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The Higgs boson discovery

e The Higgs boson was discovered by
the ATLAS and CMS experiments at the LHC
in 2012, marking a major milestone in particle
physics.

e |ts discovery opened new avenues for
exploring the electroweak sector.

e Extensive measurements of its properties have
enabled increasingly precise tests of the
Standard Model (SM).

e Deviations from SM predictions could provide
evidence of new physics.
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The Higgs field and the Standard Model particles

e Brout-Englert-Higgs mechanism:
spontaneous ElectroWeak Symmetry Breaking
generates W and Z masses within a consistent

gauge theory

mass
charge

spin
) The Nobel prize in Physics 2013 )
P. Higgs, F. Englert %
. <
e In our everyday life - among the other effects: 3
a. proton—neutron mass splitting
b. set atomic sizes,
c. stellar weak-reaction rates.
adaptation from Salam, G.P., Wang, LT. & Zanderighi, G. 2
The Higgs boson turns ten. Nature 607, 41-47 (2022) 8
o
The Higgs field shapes the world we know. Y
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three generations of matter

Standard Model of Elementary Particles

interactions / force carriers

(fermions) (bosons)
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% % % 0 0
@ | @ ([ @ [} - H
l up L charm [ top gluon higgs
—
=4.7 MeVi/c? =96 MeV/c? =4.18 GeV/c? 0
¥ ¥ 3 ¥ 0
‘@ O |F® ||
[ down Lstrange t bottom photon
w v
R —
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Lelectron L muon t tau Z boson 82
v J v ()
[ia )
<1.0 eV/c2? <0.17 MeV/c2 <18.2 MeV/c2 =80.360 GeV/c? @]
0 0 0 1 Lu o
- @O | ®|f® |3
I | <D: 5
electron muon tau 8]
L neutrino L neutrino | t neutrino W boson oy




What makes the Higgs boson special?

Higgs field interactions:

e Vector bosons: the (HWW) and (HZZ)
couplings test the mechanism responsible for
the W and Z masses in the electroweak
symmetry breaking.

e Fermions: Yukawa couplings reveal a
distinct fundamental interaction.
Their hierarchy encodes the fermion mass
hierarchy, whose origin remains unexplained.

An experimental window:

The measurements of the Higgs boson production
and decay modes let us infer its couplings

=> consequently the Higgs field couplings
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Standard Model of Elementary Particles

three generations of matter

interactions / force carriers
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Unanswered questions
and the Higgs field

Higgs field is central tool to investigate
some of the fundamental questions in
the understanding of our Universe:

Range of the fermion masses
Higgs and Dark matter
Matter-Antimatter asymmetry
Unification of interactions
Stability of the universe
Cosmological observations and
gravitational waves

Paolo Francavilla - University of Pisa/INFN Pisa - ICFA Seminar 2026

EW > Gravitation

Early universe Mass hierarchy
inflation? iy of SM particles
What is Matter prevails
dark matter? over antimatter

Adaptation from Salam, G.P., Wang, LT. & Zanderighi, G.
The Higgs boson turns ten. Nature 607, 41-47 (2022)



Where are we?



0.1% precision per experiment

for reference:
Run1 LHC combination: 125.09 + 0.24 GeV
Phys. Rev. Lett. 114, 191803

Higgs mass is the only free parameter in the SM Higgs sector.
Measured in channels with best resolution:

Higgs boson mass

H»ZZ*»4I and H»Yv T r v 1 T [ T T T T [ T T T T [ T T T T | I .
| T T T T | T T T T I T T T T | T T T I T T | T CMS Preliminary . TOtaI Stat. only
ATLAS e Total Stat. only | Combination Run1: /s=7-8 TeV, 5.1 5"+ 19.7 f", Run 2: s =13 TeV, 138 fis' R
t at. onl
Run1: /s=7-8TeV,25fb~!, Run2: \/s =13 TeV, 140 fb~! o *
Total (Stat. only) Run 1H—yy —_— 124.70 +0.34 (+0.31) GeV
Run1 H — vy 126.02 + 0.51 (+ 0.43) GeV Run 1H—> 4/ H———————4 125.60 = 0.46 (=0.43) GeV
Run1 H — 4/ - 124.51 + 0.52 (+ 0.52) GeV
Run2H-—yy — 125.13 +0.15 (=0.10) GeV
Run2 H — vy =i 125.17 +£ 0.14 (+ 0.11) GeV |
I Run 2H— 4/ — 125.04 +0.12 (+0.11) GeV
Run2 H — 4 —e— 124.99 + 0.19 (+ 0.18) GeV |
Run1+Run2H — i ; 4 Vv
Run 142 H — 77 e 125.22 + 0.14 ( 0.11) GeV " WSS | 125.06 =0.14 (+0.09) Ge
Run 142 H — 4¢ —o—] 124.94 + 0.18 (+ 0.17) GeV Run1+Run2H— 4 -—l-—' 125.08 = 0.12 (=0.10) GeV
Run 1 Combined II—0—| 125.38 + 0.41 (+ 0.37) GeV Run 1combination '-—°|—‘ 125.02 = 0.31 (=0.27) GeV
Run 2 Combined I-OI-I 125.10 + 0.11 (+ 0.09) GeV Run 2 combination T 125.074 +0.092 (= 0.072) GeV
Run 1+2 Combined e 125.11 + 0.11 (+ 0.09) GeV Run 1 + Run 2 combination ——t 125.065 + 0.088 (= 0.069) GeV
[ R S S S A SR L | PR R SR R (TN SN NN SN AN SR ST S SN N S T ) A S S JJ~ o by e by
123 124 125 126 127 128 123 124 125 126 127m (GeV)
H
mi [GeV] CMS: CMS-HIG-26-010

