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Nature of EWSB

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

« Expand Higgs potential about the minimum
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V(H) = Em%,HZ + A3 vH3 + ZA4H4 + O(H®)  A3=2,=Agy =;”—; A, =0fori>5
« Multi-Higgs production is a direct probe of Higgs potential!
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HH Decays

* 5 major analyses channels

* bbbb (resolved(PRD 108 (2023) 052003),
boosted VBF (PLB 858 (2024) 139007) ) i I 2z W

* bbrt (PRD 110 (2024) 032012)

* bbyy (JHEP 01 (2024) 066)

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

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

« Combination: PRL 133 (2024) 10, 101801,
PRL 132 (2024) 231801

The other Higgs Boson decay

bb

0.39%

0.33% 0.069%

One Higgs Boson decay

0.028% 0.012% 0.0005%

* Covers almost all decay modes!



HH—Dbbbb

« Largest branching ratio: 34%, suffers from huge backgrounds
« Main backgrounds: QCD multi-jets, top quark pair
* Analysis strategy

* 24 b quark jets, two categories: ggF and VBF (m; > 1 TeV and Anj; > 3)
» Utilize two Higgs bosons invariant mass

* Data-driven background modeling with machine learning techinique
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HH—Dbbbb

« Largest branching ratio: 34%, suffers from huge backgrounds
« Main backgrounds: QCD multi-jets, top quark pair
* Analysis strategy
* 24 b quark jets, two categories: ggF and VBF (m; > 1 TeV and Anj; > 3)
» Utilize two Higgs bosons invariant mass
* Data-driven background modeling with machine learning techinique
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HH—Dbbbb

« Largest branching ratio: 34%, suffers from huge backgrounds
« Main backgrounds: QCD multi-jets, top quark pair
* Analysis strategy
* 24 b quark jets, two categories: ggF and VBF (m; > 1 TeV and Anj; > 3)
» Utilize two Higgs bosons invariant mass
* Data-driven background modeling with machine learning techinique
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HH—bbtT

* Moderate branching ratio (7.3%), less backgrounds. Best sensitivity to SM HH

* Two sub-channels for different Tt decay modes: Ty434Thad) TiepThad

* Main backgrounds

* Real tau, e.g. ttbar and Z+HF, modeled by MC, with normalization
correction from the control regions

* Fake 15,4 background estimated data-drivenly
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HH — bbyy

* Very small branching ratio (0.26%), clean final state
* Excellent m,, and myy,, resolution, strongest constraint at high i,

 Two HH Feynman diagrams contribute to different kinematic region
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mpyy shape change with k;
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HH — bbyy

* Very small branching ratio (0.26%), clean final state
* Excellent m,, and myy,, resolution, strongest constraint at high i,
 Two HH Feynman diagrams contribute to different kinematic region

* Categorized by my,;,,, and BDT
My = My — (myp — 125 GeV) — (my — 125 GeV)
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HH — bbyy

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

* Excellent m,, and myy,, resolution, strongest constraint at high i,

 Two HH Feynman diagrams contribute to different kinematic region

* Categorized by my,;,,, and BDT
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Events

Data / Bkg. pred.

HH — bblI+MET

Leptonic decay of WW, 11, ZZ (Branching ratio ~ 2.9%)

b . Q+
)
ST WW-
zZ ETmiss
T+~
b " 0
T T T T T
ATLAS ¢ Data [ Bkg. Unc.
108 Vs=13TeV, 140 fb" [ Z+jets (HF) mt _
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Define SR by m;;, similar background as bbtt

* Data-driven fake lepton background

Discriminant: ggF: DNN score, VBF: BDT score
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HH — multilepton

* Target on non-res. HH, decaying to: bbZZ, 4V (V=W or Z), VVtT, 41, yyVV and yytt
* Branching ratio ™~ 6.5%
* Events categorized based on the multiplicity of e or u, hadronic T, and y

bb ww Tt 2z v * 9 categories based on N. of 74,44, €/, VY
é r 1 ( Legend )
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Events

Data / Bkg.

