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The Standard Model
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More precisely the model is a quantum field theory with a local symmetry
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”Quantum Chromodynamics” (QCD) Electroweak theory



The Standard Model

This construction 1s a based on Quantum Mechanics + Special Relativity

Elementary particles introduced as representations of Poincare group labelled with

(spin, mass) @ internal quantum numbers
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quantised continuous charges under gauge group
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Spontaneous Symmetry breaking

How can we overcome this problem ? A solution exists and 1s borrowed from
statistical mechanics, and it relies on the concept of spontaneous symmetry

breaking (SSB)

The way 1n which the symmetry 1s implemented at the quantum level depends
on the behaviour of the vacuum

It 0]0) = 0 the symmetry is implemented a la Wigner: the vacuum 1s invariant
® and physical states can be constructed out of the vacuum and classified
according to the irreducible representations of the symmetry group

It 0]0) # 0 the symmetry is implemented a la Goldstone: the vacuum 1s not
invariant and thus the symmetry 1s not realised in the particle spectrum

In the case of the S U2); ® U(l)y symmetry Nature has chosen the second option
and we have

SU2), @ U(l)y = U()gy, \ /
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The discovery of the Higgs boson

at the CERN Large Hadron
Collider (LHC) 1n 2012 has
crowned the Standard Model as a
successtul description of elementary
particles and their interactions

The electroweak SU2), ® U(1),
symmetry 1s spontaneously broken to
U(1).,, and the Higgs boson 1s the
agent of this breaking, providing
masses to the other particles

3SB
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The Higgs 1s the last particle in the
SM so the SM 1s complete, right ?



The mysteries

® What is the nature of dark matter ?

Astrophysical observations indicate that most of the matter existing in our
Universe 1s not accounted for by the known elementary particles

Dark matter most likely implies physics beyond the SM

® What is the origin of the large matter-antimatter asymmetry ?

The Big Bang should have created equal amounts of matter and antimatter
but today everything we see from the smallest life forms on Earth to the
largest stellar objects 1s made almost entirely of matter

® How can gravitational interactions be embedded in the picture ?

The SM can only be an effective description of Nature valid

I up to some scale A at which New Physics must show up
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Naturalness

Fermion masses m; can be naturally light: chiral symmetry 1s restored as m; — 0

- Radiative corrections to the fermion mass must be proportional to the
mass itself, so as to preserve chiral symmetry in the massless limit

By contrast the Higgs boson mass is not protected by any symmetry: even if we
set 1t to 1ts experimental value at tree level, radiative corrections are quadratic

-----

.....

w=p this naturally leads to m; ~ A

This is not a problem if new physics 1s nearby

Main point: evident contradiction between the “excessive” success

of the SM that seem to suggest A very far and the consistency of
the SM as an effective field theory that requires A to be low




Higgs, unitarity and Naturalness

In the SM the Higgs boson preserves unitarity in high energy vector
boson scattering

w; wi wi Wi Wi Z: Wi IANAAANAANAN Wi
H M :gi: + N
Zii Zy, Zr Zr Zr W[-{,_ I

Zy, Z,

m=p No-lose theorem: something had to happen at the TeV scale !

Once the Higgs 1s in place, the necessity of new physics invoking Naturalness 1s
not a theorem any more ! In the end we have the same problem with the
cosmological constant....

Anth : lut; “Perhaps A, must be small enough to allow the Universe to evolve
nthropic solution, , :
to its present nearly empty and flat state because otherwise there

multiverse ? would be no scientists to worry about it.” Weinberg (1987)

But the multiverse 1s inconsistent with S-matrix formalism Deali (2021)
vall
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Vacuum (Meta-)Stability

With the measured values of the top and Higgs mass the Higgs potential

is likely to be metastable

This means that the SM

Higgs sector has a ground
state with lower energy than
the state we live 1n
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Hence, quantum mechanics would
allow a “tunneling” process through
which our whole universe can decay,
even though with lifetime larger
than that of the universe



Vacuum (Meta-)Stability

But the conclusion on metastability requires absence of new-physics up

to the Planck scale
Branchina, Messina (2013)

It the SM Higgs potential were unstable this would have been a clear signal that
new physics must appear. But this is not the case, which means that in principle
the SM can be extrapolated up to extremely high scales

10" Enfoiis
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Flavour

The flavour sector has a large number of parameters and there 1s clearly a
strong hierarchical structure of quark and charged-lepton masses

Key questions:

® What determines this pattern ?