ATLAS: Phys. Lett. B 847 (2023) 138315
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https://www.sciencedirect.com/science/article/pii/S0370269323006494
https://www.sciencedirect.com/science/article/pii/S0370269323006494

Higgs boson width 2 Msev preC|s1|on per experlment

25| — 42 on- and off-shell ] _ +

Expected

20 4¢ on- and off-shell

SM prediction: I'l_| = 4.07 MeV. vl
A significant excess would signal new physics. %’

CMS: CMS-HIG-25-003

42 on- and off-shell
— 202v off-shell
WW - 2£2v on- and off-shell

--- Expected

e Direct measurement:
limited by detector resolution S

e ZZ/WW: o(off-shell)/o(on-shell) o< ",
under coupling assumptions; I:\[:

~J
£ 3 TLAS ]
Il Vs=13TeV, 140 b A —_ +2. 1
. c}l HO - ZZ0) + HO - ww®) ] FH = 3’6_1.6 MeV
e Other techniques: B oo Ewes -
R 1 ATLAS: HIGP-2025-16
O ttH + fou r-top " i =-=- Observed, Stat. OnIy , |
Flh e . F ~los% cL
(ATLAS:Phys. Lett. B 861(2025) 139277) ]
o vyy interference 2 1.
' 68% CL
(CMS: CMS-HIG-25-004, ATLAS:HIGP-2024-12) 0 i
0.0 3.0
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Main production modes and decay modes
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG

Main production
and decay modes

4

T T T T | T T T T I T T T T I T T T T I T T T T I T T T T | T T T T I T T T T
ATLAS le-Total | |Stat. EmSyst. | SM
Vs=13TeV, 126 - 140 fb"

my =125.09 GeV, ly | <2.5

pSM=20%

a Total ~Stat. Syst. . SMunc.
ggF+bbH »%1 } ..... . 1.04 (o004, oos) | +0.06
VBF == 1.03 1008 1008y 1 4002
WH 0.96 (+o1, zot) | £0.02
zZH Hea=H 1.00 so13, Ig3) 1 £0.04
ttH !%I | o.(lss ( £o10, |10.09) :Ii0.10

0 05 1 15 2 2.5 3 35
L B | T T 1 T T T 1 T T T T
tH HE—— 518 33 (Il%. I1@) | 010
PR I T S T S | PR [ TR ST T SR (N ST T ST R (N SR SN S S R T E PR R
5 0 5 10 15 20 25

Cross-section normalized to SM value

ATLAS: HIGP-2025-16

All major production modes (ggF, VBF, WH, ZH, ttH)
and decay modes (H=»yy, H=*ZZ, H»>WW, H=»>77, H+bb) are observed
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Unprecedented precision!

CMS

138 fb~! (13 TeV)

my = 125.38 GeV

o Observed

H—  68% CL (stat @ syst)
— 95% CL (stat @ syst)
-

el : 68% CL (stat @ syst) |

N 68% CL (stat)
68% CL (exp)

I 68% CL (theo)

SM expected

psm = 0.33 Stat Exp Theo
+0.06 +0.03 +0.06
20.06 0.03 0.05
+0.08 +0.04 +0.07
Z0.08 20.04 0.05
+0.05 +0.05 +0.06
20.05 0.05 0.05
+0.06 +0.07 +0.05
20.06 0.07 20.04
+0.10 +0.09 +0.08
0.10 0.08 20.07
115+0.44 +0.42 +0.11 +0.11
192041 039 2011 20,07
L L | L l | L | L I L L 1 | | 1 | L L [
0.5 1.0 1.5 2.0 25 3.0 3.5
+1.00  +0.93 +0.31 +0.20
| 1 | 1 L 1 | | L | | | L | L I L 1 | L I | 1 L 1 | | L L | L | | 1 |
1 2 3 4 5 6 7 8