H — multilepton

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

* First time at ATLAS, one of the leading channels
* Upper limit: 10 (14 exp)
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HH — multilepton

» First time at ATLAS, one of the leading channels 753
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HH Combination

« Combine all available channels to make the most of our data

* Built combined likelihood from products of likelihoods in each channel

* Overlaps/correlations/compatibility carefully studied ATLAS —+— Observed limit (95% CL)
Expected limit (95% CL)
Vs=13TeV, 126—140 fo-' (JHH= 0 hylpc;thesis)
] j [ Expected limit +10
L(D,Glu,a) = ‘ ‘ (‘ ‘ Prob (xrl zS ‘(@) + z B/ (@)) X ‘ ‘fp(aplap) Opor ver(HH) =32810 ¢ oted it 220
C r [ j 1Y Obs.  Exp.
bbif + EMiss— * 10 14
* Fu” Run-z data Multilepton|— | { 17 11
*  95% CL upper limit: pyy < 2.9 (2.4 exp.) il { cs o
. +1.2(H0.9+0.7) L * 40 50
e Signal strength measured at 0.5_1_0(_0_6:) il - :
oo . bbt*t™ |- \ 5.9 3.3
Statistical (dominant) 1
Cbined|- 2.9 2.4
0‘ - Iél = ‘1|0I = I1|5I = I2IO‘ - ‘2I5‘ = ISIOI = ‘3|5‘ = I4IOI

) 95% CL upper limit on HH signal strength Lyy
bbtautau provides

the best sensitivity
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Combined Results: Coupling
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< - - l# :" ]
c F | " . ! {3
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- o [ /]
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25_ _E 2:_ tll' I//If _i
1 ; g 1 :_"\'t’< """"""" B S | N Wy’ A S K ,'I;;"/‘,‘;"';;;%
- ] L AR e,
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T | Bestfit | 68%a 95% CI T | Bestfit | 68%a 95% CI
Expected [-0.5, 5.7] [-1.6, 7.2] Expected 1.00 [0.64, 1.40] [0.41, 1.65]
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* Further constraint from single Higgs measurement, using higher order correction
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New results bbyy

* Run-2 + partial Run-3 (2022-2024): significant improvement (arXiv:2507.03495)

Run 2

Run 3

Combined

95% CL upper limit on uyy
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i L 4o b 48 42 55 =
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| i
I L 58 38 50 bhyyl- * 40 50
.
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I i 38 26 37 i
1
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95% CL upper limit on HH signal strength gy

With simple calculation on top of our head,
the new combined expected upper limit at 1.9x SM
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EFT Interpretation

* Model-independent interpretation using HEFT
* Define single- and di- Higgs anomalous couplings separately
* HH production is especially sensitive to Wilson Coefficients: cppn (= K3), Cggnns Cethn

* Take the 3 leading channels, ggF-only: bbbb, bbtt, bbyy
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g * bbbb and bbtt show mild deviations from SM
* Further studies required
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Combined Results: Resonance

« Search for a narrow-width spin-0 heavy scalar
* Combine channels: bbbb + bbtt + bbyy } TR N
* Largest deviation at 1.1TeV (Z;ycq; = 3.30, Zgippa1 = 2.10) .
2002020009922099 ~ H
Model independent 2HDM/hMSSM
o) -t ' | ' IR o [ A o 7 - T T <. combined ]
= 1 ATLAS ] § of ATLAS . e combined ]
‘? E Vs =13 TeV, 126-139 fo- —e— QObserved limit (95% CL) E Vs =13 TeV,126—139fb~ ... Exp. bbtt
x [ spin0 ---- Expected limit (95% CL) i gl H-hh, M}% — - — Exp. bbb
B {04 [ Expected limit +10 - 95% CL upper limits Amp/mp>1% === Exp. bbyy
[ Expected limit +20 7}
o SN7 _
- —— bbttt- TTESsS( N ]
B —_—— bBVV ‘‘‘‘‘‘‘‘‘ ]
1005— —e— Combined =
200 B o0e 00030005000

my [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/

Towards HL-LHC

« Current constraint on k; not sufficient to answer the question of stability of universe

 How precision we can achieve with more date in HL-LHC
 Use some baseline expectations to account in ATL-PHYS-PUB-2025-006

