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Over a decade of measurements including all productions & decay

o => Higgs boson precision probe!
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Higgs boson cross sections
and couplings
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html

§ 25 nterpneting the nates as Higgs couplings (NN

The likelihood can be explicitly written in terms of “coupling modifiers”: k-framework
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/

The likelihood can be explicitly written in terms of “coupling modifiers”: k-framework
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
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CMS Preliminary 138 fb~1 (13 TeV) S
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-018/index.html
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£ wr+/-) Hct) analysis

Exploit reasonably high BR and clean H — 77, with:
- W eluv,H = 1t = put,, eut,, ulet,t, CMS-PAS-HIG-23-019 @

- Irreducible backgrounds from sim: VV, ttV, ZH
- Reducible backgrounds from data: Z+jets, 11 (1jet — 1,/ule)

7)) R | ' ' ' | ' ' ' | ' ' E— |
T 120 mm x W H—-WW m x W H-WW — '8_ - C h . X
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§ v meen T3 Consistent with SM
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0.5F
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uWHH) = 1167075 p(W~H) = — 0.097/ 3¢
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-019/index.html

ATLAS |~

Direct 2 generation Vukawa.: H->ij

INFN

e Rare decay: BR(H — )

e S/B ~ 0.1% for inclusive events at 125 GeV
o Strategies to boost the sensitivity common to ATLAS and CMS:
e use all production modes: ggF, VBF, VH, ttH
,): detector alignment, FSR recovery, constrain tracks to beam line, etc

eimprove o(m,

(13 TeV)
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0.05—
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... Best resolution
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Legacy Run-2 CMS redult (137 f67')

INFN

u=12=x04

CMS: JHEP 01 (2021) 148

significance: 3.00 (2.56 exp.)
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http://dx.doi.org/10.1007/JHEP01(2021)148

EXPERIMENT [

E0 % Mow ATLAS Ww Run2 + kund (3049 &{6‘// INFN

Analyse Run-3 dataset, 165 fb' at 1/s=13.6 TeV (2022-2024), and combine with Run-2 (139 fb"")

- Impressive 5 X 107 full-sim NLO DY sample

- improve the H — uu vertex fit . @
- Improve the categorisations, add 2leptons VH, ttH fully hadronic channels

180 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |IIII|IIII| IIIIIIII |IIII|IIII|IIII|IIII|IIII
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145 0
m,, [GeV] VBF BDT output

. . Control of analysis BDTs in Run3 data
5% better resolution from detector studies Y 3
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/

() (s ev =l INEN
EXPERIMENT \\\\
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' significance: 3.46 (2.50 exp.)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-11/
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ATLAS

EXPERIMENT \\‘\

CMS

I

Loop-induced (BR~1.3 x 103): sensitive to BSM
ATLAS+ CMS Run-2 combination: 1st evidence of this rare decay.
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ATLAS+CMS: PRI 132 (2024) 021803 *
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http://dx.doi.org/10.1103/PhysRevLett.132.021803

£ % Kun-3 ATLAS H->Cy analysis INFN

EXPERIMENT (5

Based on 165 fb' Run-3 data (2022-2024), with strategy improvements:
1. Relaxed e/u pT thresholds (higher efficiency)

2. Improved categorization with MVAs ATIAS-CONEF-2025-007
3. Added tt(multi-leptons)+H production (higher acceptance)
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> P
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Ves HRelpT-eel |
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No

—»| HRelpT-puL HRelpT-uuL 1

> Lepton

ATLAS Preliminary BN ggF = WH e tiH

Yes vs =13.6 TeV, 165 fb~! m VBF Z7H B bbH
VBFT

LeptonH

b

b

Pre-Selected
Events

~>{sctron channel [RelpT-ecT LRelpT-eeT | e
— (RelpT-ceM LrelpT-eet | |
e | ~ LrelpT-eeL. | [ e
LRelpT-eeL
LRelpT-uuT | [ |
Lepton region |
{ : _)[ muon channel LRelpT-puuT LRelpT-uuM
il ¢ 1 | I
. — M => Medium LRelpT-puM LRelpT-ppul | , , . . I
HRelpT region | | => [ oose , ‘ 0.0 0.2 0.4 0.6 0.8 1.0
— HRelpT => High Relative pT LReloT-pul
LRelpT region | | Re|pT => Low Relative pT s

Novel Run-3 categorisation Signal production breakdown
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ATLAS-CONF-2025-007
Run-3 data more towards SM value
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qJ | 80__ ATLAS Prellmlnary _: | 8 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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Most sensitive result on this rare channel to date Run-3: fop. = 0-9_0,6

Run-2: //tObS. — 2()
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§L25 Raver. CMS Etectroweak WV Hibb) N

EXPERIMENT \\‘\

MS simulation Preliminary

6

VBS VVH production sensitive to Higgs self-coupling (k;) 3

. VBS VVH production

and quartic coupling (x,y) N = oM (e
Ko, =2
eo(VVH) (1<2V)2 and kinematics boosted when k,, # 1 0.1

III|III|III|III|III|O

e WWH and ZZH separately probe x,y,and k, 0.08

B

I [ 1 :
200 400 600 800 1000 1200 1400

| I I I | L1

A
/
=2
A
/
Q.-
N NS
o
o N
Opmpmpr T 11

2“{/’ "~H KZZ , “~H LHE H o [GeV]
0, //Q;z/ az //Q’w _

-

Boosted (merged jet) H — bb +
Boosted /[ Resolved V — gg’or
1lepton (W — Zv)or2leptons (Z — £7)

| CMS-PAS-HIG-24-003
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£ Fectroweak CMS WV HIbb) nesulls INFR

EXPERIMENT [ \\‘ |

o | ow-statistics channels: cut & count

CMS Preliminary 138 fb' (13 TeV)
| | | | | I | | | | | | I | | | | |

e Sensitivity mostly from semi-leptonic and fully hadronic = | b - Emwes | —moicm
61 —— 599.99% CL (50)
CMS Preliminary 138 fb™' (13 TeV) l )
D P01 | P01 | P01 P01 | P01 | P01 __
E 1L — Observed — 4:
L = Expected . !
; A B =+ 1o ] 2:_
(PP _ i
%10 'E E O:
IS 7 CMS-PAS-24-003 |
- — _
O [
=107 = 4L,
i= . . 2
_
O m
X107° & A = | . |
> . g e Tightest k,y and k,, constraints
- L e e Assuming a single k,y; : [0.41,1.59] (obs.)
=2 -1 0 1 2 s 4 ([0.34,1.66] (exp.) ) allowed range
2V
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Higgs boson anomalous
couplings and CP violation