Parameter value

CMS: Rep. Prog. Phys. 89 (2026) 087801



Main production

Unprecedented precision!

and decav modes CMS 138 fb-1 (13 TeV)
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my; =125.09 GeV, ly, | <2.5 My = 125.38 GeV . pin':68% CL (stat @ syst) | SM expected
Pgy = 20% =0.33 . E Th
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ATLAS: HIGP-2025-16 The rare processes CMS: Rep. Prog. Phys. 89 (2026) 087801

All major prod

and decay mo
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uction modes (ggF, VBF, WH, ZH, ttH)
des (H=»yy, H=*ZZ, H»WW, H~>77, H+bb) are observed



Higgs Couplings

CMS 138 fb~! (13 TeV)
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Higgs Couplings

CMS 138 fb~! (13 TeV)
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Established

Higgs Couplings

CMS 138 fb~! (13 TeV)
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Higgs Couplings
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The LHC Challenge
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Higgs Couplings

CMS 138 fb~! (13 TeV)
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Add more data

Improve the analyses

Going

Look for deviations

Explore new ideas




Dataset recorded
per experiment

Add more data

Improve the analyses
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“Z, rest frame /

ATLAS: Phys. Rev. Lett. 137 (2026) 111804
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https://cds.cern.ch/record/2904702/files/DP2024_066.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun3
https://link.aps.org/doi/10.1103/y1nh-1b82

Couplings to second-generation fermions: H = uu
Strong evidence!

Observation within reach.
=> Higgs coupling to

second-generation fermions!
ATLAS (Run 2 + part. Run 3): =14 £ 0.4, with 3.40 obs. (2.50 exp.).

Rare decay, large background:

BR =2 x 107, dominant Drell-Yan background (S/B = 0.2%.)

CMS (Run 2): u =119 (+0.40/-0.39), with 3.00 obs. (2.50 exp.).

¢ Data ]
—— Total pdf =
—— Signal pdf
---- Background pdf
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ATLAS: Phys. Rev. Lett. 135 (2025) 231802
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http://dx.doi.org/10.1007/JHEP01(2021)148
https://journals.aps.org/prl/abstract/10.1103/gzdh-p159

Couplings to second-generation fermions: H =» cc

A major challenge:
small branching fraction, large backgrounds, and difficult separation of charm jets from bottom and

light-flavour jets.
How to improve sensitivity:

e Extend searches beyond VH to ttH and VBF production.
o Improve charm tagging and rejection of bottom and light-flavour jets.

e Explore Higgs production in association with charm (H + charm). lic| < 3.5(2.7)

T™ T T T T T T % 140___ T T A\TLAS T T T T —
ATLAS : = g L Run 265 Run 32 . \ . \ 1
Vs=13 TeV, 1401 VH B e s - }g%’e]_\é \,3:75.?2)” b ¢ Observed 68% expected
VH: H=>bied [ Expected + 20 g r VBF H-c5 In(1+5/b) weighted T - Median expected 95% expected
0lepton i 2 o VBF ¢ Data_ K
Exp.= 17x SM : B :_Ml;% =u=(1)89)7) i
Obs.= 14x SM : = r W H-bb (u=0. 1 & H
- $ [ 95%CL w2z G i
............................. o, 2 o - " E 0. 5. i
1 lepton H 80 . tt H
Ex:gWxSM i r upper limit: —Non-res. bkgd | Obs. 9.3 :
Obs.=21x SM I Exp. 28 x SM ' !
PRI e — 60— — 31 H
2lepton L Obs. 41x SM HH(H-c3) ttH
5{,"3—; ’zgiﬁ"(,“ ol 7, Background+signal uncertainty 0;’; 7'8 i
il I | I ! I I il i
Combination 3T T T T T T T i
Exp.- 11x SM 8 VH(H-ct) :
Obs.= 12x SM fs 2 A Exp. 7.6 :
I (T T I 28 4 7% 227467 Peid VH |
0 5 10 15 20 25 30 o> B il Obs. 14 ‘ F | ;
95% CLlimiton u, 82 T T 0 0.0 25 5.0 75 100 125
|CC 0, . . -
M [GeV] 95% CL upper limit on Pz

ATLAS: JHEP 04 (2025) 075

ATLAS: CERN-EP-2025-247
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CMS: Phys. Rev. Lett. 136, 011801


https://doi.org/10.1007/JHEP04(2025)075

Couplings to second-generation fermions: H =» cc

A major c
small bra
light-flavo

0 lepton
Exp.= 17x SM
Obs.= 14x SM
1lepton |
Exp.= 17x SM
Obs.=21x SM
2lepton '
Exp.= 18x SM
Obs.=22x SM
Combination
Exp.= 11x SM
Obs.= 12x SM