LHC HL-LHC
V(¢) —— SM prediction "

| | Run4-5.. I

Region allowed by current constraints
13 TeV 13.6 TeV 13.6 -14 TeV .
Dlodes Consolida tI
cryolimit L1U Installatio rer ket HL-LHC
H H eloans Civil Eng. P1-P5 p|| ot beam rad atio plmlt installation
Assuming A, is SM,
K), = [02 59] EEEREAED mm ESE 2025 EEEESEER ||||"|“
3 ! ATLAS - CMS
upgrade phase 1 ATLAS - CMS oI X2
nominal Lumi 2 x nominal Lumi ALICE - LHCb ! 2x nominal Lumi HELRGa
/— _ upgrade !
¢ o] o0 B
luminosit 3
> Y
PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. | PHYSICS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-006/

HL-LHC Projection: ATLAS

— 9_ T I T T T T | T T T T I T T T T I T T T T I T | 9 —_— 10 I I 1 I ! 1 1 I T 1 1 ] 1 |_ 1 1 1 I 10
2 f imi —— No syst. unc ] = " -== bbttt” .
o ATLAS Preliminary yst. unc. 1q I= ATLAS Preliminary o
Q oF . E ! L 1
c f Vvs=14TeV isse“"e ] S | vs=14Tev, 3000 b~ v
St s eo. unc. halved - I Multilepton
= 7_HH Comb|nat|0n -7 8 Basellne ——_ b5b5 — 8
c 'F Run 2 syst. unc. i . i
S [ Expected SM ] Al other « fixed to SM o~ bBIt -4 EMiSS
| h - T n
@ 6 16 ! —— Combi 1
- . ombined
i 1 . 16
5F -5 H I
B . ! /]
= . ! I
4 14 / !
: ] [ 95%/CL- 4
3F 3 FY A
- . J / i
B ] . I
o ., zf .
z z K
IS = LN R\ WY A L~ 68% CL]
0: 1 | 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 : 0 T "'_'l _________ | -------- I‘_
1000 1500 2000 2500 3000 e : 50
Integrated Luminosity [fb~"] K,
: PN o : +0.48
Discovery significance can achieve 4.30 K, expected to be measured at 1.00Z 57>

with 3000/fb
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HL-LHC Projection: ATLAS+CMS

1.2

1.0r Projections ESPPU 2026 I
o 12 T T Q ! J ’ E d . ¢ Vs =14TeV, S3, 3 ab™! per experiment '—Il
e ATLAS +CMS Projections ESPPU 2026 E ATLAS +CMS Projections ESPPU 2026 ! —— .
@© ; o : : _ 3
£ 10t Vs =14TeV, 3 ab~! per experiment < 20} Vs =14TeV, 53, 3 ab™! per experiment - SMEFT 6, k" = 1.66 ifg?ggfa_"}wzg] —
:E SM HH production (k; = 1) ~ All other couplings fixed to SM S o8 SMEFT 8, k{"" = 1.69, k{"" = 5.4 HH-driven .,/:}’
2 ! 68% CL k3 €[0.74,1.29] S |~ Log Potential kg =157 Kelo a1 se) S
= 8r bbbh 1 Exp. Potential, kJ"" = 1.99
S 15 0.4
.E mm bbyy —— Combination
0 - — bbttT"
2 6f bbtt 1 u 0.2
I B Combined inl = o
T —— bbbb
I a4t J Multilepton 0.0
—~ 0.2f SMEFT 6 HH-driven B |
5B g 20 Uncertainty 20 Unsenainty ~},';/ /’/
2F I 1 PR E 0.1+ ?rﬁzgrtainty r1*::-L(J’r:geer;‘ainty ‘,v’/////// 1
| 0.0 :
0 : 0 ' : : : S
026 -0.5 ; . R . < .
gsPPY 202007) gSPPU 2 =
N.2019 -0.2 .
CER 0.6 0.8 1.0 1.2 1.4 1.6 1.8

4 N
7.20 significance Expected

6.00 with conservative 2 ab™1
Expected to Discovery the HH!

<30% K ; precision expected

Can exclude physical hypotheses for the
shape of the Higgs potential, rather than
) just eliminating parts of parameter space.

\_
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@ 95% C.L.