£ Anomatous Higgd interactiond INFN

EEEEEEEEEE ‘\\\

* Higgs boson confirmed to be spin-0, and consistent with CP++ since Run 1
e Pure CP-odd state excluded # CP-even state
e Look for BSM contributions in the HVV, Hgg amplitudes

4
G| ' Ve \
H V, g H,'*_Gﬂi__l_g_ 2\ e.g. H— 47
Vs t d, golden channel
A%,
Vi =W.,Z,7,8 gg—=H—-VV—40
1 ) VVqZ —|—KVVq2 K.VV q 4 g 3 ) 1 £(1) D
A(HV,\V,) = o ai/j i ‘(/ZI\VV)Z L ((XIVV)Z va) My €y €y + — azvf/w [ @C’XV /u(/l)f (2)’//:’
_ O .
a:5SM  Dim-6 BSM operators at a a;: CP odd
scale A > Apwik BSM
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&) [ Dedicated obserwables to CP INFN

EXPERIMENT \\\\

If Higgs is an admixture of CP-even (Acp oyen) and CP-odd (Acp o4q) States, build two
dedicated discriminants:

2 2 2
‘ A ‘ = ‘ ACP even T 2Re ACP evenAgjkp odd T ‘ ACP odd ‘

SM CP-sensitive BSM

CMS Simulation Preliminary (13 TeV
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New cmg#wmmmmm

INFN
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/
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-
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B component

[ J+1o

+2 O

B component subtracted
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m,. (Ge
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\-/m
o

f..-sensitive categories
\ CMS-PAS-HIG-24-006

CMS Preliminary 138 fo~' (13 TeV) H~ vy, m, = 12538 GeV 138 fb™ (13 TeV)
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= - - | ] _CI 30: cCMS = T Expected fix others (Mf=1)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-006/index.html

A ATLAS CP viotation with H — Tt NFN

I

EXPERIMENT \\‘\

Exploit H — 77 in VBF production to test HVV interaction in production

Use the matrix element CP-sensitive “Optimal Observable” (0O0) « Re (ACP evenAgp Odd)

- alternative variables use the angular correlation of VBF jets Ag;;

5 O e Three final states: 27, £, 7,7,
§ 0.355 ATLAS Simulation —SMVBFH(@=0) - L3 10° e |
"q—) | - (s=13 TeV, 140 fo” ---d=0.1 - © ATLAS ¢ Data -VBFH(a=0.014)§
o - VBF H— 1t - ' s S - Vs=13TeV, 140 fb™ N Z—tt B Others '
CC) 0'3: ---d=-0.02 — 4@105;‘ Post-fit Misidentified - G=0
S o0ost EIE - IV
g E _ Ll 10" VBF inclusive 77,
2 02f } | Dedicated NN to
g - - 10° .
S 0.155 = | define signal and
S - - e : : :
= 01 E | validation regions
— ~ 105-
0.05F N S E based on NN output
- T R T N NS C L Py . < 1h
-15 -10 —T5 (l) é 10 15 053_1-251
00 ©0.75
~ Vz . . 8 %% 01 02 03 04 05 06 07 08 09 1 HIGP'2024'009
d = —Cw # 0 => CP violation NN signal score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-09/

0% H — 11 CP-denditive distributions INFN

EXPERIMENT /& |

Best fit OO distribution d = 0.014, [-0.012 ; 0.044] allowed range @95% CL
Well consistent with the SM d = 0 ATLAS Pratiminary [ rror™ ————— _

- N\=1 TeV_ | Expected o Observed
Vs =13 TeV, 139-140 fb—1: 95% ConfldenC:e level N
n 66— 777 T B 5 )
S | ?_T’-AS . ¢ Data BVvBF H (G=0.014) | - BestFit 95%CL | |
o Psé):t-}i:t% TeV, 14010 - Top ] { VBF H - 17 (prod.) ; 021 [-0.23,0.70] 4
j ‘ arXiv:2506.19395 | § [-0.41, 0.44] ]
120 VBFH—=1tt P others Misidentified ST i S
- HighNN . ~ . ]
| 7 nty e fit (3= i s
Jol SR+, 77Uncertainty -+ SM pre-fit (a=0) WH, H = bb (prod.) - — 0.10  [-0.62, 0.85]—
; ATL-PHYS-PUB-2025-022 | [-0.58, 0.59] ]
8t i i ]
: H—- WW" (prod.) r— | -0.20 [-1.00, 0.60]
arXiv:2504.07686 | [-0.90, 0.90] ]
H - yy (prod.) |- — o : 0.24  [-0.53,1.02]—
Phys. Rev. Lett. 131 (2023) 061802 [-0.94, 0.94] ]
H—ZZ" (prod.+decay) 0.60  [-0.81, 1.54]
JHEP 05 (2024) 105 | [-1.26, 1.28] ]
e T I
CHW

H — 7t very sensitive to HVV CPV

Also constrained by WH(bb): ¢y in [-0.62, 0.85]
HIGP-2024-009 ATLAS-PHYS-PUB-2025-022

E. Di Marco 8/7/2025 28


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-022/

Higgs boson self coupling

H3 (:4/13), or simply u/‘tn) H4 (‘4/14")
........................... H H .. H
ST . ’
] H - H

29



£ 9 NMeed to meadure the #%4 Qpolential (INFR

1
VSM(H) = V+ 2m%1H2+/1vH3 ZAH“

BSM potential at low E

1 1 A
VBSM(H) = Vjy+ EméH2+/l3vH3+ Z/14H4 >

s st
Y, V2

In EFTs, adding dimension-6 (BSM at scale E>A), the 4, are not independent:

9 A measure of ¢ # 0 (e.g. via HH rate)
Ay =4 (1 + ¢4 ) = A(1 + ¢¢) hint of 1st phase transition (Sakharov

2 A2
mg/\ condition for ng > ny)

0

ggHH < IOOO (34ﬂ3 @\/_ = 13. 6T6V)

But: HH is an extremely rare process at LHC: ¢
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INFN

L2 HH upper tmits from Run2
)