ATLAS
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HL-LHC Projections

Both collaborations have

produced projections for H » cc, 35

and the impact of technological
developments needed

Expected significance [c]
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https://doi.org/10.1007/JHEP04(2025)075

H = Zy: Probing loop-induced Higgs couplings

Rare decay loop-suppressed in the SM with Approaching the single
BR =1.5 x 10-3 -+ Sensitive to BSM effects experiment evidence
x ‘ f % = CMS 138 fb” (13 TeV) + 62 fb™ (13.6 TeV)
o m R f B oessasses ﬂg\;’: ESOE— —e— Data
f ) g b S+B model
W Ve . ? Y g A6 e P 55(‘)’/:% Imodel
Intriguing ATLAS+CMS in Run 2: % soF- e
Wo/oc_SM)=2.2+07 £ 0F Ho 0
(Obs./Exp. 3.4/1.60 - about 20 above SM prediction) S . F
(Phys. Rev. Lett. 132 (2024) 021803) TE | |
CMS (Run 2+ partial Run 3 (62ifb): Ry i
1 =11 (+0.5/-0.6), with 1.90 obs. (2.3 exp.). > SETHTT % BT R
CMS: arxiv:2609.04402 8 “rio 120 130 140 150
CMS: arxiv:2609.04402 m;,(GeV)

ATLAS (Run 2 + partial Run 3 (146ifb)):

KL =13 (+0.6/-0.5), with 2.50 obs. (1.90 exp.)
ATLAS: Phys. Lett. B 876 (2026) 140313 Evidence for H» yy* CERN-EP-2026-223

ATLAS (Run 2 + partial Run 3 (146ifb)):
1 =1.03 (+0.35/-0.32), with 3.40 obs. (3.30 exp.).
Paolo Francavilla - University of Pisa/INFN Pisa - ICFA Seminar 2026 16



https://www.sciencedirect.com/science/article/pii/S037026932600167X

H = Zy: Probing loop-induced Higgs couplings

Impact of adding partial Run 3 data

eV) + 62 fb™' (13.6 TeV)

Partial Run 3 T ' ' '
S This analysis I:Tlﬂ‘s— 13 TeV, 126 - 140 ft' gi:?»amodel
H - ZY and H - p‘”‘ =gatu;e 6g7 522(202? . RE:S?E;W.G?I'elVJBSﬂj‘ -- S?sonl)(/:lmodel
. . un o + Run £ compination Ko =K, 0/°
Intriquing AT improve Run 2 couplings -
g g o -15% u=1.10+o.52
H(O/O_SM) = 2 by 30_50 A‘ ! -0.61

68% Cl
-18%

(Obs./Exp. 3.4

(Phys. Rev. Lett. 132

-33%

-17%

CMS (Run 2+ 3 ] -16%

n=11(+0.5/-0 == -33%
CMS: arxiv:2609.04 m -15%

m,,(GeV)
-9%

ATLAS (Run 2

— -48%
n=13 (+0.6/- "
ATLAS: Phys. Lett. . : 03

0.4 05 06
Expected uncertainty
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https://www.sciencedirect.com/science/article/pii/S037026932600167X

Rare productionS' tH Mild excess in tH, a rare production mechanism!

ttH and tH probe the top Yukawa coupling, the largest Yukawa coupling in the SM.
Run 2: mild deviations, with a small excess in tH production.

Significant deviations could signal BSM physics, potentially including CP violation.

CMS 138 fb~! (13 TeV)
o Observed I 68% CL (stat)
H  68% CL (stat @ syst) [ 68% CL (exp)
55B GV — 95% CL (stat @ syst) I 68% CL (theo)
My ="129.9014€, incl . M
psw = 0.80 (incl) mm pnel:68% CL (stat @ syst) | SM expected
psm = 0.02 (per-prod.) Total Stat Exp Theo
pine o 38 9E o
oot 099:G8 0% 08 8%
pVeF 0s7gl 48 8% 98
pwH EEEEET R
2 R
i 0778 8 9% en
L T f L PN RS S P
0.5 1.0 15 2.0 2.5 3.0
w| | seTE® B 4 4B
! YO Y R S T P I B A
%5 5.0 7.5 10.0 12.5 15.0 17.5

arameter value

CMS: Rep. Prog. Phys. 89 (2026) 087801
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Rare productionS' tH Mild excess in tH, a rare production mechanism!

ttH and tH probe the top Yukawa coupling, the largest Yukawa coupling in the SM.
Run 2: mild deviations, with a small excess in tH production.

Significant deviations could signal BSM physics, potentially including CP violation.

