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A fundamental question

How do
elementary
particles
get mass!




This is not a QFT lecture...

All microscopic phenomena seems to be well described by a remarkably simple theory
(that we continue to call “model” only for historical reasons...)

£SM — Lgauge (%, Aa) + [:Higgs( 7Aa7 ’sz)

mass > =2.3 MeV/c* =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c*
massless particles interact by charge > 2 y 2 9 2 y ° ‘ " H
. spin - 1/2 12 1/2 1 0
exchanges of forces carried by Higas
up charm top gluon bodds
massless gauge bosons. QFT
describes free fields, interactions ~oNpe etV Tneeve °
-1/3 -1/3 -1/3 0
generated by gauge symmetries n Q v Y 9 1,2 b 1 ‘
(thus renormalizab Ie) down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?
1 -1 -1 0
112 e/ 172 u 12 L 1 ‘ n Th Id k
. 2 eory would not make sense
mass terms cannot be directly electron muon tau Zboson | O . Y ) )
added without breaking theor = 3 without a Higes field (or something
g y <2.2eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c* H H H
Lo v o similar) responsible for spontaneous
gauge invariance Z o D, 0 0 # ‘ . .
(i.e. mass is not a fundamental property, |9 n G 12 w 112 ]& 1 g symmetry breakmg and mass
th ing ph B electron muon tau eneration. ..
rather an emerging phenomenon) H neutrino neutrino neutrino W boson g g
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An idea
from 1964

Marco Delmastro Fourteen years with the Higgs boson



What's hot in in physics in 1964?
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FIG. 2. Photograph and line diagram of event showing decay of Q.



Observation of CP-violation

What'’s hot in in physics in 1964?

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,°” MESON*

J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay$
Princeton University, Princeton, New Jersey
(Received 10 July 1964)
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The Brout-Englert-Higgs mechanism is also proposed...

MESONS*
F GAUGE VECTOR
BROKEN SYMMETR

F. Englert and R. Broxlxltes
é niversité Libre de Bruxelles,
Facult® de? Sciences. T (Received 26 June 1964)

Bruxelles, Belgium

. and
barely

noticed!
|4 citations in the

first 5 years

‘Neived 27 July 1964

VoLuME 13, NUMBER 16 PHYSICAL REVIEW LETTERS

19 OcTOBER 1964

|8 citations in the
,o* first 5 years

| | citations in the
,ov first 5 years

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

23 citations in the
.+ first 5 years
o :
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It would take |0 more years to become “mainstream”...

PHYSICAL REVIEW VOLUME 155, NUMBER 5 25 MARCH 1967 |967

Symmetry Breaking in Non-Abelian Gauge Theories*

T. W. B. KiBBLE
Department of Physics, Imperial College, London, England
(Received 24 October 1966)

I 967 A MODEL OF LEPTONS*

1
1
1
Steven Weinbergf 1

Laboratory for Nuclear Science and Physics Department, :
Massachusetts Institute of Technology, Cambridge, Massachusetts 1
1

1

1

1

1

1

1

Electroweak Symmetry Breaking Caseisa i aner e

inc orporate d into A. Salam, “Weak And Electromagnetic Interactions,” Originally printed in ”N.

Svartholm: Elementary Particle Theory, Proceedings of The Nobel Symposium Held

Standard Model 1968 at Lerum, Sweden” 367-377 (1968).
L o o o o e e e e e e e e I
RENORMALIZABLE LAGRANGIANS FOR REGULARIZATION AND RENORMALIZATION | 9 7 | _ 72
MASSIVE YANG-MILLS FIELDS OF GAUGE FIELDS

Institute jor Theoretical Physics, University of Utrecht Institute for Theoretical Physics *, University of Utrecht

Received 13 July 1971 Received 21 February 1972 Standard MOdel is renormalizable

1 1
1 1
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1 1
1 1
1 . 1
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1 1
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1 1
1 1
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A closer look to
the SM Lagrangian

Fourteen years with the Higgs boson 11



Marco Delmastro 23 ourteen’ years with:-the'Higgs 'b6s6



“This equation neatly sums up our current understanding of fundamental particles and forces”

understanding understanding

knowledge’? = hypothesis?

arco Delmastro



Gauge sector

This part is very well known (one could even say since the
discovery of Maxwell equations in 1880), elegant and very

well experimentally verified!
ol I/B )L N N T N

Xis any fermion in Xis electrically charged.  Xis any quark.
the Standard Model.

t %¢)%5¢+k,<_ af o wy

Lis alepton andv is the

Uis a up-type quark;
g \/ ¢ Dis adown-type quark.  corresponding neutrino.
e
W- W
V\T:\EH‘F WE
X Y
X

Xisa photon or Z-boson. X andY are any two
electroweak bosons such

This equation neatly sums up our that charge is conserved.
current understanding of fundamental |
particles and forces. I understanding = knowledge )




. m
i >LC "5() )Lj¢‘l-k<_

+ R -V(@)

This equation neatly sums up our
current understanding of fundamental
particles and forces.

Electro-weak symmetry breaking

Still a gauge interaction (nothing new, one might be
tempted to say...), only this time between bosons and a
scalar field!

Nothing like this directly observed before 2012 (but tested
before by precision electroweak interactions)

Experimentally observed in 2012 with Higgs boson
discovery...

v
2
H 2mys,
v

...this term
V could not exist
without a v.e.v.
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Fermion masses via
Yukawa interaction

Before 2012 this term was almost a conjecture... and even
dfter the discovery in 2012, it remains an “anomalous” term
(it's not a gauge interaction, and no interaction with this

+ I % \
structure has ever been observed in nature)
‘t’ , = Is the Higgs boson
>Z" \ﬁl) %'5 ¢ *L\ <_ responsible for the

EW symmetry
f breaking also

P4
R -V B N

- - - = —_ fermions?

Is the Higgs boson
responsible for the
masses of all

This equation neatly sums up our |
: fermions?

current understanding of fundamental

particles and forces. e e s b

|

understanding = hypothesis




T F xﬁ() ¥ D +h

+ R V(@)

This equation neatly sums up our
current understanding of fundamental
particles and forces.

Higgs potential
V(®) = —p2®Td + \(DTD)?

It defines all characteristics of Higgs field and defines Higgs self-
interaction properties. Nothing like this has ever been observed in

hature

Is the shape of
the Higgs
potential that
postulated by
the Standard
Model?

2
Imi;




A couple of things about the Higgs potential...

V(®) = -2 0Td + \(DTD)?

The potential is symmetric under
rotations in @ space

u? <0
A>0

[t has @ minimum
which is not at
<M>=0 known as
the vacuum
expectation value
(vev) v that defines
the electroweak scale

The mass of the
Higgs boson is not
predicted by the
theory!

= W 946GeV my = V2u = V2
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Higgs before
the LHC

Marco Delmastro Fourteen years with the Higgs boson



A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

*
John Ellis, Mary K. Gaillard ) and D.V. Nanopoulos +)
CERN -~ Geneva

We should perhaps finish with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of the
3):4)

Higgs boson, unlike the case with charm and for not being sure of

its couplings to other particles, except that they are probably all very
small, For these reasons we do not want to encourage big experimental
searches for the Higgs boson, but we do feel that people performing expe-

riments vulnerable to the Higgs boson should know how it may turn up.

Marco Delmastro Fourteen years with the Higgs boson 20



Absolute lower limit on Higgs mass at LEP

® LEPI e+e- at COM ~mZ W 1 EI T TTT T TTT T T | T T | T T | 1T T T 1T

, : - F e

v" Various decays and topologies O LEP i

v Limit down to below 2 m, using acoplanar 10 3 E

lepton pairs (Higgs would be long lived) af -

10 & E

10 '3;_ —— Observed _;

Z E  —me- Expected for 3

t r background I

40 7

10 = E

-------- h E | E

-5 1144 1

® LEP2 e*e” up to 209 GeV 10 F T

/ mOStIy bb and tt decays -6:| | | | 111 I L 11 | L1 | 111 | 1 | | r\/l\érf‘I L1 I L1 I:
19100 102 104 106 108 110 112 114 116 118 120

e j © w7 R S m, (GeV/c?)

- g ........ H ) S— H H
. . g SM Higgs with mass below
e B 2 L e B { e
E y | 14 GeV excluded
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Electroweak precision data and the Higgs mass

Fermi Constant ~ Gp = 1.166367(5) x 107> GeV~™2  (muon lifetime)
Fine structure Constant ~ « = 1/137.035999679(94)  (quantum Hall effect) H

- —

Z mass My = 91.1876 + 0.0021 GeV (LEP) " PN "
AVAVAVN AVAVAV.
fige’
G OED (1+ Ar) T

F= . ——
V2 (1 —m3y /m%) W

wiarcn 2u1z it = e e
6 s -

(5) _

Altag =

L — 0.02750+0.00033
CRR 0.02749+0.00010
X -+« incl. low Q° data

Measurement Fit  10™_Q/gmeas
0 3

m
iy s noter Ar o« lgg(_H)

I,[GeV] 2495200023 24959 jm

Opg[nb] 415400037  41.478 m
RI [/L

2076720025 20742
A% 0.01714 +0.00095 0.01645 QY
AP) 0.1465+0.0032  0.1481 jmm é 3
R, 0.21629 + 0.00066 0.21579 W
R, 0.1721£0.0030  0.1723 i
A 0.0992+0.0016  0.1038 +29
A% 0.0707£0.0035  0.0742 m H = 94 24 Ge V 2+
A, 09230020  0.935 jmm i
A, 06700027  0.668
A(SLD) 0151300021 0148t 1 -
sin0S7'(Q,) 0.23240.0012 02314 152G V t 957 CL
my[GeV] 80.385:0.015  §0.377 mH < € a 0 JLEP LHC
r,[GeV]  2085:0042 2002 excluded . / excluded
m,[GeV]  173.20 = 0.90 173.26 0 . ; — I‘s-

TR 40 100 200
my, [GeV]
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Enters the LHC



The LHC era begins...