R
. -1
Three “silver” channels: bbyy, 4b, bbtt C]'l"s ’1 re’”:’”ar]f e
—— tObsevrved - I 68% expected
------ Median expected :----- 95% expected
W'Wyy B \ -
Obs. (Exp.): 95 (54)
bbZZ, 41 B B
Obs. (Exp.): 33 (41)
VYT B N
Obs. (Exp.): 31 (26)
Multilepton B o
Obs. (Exp.): 22 (20)
bbW* W B N
Obs. (Exp.): 16 (18)
bbbb bhrr e )
VObSV.‘EXp p3469 ] L]
Current upper limit on o(HH) ~3 x SM cross | bbb | | | B
| O Eer7sed | |
section from both ATLAS and CMS SeSe—-
Obs. (Exp.): 3.5 (2.5)
CMS-PAS-HIG-20-011 N e
ATLAS: PRL 133 (2024) 101801 95% CL limit on o(pp —~ HH) / o
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/
https://link.aps.org/doi/10.1103/PhysRevLett.133.101801

§ 25 Higga selfreoupling (Run2 legacy) (NN

---_
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L
_—y

10’

| e | 1 05 = f r oy ++ovv—rry+rvotvrr+rtrrprrrprrrrrprtrrrp T —
O
= - ATLAS —— Observed limit (95% CL) -
S~ T Expected limit (95% CL) -
"'E‘ - Vs =13TeV, 126—140 fb! (Ups =0 hypothesis) -
= " HH combination Expected limit +10 |
E 107 — —— Combined —— bbTtT™ Expected limit +20 =
N C —— Multlepton —— bbyy E=S Theory p.re.diction :
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most stringent 95% CLs on Higgs
boson self-coupling from HH:

—1.2 <k; <7.2 (ATLAS)
—-1.39 <k, < 7.02 (CMS)

CMS-PAS-HIG-20-011
ATLAS: PRI 133 (2024) 101801
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https://link.aps.org/doi/10.1103/PhysRevLett.133.101801
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/

EXPERIMENT | A0

§2 25 Puoneering Rund3 data. ATLAS HH — bbyy (e

Re-analysis of Run2-[15-18] (140 fb) and Run3-[22-24] (168 fb) with several improvements:
e Use new ML (transformers) b-tagging

— — HIGP-2025-010
o Kinematic fits (KF) to improve m(bb) and m(bbyy) resolution
e Improved categorisation myn-dependent N e L B B B
350 o - ATLAS —— HH (SM) i
> [+ [7 oo T T T T T T T T T T T T —~ 3 ~ — =+ HH (BSM)
8 B ATLAS Muon-in-jet + PtReco + KF _ "g 10 é_ Vs = 13_/ 13.6 TeV, 140/168 1b 1 Single H _§
o 300f Vs=13/13.6 TeV, 140/ 168 fb" s o - HH - bbyy pre-selection vy +jets -
ﬁ HH—bbyy pre-selection gt;ietz 100 _ Nt | High-mass region $  Datasidebands i
@ 2500 ¢ ooma s 1k -
- o — =
> - by a0 S fe :
w200 st . 7H H—>a <500 —] © § —
u .9‘0 No correction ] L = | -
1501 . el 107 L E
: | E = ey 3
100F - - e :
- . I L S— Y A 2 A T ||
s0fH - e R T E
. ~ — O_ | | | O|2 | | | OI4 | | | OI6 | | | O|8 | | | *J
Qe — I o i . . . . ]
20 80 100 120 140 160 180 200 | 0T score
bb
o - : : : ¥ = - — . _ _ —
Up to 17% improvement in m(bb) resolution with the KF m = My, = (Myp — My) — (my, — my)
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$L%  HH — bbyy nesults on 308 fb

EXPERIMENT /<0

Resonant background from single-Higgs e.g. ttH(yy) HIGP-2025-010
% 5 E| — 71 r 1 T T 1 T T T 1 —r1 1 1t ] T T T T [ T T T 1 E ATLAS o Obeorved
O 45F ATLAS + Data — ---- Expected limit (uyy = 0)
LO [ — — -1 Expected limit (uyy = 0) =2
§ 4F- Vs=13/13.6TeV, 140 /168 " ****"" Cont. background = \:_I 1 2 5/ y1 ;3.6 TeV, 140/ 168 fb Exgz;zd S (ZHH o +1g
- - memaa Total background = - —+— Expected limit (Uyy = 1)
% 3.5 HH— bbyy . — Expected limit (1 = O)
ke — _ — Slgnal + background - ®  JHEP 01 (2024) 066
© 3 log(1+Sg,,/ B) weighted sum S
< m = 0. 9”11 14 - Ob Exp. Exp
e 5 5 Man - (UHH = 0) (UxH = 1)
= = — B 000
D 25— E Run 21 .o,% 48 42 55
1.5F = : | i |
15 = Run 31 L 58 38 50
— — ! |
0.5 E_ N " Combined .
110 120 130 140 150 160 i T S e e v R 1
m,., [GeV] 95% CL upper limit on iy

Combined Run2+Run3 UL is i;;;; < 3.8, approaching the Run2 legacy combination
Limits on H self coupling: -1.7 < k; < 6.6 @ 95% CL
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TLAS | —

EXPERIMENT [

\

Pusking further. ujple-Higgs

INFN

Tri- nggs (HHH) production sensitive to both 4, and 4,
Recent ATLAS measurements: HHH — 6b (PhysRevD.111.032006 )

CMS new Run-2 analysis of HHH — 4b2y ultra-rare: o X 9% ~ (0.2 ab

CMS Prellm/nary

138 (13 Tev)

40_—
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20 [[
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CMS-PAS-HIG-24-015

—— Observed 95% CL (Kx3=-10.3, K)4=-435.9)
Expected 95% CL (Ky3=1.0, Ky4=1.2)

Allowed range for K3
from H+HH measurements

,SM
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K)3

-

Huug < 3400
(2086 exp.)

e Stronger
dependence of HHH

cross section from A,

than 4,

e Green area:
constraints from
H+HH
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CMS
@) . \

TLAS |

EXPERIMENT |

Y

QMW

INFN

 The LHC Run2 and Run3 data used to fully characterize the Higgs boson

- mass measured with 0.1% precision, and width with 50% precision

- production cross sections measured di;

- fiducial cross sections and coupling modifiers measured at 5-10% level inclusively

- H self-coupling constrained from direct searches for HH production and single-H and HHH

with H — u™u

studied in many channels

terentially in many decay bins, in all production modes

—, next challengeis H — cc
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CMS
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TLAS |

EXPERIMEN

I ol

QMW

INFN

 The LHC Run2 and Run3 data used to fully characterize the Higgs boson

- mass measured with 0.1% precision, and width with 50% precision

- production cross sections measured di;

- fiducial cross sections and coupling modifiers measured at 5-10% level inclusively