CMS 138 b1 (13 TeV) .
o Observed I 68% CL (stat) i llelng IRU|1I3 data
— 68% CL (stat @ syst) 68% CL (exp) — Total unc. . - ATLAS ’C\ 37 T T T ]
g — — 95% CL (stat @ syst) I 68% CL (theo) :S;:;It. unc. 1w fixed, psm = 12 % V513 /136 TeV, 140 / 164 b~ z | ATLAS — Bun® — escL
e mm ™:68%CL (stat@syst) |  SM expected i =1 ) @ | Vs=13TeV,140fb"  ___ poa . 8%CL 1
Psw = 0.80 (incl) Bestfit, Siar, sys: € [ /5=136TeV, 164 fb-" i T
psm = 0.02 (per-prod.) Total Stat Exp  Theo Run 2y p—o— +28 3 48 — t?H/t;/ ".’-'VVl — Combined X SM -
pine o 101998 90 wom oo Run 255 H e+ | ve1 a1 | Observed
sk osdf 4% 2B 48 e =] - 1 ot |
Run 2 3¢ ——eo—+ +85 20 42 [ (
VB 087:83%F 3% 8% 98 ' r
H RUN 220 + 17g H——e—+ 02 A & +
W 474g 2% 49 9% P2 ovinas | | —— 4 5 ma of ]
e 1588 % 40 4 Run 2 tH(combined) H—e— va5 E i /
it oY S 3% | 3 P Hre 20 W G .
o P T B 248 tieombined) T i
05 1.0 15 2.0 25 3.0 L . e 5l T : i
= 0.5 1.0 15
wif | sersd g Om A o N
! o T T b T b
25 50 75 100 125 150 175 ATLAS: arXiv:2607.27708 ATLAS:arXiv:2606.04855
Parameter value
. L]
CMS: Rep. Prog. Phys. 89 (2026) 087801 Mild excess for tH [2.36 obs.(0.8c exp.).
No Strong indication for CP violation (yet?)
=
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Sakharov conditions for a matter-dominated
universe require CP violation

Higgs and CP violation

CP violation in Higgs sector?
« Possible in some models with extended Higgs sector

Paolo Francavilla - University of Pisa/INFN Pisa - ICFA Seminar 2026
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Sakharov conditions for a matter-dominated
universe require CP violation

Higgs and CP violation

CP violation in Higgs sector?
« Possible in some models with extended Higgs sector

CP violation in HVV interaction

4 H %4
) - {:
HVV o ae oo HVV
q v 1%
- ATLAS , Expected 1
- Vs =13TeV, 140 fb- —«— Observed |
t Linear-only 1
L A=1TeV ]
[ 95% confi | ] . . .
:95/ confidence leve Best Fit os%cL | NO |nd|cat|on
. L 051  [0.99,1.8] . .
Az (proddecanlt tsis | of CP violation
VBF H- WW"™ (prod.)f ~ ———&—— 015  [1.1,085 4 .
W proc) SRS in HVV (yet?)
= B — 0.29 0.57,1.2] -
VBF H- yy (prod.)E % il 0.9]8]
E L —_— 0.10  [-0.63, 0.84]
WH, H — bb (prod.)E Fose. 0.50]
VBF H - 17 (prod.)|- —o— 021 [-0.22,067]
r [-0.41,0.43]
Combined}|- — 017  [-0.14,0.49]
[ (:0.28,0.29] ]
-1 0 1 2 3 4

o
ATLAS: Phys. Rev. Lett. 137 (2026) 021801
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https://doi.org/10.1103/54vv-lgc7

Sakharov conditions for a matter-dominated
universe require CP violation

Higgs and CP violation

CP violation in Higgs sector?
« Possible in some models with extended Higgs sector

CP violation in HVV interaction CP violation in
H-> 1t Decay

- ATLAS Expected | CMS 200 fo~! (13 and 13.6 TeV)
| Vs=13TeV, 140 fb™! —«— Observed g 00 TTTTTTTTTT T TR T T T T T e
f Linear-only 1 3 o —— Observed: o™ =(7+16)" (68.3% CL) ]
FA=1TeV ] 175 -~ Expected: o™= (0 14)° (68.3% CL) SRR ;
;95/oconf|dencelevel Best Fit 95% CL NO |ndlcat|0n 1505_ _E NO |nd|Cat|On
H-2Z (prod.+decay)? 051 %ﬁ?jg?fg]s] 7 Of CP violation 1255_‘\\\ _ Of CP violation
VBF H- WW’ (prod.)? —_——— -0.15 %8;3008215]— |n HVV (yet?) oo 5_99 = \\\ /,, _: in HTT (yet?)
VBF H - yy (prod.)- —_—————— 029 [057,12] - :'° % : ]
: [-0.99, 0.98] 1 75 \ E
WH,H - b (prod.) . 010 S 05 610 2 \ / 1 Expected
VBF H - 1 (prod.) - e o2t [oza0e] 25k | { precision for
Combined- T BT st o oSN ] HL-LHC: 3deg
~ 5 : 5 5 P 75 50 25 0 25 50 75
Crii oM™ (degrees)
ATLAS: Phys. Rev. Lett. 137 (2026) 021801 CMS: arXiv:2606.03510
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https://doi.org/10.1103/54vv-lgc7