® 1991 December CERN Council

v “LHC is the right machine for advance of the subject and
the future of CERN” (thanks to the great push by DG C
Rubbia)

® 1993 December proposal of LHC with commissioning in 2002

® 1994 June Council

v Staged construction was proposed by DG Chris Llewellyn
Smith, but some countries could not yet agree, so the
Council session vote was suspended until

® 16 December 1994 Council
v" (Two-stage) construction of LHC approved!

Marco Delmastro Fourteen years with the Higgs boson
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1990

Marco Delmastro

Events per GeV for 10° pb™!

%-‘”G.v 6-1670V
193 avents
.
Xt With isolation cut apphod
;¥ -
!
'y
my=130GeV i
60 events 'l
bl
? ’f my= 170 GeV i
. '* €0 events
PO
..'; P % Sumof aX backgrounds
;;} '.: % i‘ ‘ Zob.Z 24T
[ P x
H 3 ‘.‘ voox
) X

mtm GeV

Fourteen years with the Higgs boson

Proceedings of LHC Workshop
(Aachen, 1990)

Vs = |6TeV, 100 fb!
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)12 8 T'eMc
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-3t
'.b.;}
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A textbook

discovery

TRANSM OG-
RIFIER

——




Higgs boson production at the LHC

g q = o =
49 pb .
69M A oo H 520k voso

9 q N

gluon-gluon fusion:
main production mode at
LHC

Vector Boson Fusion
2 well-separated forward
jets

VH
tagWand Z
boson decays

ttH
tag 2 top quarks
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107"

1072

= M(H)= 125 GeV =

- EW)

C D+ N\_O
N3LO QC

B P H (

LHC HIGGS XS WG 2016

|
8 9 10 11 12 13 _14 15
s [TeV]

o[pb] @ 13 TeV
# Higgs produced in 140 fb’! in one experiment



The Higgs boson is an unstable particle

ccC
+ T B Hi S BR 2'9% YY
g 1 99 0.2%
c T
S5 i
5
2107 2z
+ :
o ]
m ] \
(7)) Higgs BR@ my = 125 GeV
510° E
T ]
10°
10-4 Il Il Il | Il Il Il | xl Il Il | Il Il Il Il Il Il
80 100 120 140 160 180 200
M, [GeV]
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Almost exactly 14 years ago...

b% . CMS Preliminary,\s=7TeV ~ [——oObserved | | 2 G
s Combined, L »/: /4.6-4,7 o' = E:::::::; < s ATLAS 2011 -2012 I+ 16 =
o) N exclude N e B e _ . _ _ -1 + 2¢ -
e /;;/6 Tevatron excluded |- E B \s=7TeV: -[Ldt =4.6-4.8fb I:] |
= 7 (] CMS excluded 1 5 \s=8TeV: |Ldt=5.8-59f" — Observed
3 7 N 1 N e Bkg. Expected
O O Ml N i
3 %
> | o
\ 10" CL, Limits
-1 N ! i MM LA AONMNNSNRONN ISV IO RN NNY [N RTRY = L L L L L L L =
1 o1 00 200 300 400 500 60 110 150 200 300 400 500
Higgs boson mass (GeV/c?) m, [GeV]

End of 201 1.
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o

... June 2012..
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Summer 07/2011
CMS Prel. [20]

—— ATLAS Prel. [21]

Spring 2012
CMS [25]
= ATLAS Prel. [28]

1Is=7TeV
Jldt- 10"

1Is=7TeV
Jldt-5m"

1
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110

Council/ICHEP 07/2012 7

n TeV
CMS Prel. [23] and 8 .‘e
— ATLASPrel. [22] Jldt-10f

7 and 8 TeV
Jldt=25m"

HCP/Council 2012
w CMS Prel. [24]
— ATLAS Prel. [23]

115 120 125 130 135 140 145 150
m . IGeV]
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Fabiola :
combined significance of the Al
Higgs searches on on July 4 2012
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in the searchyfc A
Model H|ggs oson at~th

£1.5GeV

-

@
-4
2
uly
B
%
2
>
=

+
{23
7]

723 130 140 150
1o (GeV)

ATLAS 201112 @=78%V

my [GeV]

ATLAS: PLB 716 (2012) 1-29
Marco Delmastro CMs: PLB 716 (2012) 30

Higgs boson discovery channels

.
-
ak z
-
-
W
___________________ W+
H
e

+1
‘ W
photon . Whboson '
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Higgs measurements

Fourteen years with the Higgs boson
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A long way since the discovery...

‘ T
e Data

> T T T T ] — — — — — —
q) 7 > T T T T T
S_f o ATLAS 4 8 s>, ATLAS 4 oaa
0 25— . Background ZZ * ] ~ g ‘ . )
ST . H=ZZ -4l . = = ——— Sig+Bkg Fit (m =126.5 GeV)
f’é - [l Background Z+jets, i - @ 3000 Bkg (4th order polynomial)
C . 7 c . U g rder polynomia
%20; |:| Signal (m =125 GeV) B |.?>.|J 2500 =
" % Syst.Unc. ] 2000F- M
15[/ =7 TeV: fLdt = 4.8 b N 1500
B i = o
1 O} , 500 ;— Vs=8 TeV, [Ldt=5.9fb" H—yy
N ] o 200F"
B i m -
5 o
N <
C g
B o . . . . .
0 100 150 200 250 100 110 120 130 140 150 160
L m, [GeV] m,, [GeV]
HO DECAY MODES Fraction (I';/T) p (MeV/c)
L 2% seen -
Z Z Z* seen -
Yy seen —
L bb possibly seen -
o possibly seen -
L
Mass Limits for the Standard Model Higgs
Mass m > 122 and none 127-600 GeV, CL = 95% PDG 20 l 2

J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012)
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https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
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https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub

A long way since the discovery...

%180:LIIIIIIIIIIIIIIIIII|||||||‘|||I:)|t||||||||||||J_
L ata
O B ATLAS* Higgs (125 GeV)
o 160[-H — zZ* — 4| e
Qi - Vs=13TeV, 139 b XX VWY
?) 140 Y B Z-jets, tt
E / 7 Uncertainty
S 120
L
100

80
60
40
20

0 100 110 120 130 140 150 160 170
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m,, [GeV]

2500

N
o
o
o

1500

1000

Sum of Weights / GeV

500

100

(&)
o O

Data - Cont. Bkg.
&n
o

—— Signal + Background

.....
.....

YESTERDAY
~ 4 Data  Amas
E— Background Vs =13 TeV, 139 fb

m, = 125.09 GeV

All categories
In(1+S/B) weighted sum
S = Inclusive

110
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140

150 160
m,, [GeV]
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https://link.springer.com/article/10.1007/JHEP07(2023)088
https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015

A long way since the discovery...

PDG 2022

HO

J=0

Mass m = 125.25 4+ 0.17 GeV (S = 1.5)
Full width T = 32728 MeV  (assumes equal
on-shell and off-shell effective couplings)

HO Signal Strengths in Different Channels

Combined Final States = 1.13 + 0.06
WWw* =119 £+ 0.12

Z7* =1.01 £ 0.07

vy = 1.10 £ 0.07

¢ Final State = 37 £ 20

bB = 0.98 £ 0.12

ptp= =1.1940.34

- +0.16
Tt =115 2015

Zv < 36, CL=95%

~v*~ Final State = 1.5 + 0.5
ttHO Production = 1.10 + 0.18
t HO production = 6 + 4

p
HO DECAY MODES Fraction (I';/T) Confidence level  (MeV/c)
ete” <36 x1074 95% 62625
Z p(770) <121% 95% 29423
Z $(1020) <36 x1073 95% 29417
J/by < 35 x1074 95% 62587
J/pd [y <18 x1073 95% 62548
P(2S)y <20 x1073 95% 62571
T(1S)y <49 x1074 95% 62268
T(2S)y <59 x1074 95% 62224
T(35) <57 x1074 95% 62197
T(nS) T(mS) <14 x1073 95% -
p(770)~ <88 x1074 95% 62623
#(1020)~y <48 x1074 95% 62621
e LF <61 x1072 95% 62625
er LF <22 x1073 95% 62612
ur LF <15 x103 95% 62612
invisible <19 % 95% -

H® Production Cross Section in pp Collisions at Vs =13 TeV =

56 = 4 pb
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R.L. Workman et al (PDG), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
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|4 years with the Higgs boson, and the next 14+ years...

LHC

HL-LHC

13 TeV
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation
7 Tev € button collimators interaction
R2E project reglons Civil Eng. P1-P5
2011 2012 2013 2014 2015 2016 2018 2019 2020

ATLAS - CMS
experiment upgrade phase 1

beam pipes > il L
nominal Lumi Ainomine’.- Hmt ALICE - LHCb

75% nomifial Lumi \Upgrade
Higgs ~140 fb-!

Marco Delmastro
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13.6 TeV

pilot beam

2 x nominal Lumi

HL-LHC
installation

inner triplet
radiation limit

ATLAS - CMS
HL upgrade

Run 3
~350 fb-1

|
TODAY

@ 13.6TeV  Run 3 ends in

~ | month...

13.6 - 14 TeV

integrated JELLIVRIOS
luminosity EEOTE o

HL-LHC
~3000 fb!
@ 14 TeV
expected

energy

5 to 7.5 x nominal Lumi I

2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
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° How well
do we know
the “basic”
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Higgs boson mass and width
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How well do we know the Higgs mass?

mH:\/i,U

Marco Delmastro

® my Not predicted by theory

¢ All Higgs coupling properties depend on my
®  Excellent measurements by ATLAS and CMS
v Precision depends on energy (photons, electrons) and momentum (muons) calibration

ATLAS e Total Stat. [ | Syst. | Combination
Run1: /5 =7-8 TeV, 25 fb—1, Run 2: \/5 = 13 TeV, 140 fb!
Total Stat.  Syst.