Are there new symmetries, or
symmetry breaking patterns ?

Can we probe energy scales not
directly accessible by now ?

® Has the third generation a special role ?

Image: CERN Courier (2020)

14



The Lagrangian

Zz gauge gSB

| o |
Loy = E BB R Y+ (D,4) (D) ~ 199 — A + (1w +h.c. )
4 u u R

1

- highly symmetric

- natural

- precisely tested over the last 50 years

- UV 1nsensitive
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The Lagrangian

gSB

| |
1 P
L= = Ful" + iR v+ (D) Ou) = 1 ' = 4 p + (Mg g + e )

e \

Ap* ~ Amp ~ A? vacuum Flavour
(meta)stability problem

source of most of the SM problems but at the time the
simplest solution providing the necessary ingredients

to break the EW symmetry
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....and so what ?

The Higgs sector provides an effective description of the symmetry breaking
phenomenon, but we miss a deep understanding of the relevant dynamics

An elementary scalar (for the first time not a gauge boson ) appears to
mediate a new kind of force, which is proportional to particle masses

The force mediated by the Higgs Boson 1s

similar to the gravitational force, though,
contrary to it, it has short range V )

mQ//

® Or s it composite ?

17



Composite Higgs

A new strongly coupled sector 1s assumed just above the EW scale
Analogy with QCD used to make the Higgs boson a composite scalar, like a pion

pseudo Goldstone bosons (PGB)

G- H
~ belong to the coset G/H

Pions are naturally light and are not quadratically sensitive to the new-physics
scale A

v

2
[ ] ° ° < _ 0
Fine tuning parametrised by £ = <?) where § $10-20% to be

consistent with data

\ PGB decay constant

H I Higgs “size” ry ~ 1/M controlled by mass of the new resonances

Example: minimal composite Higgs model: SO(5)/S0(4)

10 — 6 = 4 PGB: three give mass to the Wand Z |
7 bosons and one is identified with the Higgs Agashe, Contino, Pomarol (2005)

18



s 1t unique ?

A single Higgs doublet provides the minimal solution to give masses to all
fermions

In principle we could introduce one Higgs doublet for up and one for down-
type fermions (or even an additional one for charged leptons )

This possibility may have implications for baryogenesis: indeed in the SM the

amount of CP violation in the CKM matrix 1s insufficient

Two-Higgs doublet models also including an SU(2); singlet can provide explicit
CP violation, a first order EW phase transition and even a stable dark matter

Candldate see e.g. Miihlleitner et al (2023)

Baryogenesis occurring at the EW phase transition can generate the observed
baryon asymmetry in our Universe

Analogous considerations hold for models with just additional singlets and

Hi rtal model
156S portal models Frugiuele et al (2016)
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How well do we know the Higgs

sector ?
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Agreement with SM within three order of magnitude 1In mass !
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Higgs couplings

First Second Third
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Higgs couplings

First Second Third
generation generation generation
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Higgs couplings

First Second Third
generation generation generation
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First evidence (30) to be
established at the HL-LHC
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Higgs couplings

Should/could be possible at

' Third . .
First —— Second ' future linear colliders !

generation generation generati
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First evidence (30) to be
established at the HL-LHC

How about couplings to up, down and electron ?
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Higgs couplings

proton neutron
¢e ¢ m, =22 MeV
Protons are stable because
@ @ m, = 4.7 MeV lighter than neutrons

m, = 938.3 MeV m, = 939.6 MeV

The hydrogen atom, chemistry and biology as we know them are
a consequence of this !

In the SM this happens because the Higgs boson interacts with the
down quark in a slightly stronger way than with the up quark

Similar considerations can be done for the electron mass

h The Bohr radius depends on the electron
m,ca mass and in turn fixes the size of the atoms

o6 See e.g. Salam, Wang, Zanderighi (2022)
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Experiments are now really getting sensitive to I'y; but these results are

obtained indirectly through the ratio 6 4. 1/6,, ey @nd thus model dependent
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The Higgs potential

In the SM the Higgs potential

V(®TD) = y?d' P + A(DTD)?

b =

is completely determined once my; (and v = 1/4/4/2G;) are fixed

Using m2 =202 2=-t

A

we can write (h = H/v)

2.2
V= mgv (=1 +4h> + 403 + h*)

/LN

Mass term Trilinear Quadrilinear
(can be different by
modifier factor «,)