Higgs boson in the high transverse momentum regime

g 800amas T T 7 A complementary
High p_ enhances sensitivity to BSM S 700E I ReTI. SN, gy ey ) ..
3 600k 5 31 extension to precision
< 3 z ]
Dedicated object reconstruction & 500 5;:" 7 differential
400F =
is essential. a00c! e i measurements
200 s
. = B Preliminar, 171 fo~! (13.6 TeV
New results: Run 2 + partial Run 3 e et S-S peatpviar sresporosase ARSI
2 i T T T e o ors e ten + pyie)
. é 200+ Multijet + 16 ';;_;' N — ggH EPOWHEG++JHUGeen++ g;(thaiz)a)++xH ]
[ ] H = TT: eV|dence for pT > 350 Gev % ;g10-17 xH=nH+VH+VBF(POWHEG+JHUGen+Pythla)_z
© 3
(ATLAS: HIGP-2024-49) S| | e
E f f
® H =~ bb: evidence for p, >450 GeV  °EE o nT wo
£ 20F E i
Measurements for p, > 1 TeV P
(ATLAS: Phys. Rev. Lett. 137 (2026) 071801) = _20f T 1 dhah. {
40: o . Muiet, Top W8Z2lo 521:‘
60 70 80 90 100 110120 130 140 150 gc: ! ! !

. . I | ! 1 1
Jet mass [GeV] 0 25 50 75 100 125 150 175 200

pir (GeV)

(ATLAS: Phys. Rev. Lett. 137 (2026) 071801)
CMS: CMS-PAS-HIG-25-015
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https://link.aps.org/doi/10.1103/vbxg-71c2
https://link.aps.org/doi/10.1103/vbxg-71c2

Quantum Entanglement and
the Higgs boson

New approach:
use the Higgs decay products to probe
quantum entanglement:

quantum entanglement between spins in pairs of Z bosons
produced in the Higgs decay.

10

This is achieved by measuring angular observables sensitive
to spin-density-matrix elements, by both ATLAS and CMS

1
107'E

102k

The angular analysis provides 107
4.70 evidence for entanglement 0k
between massive bosons, under SM decay assumptions. bl

Arbitrary Normalization

10°k
107k

g W
b -50 -40 -30 -20 -10

ATLAS: Phys. Rev. Lett. 137 (2026) 111804
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https://link.aps.org/doi/10.1103/y1nh-1b82

The Higgs potential



Higgs Self Coupling

Determines the shape of the potential
Key to understand EW phase transition and

An alternative

vacuum Sta b| I |ty potential

Standard Model
potential

Salam, G.P.,, Wang, LT. &
Zanderighi, G. V)
The Higgs boson turns ten.
Nature 607, 41-47 (2022)

Higgs field value
in our Universe

Current
experimental
knowledge

Destructive interference in H-top and H self-coupling
- cross section of HH/H is 1/1000
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ATLAS+CMS Run2 Combination
u=0.8(+0.9-0.7), u<2.5
Significance: 110

-0.7 <k, <6

| ATLAS and CMS Preliminary’ 22"

-- Expected (ufifim™" = 0)
- LHCRun 2 [ Expected 10
| VS=13TeV [0 Expected +20

-4- Expected (L™ =1
oM., \er(HH) =32.8 fb pected (k™" =1)

Exp. Exp.
Obs. g~ o) i - )
i
!
1
i
CMS— L 35 26 3.6
: i
1
1
oA
1
1
1
i i
ATLAS— ! 29 24 3.5
- i
1
1
1
Combined|— 25 17 2.8

e

oo b b by b b s b s b s by s by a by

95% CL upper limit on HH signal strength gy
ATLAS+CMS: Phys. Rev. Lett. 137 (2026) 131803



Higgs Self Couplings: HL-LHC projections

European Strategy for Particle Physics Update
(ESPPU) projections based on Run2 results.
Observation of HH in single experiment at 3 ab-1

a 12 : :
c ATLAS + CMS Projections ESPPU 2026

_S 100 Vs =14 TeV, 3 ab~! per experiment

E SM HH production (k; = 1)

S ATL-PHYS-PUB-2025-018
= 8w bbbb CMS-HIG-25-002

'é mmm bbyy

£ 6} e bbtT

w B Combined

L

T

2020 £oppU 2028

—2 Alog(L)

50 on non-zero K, at 3 ab-1 combining
ATLAS+CMS

30% precision on K,

20

15

10t

ATLAS + CMS projections ESPPU 2026
Vs =14TeV, S3, 3ab™! per experiment

All other couplings fixed to SM
68% CL k3 €[0.74,1.29]