HH

Expected Limit on u

-
o

w

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

- A-._ -
- "~.._ ~~~~~~~~~ -

+ ................ |
IIlIIIIIIllllIllllllllllllllllllllIIIII][lIIIllI
50 100 150 200 250 300 350 400 450 500

Integrated Luminosity [fb™]

« Keep improving our analyses

Otherwise, early Run 2 analysis would need

~ 4200/fb to reach current sensitivity
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Tools for future HEP



High-Luminosity (HL-) LHC

* High Luminosity LHC: 2030 -- ~2041
= 7.5x nominal lumi., integrated lumi. up to 4000 fb!
= Up to 200 p-p interactions (“pile-up”) per bunch crossing
= Requiring higher radiation hardness of the detector

ATLAS - CMS r/"" 0.4
upgrade phase 1 ATLAS - CMS X nominal L
L |

2 x nominal Lumi LR EOrSEE

nominal Lumi ._xf_'n___'{ ALICE - LHCb
upgrade

m T T 171 W T T 17T W TTIrrr I TTrrr I TT1T 17T TT7T
LHC ) HL-LHC . ‘E 1 ATLAS Preliminary 7]
‘ Run 3 | | Run4-5.. ; HGTD 1
S G, = 45mm -
— a—
13.6 TeV 3 13.6- 14 TeV B 0.8 -

13 TeV —— CNETQY =

Dlodes Consolldation <C - <u> - 30 -
%%‘grléncgton LIV Installation inner triplet |.||__:_I|.|C -
reglons Civil Eng. P1-P5 P'Iot beam radiation limit installation 06 - <u> - 200 __
-mm mmmmmmﬂ"lﬂ“ ]

luminosity JEGIE; g

L | o e L LASLEL B

Ll LJ LA L] Jd
25 3 35 4 45 5
pileup density [vertices/mm]

OO
(6] 4
-
—
—
w
)V

/ CONSTRUCTION ‘ INSTALLATION & COMM. | PHYSICS

HGTD TDR: CERN-LHCC-2020-007

27



ATLAS detector upgrade: HGTD

 Installed at ATLAS forward region

* Per track timing resolution of 30-50 ps to improves vertex reconstruction and pile-up rejection

* Coverage: 2.4 < |n| <4.0, measure bunch-by-bunch luminosity
I-54-mc:;!Ies
B ~__ 52 modules

B

r




CEPC: LumiCal

 Small Angle Bhabha Scattering: e*'e- — e‘*e- e e
o= 1040 nb GeV? ( ! _ ] ) * Peaked in forward region,
s i Omac at <100 mRad y

 Dedicated detector needed
e Two LYSO+SiPM based detectors on each side of Interaction Point e e

 TDR published: arXiv:2510.05260. Next step: prototyping

LYSO Crystal

LUmica[ 647640

w2
——

race-track beampipe

y

— Fast-Lumi |

Si-wafer sufface plan

Silicon detector BPM
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BESIII forward region: ideal place for prototyping

« BEPCII-BESIII: e+e- collider, COM energy: ~2-5 GeV, Luminosity: ~1033cm-2/s

e Zero-Degree-Calorimeter(ZDC): fast luminosity monitor and ISR photon tagging
* ISR physics: R-value, Muon g-2: HVP, Nucleon Form Factor, Hadron spectroscopy, etc.

ZDC at forward region,
0=0 in CMS frame

‘ X

-

_‘hadrons

lowest
order

= Zsz

flavor
color




BESIII forward region: ideal place for prototyping

« ZDC: LYSO+SiPM array
 Same as CEPC LumiCal

 Data-flow chart of ZDC

AT =ENE5ERESR

RIF(EREES

e |—> BillHER IR

ADCE R St |—} EERE S RA |—) BESIII DAQZ %

BUSY
I ; ﬁyﬁ] l
BESIIEYf" @ W W READY
Reset

R RS
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* Final ATLAS HH results with Run-2 data presented

* 95%CLU.L : uyy < 2.9 (2.4 exp.)

* 95%Clonky:[—1.2,7.2] (|-1.6,7.2] exp.) and k,: [0.57,1.48] ([0.41, 1.65] exp.)
* Looking forward

* Early Run 3 results coming, e.g. new bbyy results, more to come

*  Further combine with CMS will provide more promising results

* Future projects, e.g. HL-LHC, CEPC, will give more definite answers

* Detector R&D crucial for the promising results in future
* E.g. HGTD for ATLAS at HL-LHC, CEPC LumiCal, as well as ZDC at BESIII
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