BSM physics can modity the potential !
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The Higgs potential
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The best way to access the Higgs trilinear coupling 1s through double Higgs

production and gluon tusion 1s the main production channel

The contributing Feynman diagrams are boxes and triangles but only the
triangles are sensitive to the trilinear coupling

The diagrams interfere destructively making the overall production rate even
smaller than we would have 1n the absence of a trilinear coupling

Additional sensitivity on the trilinear coupling can be obtained from virtual

effects in single Higgs production
Maltoni et al (2017)
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The Higgs potential

V SM potential

Our vacuum

, >
~ N/ h
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Vv

The Higgs potential

4 Current situation

h

(S
-]

Our vacuum /
V ’

e.g. ATLAS H+HH
combination: —0.4 < k; < 6.3

Note that:

We are assuming the quadrilinear

coupling to be that of the SM

BSM physics may lead to more
complicated Higgs sectors with
additional scalars
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The Higgs potential

4+ End of HL-LHC
Vv

Our vacuum

1 >
—w h

e.g. ATLAS+CMS HH

combination with 3ab~!:
0.1 <k, < 2.3

Note that:

We are assuming the quadrilinear

coupling to be that of the SM

BSM physics may lead to more
complicated Higgs sectors with
additional scalars
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Going beyond the SM



The k-tramework

The failure in finding new physics at the LHC till now has changed our
approach: abandon Model Building and go for model independent approaches

The main measurements of Higgs-boson properties are based on five production

modes: ggF, VBEF, WH, ZH, ttH and five decay modes: yy, WW, ZZ, 7, bb

The rate measurements in these production and decay channels held measurements
of the couplings in the so called k-framework
The signals observed originate from a single narrow resonance treated 1n the

o : : :
narrow width approximation

Gl' ‘ Ff
L'y
Only modifications of the coupling strengths are considered, while the tensor
structure of the couplings is assumed to be the same as in the SM

(6-BR)i - H —f) =

Modifications of the coupling strength are introduced by
rescaling (some of) them with appropriate factors «;

Also the effective couplings to gluons and photons are modified by separate

scaling factors
34



The k-tramework

The failure in finding new physics at the LHC till now has changed our
approach: abandon Model Building and go for model independent approaches

LHCHXSWG-2012-001

LHC HXSWG interim recommendations to explore the coupling structure
of a Higgs-like particle

LHC Higgs Cross Section Working Group, Light Mass Higgs Subgroup
A.David', A. Denner?, M. Diihrssen3, M. Grazzini**, C. Grojean3, G. Passarino®, M. Schumacher®,

M. Spira”, G. Weiglein®, and M. Zanetti®.

! Laboratério de Instrumentacdo e Fisica Experimental de Particulas, Lisboa, Portugal It 1S 1ntere Stlng to Observe that the

2 Universitit Wiirzburg, Institut fiir Theoretische Physik und Astrophysik, Wiirzburg, Germany f k . d 1 °

3 CERN, Geneva, Switzerland K" ramewor We 1ntr0 uce(l 1n

: In-stituf fiir Thecl)re.ti.sche Ph)'rsik, U1.1iver.si\téit 'Ziirif:h, Ziirich, Switzer'land - | 2 O 1 2 to eXpl ore Hi g g S C Oup in gs
Dipartimento di Fisica Teorica, Universita di Torino and INFN, Sezione di Torino, Torino, Italy p )

6 Fakultit fiir Mathematik und Physik, Albert-Ludwigs-Universitiit, Freiburg, Germany as 1nterim reco mmendatlon 1S

7 Paul Scherrer Institut, Wiirenling und Villigen, Villigen PSI, Switzerland . .

 DESY, Hamburg, Germany still at the basis of the analyses !

9

Massachusetts Institute of Technology, Cambridge, USA

Abstract

This document presents an interim framework in which the coupling structure
of a Higgs-like particle can be studied. After discussing different options and
approximations, recommendations on specific benchmark parametrizations to
be used to fit the data are given.
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The SMEFT paradigm

Standard Model Effective Field Theory:
The EFT constructed with Standard Model fields and symmetries

The SM Lagrangian 1s supplemented with higher-dimensional gauge-invariant

operators built from SM felds

It offers a powerful method to parametrise BSM physics

With the assumption that new physics fulfils the decoupling theorem the effect
of these operators 1s suppressed by powers of the new-physics scale A

C-
L =L+ Zr;Oﬁ....