—— Combination

—— bbttT™

— bbyy

—— bbbb

——— Multilepton
bbll

95% CL |

68% CL

Can we do better?
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K3
ATL-PHYS-PUB-2025-018
CMS-HIG-25-002
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Double Higgs Run3 results - Just an examplel

ATLAS HH= 2b2T, 196 fb-1

40% improvement to Run2 lumi scaling

L= 2.6 (+1.4-1.0), p < 5.3(2.4)

Obs. (exp.) significance: 2.6 (1.2) ¢

Obs. (exp.) k,in[-3.4,1.6] [5.5, 10.1] (k, in [-1.7,8.5])

< 10£ | T T T | T T | T | | T T | T i] T | T 1 7T | T T T | T |:
£ o ATLAS Expected 95% Cl: =
 JE 5=13/186TeV, 140/56 10" |17:85] E
c T Observed 95% Cl: 3
JE i Bl T [23.4,1.6]U [5.5, 10.1] 3
6?— @»;} f
- ‘ b o P =
5E- / \\ F 3
aposol) G /. SN W ——
sE ¥ & \ N
£ \ 4 \\) . f 7
2 \ i/ \/ / 3
e -
ot TR VA SO et s oS I

6 4 =2 0 2 4 6 8 10
K3,

ATLAS: arXiv:2607.26879
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CMS HH= 2b2T1, 310 fb-1

20% improvement to Run2 lumi scaling
u="11(+1.5-1.3), 1 < 4.0(3.0)

Obs. (exp.) significance: 0.7 (0.8) ¢
Obs. (exp.) K, in [-2.5,9.5] (k, in [-1.5,8.3] )

CMS Preliminary bb wr, 310 fb (13, 13.6 TeV)
e B e e R f
K, =k =1 —— Observed ----- Median expected (u=0)
K=ry=1o Median expected (u=1)
B 68% expected
----- 95% expected
13 TeV
Expected (u=0): 5.3 e
Expected (u=1): 6.2 138
Observed: 3.5
13.6 TeV
Expected (u=0): 3.9 o
Expected (u=1): 4.6
Observed: 6.6
Combined
Expected (u=0): 3.0 —
Expected (u=1): 3.9
Observed:4.0 g, |, o o oo 1 s ]
2 6 8 10 12 14
95% CL limit on o(pp = HH) / o
CMS: CMS-PAS-HIG-25-008 Theory
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Double Higgs Run3 results - Just an examplel

Double Higgs and self coupling

B Main channels updated by both ATLAS (2b2y, 2b2t) and
CMS (4b, 2b2y, 2b2T, 2b2W,2W2Z) using partial Run3 data.

Impressive work on object and analysis optimisation is delivering
improvements of 20-40% in each of the main channels.

The 3o evidence threshold, considered beyond the reach of Run
3 just a few years ago - or achievable only through an ATLAS+CMS
combination - now looks increasingly attainable!

0
9
8
7
[
6
5
4
3
2
1
:
|

Exciting surprises lie ahead!

ATLAS: arXiv:260/.263
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Conclusions

s =14 TeV, S2, 3 ab' per experiment

e From discovery to precision: remarkable progress in measuring ] Total ATLAS+CMS
Higgs properties and interactions. — Statistical Projections ESPPU 2026
—— Experimental
N Theory Uncertainty [%)]
e Fundamental questions remain: probing the Higgs potential and = e g Tot Stat Exp Th
. . . . ==y : 1.8 0.7 09 13
self-interaction is a crucial next step. 3 g
Ky E— ] 1.6 07 06 1.3
e Run 3, HL-LHC and Future colliders: sharper tests of the Standard Kz =_ 1.6 07 05 1.3
Model and new opportunities to reveal deviations. K= 24 08 07 22
o HL-LHC results will provide key inputs for higher-precision 1 3
KEe— | | 3.4 08 09 32
measurements at future colliders. t : !
K= 3.6 1.2 1.2 32
K = 1.9 08 07 15
Precision Higgs physics will deepen our L=l I 30 27 09 10
understanding... Koy e | 68 59 16 30

0 002 004 006 008 01 012
...and could reveal what lies beyond the Standard  ATL-PHYs-PUB-2025-018 Expected uncertainty

CMS-HIG-25-002
Model.
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K, intervals

Higgs-boson pair production
pp collisions at Vs = 13 and 13.6 TeV

ATLAS & CMS comb. [1]

Run 2
140 o1

ATLAS bbyy [2]

Run 2 + Run 3 (2022-2024)
308 fb-1

ATLAS bbrrT [3]

Run 2 + Run 3 (2022-2023)
196 o'

CMS bbrTT [4]

Run 2 + Run 3 (2022-2024)
310 fo-!