Runi1 H — yy F——— 126.02 +0.51 (+ 0.43 + 0.27) GeV
Run1 H — 4¢ F——e— 124.51 + 0.52 (+ 0.52 + 0.04) GeV
Run2 H — vy e 125.17 + 0.14 (+ 0.11 £ 0.09) GeV
Run2 H — 4/ e 124.99 + 0.19 (+ 0.18 + 0.04) GeV
Run 142 H — ~y l-o 125.22 + 0.14 (+ 0.11 + 0.09) GeV
Run1+2 H — 4/ 124.94 + 0.18 (= 0.17 £ 0.03) GeV
Run 1 Combined ——1 125.38 + 0.41 (+ 0.37 + 0.18) GeV
Run 2 Combined I*I 125.10 + 0.11 (+ 0.09 + 0.07) GeV
Run 1+2 Combined 125.11 + 0.11 (+ 0.09 + 0.06) GeV
P IR RN RSN RT R [ (SR SRS AT SN NS SR S SR

123 124 125 126 127 128

LU LSS year s il un

=

Lggs vusun

mu [GeV]

110 MeV
(0.09%)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Higgs width: a problem difficult to tackle directly!

Total Higgs natural width in SM is small!

v Too small to be accessed experimentally at
LHC from resonance line-shape in analysis
where peak can be reconstructed...

FSM dominated by

N.g2m?
D(H — bB) o DeGuMmur

327rmW

" = 4.07 MeV

Marco Delmastro Fourteen years with the

Direct measurement severely limited by
detector resolution! One (old) example:

Higgs boson

19.7 b (8 TeV) + 5.1 fb™' (7 TeV)

. CMS

T

T

\)
<
<

—— Observed
- Expected

I'; <2.4 GeV (obs.)

T, <3.1GeV (exp) 2 95%CL

3 4 5 6 7 8
', (GeV)

[h <24 (3.1) GeV obs. (exp.)
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http://dx.doi.org/10.1140/epjc/s10052-014-3076-z

The Higgs boson as propagator: width from off-shell Higgs

ggf as an
example

g A
H
1

g (m? 2+T2m% 7

¢ Interference impacts both total cross section and m(VV) line-shape

¢ Assuming on-shell and off-shell couplings are equal:

VU = gg
w=WW,ZZ,Zv,vy

Marco Delmastro

o)

Hoff-shell

Hon-shell

on-shell
vv—H—4/¢

2 2
ggluongV

'y

[

I'sm

off-shell
vo—sH—40 X ggluongV
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g A
g Z
CMS simulation 13 TeV
na _
183 gg—212v (I=e, u) E
102; —— SM H signal (IHP) 7
< rol. SM contin. (ICF) 3
8 i — SMtotal (IH+CP)
£ - IHP+ICP ]
S 102
S -3
S 10
L 10
10°°
10°°
107

L L L L L L ‘
500 1000
m,,, (GeV)

45


https://arxiv.org/abs/2202.06923

Measurements of the Higgs width from off-shell production

Measurements in 4/ and 2I2v final states and for different production modes

. . CcMS <140 fb' (13 TeV)
NSBI = Neural Simulation-Based Inference I
Uses NN to estimate per-event likelihood ratio of . JLLILTILIELIELL 1ar- 2l2v+4l off-shell + 4l on-shell -
different hypotheses instead of histograms of - — 2I2v off-shell + 41 on-shell 1
kinematic observables as PDF CMS 12 — 41 off-shell + 41 on-shell -
i [amas ] w=3.2 %> MeV L observed 1
2 12 Vs-13Tev 140t~ ObSNSBI E 1o >erve E
93 - --~- Exp NSBI - Expected ]
10 4por] —-= Obs Histogram — ) = o
: orly ..~ Exp Histogram 1 >3 O evidence for = Clg
8- 4 off-shell H production « 140 fb! on-shell 41
N ’ 6l 78 fboff-shell 41 ,
7 | 138 fb! off-shell 212v s
fllllllllllll. a“ ! _'él_
" ’ 95% CL y ,/:/,

ATLAS ,
68% CL
RSt = , , rH=4.3 +|2'97 MeV I\ v i
0.0 0.5 1.0 15 2.0 25 3.0 -1 0 s L ‘
0 5 10 15
M off-shell r,, (MeV)
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https://arxiv.org/abs/2202.06923
https://iopscience.iop.org/article/10.1088/1361-6633/adcd9a

How well will we know the Higgs width!?

® Combined ATLAS + CMS width sensitivity with 3000 fb-!, based on the off-shell measurement
VIig=4.1x 08 MeV

* More conservative assumptions on theoretical uncertainties than Run 2 results
— i.e. signal and background k-factors

arXiv:1902.00134 3000 fb (13 TeV)

TTTT[TTTT[TTTT[TTTT[TTTT[TTTTL

. CMS Projection ]

157‘................. —
.------------------51.—w/YR183yst.uncert.:fai=0)

¢EEEEEEEEEEEEEEEEP
o w/ Run 2 syst. uncert. (f =0)
“YRI18” systematics: uncertainties - a /]
reduced wrt Run 2 according to L 77w/ Stat. uncert. only (f =0) S
the improvements expected to be 107%
reached at the end of HL-LHC o
e.g. theory uncertainties generally

halved. See

95% CL

68% CL

—_——_— —_— —_—— ]

[
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HLHELHCCommonSystematics

Studies of the Higgs CP properties

Spin is property of the particle, CP of the coupling...

coupling to EW vector bosons

coupling to gluons

) t - -
9
Htt @----------- H . Hrt Hgg | 8¢  >%-----
9
g QQQ&QQ&Q_QSL—<—E 7 0 - -
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SM Higgs spin and CP properties

® SM Higgs has spin 0 and positive (even) parity
(F = 0++)

® At the end of Run | we knew Higgs had spin 0...
v~ Spin | and 2 hypotheses excluded at > 99.9% CL

using H>yy, H>ZZ* and H>WW*

NN

NN
AN

Example:
J=2 model
exclusions

with 03
H>ZZ 02

AR
A

AMhNnik

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII %

jO-Bestfilzla *('\]E ?\]—(\:I t\? ‘E\i: JE\]—O 4&2 46\;5 .N;: '(\1% \
7/ Excluded at 95% CL

Expected at 95% CL

roduction
[ Expected at 68% CL gep
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Events /0.1

Example:
H->yy spin
analysis

Events /0.1

250 e

T T ]
- ATLAS H—vyy —— J"=0"Expected
200[- Vs =8 TeV J-Ldt=20.7fb'1 * f=0"Data -
C Bkg. syst. uncertainty |
150 =
100F———1—, | + 3
) —I_LF,
- ——— — -
ok
= T3
o b b b b b b a b ba oy [
0O 01 02 03 04 05 06 07 08 09 1
Icos 6%
£0U vvv[vvvv‘vvvv‘vvvv[vvvv[vvvv[vvvvkvvvv[vvvv‘vvv7
- ATLAS H—yy —— J"=2"Expected
200[ Vs =8 TeV _[Ldt=2o.7fb‘1 * f=2"Data
r Bkg. syst. uncertainty |
150F (f5=0%) S
100 + - I
C T | ]
C —— ]
50 = —
i —— | ]
0 L
T
oo b b b b b by by s by w g e 4
0O 01 02 03 04 05 06 07 08 09 1
Icos 0%l
. Y1 .72
* Slnh(n)q - 7772) 2pT pT
cos@ = = 5
YY myy
\/1 +(pT /mw)

yy polar angle 9* with respect to Z-axis in Collins-Soper frame
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https://doi.org/10.1016/j.physletb.2013.08.026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012004

CP properties of Higgs-top coupling with ttH

Effective Lagrangian for Yukawa coupling to top quarks parameterized by

CP-Even and CP-odd components

Liig = —K,y: oY, (COs @ +iys sin @)y, g e

Ksin(a)

-1.5

F ATLAS
F Vs=13TeV, 139 fb"

- Best fit X sM

.....

Clov v b v b v v b v v by wa
<15 -1 -05

Two examples:

ATLAS ttH
H->vy

pure CP-odd
coupling
excluded at 3.90

|a| > 43 deg excluded @ 95% CL.

Marco Delmastro

|fHtt| = (sin a)?
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CP

CMS ttH

H->ML
+ Hoyy
+H>Z7Z

pure CP-odd

coupling

excluded at

~2
Hit _ "
’?tz‘*"‘t2

cms

- s
¥ 151 [ H — Multilepton
FCIH—yy/zz

1~ [JH — Multilepton/yy/zZ

0.5
o
05
[ c68% CL
[ o 95% CL

“L + Bestfit
r 4 SMexpected

-

| N R B

-1 -0.5 0

mg _ i~
A(Hff) = 71/’f(’ct ‘i‘mt’)’s)l/’f

|fHee| = 0.28 (< 0.55 at |o)
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http://dx.doi.org/10.1007/JHEP07(2023)092
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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How well
-~ do we know
== the Higgs couplings!?

Fourteen years with the Higgs boson
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Couplings to...

... gauge bosons

... fermions

Marco Delmastro Fourteen years with the Higgs boson
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STXS: Simplified Template Cross Sections

Stage 1.2 - Stage 1.2 = V (— leptons)H
[ |
H H
P — — o
\4
p
—om] [ ] f,
pT 300
[ m;10,350] | [ 350, 00] | 1450 75
PT mj;
60 700 o
0.15
; 250
120 1000 P?J/Pg
1500
2000 v . 400
o0 pTJJO 25 OOOO 0o
0-jet 1-jet > 2-jet 0-jet 1-jet > 2-jet O-jet  1-jet > 2-jet
Stage 1.2 = VBF+V(—qq)H
®  Cross sections per production mode in
| :(;-jet = 1|_jet | Stage 1.2 different regions of phase space
Py v" Reduce dependency on theory
0 :
m  Allow MVA anslyss
60 v Exploit sensitivity of each channel specific region
| o} [0 200] 120 of phase space (designed for combination)
:;Jé v Inclusive in decays (for now)
200 - .
- v Binning defined to allow better estimate of
300 theoretical uncertainties, and easier merging
pi1ii ™ 1000 150 when insufficient experimental sensitivity
1500 v Largely model-independent approach to test for
BSM deviations in kinematic distributions
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STXS at work: H — yy

Oyps B (D)