Buchmiiller and Wyler (1986)
Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

If no further assumptions are made 2499 dimension-6 operators contribute !
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The SMEFT paradigm
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The SMEFT paradigm
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The SMEFT paradigm

More stringent constraints by limiting to

specific set of operators: see e.g. Higgs p;
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Battaglia, Spira, Wiesemann, MG (2021)
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The role of precision theory

pp—H+X 13 TeV, PDF4LHC15, pp=pug=my/2
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The role of precision theory

pp—H+X 13 TeV, PDF4LHC15, pp=pug=my/2
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* NLO QCD

LO

NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW
\ Anastasiou et al. (2016)

Harlander, Kilgore (2002); Anastasiou,
Melnikov (2002); Ravindran et al (2003)
Catani, de Florian, Nason, MG (2003)
Passarino et al (2008)

de Florian, MG (2008, 2012)
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The role of precision theory

do [LHC data do

de,H dPT,H

>

. Pr.H
Theory uncertainty

[LHC data

Pr.H
Smaller theory uncertainty

Larger theory uncertainties may lead to miss (or at least delay) new discoveries
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The role of precision theory

do 4 LLHC data do 4 [LHC data

de,H dPT,H

>

Pr.H Pra
Theory uncertainty Smaller theory uncertainty

Larger theory uncertainties may lead to miss (or at least delay) new discoveries

Exact NLO QCD corrections to Higgs p; spectrum computed only recently

Jones, Kerner, Luison1 (2018)
Chen, Huss, Jones, Kerner, Lang Lindert, Zhang (2021)

Combined with NNLO in the EFT Bonciani et al. (2022)

Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier (2016) accurate pr edictions for

Boughezal et al (2015) boosted analyses
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What else ?



The Great Depression

Particle physicists ~ 10 years after the
Higgs discovery are generally depressed

® No new discovery. ..

® The Higgsis very SM like...

1980 You will find new physics at LEP

1990 You will find new physics at the Tevatron

2000 i
IT's now or never

48

You will certainly find new physics at the LHC,

Maybe this 1s the theorists’ fault ?

Tito D’Agnolo, Higgs Hunting 2023



I find this attitude largely unjustified !

Up to now only less than 10 % of the expected data set has been analysed and
the picture 1s consistent with the SM but the exploration of the Higgs sector 1s
still in its infancy and surprises are still well possible

The Higgs couplings to W and Z bosons and to third generation fermions
are known with precision between 5 and 20 %

This 1s far from the percent level precision with which we know the strong

coupling ag(m,) (not to speak about the QED coupling a !)

More precise determinations of these couplings could uncover differences
that might in turn be due to new physics

Despite the prospects for the improvements in the extraction of couplings to
vector bosons and third generation fermions, we would 1deally like to
establish the interactions with electron and up and down quarks, which are
those relevant to our everyday life: this 1s clearly not possible at present
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Nonetheless the second generation fermions are much more accessible and
we have seen that establishing H — u*u™ 1s within reach, while recent
results suggest that H — c¢¢ will also become accessible at HL-LHC

Studying the Higgs potential and establishing if 1t 1s the one predicted by the
SM is still far in the future and double Higgs production is the best process
to access 1t: SM within reach in Run 3 by combining ATLAS and CMS

This programme has an immense value by 1itself, regardless on
whether we will ind New Physics or not !

Going beyond this we clearly need a new collider
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The tuture 1s bright....

B Proton collider

Possible scenarios of future colliders B Electron collider

Japan

China

CERN

2020

] Electron-Proton collider
mms= Construction/Transformation

{ 4 years ERZUH |LC: 250 GeV 500 GeV Preparation

20km tunnel 4 ab!

LALLIEN CepC: 90/160/240 GeV
100km tunnel 16/2.6/5.6 ab

FCC hh: 150 TeV =20-30 ab!

350-365 GeV

8 years : ~8e. 1.7 ab
= 90/160/250 GeV

100km t | 150/10/5 ab 11 vears
e FCC hh: 100 TeV 20-30 ab!
15 years

FCC hh: 100 TeV 20-30 ab!