- H self-coupling constrained from direct searches for HH production and single-H and HHH

 LHC Phase-1 dataset at the end of data taking will be ~0.5 ab' per experiment

with H — u™u

studied in many channels

terentially in many decay bins, in all production modes

—, next challengeis H — cc

- a unique opportunity to precisely characterise the Higgs potential
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EXPERIMEN 1

. The LHC Run2 and Run3 data used to fully characterize the Higgs boson

- mass measured with 0.1% precision, and width with 50% precision

- production cross sections measured differentially in many decay bins, in all production modes
- fiducial cross sections and coupling modifiers measured at 5-10% level inclusively
— with H — u™u—, next challengeis H — cc

- studied in many channels

- H self-coupling constrained from direct searches for HH production and single-H and HHH

 LHC Phase-1 dataset at the end of data taking will be ~0.5 ab' per experiment

- a unique opportunity to precisely characterise the Higgs potential

e After the end of Run3:
- Expect 20x more data by the end of HL-LHC

- Expect improvements from analysis techniques to boost new physics search in the Higgs sector
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A Summary. LHC is defivering data / INFR

e — 90 CMSSupp/ementary 5.1 fo-1(7 TeV), 19.7 tb=1(8 TeV), 137 o' (13 TeV), 34.7 fb~'(13.6 TeV)

— _I I I I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I i

I This analysis ATLAS Preliminary 2 5 (LHCHWG YR4 @ my125 GeV) :

Nature 607 52 (2022) Run 2: Vs =13 TeV, 36.1 - 140 fb™ \; 80 osm (LHCHWG YR4 @ my=125.38 GeV) ]

. Run3:Vs=13.6TeV, 165 fb” y [ 4 Ho .

Bl Run 3 + Run2 combination __ T _F YY -

c =K T /0 ¢ H-oZZ ]

w o | t .

. -14% o 60 -

| ; - ? :

Ky [ 18% 50[ H -

i, [ -26% 40F ! -

K| -15% 30 -

| | : ¢? :

K, [ -14% 20 =

: 1 B Fiducial c;]oss sectionsI rescaled to the full phase ]

) o u ¢ space without extrapolation uncertainties _

Kp. ..‘ 37% 10 B H - yy @ 7 TeV: signal strength scaled to the ]

: j B expected cross section removing theory uncertainties i

KQ - ] -140/0 O [ | T T T T T T T T
= 7 8 9 10 11 12 13 14

, - 7% Vs (TeV)

K, [ — 37 '
2 T~ LHC Run3 boosts all Higgs results!
0 0.1 0.2 0.3 0.4 0.5 0.6

Expected uncertainty

W Z f&% , Current run is key for precision and discovery !
E. Di Marco - 8/7/2025 39
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A@é > Anomaloud COW&/Z%A in H — 144 (CHS) @FN

EXPERIMENT \\‘\

CMS-PAS-24-006

Use the clean H — yy final state, with all production modes

- VBF, V(gqH, V(££/£V)H can probe BSM contribution up to high g~
- ggH effective coupling: BSM particles in the loops

CMS Preliminary 38" (13Tey) o MO Preliminary 138 fb" (13 TeV
LO :||||||||||||||| |||||||||||| ||||||||||||||||||||: _81065— H ) Data
O_ B Y/ ggHeYY —— VBF H—yy (ny =1) 2 E gg |:| Non-resonant bkg
S i A, qcJ _ ) . .  (VBF H—>w)><1000H
- i | VBF H—yy — VBFH-—ywy (=1 > d ISCrimina nt— (ggH—YY) X250 (f§§H=o)
%\ VBF H—yy (f _=1) Non-resonant bkg 4o 3 — (9gH—77)x350 ('§H=0'5)
— + 1 ) s - — (ggH—>YY) %250 (135 =1)
ﬁ3 — L El 1:—— VBF H—yy (fA1—1) E : :
P c | - R
o m SRR -
means fu" CP"Odd J — () - . . . i S TN
y ( ) O VBF discriminant
@ i
s 107
>
LL] 102
e Test BSM fractions from 0-100% Q am stat. kg, UG,
1072 3 12 @ stat.+syst. bkg. unc.
( ] [ ] [ ] [ 8
o 1 optimal discriminant/f_, [ prod. 8

O 01 .02 03 04 05 06 0.7 08 09 1
DVBF
NNbsm

Use di-photon and associated jets kinematics in ML and MELA to discriminate SM /| BSM
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-006/index.html

HWW and Hgg anomalous couplingd

INFN

HVV CP-even BSM fraction

H— vy, m_ = 125.38 GeV

137.6 fb' (13 TeV)

Hgg CP-odd BSM fraction
(weaker constraint than HVV)

—1 307 .
s [CMS 7 =xpected fix others (=) H o> vy, m = 125.38 GeV 138 fb™' (13 TeV)
- o Observed fix others (u =1) H
< o[ Preliminary Expected float others (i — — -
Al pected float others (Mf 1) — - CMS
' Observed float others (u =1) By -
f < 7T Preliminary
20 - N i
i / | [ oeneee Expected
15[ - Observed
l O
10[- 43—
I i
: | | | ‘\\VL// | | | 2 f_ .’
05008 —0.006 0.004 —0.002 0 0.002 0.004 0.006 0.008 - /
fa2 1:_ /
Stronger constraints when allowing 1 BSM/time 0" . i
Competitive with H - 47, H — tt  CMS-PAS-24-006 99"
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-006/index.html

£

L

EXPERIMENT

CMS,

—

,,\\\

Impact of uncerdainlied on H->

INFN

All categories still statistically dominated (by far)
VBF H — uu the most sensitive category for both experiments
Main systematic uncertainties from theory and signal extraction biases

ATLAS Internal

Run2:Vs=13 TeV, 139 fb™

Run 3:¥s = 13.6 TeV, 165 fb’

ATLAS-CONF-2024-011

H — uu —e— Total Stat. mm Syst. | SM Total Stat. Syst.
Run 3 ttH categories | IO 1.3 £35 (34, =1.1)
Run 3 VH categories ° 3143 (4.1, £1.3)
Run 3 VBF categories —— 0309 (09, £0.2)
Run 3 2-jet categories —— 3313 (1.2, £0.6)
Run 3 1-jet categories = = 1.3 12 (£1.2, £04)
Run 3 O-jet categories —0— 20 13 (1.2, £0.5)
" CombinedRun2 Y v 12206 (206, =01)
Combined Run 3 —— 1.6 £0.6 ( ig:g , £0.2)
© Combined Run2+Run3 - 14 £0.4 (04, x0.1)
AN R N TN N T TS S TN NN SN TN NN SO NN NN SO T MO SN A N SN R
-5 0 S 10 15

Signal Strength

VBF-H parton shower

ggH QCD scale

Zjji-EW parton shower
JES: absolute

Signal shape o, ggH-cat1
Rate DY soft+PU jets 2017
Integrated luminsoity

Rate DY soft+PU jets 2016
Rate DY soft+PU jets 2018
CMS_scale_j_relativeBal
Signal shape o, ggH-cat2
ggH PDF and o

Parton shower on other proc.
ggH in VBF region

Zjji-EW QCD scale

CMS Supplementary

137 fb' (13 TeV)

+2.06
1.52 110

+0.89
0.61 -0.39

+1.56
1.26 "o

| ﬂ 11

-2 —1 0 1

(0

best fit

—e— Pulls post-fit

— Pulls pre-fit unc.