Ratio to SM

Marco Delr
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JHEP 07 (2021) 027
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gg—H, O-et, pf! < 10

gg—H, O-jet, 10 = p;‘ <200

gg—H, 1-et, p;‘ <60

gg—H, 1-jet, 60 = p: <120

gg—H, 1-jet, 120 < p: <200

gg—H, =2-jets, m < 350, p: <120

gg—H, =2-jets, m < 350,120 = p: <200
99—H, 22-jets, m, = 350, p: <200

9g—H, 200 = pl! <300

9g—H, 300 = plf <450

gg—H, p: =450

ag'--Hag!, s1-jet and VH-Veto

qq'=Haq!, =2-jets, VH-had

aa'-+Hag’, =21ets, 350 = m <700, pl!<200
qq'~Hag, z21ets, 700 = m <1000, p¥ <200
q'—>Hag’, z2-ets, m = 1000, Pt <200
aq'-+Hag!, =2jets, 350 = m, <1000, p}' = 200
9q'—>Hag', =2-ets, m, = 1000, p: =200
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ag—-Hiv, p)’ = 150

pp—Hil/vy, p‘v <150
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ttH, pt' <60

1tH, 60 = p: <120

ttH, 120 = p: <200

1tH, 200 = p: <300

1tH, p: =300
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ATLAS Vs=13 TeV, 139 fb™'
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Differential measurement of p;" in ttH

arXiv:2207.00348

g TEoo—>——

Vs=13 TeV, 139 fb’
), =125.09 GeV ly, |<25

Unc. [l syst.unc. | SM+Theo.unc.  p-value =93%

Tot. Stat. Syst.
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¢ Closing in on tH production
v ~10 X o4 excluded at 95% CL
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H — vy as an example: Run 2 vs HL-LHC

®  While STXS measurement remains main current goal, traditional “production-mode” results (a.k.a. “Stage
0” STXS) still measured by more powerful decay channels and in combination

¢ Already at Run 2 some measurement limited by systematics: more and more true in the future!

ATLAS Preliminary
Vs=13TeV, 139 b
H—yy, m, = 125.09 GeV

FedTotal | Stat. MISyst. | SM

Total  Stat. Syst.
ggF + bbH flEH 1.02£0.11 (£0.08,= )
VBF [I=—=1] 134 = %0 (=0.18,= 21%)
WH —#— 233= 3 (= gl .= o)
H  —— 064 g5 (= 0% % gop )
ttH + tH e 092 g% (= 0% = o7 )

T T T T T T T T
ATLAS Igreliminary |
Projection from Run 2 data

- -1
/s = 14 TeV, 3000 fb Total  Stat. Syst.
H—yy, IyH|<2.5 |
ggF+bbH H—e—H 1.00 £ 0.04 (=0.02,+0.03 )
— 0.10
VBF H . H 1.00 "0 (£0.04,+008 )
VH } . | 1004009 (2008, *0°°)
| S— +0.08
F ! 1.00 * 00 (£0.05,0.06 )

hedTotal | stat [ Syst | sm
| | | | | | | | | | | |

-2 -1 0 1 2 3 4

ATLAS-CONF-2020-026
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5 08 0.9 1 11 12 13 1.4

(oxB)/(ox B)SM

arXiv:1902.001 34
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Higgs coupling to fermions

PDG 2012

possibly seen
possibly seen

Fourteen years with the Higgs boson

PDG 2022

cC Final State = 37 £ 20
bb =0.98 + 0.12

'u+lu,— =1.19 + 0.34

+ .- _ +0.16
71T =115 s

Zv < 3.6, CL = 95%
~v*~ Final State = 1.5 £ 0.5
tTHO Production = 1.10 + 0.18
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Why is Yukawa interaction important?

In SM Yukawa interaction between Higgs
and fermions gives fermions their mass...

®* Why is elementary mass important? Two ideas...

v" Mass of quark u and d is responsible for difference of mass between
neutron and proton, thus of proton stability, thus of existence of
hydrogen atoms...

proton (up+up+down): 2.2 + 2.2 + 4.7 + ... = 938.3 MeV
neutron (up+down+down): 2.2 + 4.7 + 4.7 + ... = 939.6 MeV

v Mass of electron determines Bohr radius, thus dimensions of atoms,

thus all chemistry 5
471'80 h h

apg) = ———— = ——
mee> Me C O
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Coupling to top quark: direct observation of ttH in 2018!

=173.07 GeV/c? g g 500000 —>— ¢
23 49 pb Eoy 0.5 pb
12 M A oo H 70k | _)'_ """ H
t
top g g TOOO00—<—— ¢

CMS (Run | + 36 fb"' Run 2):5.2 0 (4.2 0 exp) ATLAS: (Run | + 36-80 fb-1 Run 2):6.3 o (5.1 o exp)

5.1 17" (7 TeV) + 19.7 o™ (8 TeV) +35.9 tb™ (13 TeV) — 1
CMS o Observed -8_ E ! | | | | E
B ‘ — =10 (stat @ syst) = 0.9~ ATLAS =
_ . ' — + 10 (Syst) C ]
tEH(WW*) i T .5 (stat ® syst) 7 0.8 B Theory (NLO QCD + NLO EW) =
fiH(zz* = Combined dat =
(Zz) i g 07: $SM Onlyom ined data .
tiH(ry) © 0.6F =
fiH(r*r) 0.5 -
ttH(bb) ao-k 0-4? i
7+8 TeV 03 ? i
i 1 . 0.21- E
13 Tev —— arXiv:1804.02610 - 3
! 0.1 arXiv:1806.00425
Combined ———— o ]
P R R R P R B B O’\l\ N N I [ L
0 1 2 3 4 5 6,7 6 8 10 12 14 16
ttH
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ATLAS

EXPERIMENT

Run: 331742
Event: 1873900334
2017-08-04 21:48:42 CEST




Coupling to bottom quark: observation of VH/H-2>bb in 2018!

¢ Difficult channel despite large BR(58%) due to large backgrounds

v" VH production most sensitive > Observation in 2018!

* ATLAS: 5.40 (5.50)
* CMS: 5.50 (5.60)

77.217" (13 TeV)

1]
(]
'% F CM S ¢ Data -
3 r Il vH,H-bb
£ r [ Jvzz-bb
21000 -
o
= L
o
+
25
) I
500 -
0
L P P S S S S S B S
60 80 100 120 140 160
m(jj) [GeV]
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ATLAS: arXiv:1808.08238
CMS: arXiv:1808.08242

=4.18 GeV/c?

b

bottom

-1/3

12

<51 (7TeV) +<19.8fb" (8 TeV) + < 77.2fo™ (13 TeV)

e Observed
CM§ +10 (stat @ syst)

H—bb 10 (Syst)
: stat  syst
9gF : 2.80 + 2.08 = 1.30
VBF —_— = 253+0.98«1.17
tH | ——— 0.85 = 0.23 = 0.37
WH|  — 124 2029+ 0.24
ZH| - 0.88 + 0.24 = 0.16
Combined q- 1.04 £ 0.14 £ 0.14

| 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Fourteen years with the Higgs boson

8 9
Best fit u

[fb]

lep

V

x B

H
bb

x B

VH
OsTxs

Ratio to SM

—_

Stage 1.2 = V(— leptons) H
1 1
[ ag—>wH | [ ga—zm | [ go—zu ]
Py | |
° | | |
"L | L |
* | | ]
250 [ [
400 e Tt [T S
. i i i
O-jet 1-jet > 2-jet O-jet 1-jet > 2-jet O-jet  1-jet > 2-jet
E E|
= ATLAS Preliminary VH, H —bb, V — lep. (resolved + boosted)
3 v 4 -e- Observed — Expected | Theo.unc. ~| __
0 _E‘E 13TeV, 139 fb -o-Boosted (PLB 816 136204)5 LN
E | -Resolved (EPJC 81178) o <
C : J L
-e- Combined
0° & : =R
£ . =
= ! —H— 1%
10 E _'+ﬁ """"" ! E| Z
- i ! e e 3 8
- i t : ‘ 3 C
3 : = 2
Fv=w ' V=Z -
= : 1 <
2 — b 1 —
1 i . Ty ]
| ' LiL§ Y L ]
N | !
7 2

w, Ve 7, 2t
SOVpW,z SOVpW,zpf > 400 2 Sp7_ 0 220 <27 400

o
r <25, C:‘e;400 G:'/Gev TS5 Ge, <250 Gfe;4oo Ge’/Ge[,

62



Coupling to 34 generation leptons: H%rt

v i.e. ggF high p;" and especially VBF

CMS Prellmlnary

Observation already in Run | ATLAS+CMS coupling combination

Now more precise measurements, bringing sensitivity to regions
of the phase space less well measured by eg. H > yyand H — 41

=
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Is the Higgs boson
responsible for the
EW symmetry
breaking also
responsible for the
masses of
fermions?

Is the Higgs boson
responsible for the
masses of all
fermions?
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Coupling to 2" gen. leptons: first H2>pu evidence in 2020!

®* H->pp very rare (BR ~ 2 104) with large resonant background from DY—> ppu (S/B ~ 0.1%)
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The next frontier: coupling to 2"d generation quarks H—>cc

™ . . . .
Very challenging channel: large backgrounds from multi-jets «) K>
. . HvH(ce)\Ke) = SM 2
v c-tagging needed to discriminate H — bb 1+ By, (k&= 1)
Eur. Phys. ). C 82 (2022) 717 | Phys. Rev. Lett. 131 (2023) 0&d 8013 Tev)
w P B AL A B L B B B
% TJq"nlAé L B L L L L BB BN IR Tg,, S \‘ = oF cMS — Observed :MS EIObserved EVH(H—»«:E), u=77 _|
15 —e— Data B 4 F Preliminary SM expected . Z+jets Wejets ]
= 3500 {5= 13 TeV, 130 b B VH(— §) (u=-9) . \; 4_5; ATLAS oF I:ré;a:;:ies [ nw . -\S’lngle top 7]
< 04142 leptons WVZ-cd)(=116) ] 2 [ \§=13TeV, 139" 7t By woighted BB veenty v —
S 1c-tag, All SR I VW(—cq) (1=0.83) § = 4 VH H-ct of 555 B uncertainty .
3 X B-only uncertainty ] [ k.l <8.5at 95% CL S S S ]
g — SM VH(— c8) x 26 ] 3.51 Te .
o ] : 4 B
- - o =
9] 3 F ]
= 1 ogf Tttee . J D A e ]
P = 250 £ ]
g ] F
> B i VTP S W 0, —
w E £ 95% CL ,
] 1.5F
] it
\ 1 osf ]
Lo D b b b b by | E H \ H 1 D 80 100 120 140 160 180 200
60 80 100 120 140 160 180 200 0 —36 — ‘_20 0 0 — ‘10 20 30 Higgs boson candidate mass [GeV]
m; [GeV]
K
VZVW:3.8 6 for VW(—cq) ‘ 73ce:57 6
<1275 Govic? limits on K. coupling

203 9 ATLAS: K. = 0/0gy < 8.5 (12.4 exp.)
02 CMS: .l <k <55(<34exp.)

charm

Marco Delmastro Fourteen years with the Higgs boson 66



Will we observe H—=>cc in the future?

