101801,
PRL 132 (2024) 231801
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A Coversalmostall decaymodes!



HHY bbbb

A Largest branching ratio: 34%, suffers from huge backgrounds
A Main backgrounds: QCD multi-jets, top quark pair
A Analysis strategy
A O b quark jets, two categories: ggF and VBF (m; >1TeV and qpd > 3)
A Utilize two Higgs bosons invariant mass
A Datadrivenbackgroundmodelingwith machinelearningtechinique
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HHY bbbb

A Largest branching ratio: 34%, suffers from huge backgrounds
A Main backgrounds: QCD multi-jets, top quark pair
A Analysis strategy
A O b quark jets, two categories: ggF and VBF (m; >1TeV and qpd > 3)
A Utilize two Higgs bosons invariant mass
A Datadrivenbackgroundmodelingwith machinelearningtechinique
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HHY bbbb

A Largest branching ratio: 34%, suffers from huge backgrounds
A Main backgrounds: QCD multi-jets, top quark pair

A Analysis strategy

A O b quark jets, two categories: ggF and VBF (m; >1TeV and qpd > 3)
A Utilize two Higgs bosons invariant mass
A Datadrivenbackgroundmodelingwith machinelearningtechinique
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HHY bbtt

A Moderate branching rati§7.3%))essbackgroundsBest sensitivity to SM HH
A Two sib-channeldor differentt Hecay modest + ht +

A Main backgrounds

A Realtau, e.g.ttbar and Z+HFnodeled by MC, with normalization
correctionfrom the control regions

A Faket  background estimated datdrivenly
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A Excellenth

HHY bbrr

A Very small branching ratio (0.26%), clean final state

anda resolution, strongest constraint at high

A TwoHH Feynmaniagrams contribute to different kinematic region
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HHY bbrr

A Very small branching ratio (0.26%), clean final state
A Excellentt andd resolution, strongest constraint at higlh
A TwoHH Feynmaxliagrams contribute to different kinematic region

A Categorized byl } 4 .gnd BDT
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% 0_016—] T T T I T T T [ T T T I T T T I T T T T T T I_\
g F T T T I T T T T T T T 7 T ™ T T T o r ATLAS SImU|at]Dn B g F T T 1 T T T T T T T T T T T T T T T
= . ATLAS —— SMHHggF % 0.014F v5_137ev. 1401 1o 3 S - ATLAS —— SMHH ggF
g 10° E VS=13TeV, 1401 — Zﬂfﬂ‘v“éé“’ 3 5 [ HH - bbyy, preselection —Z:::;s ] 2 10"t vs_13Tev, 14010 — Eﬂif’v“éim E
§ F HH-bby HHVBF, =10 ] 5o 0.012 | G = 0 -] § - HH-bby HH VBF, k=10
i} | Lowmassregon ... HH VBF, Kkoy=3 ] r I Chih = 1 ] 1] I High mass region ... HH VBF, kay=3
S 100 Single H - 0.010~ ——Cnmn =5 . S 109 Single H e
s g j E - I Chin = 10 . = E — yy+ets
5 ramaTal ﬂ ¢ Data sidebands ;
L% ,1_ Dropped i i e - _'! . L‘L£j 10 : Dropped | 1 21‘— H=
1077 i o T 0.006F [Ttr - g , e=F R
- i I e i e B - I 1 r ' e S
- 1 P [ A A B 8 I P i e L 1
i 4T i ] 0.004f = T
102l T e T i ] 102 Rt T = L AX [E
e R 0.002\- l . i SRR :
R oy RS : . : N ]
AT TP B PRI SRVERTURTES | HAPE A otL A o ] I
0 0.2 0.4 0.6 0.8 200 I400 600 800 1000 1200 1400 10— s
BDT score Mésyy [GeV] BDT score

10



HHY bbrr

A Very small branching ratio (0.26%), clean final state
A Excellentt andd resolution, strongest constraint at higlh

A TwoHH Feynmaniagrams contribute to different kinematic region
A Categorized byl } 4 .gnd BDT
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HHY bblIl+MET

A Leptonic decay ab o ht Hb ¢§Branching ratio ~ 2.9%) 2 | w
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HH Y multilepton

A Targetonnonres HH, decaingto: bbZZ 4V (V=W orZ),V¥ i @ ¥Mandr r z z

A Branching ratio ~ 6.5%

A Events categorizedased on the multiplicity of or * , hadronicz, andr

bb Ww TT 7z YY
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A 9 categories based on.Nft Q' ;1 T
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Events

Data / Bkg.