CMS bbbb [5]

Run 2 + Run 3 (2022-2023)
200 fbo-"

A. Hoecker,
ICFA 2026

]

M (£10)

0.8

0.9

® 1 2.6

0.9

1.7

| | I I I

-1 0 2 3 4
HH signal strength modifier p

g W 4 B C£

5

Note that the 15tand last 3
results are not independent!

I I I | 1

-4 0 4 8 12
Kx (95% CL range)
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HH Run3 results

CMS HH= 4b, 200 fb-1

30% improvement to Run2 lumi scaling

u=17(+1.6-14), u<4.7(2.8)
Significance: 1.3 o

41'.0 fb' (1'3.6 TeV)

SM ggHH.uw=10
— SM quH.uwNﬂOO

S0 =9
oM omaivs L

o—.—oa---.—.a---o'-‘-.-¢¢-+-++-+-€

. $Postfit () Preit

Data-Pred
.~ Data/Pred
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ATLAS HH= 2b2y, 308 fb-1

25% improvement to Run2 lumi scaling
u=0.9+1.4-11), u < 3.7(2.6)

Significance: 0.9 ¢
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CMS HH= 2b2y Run3 result: CMS-PAS-HIG-25-007
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LH Scans K,

-2AIn(L)

CMS HH= 4b, 200 fb-1

138 fb™' (13 TeV) + 62 fb™' (13.6 TeV)

8_ T I LI | T T T [ T T T I L T | 1T | T T T I T T T I T T T I l—
- CMS —— Observed {-0.6732] ]
7F R o
2 aa bl ~~° Expected ( 10058 ] 4
61 =
5 | .
43_ \ ' q <3.84]
ar & & : : =
2f- | / 4
- : q <1
| e v riits > el Srsmetossts &
0:1 11 11 I 1 ! LJI 1 L1‘1—1‘l’r1'|‘r1,1 1 | { i e £ | 11 | 1 |:
-4 -2 0 2 4 6 8 10 12
Ky

ATLAS HH= 2b2y, 308 fb-1

12

=2In/A

T

. ATLAS
10F- vS=13/13.6 TeV, 140/ 168 fb""

HH - bbyy, Koy = 1

---- Expected
—— Observed

Observed
68% CL: k) € [-0.3,5.1]

95% CL: k), € [-1.6,6.6] /

Expected /
68% CL: k) € [-0.6,5.4] g
95% CL: k) € [-1.8,6.9] !

95% CL /

I | I I ) I I | I — I | I

40



LH Scans K,

ATLAS HH= 2b2T, 196 fb-1 CMS HH= 2b2T, 310 fb-1
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Main production modes and decay modes
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Higgs Signal Strength
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Decay modes

ATLAS

Branching ratio normalized to SM value
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Relative unc. contribution (%)

Theo unc. breakdown

Exp unc. breakdown

Errors in production and decay mode

CMS 138 fb~' (13 TeV)
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Production and decay modes

CMS 138 fb~! (13 TeV)
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Production and decay modes

ATLAS
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Couplings
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Beyond Inclusive Rates

CMS 138 b~ (13 TeV
ATLAS L b , - : : (13 1e)
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Kinematic regions turn inclusive agreement into more detailed tests of Higgs interactions.
ATLAS measures 44 STXS regions and CMS 32, with different binning choices.
Paolo Francavilla - University of Pisa/INFN Pisa - ICFA Seminar 2026
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Light quarks couplings from Offshell

Kq Scenario Observed Expected

68% CL 95% CL 68% CL 95% CL
k, Allfree (0.0£1.7) x10° [—3.0,3.0] x 10° (0.0122) x 10> [—4.3,4.3] x 10
Kk, |xy] <1 (0.0£1.4)x10° [—2.1,2.1] x 10° (0.0£1.7) x 10> [-2.5,2.5] x 10°
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EFT

CMS

138 tb~1 (13 TeV)
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EFT
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ATLAS VS =13TeV, 126 — 140 fb~ 1, my = 125.09 GeV
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HL-LHC and FCC

Coupling HL-LHC FCC-ee  FCC-ee + FCC-hh
k7 (%) 1.3* 0.10 0.10
kw (%) 1.5* 0.29 0.25
kb (%) 2.5* 0.38/0.49 0.33/0.45
Kg (%) 2* 0.49/0.54 0.41/0.44
k. (%) 1.6* 0.46 0.40
ke (%) - 0.70/0.87 0.68/0.85
Ky (%) 1.6* 1.1 0.30
Kzy (%) 10* 43 0.67
ki (%) 3.2* 3.1 0.75
Ky (%) 4.4* 3.3 0.42
|Ks| (%) - bt a1
'y (%) - 0.78 0.69
By (<,95% CL) 19x1072* 5x10~* 2.3 x 104
Bunt (<,95% CL) 4x107%2* 6.8 x 1073 6.7 x 1073
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