128 GV ® Extrapolations to HL-LHC luminosity
213
. G v Sensitivity to k. (and k) from ATLAS VH/H->cc and
VH/H->bb analyses Sensitivity to k. and k, from CMS p;
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One for all,
all for one!
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The Standard Model rules (over 3 order of magnitudes)!
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How well do we know the Higgs couplings?

. . —1
* Higgs couplings known to ~6-15% oS 138 (13 TeV)
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How well will we know the Higgs couplings!?

® 2-4% precision expected with 2 x 3000 fb-!

(s = 14 TeV, 3000 fb™' per experiment

| Total ATLAS and CMS

— Statistical HL-LHC Projection
—— Experimental
—— Theory Uncertainty [%]
2% 4% Tot Stat Exp Th
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Expected uncertainty
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O
Can the

Higgs boson
tell us something
about new phenomena!?
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Can Higgs properties constrain BSM phenomena today?

® Most recent approach: Effective Field Theory (EFT) interpretation

& G a6, S bi )
/
LSMEFT = L3M+Z — O, -I—ZFOI. + ...
J

® O™ affect rates and kinematics
®  STXS measurements and Higgs BR reparametrized in terms of dimension-six Wilson coefficients ¢; in VWarsaw basis
v" Correction for modified acceptance in H — 4l and H — Ivlv
v" U(3)5 flavor symmetry assumed, linearized in Wilson coefficients contribution (linear contribution & A2, expected to be leading)
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Can Higgs properties constrain BSM phenomena today?

Marco Delmastro

Fourteen years with the Higgs boson
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EFT interpretation of Higgs couplings: ¢, impact

Measurement
uncertainty in STXS
bin / decay channel
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EFT interpretation of Higgs couplings: ¢, impact
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EFT interpretation of Higgs couplings: ¢, impact
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EFT interpretation of Higgs couplings

® Simultaneously constraining all coefficients impossible
® Fit performed in sensitive directions

v linear combinations informed by principal component analysis
¢ Examples

v 'l ugun: linear comb. with strong impact on gg — H

V" w1 HWE HDDuW,uBW: Strong impact on H — yy
v c®)yq: unique impact on VH

ATLAS Preliminary /s=13TeV, 139 fo~*

@ 1
CHa
CdH 0.8
s
1
Chn ~0.62
l-g] He 0.4
Chio ~0.83 055
m 5 B 02
CHu,Hd,Hg" 0.26 [T —0.42
& 024 -0.37 —09 0
Hu,Hd,Hq'" -
1 B
CHW, HB,HWB, HDD,uW ,uB, W 0.84 ~0.27 047 0.02 005 ~0.02 o2
2 < S 0.02 —0.05 —0.02 —0.04
CEMY,HB, HWB, HDD,u W uB, W 0.31 JOKEN -0.02 —0.05 —0.02 ~0.04 —0.01
3l 043 017 013 003 007 004 04
CHW,HB,HWB, HDD,uW .uB,W :
1] —0.6
CHG uG.uH i 0.04
2] N
CHG,uG,uH 0.04 =1 —0.09 08
ct[i]p —0.2 —0.05 —0.02 —0.38 —0.08 —0.78 —0.01 —0.23 —0.05 —0.02 —0.37
o

N o or by & oy 9y o N
Qo ot R & N o K c@“&ﬁ?’ o@) N ® @O L s S e e S & Sp o &
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[1]
CHG,uG,uH,top (X 1 O)
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1l
HW ,HB,HWB,HDD,uW,uB

2
HW,HB,HWB,HDD,uW,uB

[1]
cHu,Hd, Hg"

o2
HG,uG,uH top

-2

ol
HW,HB,HWB,HDD,uW,uB

o3l
HG,uG,uH top

(1]
Crio 1

D

HIO. He (x0.1)

_ :
ATLAS Preliminary —— 68 % CL
Vs=13TeV, 139 fb~"  seeeeme 95 % CL
my =125.09 GeV, |yy| <25 —®— L!near _
SMEFT A = 1 TeV Linear + quadratic
TR - T - \‘\ T - T -
-0.2 -0.1 0 0.1 0.2
—_———
.
............ —_—
........... — e
L b b by L b b b
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The SM

aaaaaaaaaaaaaa



aaaaaaaaaaaaaa

V(®) =Ty +

2

RRRRR

= —p2OTD + \(OTD)?

1 1
m3, H? + \WH?> + ZAH‘l

N
,’ N y
’ \\ //
/
N 7
____.: o
3°N // \\
AvH N s 1 AN
N s —MNH* s



Can we access the Higgs self-coupling at the LHC?

¢ Main avenues toward self-coupling measurement at LHC dg;iiH Q:J>;' _____ ;H

v Direct: HH production . SR

v Indirect: constraints from single Higgs measurements A _—
¢ HH production :I" -------- H

v" Very low cross-section (~1000x smaller than single Higgs!)

v Destructive interference between gg->HH processes
200 300 400 500 600 700 800

Ky mun [GeV]
g 2909900900000 - ------- - - H g 2009099999999~ H
: Kn .*
gluon-fusion Kt A
_ A YA e -
Gggr(pp—HH) = 31.05 fb 4 TR
Kt T~
2009000000000 A —————¢——@---------- A
g H
q q q
Koy _.H
VBF v
over(pp—HH) =1.726 fb Vv -
q q q
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How to measure di-Higgs production?

0.33% 0.069%

0.10% 0.028% 0.012%
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0.0005%

83



Closing in on di-Higgs production!

bbbb

Combined

ATLAS

Marco Delmastro

—— Observed limit

Vs=13TeV, 126—139fb-! ... Expected limit
Ognt . ver(HH) =32.7 fb

(UAH = 0 hypothesis)
[ Expected limit £10

[ Expected limit +20

Obs. Exp.
4.2 5.7
4.7 3.9
5.4 8.1
2.4 2.9

oo b b b b

5

30
95% CL upper limit on HH signal strength uyy

bb ZZ
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy
Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

Nature 607 (2022) 60

CMS 138 fb™' (13 TeV)
L LN | AR
Ky =k =1 —e— Observed ~ ----- Median expected
Ky =Ky =1 R 68% expected
..... 95% expected
|
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10 100
95% CL limit on a(pp — HH)/aTheory
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https://arxiv.org/abs/2211.01216

Closing in on di-Higgs production!

CMS Nature 607 (2022) 60 138 fb—1 (13 TeV)
: I ! ' ! I ! ! ! ! I ! ! ! ! I ! ! J ! I I I ! ! : | T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T ]
- ATLAS = Observed limit (95% CL) 7 t Kk =Ky =x,=1 ——Observed - Median expected 4
Expected limit (95% CL - - o y

L VS=13TeV, 126—139 fb"" —_ (MSH o hpot I'Sesis) ) [ Theory prediction BB 68% CL expected

HH - bbT* T~ + bbyy + bbbb = Expected limittic 4 | 77 95% CL expected 1

[ Expected limit 20
E== Theory prediction
Y% SM prediction

T T TTTIT
Pl

103_

OggF + VBF(HH) [fb]
)

102:

102

95% CL limit on o(pp — HH) fb

bbyy

Excluded Excluded 7

:b5r+r‘
—— bbbb
1_ —— Combined
IR SR T N (N N | [ W N A T N N 10 -
1910 5 0 5 10 5 e I B B B B
K “
04 <K <63@ 95%CL 124 <k, <649 @ 95% CL

® Limits on kj are improving dramatically, and there is more to be exploited...
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di-Higgs at LHC: the Run 2 legacy

ATLAS and CMS —e— Observed
LHC Run 2 ---- Expected (Ufifim®’ = 0)
[ Expected +10
Vs =13TeV [ Expected +20
offi +o'Er =328 b -+~ Expected (1A =1)
Obs. Exp. Exp.

(AR = 0) (ufF™ Y =1)

CMS 35 2.6 3.6
ATLAS}|- . 29 2.4 35
Combined i ::r 25 17 28
11 I 11 \I\ I L1l I\ I L1 1l I L1 1l I L1l I L1l I L1 1l I L1l I L1l I L1l I L1 1l
1 2 3 4 5 6 7 8 9 10 11 12
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95% CL upper limit on HH signal strength uyy

ATLAS +CMS
Uiy < 2.5 @ 95% CL

-21InA

ITTTTITTTTITTTTI

T T T | T T T T | T T T T | T T T T

- ATLAS and CMS

T
9]
uy)
c
S
N

Vs =13TeV
All other K fixed to SM

‘TTTTITTTTITTTT

T TT

T T T T T T T T | T T T T

— ATLAS
— CMS

— Combined
—— Obs. 95% CL: [-0.71,6.1]

Exp. 95% CL: [-1.3,6.7]

68% C

—

lllllllllllllllll

I

L

ATLAS +CMS
071 <Kk <6.1 @ 95% CL
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di-Higgs at LHC: Run 2 already chiming in...

ATLAS

Vs =13/136TeV, 140/168 fb~!
HH - bbyy

- Expected limit

Observed limit
Expected limit
Expected limit
Expected limit

M = 0)
MUHy =0) £20
Hun=0) £10
Mhun=1)

Expected limit (uyy = 0)
JHEP 01 (2024) 066

Exp. Exp.