HH Y multilepton

ATLAS Simulation Vs =13 TeV, 140 fb
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HH Y multilepton

A Firsttime at ATLASpne of the leadingchannels
A Upper limit: 10 (14 exp)
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HH Y multilepton

A Firsttime at ATLASpne of the leadingchannels - i 1074-9095
A Upper limit: 10 (14 exp) e = g

ATLAS e Observed /3 tio
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HH Combination

A Combine all available channels to make the most of our data
A Built combined likelihood from products of likelihoods in each channel
A Overlaps/correlations/compatibility carefully studied ATLAS —e— Observed limit (95% CL)

Expected limit (95% CL)

Vs=13TeV, 126—140 fb-! (UHH=0 h){pc?thesis)
fAC hgh) ( 0| é((bs "YC ) 6 ( ))) g ) | ofa-czen T Eeeesiniso

Obs. Exp.

bbif + Emiss * 10 14

A Full Rur2 data

Multilepton— s { 17 11

A 95% CL upper limit: c80(c8 Qo) i { e

A Signal strength measured B® SE o oo 0 50
Statistical (dominant) il \ o

Cffbined- - 29 24

95% CL upper limit on HH signal strength Lyy

bbtautauprovides
the best sensitivity
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Combined Results: Coupling
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A Further constraint from single Higgs measurement, using higher order correction
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New results bbby T

A Run2 + partial RutB (20222024 significant improvemengarXiv:2507.03495
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With simplecalculationon top of our head,
the new combinedexpected upper limit at 1.9x SM
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EFT Interpretation

A Model-independent interpretation using HEFT
A Definesingle anddi- Higgs anomalous couplingsparately
A HH production is especially sensitiveilson Coefficients I o
A Take the 3 leading channels, ggfly: bbbb, btz zbbr r

B T
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g A bbbband bb showmild deviations from SM
A Further studies required
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Combined Results: Resonance

A Search for a narrow-width spin-0 heavy scalar
A Combinechannelsbbbb+ blz, # blr t XN
A Largest deviation at 1.1Te¥b o , O P ) ,
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Towards HL-LHC

A Current constraint on II not sufficient to answer the question of stability of universe

A How precision we can achieve with more date in HL-LHC
A Use some baseline expectations to accourlt-PHYSPUB2025006
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HL-LHC Projection: ATLAS
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HL-LHC Projection: ATLAS+CMS
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HL-LHC Projection: More optimistic

HH->b bYY Partial Run 2 [JHEP 11(2018) 040]

A Full Run 2 [PRD 106 (2022) 052001]

Vv  Run 2 Legacy [HEP 01(2024) 066]

»x Run 2 + Partial Run 3 [arXiv:2507.03495]
------- Luminosity-based scaling
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A Keep improving our analyses

A Otherwise,early Run 2 analysis would need

~ 4200fb to reach currensensitivity
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Tools for future HEP



High-Luminosity (HL-) LHC

A High Luminosity LHC: 2030 -- ~2041
A 7.5xnominallumi., integratedlumi. up to 4000 fit
A Upto200pL) A Y 0 S NI @ilX Dy &ISANG ladeySOK ONR aa Ay 3
A Requiringhigherradiationhardnessf the detector
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ATLAS detector upgrade: HGTD

A Installed at ATLAS forward region
A Per track timing resolution of 380 psto improvesvertex reconstructiorand pile-up rejection
A Coverage2.4 <|' | < 4.0 measure bunciby-bunch luminosity

54 mod!les

~ 52 modules

B




CEPC: LumiCal

A Small Angle Bhabha Scattering: e*e! Ye'e' e e’
p Tl A% ( 1 1 ) A Peaked in forward region,
" Onin  Omac at <100 niRad v

A Dedicated detector needed
A TwoLYSO+SiPhaseddetectorson eachsideof InteractionPoint e e

A TDR published: arXiv:2510.05260. Next step: prototyping

LYSO Crystal

LUmica[ 647640

\

y

— Fast-Lumi |

Silicon detector BPM

29



BESIII forward region: ideal place for prototyping

A BEPCII-BESIII: e+e- collider, COM energy: ~2-5 GeV, Luminosity: ~1033cm2/s
A ZeroDegreeCalorimeter(ZDCjastluminositymonitor and ISRphoton tagging

A ISR physics-falue, Muong-2: HVP, NucleofFormFactor, Hadrospectroscopyetc.

ZDC at forward region,
d=0 in CMS frame

‘ X

-

lowest
order

- Zsz

flavor
color




BESIII forward region: ideal place for prototyping

A ZDC: LYSO+SiPM array
A SameasCEPCumiCal

A Data-flow chart of ZDC
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