8 years
DOkm tunne

HL-LHC: 13 TeV 3-4 ab'! : HE-LHC: 27 TeV 10 ab*!
2years 6years |LHeC: 1.2TeV
|- 4 0.25-1 ab1® FCC-eh: 3.5 TeV 2 ab?
5 years 7 years : , 3 TeV
' e
11 km tunnel : : 5 ab

50 km tunnel

2030 2040 2050 2060 2070 2080 2090

Ursula Bassler, Granada, 2019
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...but stay healthy and live long !



FUTURE
CIRCULAR
COLLIDER

FCC

FCC integrated program

comprehensive long-term program maximizing physics opportunities
stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities

stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent measurements of

the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

common civil engineering and technical infrastructures, building on and reusing CERN'’s existing infrastructure
FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

Schematic of an
80 - 100 km

Injection transfer lines proposed to be
Azimuth = -10.2° installed inside FCC-hh ring tunnel

into booster

M.&Experimem site)

SSS =1400 m Injection into collider

Technical site
Beam dump

Technical site
PL( LSS =2160 m

FCC-ee

LSS = 2150 m
Booster RF

\

Arc length = 9616. 586‘m

|

: b

: / ooster

|

|

PJ sss=t400m _ _ _ N\ ___ PD

(Optional $SS=1400m 1 (Qptional
Experiment Experiment
site) site)

Technical siteé
PH

Ol LSS =2160 m LSS =2160m lchhmcal site

Collider RF P Betatron &
momentum
PG (Experiment site) collimation

PA (Expgriment site) Azimuth = -10.2°

Injection

|SSS =1400m N Injection

Technical site \
RF PL O

l Technical site

B Beam dump

LSS =2160 m LSS = 2160m

FCC-hh

Arc length = 9616. 586\m

pogh BB MOm L NN e = = PD

(Secondary (Secondary
experiment experiment
site) site)

Technical site

Momentum
collimation

Slide from Micheal Benedikt




FCC-ee

: : - 103 — =
All the heaviest SM particles o T ' ' e FcCee@liPs) -
. ! - FCC 21P -
produced 1n a clean £ - © FoCee@Pe) -
environments S0 i
.:' 1 0 E..__ .................................... +w_(157-1 63 GeV) ............................................................................ ._E.
2> = -
: 7 n :
LEP data accumulated in the @ . H (240 Gev) =
ﬁrst Smin ! g 10 g_ ........................................................................................................................................ .__E_
A = tt(350_GeV) =l
= . tt (365 GeV)_
i ' o < ~Linear Higgs Factories | 2"5“3(“‘&/.'
1 e sennssssnniresantssosastssenRissenRRse R ares R nt e shnsed \(%QQQV)__—’ ..... T, -
= | 1 1 i XS SE L i 1 -
100 150 200 250 300 350 400
(s [GeV]
Working point Z, years 1-2 | Z, later | WW, years 1-2 | WW, later ZH tt
Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365
Lumi/IP (10°* cm™“s™ ") 70 140 10 20 5.0 0.75 | 1.20
Lumi/year (ab™ ') 34 68 4.8 9.6 2.4 0.36 | 0.58
Run time (year) 2 2 2 0 3 1 4
1.45 x 10° ZH 1.9 x 105 t%
Number of events 6 x 1012 Z 2.4 x 108 WW — +330k ZH
45k WW — H | +80k WW — H
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emz, [z, N,

‘R, Ars
'mw, l'w

detector hermeticity
tracking, calorimetry

direct searches
of light new physics

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

(10"2bb/cc; 1.7x101 zz)

7 physics

er-based EWPOs

elept. univ. violation tests

momentum resol.
tracker

<A

EW & QCD Higgs couplings
self-coupling
particle flow
energy resol.
particle ID
flavour factory

FCC-ee

* o s(mz) with per-mil accuracy
*Quark and gluon fragmentation
*Clean non-perturbative QCD studies
MHiggs, [ Higgs

B physics

*Flavour EWPOs (Rp, AggP©)

¢CKM matrix,
*CP violation in neutral B mesons

eFlavour anomalies in, e.g., b = sz

vertexing, tagging
energy resolution
hadron identification

detector req.