OBS: (s = 0) (ups = 1)

Run 2}

Run 3

Combined -

—_—— . __.

o

4.8 4.2 5.5

5.6 3.8 5.0

3.7 2.6 3.7
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10 12 14

16

95% CL upper limit on gy

-2In/\

YY

---- 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]
95% CL: k) € [-1.8,6.9]

95% CL

12 T I T T T I T
L ATLAS
10 Vs=13/13.6TeV, 140/ 168 fb-!
HH - bbyy, Koy =1
8_\
6_—\\
4'_
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https://www.sciencedirect.com/science/article/pii/S0370269326001346?via=ihub

ATLAS ¢ Data

Vs=13/13.6 TeV, 140/ 168 fb” Cont. background

HH — bbyy Total background
- Signal + background

14
w, =097,
HH 1.

log(1+S,, / B) weighted sum
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When will we finding the missing piece of the SM?

-2 Alog(L)

15

10t

20

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

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

Internal

Combination
bbrtT-
bbyy
bbbb
Multilepton

[
N

-2 Alog(L)

=
o

ATLAS +CMS Projections ESPPU 2026
Vs =14TeV, S2

Boosted VBF HH - bbbb

All other couplings fixed to SM

Internal

—— 2 ab™! per experiment,
Koy € [085, 117]

—— 3 ab™! per experiment,

Koy €[0.87,1.16]

0.9 1.0 11

Figure 2: Left: ATLAS+CMS k3 likelihood scans for single decay channels and the combination for 3 ab~ " for the 3 scenario.

Right: The ATLAS+CMS projections for x4y, in the S2 scenario.
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HH—bbyy = both ATLAS and CMS,
HH—bbtt, —bbll, »multileptons + ATLAS x 2
HH—bbbb resolved and boosted = CMS x 2

VBF boosted HH—bbbb = ATLAS x 2

Fourteen years with the Higgs boson
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https://cds.cern.ch/record/2923702/

Projection of non-resonant ATLAS+CMS HH combination

2ab~' (52) 3ab~ ! (52) 3ab ! (83)
ATLAS CMS ATLAS CMS ATLAS CMS
H H statistical significance
bbrtr™ 3.0 1.9 3.5 2.4 3.8 2.7
bbyy 2:1 2.0 2.4 2.4 2.6 2.6
bbbb resolved 0.9 1.0 1.0 1.2 1.0 13
bbbb boosted - 1.8 - 2.2 - 29
Multilepton 0.8 — 1.0 - 1.0 —
bbet e~ 0.4 - 0.5 - 0.5 -
Combination 3.7 3.5 43 4.2 45 4.5
ATLAS+CMS 6.0 72 7.6
k3 68% confidence interval

bbrt T~ [0.3, 1.8] [0.1,3.0] | [0.4,17 [0.2,22] | [0.5,1.6] [0.3, 2.0]
bbyy [0.3, 2.0 [0.2,23] | [04,18  [0.3,20] | [0.5, 1.7 [0.4, 1.9]
bbbb resolved  [-0.7, 6.3] [-0.6, 7.6] | [-0.5, 6.1] [-0.3, 7.3] | [-0.5, 6.1] [-0.3, 7.2]
bbbb boosted - [-0.6, 8.5] - [-0.4, 8.2] - [-0.4, 8.2]
Multilepton [—0.2, 4.9] - [—0.1, 4.7] - [—0.1, 4.7] -
bbet e [-2.4, 9.3] - [—2.2, 9.2] - [-2.1, 9.1] -
Combination ~ [0.6, 1.5]  [0.4, 1.7] | [0.6, 1.5]  [0.5, 1.6] | [0.6, 1.4]  [0.6, 1.5]
AN _32% / +37% —27% / +31% —26% / +29%
uncertainty

Table 2: ATLAS and CMS expected statistical significance for H H production and the corresponding 68% confidence interval
on k4 at 3 ab~ ", derived assuming K3
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true
=1.
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~4 sigma in EPPU
2020

Now close to
single experiment
observation !
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L] L] L[] L]
[ ]
Bonus: constraining the shape of the Higgs potential
1.2 1.2
ATLAS + CMS internal ATLAS + CMS internal
1.01 projections ESPPU 2026 1.01 projections ESPPU 2026
Vs =14TeV, S2, 2 ab~! per experiment Vs =14TeV, S3, 3 ab~?! per experiment
5a /
0.8/ =—— sm EFT dim.6 ALl 0.8/ =—— SM EFT dim.6
sl min — g 1o Uncertainty —1f — min — p 1o Uncertainty
VOIkE L3 ks €[0.68 — 1.37] S Yok Ela ks €[0.74 - 1.29]
T M V6+V8, kJin = 1_5‘, k=5 HH-driven & S on— V6+V8, k7" = 1.5‘. ka=5 HH-driven
< i —-= Log. Potential, k{""=1.4 W= lo Uncertainty < ' —-- Log. Potential, k{'"=1.4  #=u 1o Uncertainty
: , ks €[0.68 — 1.37] B 3 L, k3 €[0.74 — 1.29]
Exp. Potential, k§"" =1.9 7 Exp. Potential, k§"" = 1.9
0.4 T 0.4
0.2 0.2
0.0 0.0
0.2 - EFT dim.6 HH-driven 0.2 EFT dim.6 HH-driven
. 20 Uncertainty 20 Uncertainty . 20 Uncertainty 20 Uncertainty
© EFT dim.6 HH-driven ° EFT dim.6 HH-driven
< 01 B 1o uncertainty " 10 Uncertainty < 01 5 1o uncertainty ™ 10 Uncertainty
Wy wn
> e e > D
L 00— L 00—
§ E—— r § i
> -01 > —01
-0.2 -0.2
0.4 0.6 0.8 1.0 1:2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Figure 5: BEH potentials in various models which predict first-order phase transition [67]. The models are compared with
the SM BEH potential. Two approaches (EFT dim-6 and HH-driven) are used to show the expected uncertainties on the Higgs
self-coupling achieved by combining ATLAS and CMS at 2 ab~ ' in the S2 scenario (left) and at 3 ab™ " in the S3 scenario
(right).
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It’s all about the Higgs

E ver oblem of the SM o'u:a\'horcs
f?or H.«'”x%wtueth'ms

= A\HYF + 2 H=XH" - Vo
S SAAAC B S

flavour, ~ netwmlnesr chbily C.c,

G. Giudice
via F. Gianotti
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FCC Feasibility studies

Future Circular Collider Future Circular Collider Future Circular Collider
Feasibility Study Report Feasibility Study Report Feasibility Study Report
Volume 1 Volume 2 Volume 3
Physics, Experiments, Detectors Accelerators, Technical Infrastructure Civil Engineering, Implementation

arXiv:2505.00272v1 [hep-ex] 25 Apr 2025
arXiv:2505.00273v1 [physics.acc-ph] 25 Apr 2025

and Safety and Sustainability
May 2,2025
March 31,2025
Submitted to the European Physics Journal ST, a joint publication of EDP Sciences, Submitted to the European Physics Journal ST, a joint publication of EDP Sciences, Submitted '.° the El!ropeall Pln;/sics Jounlul ST, a joint Fnblicaz?on of. EDP Sciences,
Springer Science+Business Media, and the Societa Italiana di Fisica. Springer Science+Business Media, and the Societa Italiana di Fisica. Springer Science+Business Media, and the Societa Italiana di Fisica.

Marco Delmastro Fourteen years with the Higgs boson 95


https://arxiv.org/abs/2505.00273
https://arxiv.org/abs/2505.00274
https://arxiv.org/abs/2505.00272

Higgs at FC-ee

L =75 ab! L=1.5ab!

ZH=IO6 g - 'l"‘g“‘l‘"l"'l"'l"'l"‘lg“I"' ZH=2.5X|05
= 4 £C eeohz VBF = 5x10*
VBF =2x10* § e 5x10

1] -

S 200—

© N

150

lllllllllllllllll

so— ([ i i - g

S W
- - 1 11 I 1 1 1 l - 1 I - 1 l - ! ; - I 1 1 -
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Vs (GeV)
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2

precision reach on effective couplings from SMEFT global fit

M HL-LHC S2 + LEP/SLD Wl CEPC Z,4,/WW5/240GeVy, M ILC 250GeV, Il CLIC 380GeV, W MuC 3TeV,4 SwFCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV, M ILC +350GeV(,+500GeV, | MCLIC +1.5TeV,5 W MuC 10TeV 4q
Free H Width WILC +1TeVy Vw/Giga-Z | Il CLIC +3TeVs W MuC 125GeV; 0+10TeV 4o

® ; no H exotic decay Ml FCC-ee +365GeV 5 subscripts denote luminosity in ab_', Z & WW denote Z—pole & WW threshold 10_2
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1072

107

sBuiidnod ya

= 107
7L 697k 59%, 59%% 59%%
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s09ole

sbuiidnoo sbBiH

hy?! How much will we exceed HL-LHC precision!?

HL-LHC: gray
Future colliders: colors

Caveat: comparison between FC not always fair
(luminosity and number of experiments evolved
from 2022), CEPC projection very aggressive

Precision on EW/Higgs/top properties will allow
indirect BSM detection (crucial is BSM is at very
high mass / energy, difficult to directly reach)
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FCC project timeline

2014
2018
O @]
Conceptual Design Feasibility Study
Study

Marco Delmastro

Projectapprovalby

CERN Council

Constructionof
tunneland FCC-ee
starts

Fourteen years with the Higgs boson

¥

HL-LHC
ends

2045
2048

Operationof FCC-ee

Operationof FCC-hh
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More material
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First bounds

¢ Effect on Cosmic Microwave background (0.1 eV < my < 100 eV)
v (Sato and Sato, 1975)
® Emission from stars: my = 0.7 m.
v (Sato and Sato, 1975)
® Neutron-electron scattering: m > 0.7 MeV
v~ (Rafelski, Muller, Soff and Greiner; Watson and Sundaresan,|974)
® Neutron-electron scattering: m > 0.7 MeV
v" (Adler, Dashen and Treiman; 1974)
® Neutron-nucleus scattering: my = |3 MeV
v (Barbieri and Ericson, 1975)
® Nuclear '*O(6.05 MeV) to ground state (0* — 0*) transitions (can occur through Higgs
emission): my > |8 MeV
v" (Kohler, Watson and Becker, 1974)

Marco Delmastro Fourteen years with the Higgs boson
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Pre-LEP bounds

* SINDRUM Collaboration measured ™ = ev H (ee)
Yielding a limit on very light Higgs

+Q|
=

%
=
3

® CUSB Collaboration Y > Hy yielding limit of ~ 5- i
6 GeV (dependent on high order corrections) u ® \\ .