2
0,)/(AB)

0.1

-0.05 0

0.05 0.1

AM/Mbest fit

- Experimental unc.

Theory unc.

E. Di Marco
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INFN

CPV in EFT interprelation

The three channels equally sensitive yLAg nternal =i VBF H -t (this result
S = e
’ P4 H —yy
—— - -+ Observed 95% CL interval AR H—>ZZ*_ |
- = | | | = Expected 95% CL interval s\ H — 1t differential Ag);
i 45— ATLAS Internal — Combined Expected — linear+quadratic o H— WW*(%)
[ _ -1 — .
4 6_13 TeV, 140 1b — Combined Observed— (*) inear Only’ 4 POI
- He C obsered | BestFit ~ 95% CL interval
3.9 had had = J o] (x 10) 0.014 -0.012,0.044
aF - TipThag ObsEIVEd = N (x 10) 0.010 -0.034,0.071]
- s Obsorved R (x 10) 0.000 -0.026,0.025]
2.5 : , |
= - Cri — ] 0.27 -0.24,0.83
oE-95% Ol i\t = . 0.26 -0.55,1.07
s - | S ; 0.60 -0.81,1.54
1o 7 — - 0.27 -0.30,0.82]
E ~ E . -0.20 -1.00,0.60
= 68% CL e Y - 2 1o I > 3 4 5 6 7
0.5 = S ~ 7 = Parameter
Ou:| ' R R B R |\|\| L“I‘,~I'~M'I‘ R ' |:u
_3 2 1 0 1 2 3 .
H — 77 one of the most sensitive to
C -~ : :
- - - : HW the HVV CP-odd contribution
CP-violating Wilson coefhicient ¢y, -
<tent with 0 (SM (All others CP-odd coefficients fixed to SM)
consistent wi 0,
( ) ATLAS-CONF-2024-009
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% C\MS /e #WA/ in the Standard Model @

1
A Gy = — F FHY ZWDW Electroweak and QCD sector

4 *
2 . .
+ | Dﬂq) | Gauge interactions
_ V((D) Higgs potential
0 Yukawa interactions (fermion masses =>
+l/jly ljl//j proton, neutron masses), CKM matrix and CP

violation

Out of 19 free parameters in the Standard Model Lagrangian, 15 are in the scalar sector

Higgs mass, Higgs self-couplings,
fermion masses, CKM parameters

1/2 of the SM Lagrangian is about Higgs!

E. Di Marco 8/7/2025 45



The. Higgs polential

V(@)= — i D 0o+ AT D)?
Expanding around potential minimum:

1 2 172 3 1 4
V(H) = VO+5mHH +AVvH +Z/1H

o 3 parameters: v, my, A

2
m
H
ﬂ_

e Relationships between them are fixed in the SM: — 52
"

o Characterizing the Higgs potential means measuring the H boson
mass (1) and the strength of its self coupling (A)

Test of the SM!

- wa

Im(¢)

E. Di Marco

8/7/2025
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ggH VBF WH/zZH

t.b

g 7000000°

g%

t.b

t.b

g o000

Several productions and decay modes give access to many Higgs couplings to SM particles

K, = (3\4 over-constrained test of the SM from Higgs is checking all k&, = 1
j

E. Di Marco 8/7/2025 47



@ CMS. 0 pz I 'P! Y, Pz Y, 3
EXPEI!TMENT 4 \\\ Z# / m IN FN
400 CMS - - - - | | | 391 fb-1
as0] LHC Delivered Integrated Luminosity (pp) 123
< ) |Run 3
g 20y sy L 1197 (13.6 TeV)
g 721 LSZ,/ .................................... -
= 67 Run 2
5, 150 -
% A Sy | 165 (13 TeV)
'2 50+ LS1 4 42 . Run 1
o I I I 6 (7 TeV) + 23 (8 TeV)
Run 1 LS Run 2 LS2 Run 3

Integrated luminosity of 391 fb'* by now, means ~22 millions of Higgs bosons recorded by
CMS (and the same quantity by ATLAS)

With this huge dataset, we can try to observe even rare processes!

E. Di Marco
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EXPERIMENT

£ [ Higgs bodond in CHMS (INFR

AS CMS Experiment at the LHC, CERN _ .
N Data recorded: 2018-Jul-14 22:42:55.530432 GMT pp — ttH( — puu) candidate

t = W( = q192)b,
t > W(— ev)b,

~E.DiMarco e 8/7/2025 49



2Zoom indiae a /4 evenl in ATLAS

e ~ Reconstructing Higgs

bosons from the
\ products of its decays

D-jet (top)
\

\ / b Je ggs)

% "A 't N , - Siss

electron | - j e (Higg 3{7

E. Di Marco 8/7/2025



L. >

EXPERIMENT \\‘\

Higgs mads . g. from H- >Z72->4)

INFN

®* Measurement donein H—=4¢ and H—yy only

o precision dominated by statistics and experimental systematics (e.g. small non-linearities in photon energy
response, muon momentum scale)