Christophe Grojean, FCC week 2022
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FCC-ee

+ Meecoil

2 e 2
mrecoil =3 2Ef+f—\/; + mfﬂf—

My p-
FCC-ee Simulation (Delphes)
% 1 I Ll Ll T l L T Ll l Ll 1 T ZIH |l Ll T l T Ll T
o 10000[— |5 = 240 GeV .
= L=5ab’ . W
. P ete »ZH - u'u + X Other Background
Recoil method (does not work 2 aoo0 o Backorounds
()]

at hadron colliders) will allow

the first model independent
extraction of the Higgs width 4000

2000

I|III|III|III||II|I

lllllllllllllllllllll

40 60 80 100 120 140 160
56 M ecoi [GEV]



Cross section (fb)

tllllllIlllllllllllllllll

FCC-ee

Central goal of FCC-ee: model-independent measurement of Higgs width and
couplings with (<)% precision. Achieved through operation at two energy points.

— S5ab'at240GevV = +—+—7——7T——7T—— 1T 7
106 HZ events : o
25k WW—H events

|
+

250

200

150

llllllllllllllll

1.5 ab' at 365 GeV
200k HZ events

100

50 50k WW—H events —
0 T R i 1 1 1 1 1 1 1 1 1 1 1 l 1 1 8 l 1 1 1 L 1 1 1 l ; 1 1 l 1 1 l— c—
200 220 240 260 280 300 320 340 360 380 400
Vs (GeV)

Sensitivity to both processes very helpfulin improving precision on couplings.

57 Guy Wilkinson, FCC Physics Workshop, 2022



FCC-ee

ot
The challenge: the electron Yukawa
my, prior knowledge to a couple of MeV
Monochromatisation: typically I';;(4.2MeV) < 64/s -

Requires huge luminosity, to be achieved with

few years of running (and possibly 4 IP)

8\%: spread (MeV)

S0 e* Yukawa limits. e'e’—> H, 1s = 125 GeV om
20 16
14 .
(1) 1ust ISR
10 12
— (2) 8y/s =4.2MeV
6 g
5 @ 08 (3) 5\/s = 8.0MeV
4 ©
0.6
3
04
2
0.2
el P [N P e
11 5 3 4567 10 50 30 100 -%00 125.08 125.085 125.09 125.095 125.1
Snowmass 2021 report Zim (@b Jadach, Kycia (2015)
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FCC-hh

What should we expect for the discovery reach ?

eatro
pp. 1.96 TeV, 10 fb-1

' Exclusion limit ~ 1.2 TeV j

| (if they had analysed all their data in
. electron and muon channels; actual CDF |
| limit 1.071 TeV, 4.7fb-1, yp only)

TTR

This 1s for a Z’ with SM couplings

59

LHC
pp. 13.6 TeV, 139 fb-

Exclusion limit ~ 5.1 TeV |

(electron and muon channels,
single experiment)

Salam, FCC week (2023)



FCC-hh

What should we expect for the discovery reach ?

FCC-hh
pp. 100 TeV, 20 ab-1

LHC
pp. 13 TeV, 139 fb!

Exclusion limit ~ 41 TeV

| Exclusion limit ~ 5.1 TeV |

(electron and muon channels,
single experiment)

| (based on PDF luminosity scaling,  {
§ assuming detectors can handle muons §
" and electrons at these energies)

Salam, FCC week (2023)

This 1s for a Z’ with SM couplings In an era in which guaranteed
m=p discoveries are over this is the kind

of step up that we would hope for !
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The Higgs potential

4+ End of HL-LHC
Vv

Our vacuum

1 >
—w h

e.g. ATLAS+CMS HH

combination with 3ab~!:
0.1 <k, < 2.3

Note that:

We are assuming the quadrilinear

coupling to be that of the SM

BSM physics may lead to more
complicated Higgs sectors with
additional scalars
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The Higgs potential

4+ After FCC-hh
V

Our vacuum

0.94 < K, < 1.06
(statistical errors only)

Mangano, Ortona, Selvaggi (2020)

Note that:

We are assuming the quadrilinear

coupling to be that of the SM

BSM physics may lead to more
complicated Higgs sectors with
additional scalars
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Summary

The Higgs boson is to some extent, the most important and mysterious

particle in the SM

Due to its unique nature, it i1s connected to all the fundamental questions
about our Universe

At present everything looks consistent with the SM but our picture of the
Higgs sector 1s still quite blurry

The HL-LHC upcoming run will improve the precision measurements of

Higgs couplings and extend the search for New Physics signals

To go beyond we need a broad and ambitious programme that can sharpen
our understanding of the physics we already know and, at the same can push
the boundaries of the unknown 1n the intensity and energy frontiers

More precision, more energy and more sensitivity to New Physics

The integrated FCC program provides this step forward !
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