® Jade and CLEO provided bounds on B = pu+X

® CERN-Edimburgh-Orsay-Mainz-Pisa-Siegen K = m
H(ee) below ~50 MeV

® Electron beam dump e = eH(ee) excluded |.2
MeV to 52 MeV (theory uncertainties free)
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1990: The Higgs Hunter Guide

=3

GuIpE

Lo _lemg
i, (3 eysin®g, ) g :
\‘ 2 0,,)"n(a+B)—MM cosa

John E Guniop

P‘{()\\xn'd E. Haber
Gordop Kane

Sally Dawson

Michael Peskin
(SLAC) peruses the
Higgs Hunter's Guide
published in 1990

'f‘ “'””'i:‘t‘l“
i ""ﬂ.‘ﬂ'
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The Standard Model

Marco Delmastro

mass - =2.3 MeV/c?

charge - 2/3
spin - 1/2

=~1.275 GeV/c?

o

charm J top

=173.07 GeVI/c?

2/3 [
12

up | [ gluon
\

~4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
n
! -1/3 -1/3 0
m 1/2 1
< |
3 down strange L bottom photon

0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?

-1 = |

1/2 1/2 1

electron J muon tau j Z boson

m <2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
= o0 3 0 ¢ +1
E 1/2 1/2
& electron tau W boson
- neutrino neutr no p neutrlno
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=126 GeV/c?

0

. H
Higgs
boson

GAUGE BOSONS
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SM Higgs sector

A

IH 1 massive scalar : the Higgs boson

1 i I
s = —O,LHO"H — 3/\2:2H2 — \WwH? -

1 [a"202 2 2vz
F 5 9 1 B B%— ,(],(]2 I’T-'I'?B" : U W ] massive gauge bosons
1 [a202 1,2 2 P )
;L —B.B'H -2 WjBﬂH+ ) WuH]
v - .
L [ g 0 > gauge-Higgs interaction
+ o B,BH? - L WiprH? + LW, WeH
202 | 4 2 )

.. v
H >~
/ ’ﬁﬁ:\l/\l\i gunvy = 2ME/v?
H H_ --
______ .quf = v = - Vy

v, T & gur = 3Mj/v =

H ) \‘\H
""" gavy = 21 v =
Vu ,’H

DL gunnn = 3ME /v
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140 ATLAS Online Luminosity
2011 pp =7 TeV
— 2012 pp =8 TeV
e 2015 pp s=13TeV
120 — 2016 pp =13 TeV
—_— 2017 pp =13 TeV
- 2018 pp =13 TeV
— 2022 pp =13.6 TeV
1 OO — 2023 pp =13.6 TeV
— 2024 pp s=13.
2025 pp =13.
2026 pp s=13.

Delivered Luminosity [fb™]

(0]
o
T | T | T | T | T | T | T | I

60

40

e
O | | | i
yoo ot AW oct

Month in Year
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Knowing the Higgs mass values...

... allows to make precision predictions

5 L R e s s e e p e B LA e s
[ [ 68% and 95% CL contours m, comb. + To b
4] - ) - m, = 172.47 GeV -
— 80.5— I Fitw/o M,, and m measurements il -- 6 =0.46 GeV 7 —
E; L Fit w/o M,,, m and M, measurements |} — = 0.46 © 0.50,,,, GeV
C [ Direct M, and m measurements -
80.45 —
80.4 —
[~ M, comb. = 1o
80.35 [— w1, - 80379  0.013 GeV / ) ]
80.3 — —
E o8 ]
80.25 — .~ —
O W Wy ] ]
Coio v - b P
140 150 160 170 180 190
m, [GeV]
o, 10F . 10 £ T T T 3
F L E i E L E|
9F r 9E 33
E [] sM it wio M,j megsurements E 3 []sMfit wio m, measurements El o
43 E SM it wio My, and M, measurements 8 SM it wio m, and M,, measurements 3
7= Lom-ep {ariv:1302,8415] 7 % -8 ATLAS [ATLAS-CONF-2017-071] 2
6F § 4+ Tevatron [arXivi204.0042) 6 - CMS [PRD 93, 072004 (2016)] El
5E L -8~ ATLAS [Eanc 8, 110 (2018)] E| 5 E = DO [PRD 95, 112004 (2017)] 4 3
E 3 El E ~#+- CDF [CDF 11080 (2014)] PAE
4E : R 4E 7320
3 \ / ER S E
2 . E 2F E
1E h 1 . EP 4 E —e—t El ;
E & 3 E| E El
T 0% s03 w04 w042 bt e T ‘ :
- : : . - 170 172 174 176 178 180 182
M, [GeV] m, [GeV]

... but current my precision has little impact
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... questions us on vacuum (meta) stability

V(®) = —p20Td + \(PTP)?
mg =V 2\

Running of the Higgs self coupling,
assuming SM only at high scale

0.10 r
A 008 L 30 bands in 200 L
M, =173.1 +£ 0.6 GeV (gray)
a3(Mz) = 0.1184 + 0.0007(red) > t
~ 006 Mj, =125.7 £ 0.3 GeV (blue) ° r
o o 150
= = L
g o004l =
9 vy I
2 = [
§ 0.02L § 100 Stability
Z =
é‘) 0.00 é‘ [
50 -
-0.02
~-0.04 |- 0 ; ; ; ;
102 10* 10° 10% 10 10'2 10" 10 10 10% 0 50 100 150 200
RGE scale p in GeV . .
Higgs mass M), in GeV

Vanishing quartic coupling at the Planck scale? Potential not bounded?
... but interpretation more sensitive to precision on top quark mass
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https://arxiv.org/abs/1205.6497
https://doi.org/10.1140/epjc/s10052-018-6131-3
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CP properties of Higgs-t coupling with H2> 1T

Effective Lagrangian for Yukawa coupling to tau leptons parameterized — ______ Hrr
by CP-Even and CP-odd components

L = —&/@T (cos ¢ TT + sin ¢, TivysT) H 7
v

*
Ycp
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5' 7\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\7 2 LS L L L L L B L LB B BN B
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v b b b e
* Ak A k—
0 60 120 180 240 300 360 o = arccos(nf AT )
¢CP(degrees)

Uses either the impact parameter direction for single-

QUi (CMS) = d)t (ATLAS) prong taus (1) or i momentum for t — 1t 1° p v;

(also for 3-prong decays with p — 1t*rv)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012

CP properties of Higgs-t coupling with H2>1T

CMS 137 b~ ! (13 TeV)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
https://doi.org/10.1007/JHEP06%282022%29012

H-2>7t decay CP

Impact parameter

directional distance of closest
approach of charged particle’s
track to reconstructed PV of the
event

4-vectors boosted to the rest
frame of visible di-t Zero
Momentum Frame (e.g. two
decay charged particles)
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H- 11t > atn +2v

impact parameter

@* = arccos(fi]" - fi]7)
* — A¥— Ak A k—
cp=a - (0 XA

) ¢ if0L, 20
$cr= o _ . a icoe
360° - ¢* if O, <0

Fourteen years with the Higgs boson
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CP properties of Higgs-gluon coupling with ggF+VBF

. o . . . e . « Hee !l A Seeeaaa H
Study ggF+2 jets events: jet kinematics sensitive to Hgg coupling CP properties Hgs
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https://arxiv.org/abs/2109.13808
https://arxiv.org/abs/2205.05120

CP properties of HVV coupling (mult. prod. + H—>4l)

HVV couplings parameterized by tensor structures in scattering amplitude Multiple analyses constraining
HVV couplings with ggH, VBF,

VH, ttH, tH production and

YV g2 H— 17, H—4l, H— Yy decay

VV o
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https://doi.org/10.1103/PhysRevD.104.052004

CP properties of HVV coupling (mult. prod. + H—2>4l; offshell)
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https://arxiv.org/abs/2202.06923
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CP properties of HVV coupling with VBF

SM Lagrangian augmented with CP-odd dim-6 operators involving Higgs and EW HVWV  @----
gauge fields in EFT formalism

IMI? = [Mspm|* + d - 2Re(Mp, Mcp-oaa) + d* - IMcp-oaal®
Approach pursued SM

with various decay 2
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CP propertles of HVV coupling with VBF
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Other information about the Higgs width!?

® Part of Higgs width could be due to decays to undetectable particles (H->invisible)

v Limits from direct searches in H-> invisible, explicitly requiring MET in the event
7TeV, 4.7 fo" — Observed
8Tev, 203157 - Expected /\
13 TeV, 139 fb” =20 Nucleon

Limits on BR(H->inv) can be recast in term of limit
on Dark Matter production
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STXS at work: H — ZZ*

Eur. Phys.]. C 81 (2021) 488
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STXS at work: H — WW*
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Precision measurements have become
a possible also for those channels
where reconstructing the final state is
not possible, e.g. H2>WW*
(neutrinos, missing transverse energy)!