H— Z/*% = 4¢

CMS 138 b (13 TeV)
250 _II I L L L L L |II | ||| | I.I I | L | I II_ CMS
i ”f “[S)g’; ] Run 2: 138 ib™' (13 TeV) ~Total | |Stat. Only
B | . -1 -1
- + H(125) - Run 1:5.1fb" (7 TeV) + 19.7 b (8 TeV) Total (Stat. Only)
200 qq — ZZ, Zy* 4 124.90 072 (*9'%) GeV
> i B og =22, Zy* i W "1 0.5 (g.14)
8 - B Z+ X ) m de —_—— 124.70 f’ocf';:; (:: ':79 ) GeV
Al 150~ + B 2e2u == 125.50 5 (3).,) GeV
N~ - _
% 100:_ + + _ 2u2e ._‘._. 125.2072 (*°27) GeV
|.C|I>J> : + : Run 2 o 125.0470,% (**) GeV
i | Run 1 ——  125.607,5 (") GeV
50:_ ‘o X ++ b +_; Run 1 + Run 2 0 125.08%; (3, GeV
B ++ ++++#¢ +++ ¢ ++ +++ ++++++++ +_ ! ! | ! ! ! ! ! ! ! | ! ! ! |
N PPCL ATTIIRAAL BN 122 124 126 128 130
70 80 90 100 110 120 130 140 150 160 170 m, (GeV)
m, (GeV) my = 125.08 £0.12 (= 0.10) GeV
precision on my: 120 MeV = 0.1% from a single measurement
E. Di Marco 8/7/2025 51



£

LAS? Y

EXPERIMENT

o

. lingd from experimental data

INFN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,
e Simultaneously in many production modes

200 -

150

Events / 2 GeV

—
o
o

0
70 80 90 100 110 120 130 140 150 160 170

| observed counts}|

138 fb™ (13 TeV

(O)
o
- T

L

250—IIII| IIIIIIIIIIIIIIIIIIII |IIII|IIII| IIIIIII I_

Inclusive
¢ Data
+ H(125)
qq — ZZ, Zy*

B 99 — ZZ, Zy*

M Z+X

:

+
tof +

'

I
! *+++++¢+++++ W CORIUAN

m,, (GeV)

€699
l

and several decays “f”’

E. Di Marco
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£

LAS "I

EXPERIMENT \\‘\

=<

. lingd from experimental dala

INFN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,
e Simultaneously in many production modes

200 -

150

Events / 2 GeV

—
o
o

(O)
o
T

138 fb’

(13 TeV

;

|

;

'

m,, (GeV)

250_IIII| IIIIIIIIIIIIIIIIIIII |IIII|IIII| IIIIIII I_

Inclusive
¢ Data

H(125)

qq —
B gg —
M Z+X

77, Zy* ~
77, 7y*

: o4 fﬁ
: ¢¢¢++ ++++“¢+++ ' ’ . LA +?
0

70 80 90 100 110 120 130 140 150 160 170

€699
l

and several decays “f”’

|observed counts}  |Signalyield| | Background(s) yield

E. Di Marco
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T

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,

€699
l

and several decays “f”’

e Simultaneously in many production modes

:Signal vield! | Backeround(s) vield  § \
grour , yield } encode the model of all

| observed counts}|

a0 E T AR5 TR experimental and
S o Hii125) theoretical systematic |
2001~ oqd = ZZ, Zy* oo
> A uncertainties
% 100?— + + &4
@ ¢ ]
s0- 4 4 o .
e
0

70 80 90 100 110 120 130 140 150 160 170
m, (GeV)
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T

@s Ve ' coa/z&ngdj/wm eyaetimenlal dala INFN

The experimental likelihood is constructed in each channel “r” to extract the Higgs signal

rate (s) on top of (usually) a much larger background b,

€699
l

and several decays “f”’

e Simultaneously in many production modes

il Nuisance parameters: }

| observed counts i
] encode the model of all

a0 E T S TR experimental and
o ' H(125) theoretical systematic |
200 - qq — 2Z, Zy* e el
3 | AL £ L - uncertainties
)] i Z+X i l t i 3
% 100:— + + ] = cie o .
g ' : “Signal strengths” approach: rates relative to SM:
0- f ; - l BRS
o S T i= 2 and =X

70 80 90 100 110 120 130 140 150 160 170

f
l
m,, (GeV) GSM BRSM
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§25 Why impnoving precision. on K 2 INFR

Inthe SM, allk; = 1. InBSM, k = | + Ak

AK VZ/A%SM, so precision on Ak < reach in new physics scale, Agq\, to the TeV range

s =14 TeV, S2, 3 ab’ per experiment

— -Srft):;lstical ATEASHES Ak/Kx ~ O(Vz/ A]%BSM)

_ Projections ESPPU 2026
— Experimental

10
=
7))

100

W Z

AK /K (%)
. o

| IIIIIII| T TTH
| —
—
—
—=
|F—
_
_
=n

| IIIIIII| | IIIIIII|

| | | —— Theory Uncertainty [%]
: . . Tot Stat Exp Th .
F L~ time T 1507003  New physics at1TeV =>
2" H ” | ” | ER v eTee e deviations Ax/k ~ 6 %
1: H | | | | |[ . K2 1.6 0.7 05 [1.3
100 i » 5 |

3.4 08 09 |3.2

3.6 1.2 1.2 )3.2

1.9 08 0.7 |15 \/

AK /x (%)

. o

| IIIIIII| | IIIIIII|
—
——%
[
F——"
_
—=

| IIIIIII| | IIIIIII|

c?{ g

100 = u E Ky |

Kg  — 24 08 0.7 |22 A

:/ I ] K I . . . . o °
Pl H ” : " W Theory uncertainties should
< r Im I ‘ “h . Kz, | . | | | 6.8 59 16 |30, ] .
ST T ' 0 002 004 006 008 01 012 Improve tOgether with
oy 0 R el Expected uncertainty experimental precision
ATLAS+CM
CMS-only >+LM>,

HL-LHC projections 3000 fb-
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60pp-mix = 6(PDF+as) + (theory) = 750 (17257)

Largest contributions from OCD uncertainties and PDFs:

1ol f
-\ LHC : b
_ : 1 a
10 - . d(theory) = J_r(fgggb (15-28%) d(scale)
- : + +0.56pb (£1.16%) o(PDF-TH)
S 8 5(PDF+as) - + £0.49pb (£1.00%)  J(EWK)
'7:_'5 [ | + +0.41pb (£0.85%) 6(t,b,c)
s ° oy i + +0.49pb  (£1.00%)  8(1/my)
S | S(}.0.€) S(EW) j _ +2.08pb (+4 28%)
al _ — —3.16pb 6.5% Y
: 5(PDF-TH) : o(PDF) = =£0.89pb (4+1.85%),
- b 1.25pb %
2| _ 6las) = Loy (+§ %) -
i o(scale) .
O [ | | I I I | I I I | I I I | I I I ||

0 20 40 60 80 100
Collider Energy / TeV

Gluon fusion: the main production mode provides crucial tests of QCD, and QCD+EW. Next
challenges:

- N3LO PDF sets => reduce o(PDF — TH) )
- More EW corrections (NLO calculations of QCD+EW)
- Large logs resummation
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=

& [ Higgs ad dinect BSM probe INFN

EXPERIMENT \\‘\

Current measurements of Higgs couplings still allow decay modes to BSM particles:
- Undetected decay modes (eg. 2HDM+s, nMSSM,,...)

o o e . . 1
- Invisible particles (eg. Dark Matter) CMS Preliminary 138 fo" (13 TeV)
O Observed B Bggy =0
— 68% CL (stat @ syst) Binv, Bunget float., |ky| < 1
— 95% CL (stat & syst) Bl B, Bunget float., offshell inc.
my = 125.38 GeV | SM expected
f psm = 0.18 psm = 0.20
—HOo——
K o
—o——
a _'I': Kz _Wpoq'_
H —0—1
r— Ki —
.......... f =
a . Kb +
———t—
< o n KT — —O—f—
H— 2 light (pseudo-)scalars _H < 9 -
A=
X DM Ky o
W+, 2 | O ]
/ — o 5
¢ q -
BR. = 0.04 £ 0.04
Bﬁund¢tl|=l(l).l()l3| _I_I_I(I).IO|3I L1l | I | I

H—2 DM particles 5 050 075 100 125 150 1.75 2.00

Parameter value
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6 2 EFT frameworse CINFN

EXPERIMENT 1

The point-like interaction (Fermi theory) is an EFT of the SM, when probed at low energy
(nuclear forces E~MeV)

€

SMEFT = Effective Lagrangian built from SM fields
and respecting the SM gauge symmetry

Rescaling

Expansionin 1/A affects all SM observables at both high and low

energy
e At EW scale: change in rates (couplings) e EFT in the tails
. , €g. Higgs pr: change in shapes =>

pT(t,H

E. Di Marco 8/7/2025 59



E@CMS Oﬂwmwlbomm#%dwa/z&/% (NN

In EFTs, the Higgs diagrams involving loops can be treated as effective couplings

! . CMS Preliminary 138 fb~! (13 TeV)
, , O Observed W Bgsm=0
: — 68% CL (stat @ syst) Binv, Bunget float., |ky| < 1

g /0000007

— 95% CL (stat & syst) B B, Bunget float., offshell inc.
| SM expected

Y my = 125.38 GeV
psv = 0.18 psm = 0.20
g "5OO000: » s
— o

,‘ ] ] Kz W_.E?‘_
ggH production ggH production via < =

via quark loop | effective coupling x, | " —

R

(o) I
2

} Binv

=0+

H—)y}/decay / H—>;/}/decayvia -‘f B“”det’ﬁﬁuuuum....u...|....|....|||..

| . . 0.00 025 050 0.75 1.00 1.25 150 1.75 2.00
via quark |00p Q{ effective COUP"ng K}, ; Parameter value
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EXPERIMENT \\‘\

= Conatraints from. Higga kinematics INFR

CMS Prel/m/nary

CMS Preliminary 138 fo~' (13 TeV)

[ ‘ [ [ ‘
o) I I Dl'ﬁ:erentlal CrOSS o Bestﬂt — 68%CL(statEBsyst)
N 1035— o QObserved — SM predlctlon E | SM expected — 95% CL (stat & syst)
N - £X ° o . - ] o X3
N ' T 68% CL (stat & syst) 68% CL in SM prediction |- SECtIOnS per - !
- 23 L3 a [0 68% CL (syst) - ) on % 10 | >
107 E d t m d H¢D?
0 - @E @ STXS sltage1.2, |yH|<2|.5, my = 125.38 Ge:\/ . prO UC IOn O e s
i B == D= 0.06 oo ] .
| || % % ] t e d < X2H?2
ol 3 ¥ |  parameterisedin
- ] . e 100 e
- - | terms of Wilson =
- ] 1 L|J2H3
10 Ratio to SM _ . Re(Ga) X 100
= . -
- h | Coefficients C, it ==
L I:FI 1 2
[ 1.0 i Y2XH
-1 : I:Y:I l‘j)':l Re(cyp) x 10 —==F
10 S @ 3 Re(cuw) x 10 ===
= 0.5 [ ] Re(cg) x 10 o
- F i Re(cpw) [ e e
i BPbBZ BWW,RZ RBY/BZ BYY/BZ - Re(Coa) D
2
10 3 — = — ~ = = = Cig(3) X 100
- : CHg(1) x 10
B T @ i CHg X 10
| T ] Chu X 10
2 2 __ Ei %J T @ —_ CH|(3) x 10 —
S Lomal @@H@ i |4 hrh | A0 ==
ISR — h @ T =m0 M =5 1 t ok s | 2“083
. . H
S | ol i d il i % TT T - Al S ——
s Of - 1 T H N T 'I - H 't' t o x 0.1 B
i ] al S ln pT SenS| Ive O (LL)(LL)
: 1 - O AT
R R R R EEEREEEEEE hvsi fee coi3)
ys8yTYyTYEe IS EN R ey T Y ST g Ny DT new pnysIcs € ects coslo)
o o O T I O T+ I o0 I+— I+ I I = S T IH| Q@ > > > |23k 0 ©Q > QO I I I I -
- @ 5 a a -~ aa Q o o a E £ = o Q o aja  © o Q o o o (RR)(RR)
© L «— VvV V 8 v v 2 v v v v < vV —r 9V ARV V 1y rrrrmmmmnnnsnmnnnneennnsseecnenandonennnneeennneennnneennnneeennnnes
A o o 8 o o © o o o o 0 O a8 v © o o culD e eeeeemmmrrteeetem et eees
5 889738 g88% g o ~ B o 28 g — Yy [t cull) e
3 2o2Egg v 3 ? ? e !
o v O \E/ o .. o o J (LL)(RR)
= A4
—_ 1 yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy
S €L S have good Sens|t|v|ty | ———— ————
2 Y A SR St qup Tt e 7 OO eSO
3 S oy i
o ggH qgH | WHlep | ZHlep ttH |tH Ko R s =

-75 5.0 -25 0.0 2.5 5.0 7.5

ﬁ—b Parameter value
energy (pr)
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L

EXPERIMENT

I ol

doed, U 4 map to BSM probed scale?