80.4 GeV/c?

! w
1

W boson

arXiv:2207.0033

Fourteen years wi

\uY

W ggH-0j, p: <200 GeV
ggH-1j, p: <60 GeV
ggH-1j, 60 = p: <120 GeV
ggH-1j, 120 = p: <200 GeV
ggH-2j, p: <200 GeV

ggH, p: =200 GeV

EW qgH-2j, 350 = m, <700 GeV, p! <200 GeV
EW qgH-2j, 700 = m, <1000 GeV, p*' <200 GeV
EW qqH-2j, 1000 = m, < 1500 GeV, p* <200 GeV
EW gqH-2j, m; = 1500 GeV, p: <200 GeV

EW qqH-2j, m; = 350 GeV, p: =200 GeV

-1

W#

. o |
V, E; € V, i; e’

momentum direCtion  se———
angular momentum direction ee——)

ATLAS

Vs=13TeV, 139 fo'

H — WW*
p-value = 53%

T T T T T T
Fe4 Total
[ Statistical Unc.
Bl Systematic Unc.
— evuv I SM Prediction
Total (Stat. Syst.) SM Unc.
e 120 R (0% %) 1 s
082 0% (0%, 08 | som
058 “ou (6% lo%) | =015
146 0% (02,00 | om
159 00 (l5h. o) 1 =022
Famtemr 211 05 (0% 05) | oz
005 0¥ (0%, 0%) | w007
056 ‘i (%% %% | o007
118 705 (108 0%) 1 eo0r
114 508 (00,0 | <oos
197 158 10k o) 1 =005
1 1 1 1 1 1




H — yy and H — ZZ*: differential and fiducial cross-sections
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
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H — yy and H — ZZ*: inclusive cross-sections
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Reaching the highest p;™ with H>bb

1.2
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== Signal + Background
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Can be recasted as STXS

Highest pr™ most sensitive to BSM effects
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https://arxiv.org/abs/2111.08340
https://link.springer.com/article/10.1007%2FJHEP12%282020%29085

BR (SM)

Other rare Higgs decays within reach!?

evd. = evidence

Analysis Final states 13 TeV L [fb] BR (SM) Oy % BR(H decays) ATLAS/CMS references
cC 139, 35.9 2.9% 26 x SM, 70 x SM ATLAS-CONF-2021-021, JHEP 03 (2020) 131
invisible 139, 35.9 ~1073 ATLAS-CONF-2020-052, PLB 793 (2019) 520
Zy ee/ppty 139, 35.9 ~1073 evd. n=1.5,3.9 x SM arXiv:2103.10322 (PLB 2021), JHEP 11 (2018) 152
pu 139, 137 ~1074 2.2 xSM, evd. p=1.19 PLB 812 (2021) 135980, JHEP 01 (2021) 148
BR(H decays)
pY Ty ~107% 8.8x10
35.6 JHEP 07 (2018) 127
¢y KKy ~1076 48 x10
Zp ee/pp + ' 137 ~10°% (1.04-1.31) x 1072
JHEP 11 (2020) 039
Zop ee/pp + K'’K~ 137 ~1076 (3-4)x 1073
In, ~107-5 (6 x BR =110 pb)
ee/pp + had 139 PRL 125 (2020) 221802
ZIY ~1076 (o x BR =100 pb)
Iy 36.1,35.9 ~1076 3.5x104,7.6 x 10 PLB 786 (2018) 134, EPJ C 79 (2019) 94
28 u 36.1 ~1076 20x1073
¥Sy ot PLB 786 (2018) 134
Y(nS)y (n=1,2,3) 36.1 ~107° (4.9,59,5.7)x 104
YY ~107° 1.4 x1073
4n 37.5 PLB 797 (2019) 134811
I I ~10710 1.8 x 1073
e'e” 139 ~1079-1071° 3.6 x1074 PLB 801 (2020) 135148
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Other rare Higgs decays within reach?

'1,»“: W 4 A
* SU(2), symmetry relates the HWW, HZZ, Hyy and HZy interactions " "1 " . Hooooog &
v" If New Physics respects SU(2),, effect correlated in all four channels 5 L
v" Important to observed and measure also H>Zy
> :l I L I L I L I L I L I L I l:
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https://link.aps.org/doi/10.1103/PhysRevLett.132.021803

How well should we know the Higgs couplings?

SMALL CORRECTIONS EXPECTED IN MANY BSM MODELS

If new physics is at | TeV:

Singlet <6% <6% <6%
2HDM (large tp) ~1% ~10% ~1%
MSSM ~.001% ~1.6% ~-4%
Composite ~-3% ~-(3-9)% ~-9%
Top Partner ~-2% ~-2% ~1%

Patterns of deviations can pinpoint specific BSM physics

’1)2

* Generically new physics effects on couplings ~ 7z~ O(6%) for M=1 TeV

* Only now are we approaching sensitivity where we expect deviations

Sally Dawson
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More tools at hand! Constraining k, with single-Higgs

¢ Single Higgs boson productions and decays as well as kinematics sensitive to the self-coupling through EW corrections

H
Kx / \
¢
s 7’
self-energy  ~~--
correction H
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https://arxiv.org/abs/2211.01216

Direct H->cc search is not the only tool...

¢ Charm quark contributes to ggF loop, modification to Higgs-charm coupling can alter p;

¢ Analogous effect on quark-initiated production of the Higgs boson

¢ Shape of differential pyH cross-section can be interpreted in term of Higgs-charm coupling

[ [
o \&)

S
o

(1/a daldpy,)((1/a daldpy 1)sm

=
n’hn
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
https://arxiv.org/abs/1606.09253
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Why is the electroweak interaction
so much stronger than gravity?

® Are there new particles close to
the mass of the Higgs boson?

¢ |s the Higgs boson elementary
or made of other particles?

¢ Are there anomalies in the interactions of
the Higgs boson with the W and Z bosons?

Why is there more matter than
antimatter in the Universe?
® Are there charge-parity

violating Higgs decays?

¢ Are there anomalies in the Higgs self-coupling
that would imply a strong first-order
early-Universe electroweak phase transition?

¢ Are there multiple Higgs sectors?

What is dark matter?
¢ Can the Higgs boson provide a portal
to dark matter or a dark sector?

¢ |s the Higgs lifetime consistent
with the Standard Model?

® Are there new decay modes
of the Higgs boson?

What is the origin of the vast range of quark
and lepton masses in the Standard Model?
* Are there modified interactions to the
Higgs boson and known particles?
® Does the Higgs boson decay into pairs of
quarks or leptons with distinct flavours
(for example, H — u*17)?

What is the origin of the early
Universe inflation?

® Any imprint in cosmological observations?

Fourteen years with the Higgs boson

An alternative
potential
Standard Model
potential
Higgs field value
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s it the Standard Model Higgs potential?

® How the Higgs potential is realized in Nature can provide important answers to many

open points in our understanding of Nature...

v e.g. BSM scenarios of Higgs sector, electroweak phase transition in the SM, baryogenesis...

Different models predicts different potential shape

VAV

Landau-Ginzburg Higgs

VANV

Coleman-Weinberg Higgs

Nambu-Goldstone Higgs

Tadpole-Induced Higgs
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Evolution of Higgs potential could explain matter/antimatter

asymmetry via electroweak baryogenesis
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https://arxiv.org/abs/1511.03969v1
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.075023

The FCC-ee physics program at a glance

'mz, 'z, N, « o s(mz) with per-mil accuracy
‘R Ars *Quark and gluon fragmentation
‘mw, Ny *Clean non-perturbative QCD studies
MHiggs, [Higgs
EW & QCD Higgs couplings

self-coupling

detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID

direct searches ‘
of light new physics

*Axion-like particles, dark photons,
Heavy Neutral Leptons
* long lifetimes - LLPs

flavour factory
(10"2bb/cc; 1.7x10" 77)

7 physics B physics
*Flavour EWPOs (Rp, AFgP:C)
er-based EWPOs «CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons

vertexing, tagging
energy resolution detector req.
hadron identification
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Where FCC excels...

e*e collisions

pp collisions
Vs —> HZ max >m 28Tev Leading Physics
. : top 500 GeV 1.5TeV 3TeV 37 TeV 100 TeV .
Physics i 240-250 GeV 340-380 GeV 28TeV Questions
Precision EW Transverse Transverse Existence of more SM-
(Z, W, top) polarization polarization mw; &5 Interacting particles
QCD (o) - 8 Fundamental constants
Z W 105H—
QED (aiago) 5x20 320 % and tests of QED/QCD
Model-independent ee 7 H 1.2x1208 HZ and 75k WW—H <1% precision Test Hi
Higgs couplings Vs =my at two energies (*) est Higgs nature
. 9% precisi -
Higgs rare decays =0 p(rf)c's'on Portal to new physics
. Lo 10“4BR
Higgs invisible decays S Portal to dark matter
. 3 . 3 to 5o from loop corrections 5% (HH prod)
Higgs self-coupling to Higgs cross sections *) Key to EWSB
Flavours (b, 7) Portal to new phy.5|cs
Test of symmetries
RHV's, Feebly 101 W Direct NP discovery
interacting particles At low couplings
Direct search M,<250GeV. M,<750GeV. M,<2.5TeV Ubt Sy Direct NP discovery
at high scales Small AM SmallAM smallAM ptoso e At high mass
Precision EW % 4 Indirect Sensitivity to
at high energy Y Nearby new physics
Quark-gluon plasma
Physics w/ injectors

QCD at origins
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Green = Unique to FCC; Blue = Best with FCC; (*) = if FCC-hh is combined with FCC-ee;




FCC-ee motivations

LEP data accumulated in first 3 mn. Then exciting & diverse programme with different priorities every few years.
(order of the different stages still subject to discussion/optimisation)
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i FCC-ee-Z 4 88-95 150
i FCC-ee-W 2 158-162 12
] FCC-ee-H 3 240 3
Z FCC-ee-tt 5 345-365 1.5
7 — o Lo
W e Superb statistics
7 8 9 1011 1213 14 15 . .
Vaars achieved in only |5 years
;e Event statistics (2IP) Ecy €rrors:
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E.m:240GeV  3yrs

>10° e+e-=> ZH

(3yrs?) O(5000) e+e- = H
E.n:2350GeV 5yrs

106 e+e-> tt

Never done 1 MeV
Never done <<1MeV
Never done 2 MeV



FCC-ee physics vs center-of-mass energies

——CDR baseline runs (4IPs)
— Additional opportunities

= Total
y4 ww ZH tt integrated
o) 40 125 40 30 19.2 5 10.8 0.4 2.7 luminosity
‘ + !_V‘+'Y_\ + + I —— + —
o o 1
Ene
40 .- 60 88 91.2 94 125 1575 --- 162.5 217 240 340 ... 350 365 (Ger‘?)y
Z lineshape W mass and width
QCD QCD : ; top EW couplings
precision flavour electron N, Higgs mass Higgs couplings Mwp  Higgs VBF production Physics
studies rare decays Yukawa as gz (T and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
# events
13 8’ 6 6
0(10'9) 0(108) 0(2x109) 0(2x108) @1PY
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