INFN

CMS Prel/m/nary

138 fb

13 TeV

o Best fit
| SM expected

| 1 1 1
—  68% CL (statEBsyst)

— 95% CL (stat & syst)

[ | Llnear

L|n + quad

Other WC fixed to SM (0)

cw x 10

Ot |

XS

cgx10

X3

CHBox
CHD

L

4

H4D2

H4D2

CHB X 1000
CHg X 1000
Cywe X 100

CHw X 100

X2H2

X2H2

Re(cpy) x 100
Re(ci)
Re(Cen)

lIJ2H3

B U

ro-l1eV

Re(cy) x 10
Re(cw) x 10
Re(cig) x 10
Re(cpw)
Re(cova)

AAAAAAAAAAAAAAAAAAAAAAAAANAAAAAAAAARA.

INANANANANANNANANANNANANANANNANANANNANANANANNANNNNANNANAS

— -

——— o C———

INANANANANANANANANNANANNANANANNANNANANNANS

L|J2XH , V

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA. i

W2XH

Chq(3) X 100
Chq(1) X 10

Y2H2D

L|J2H2D

CHg X 10
CHu X 10
cni(3) x 10
chi(1)

CHe

Cra(1)
CHa(3)

Re(Cth) VAN VNN NN

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

CHb
Cht X 0.1

NN

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyyy

NN

SO NNNONNNSOENSONNOEN ™

E([L)([L)

yyyyyyyyyyyyyyyyyyyyyyyyyyyyyy
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Limit on BSM scale A

Sensitive to 43 EFT operators
Some of them are excluded up toascale A ~ 10 TeV

To reach very high pﬁ, make use of dedicated
reconstruction tools (eg. boosted jets)
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L

Why matter >> anti-matter in the universe?
CP-violation (CKM matrix) is too weak to explain why ng > nj

Verr(9) Vers (o)
1 minimum at ¢ = 0 / 7\ / 1 minimum at ¢ = 0
(stable) at E>100 / Q@ (stable) at E>100

® 1 minimum at ¢ # 0
at low E

GeV U GeV
V
' -

2 minima: ¢ = 0
and ¢ # OatlowE | ~~"-- Cr pr

-~
~
-~
-~
~
-~
~
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~

Sakharov condition for ng > ng: 15t order phase transition (PT)
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e Di-Higgs production at the LHC is dominated by the gluon-fusion process, as single-H, but extremely
smaller:

ggF: o(ggHH) = 31 tb ~ 1/1500 X o(ggH) . .
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| | | | | -
HH production at 14 TeV LHC at (N)LO in QCD 1
M=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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6 25 HH production at LHC

EXPERIMENT \\‘\

INFN

e Di-Higgs production at the LHC is dominated by the gluon-fusion process, as single-H, but extremely

smaller:

ggF: o(ggHH) = 31 tb ~ 1/1500 X o(ggH) . .
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self-coupling 4 Higgs-top coupling /,

| | | | | ]
HH production at 14 TeV LHC at (N)LO in QCD 1
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M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Destructive interference makes =" > ¢ 4 3 2

Difficult to observe HH production before HL-LHC,
but can test existence of self-coupling by excluding A = 0
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S0 Beyond the nunning LHC (INFN

EXPERIMENT ‘\\\

Beyond the end of Run-3, the upgrade of LHC at High-Luminosity (HL-LHC) will deliver x20 data
collected so far

LHC HL-LHC

EYETS 13.6 TeV LS3 136-14TeV

13 TeV
Dlodes Consolidation i |
splice consolidation cryolimit LIU Installation We dare here i HL-LHC

8 TeV : - ,
button collimators interaction Ngergripiet

R2E project

2011 2012 2013 2014 2015 2016 2017 2018 2019 m 2022 2023
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS ; nomlngltcﬁgrr?l
beam pipes 2 X nominal Lumi 2 X nominal Lumi HL Upgrads
nominal Lumi - ALICE - LHCb

upgrade

75% nominal Lumi | /
luminosity EEUIVE{ v
HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY . | PROTOTYPES |

/ CONSTRUCTION ‘ INSTALLATION & COMM. PHYSICS

What can we do in terms of determining the Higgs potential ?
Both single-H precision measurement and observation of HH production will do
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\Q‘/zg(”e—# meadweements al Hl-LHC

3000 fb~! (14 TeV)
| |

CMS Projections

STXS bins
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53 With 20x LHC dataset, exp. precision
ggH VBF W,ZH ttH comparable to theory: test of the SM
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H and HH progections. to HI-LHC
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Single-H couplings

(s =14 TeV, S2, 3 ab’ per experiment

Total ATLAS+CMS
StatlSt_lcaI Projections ESPPU 2026
—— EXxperimental
—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
K, = | | Ki 1.8 07 09 13
! - 9 - Q
Kw &= E “s.kx 1.6 07 06 1.3
K, | e o
7 = i e 1.6 0.7 05 1.3
9 —rEvEEEH @
Kg = ' : Kt 2.4 08 07 22
K = 3.4 08 09 3.2
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K; = 1.9 08 0.7 15
Ky = 5 | 3.0 2.7 09 1.0
KZy | ? | 6.8 59 1.6 3.0

0 0.02 004 006 008 01 0.12
Expected uncertainty

Can reach O(1%) exp. uncertainty:

need also progress in theory

Combined Statistical Significance (o)

HH expected significance with
L =2000fb~! orL = 3000 fb~!

_ ATLAS + CMS [ S2,2 ab™! per experiment
Projections ESPPU 2026 I S2, 3 ab™! per experiment
Vs =14TeV ——. 50 Threshold
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Can deliver the HH discovery with
the full HL-LHC dataset
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Higgs polential shape al HE-LHC

INFN

With > 10x of the current LHC luminosity possible to exclude strong 1st order PT
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With 1-2% precision on H-ZZ coupling and 20-30% My measured with oMy ~ 20 MeV and

precision in k;: can exclude most of the region inducing om, ~ 200 MeV, HL-LHC can conclude on the
1st order PT (FOPT) stability of the electroweak vacuum
{ ATLAS+CMS | 3 ab~! per experiment
| Projections ESPPU 2026
180.0 - i
1071 mmmsmemeee———— - |
Instability i
'-I'_ 177 5 - E m; from tt+jet
3 107 = 5 ~—== 8 TeV (20.2 fb1)
&) L . l
N g | I\/Ietastablllty : — 13 TeV (363 fb—l)
= s E —— S2 with profiling
10-3 = ® Strong FOPT | E -------- S2 without profiling
= — (S3, 68%) N .
= B k3 (S3, 95%) S IS = T
: (S2, 68%) {P‘
Kz (S2, 95%) _ 5 '
0 s 10 15 2.0 2.5 17001 Stability
A3 J) 1248 1250 1252 1254 1256 1258
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