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It’s all made of a handful of particles and forces

The sub-atomic structure of matter

~1071°m

Several 1071° m

molecule atom atomic nucleus proton/neutron quark



It’s all made of a handful of particles and forces

The sub-atomic structure of matter and its interactions is described by the Standard Model
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It’s all made of a handful of particles and forces

The sub-atomic structure of matter and its interactions is described by the Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
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The Standard Model

The Standard Model is a quantum field theory which describes all known forms of matter and forces,
except gravity

The Standard Model unifies
guantum mechanics, special
relativity and field theory

It can be written in a very compact
form so that it fits on a mug

It also unifies electromagnetic
and weak interactions




The Standard Model

The Standard Model is a quantum field theory which describes all known forms of matter and forces,
except gravity

The Standard Model unifies
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These terms describe interactions among
force particles (top) and among matter
and force particles (bottom)
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allows to derive the
equations of motion

of a system




The Standard Model

The Standard Model is a quantum field theory which describes all known forms of matter and forces,
except gravity

The Standard Model unifies
guantum mechanics, special
relativity and field theory

These terms describe interactions among
force particles (top) and among matter
and force particles (bottom)

It also unifies electromagnetic

and weak interactions Beauty: interactions governed by gauge

symmetries with only 3 (EW) and 2 (QCD,
B.rrong tiny — strong CP problem) parameters

The Lagrangian
allows to derive the
equations of motion

of a system

The Standard Model is a highly predictive theory

For example, the currently best experimental measurement of the magnetic dipole
moment of the electron finds: 9/, = 1.001 159 65218059 + 0.000 000 000 000 13

Standard Model and experiment agree within a relative precision of 10-10
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The Standard Model

... should not only work today,
but also describe the history of
the universe since the Big Bang
13,8 billion years ago

But something is odd: why is there
only matter left in the universe?
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The Standard Model

... should not only work today,
but also describe the history of
the universe since the Big Bang
13,8 billion years ago

But something is odd: why is there
only matter left in the universe?

And what is the origin of the huge
quantity of dark matter?
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The Standard Model

... should not only work today,
but also describe the history of
the universe since the Big Bang
13,8 billion years ago

But something is odd: why is there
only matter left in the universe?

And what is the origin of the huge
quantity of dark matter?

And why do elementary
particles have mass at all?
How and when did this occur?
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Gauge symmetry and the Higgs mechanism

Interactions in the Standard Model are described by local gauge theories

Gauge symmetry is the invariance of equations of motion with respect to a local transformation belonging to a symmetry group

Example: translation group — uniform movement of particle

Local

symmetry:
nn P

X X+a

Global
symmetry:

movement under
influence of a potential

A new trajectory is possible, if forces act on the particle: a potential that restores the symmetry of
the dynamic under this particular gauge transformation

The dynamic found is not just any dynamic, but one of the 4 forces of nature: gravitation
Requiring the same local gauge invariance for a wave function gives us: QED

We can do so for all fundamental forces of the Standard Model, which have thus a Geometric origin !

13
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Gauge symmetry and the Higgs mechanism

Interactions in the Standard Model are described by local gauge theories

A problem: gauge symmetry requires massless spin-1 “gauge” (=force) bosons
Applying an arbitrary local gauge transformation A, = A, + d,a on a mass term m?A*4,,, invariance requires m = 0

However, the W, Z bosons are massive (= finite range of weak interaction ~10-15 cm)

A solution is to introduce a new complex scalar field ¢, which couples to the weak bosons, and whose
energy potential is such that the field condensates below a critical temperature Tgy with a non-zero
vacuum expectation value (0|¢|0) = v # 0, thus spontaneously breaking the symmetry of the vacuum

The field pervades all space. The coupling of the Higgs field with a particle
gives the particle potential energy (ie, the particle “soaks” energy out of the
Higgs field) and thus mass. The stronger the coupling, the greater the mass.
This mechanism gives mass to the W, Z bosons, and also to the fermions

A local excitation of the Higgs field ¢ around its ground state is the Higgs boson




Gauge symmetry and the Higgs mechanism ot ot e S e e

transition is a smooth crossover, ie, of
2nd order with no Higgs bubble creation

The Higgs potential energy: [ V(p) = —u?|p|? + A|g|? ] Phase transition*
$ T > TEW
At lowest order (tree level)
V(¢)
The early universe, at T> Tgy, was in a symmetric
phase (I¢pminl = v = 0), a phase transition at ~Tgy
(~105 K, 1072 s after the big bang) led t0 |l = v7y, >0 Potential barrier — r=T,,
Higgs bubble expansion —{ vy //T <T.,
At T=0, V(¢) has a minimum at: R =

"l

2 . . . N
U="Ur—_g = \/% (v = 246 GeV) Condensation of Higgs field >

Ur=9

Developing ¢ (x) « (0,v + H(x)) around the minimum and inserting it into the SM Lagrangian expanded by
particle interactions with ¢(x), determines the particle spectrum

1 1
* my=0,my =-gv, my = Eﬂ/g2 + g'? - v, my,/m, = cos By,
* my = \/—%gfv, (9¢ (Yukawa couplings) not predicted by Higgs mechanism, note that g.,, ~ 1, but g, ~ 0.3 -107°)

* my = u = vVv2A + A1 (energy-dependent quantum corrections)

15



Completing the Standard Model

The Higgs mechanism is a necessary ingredient of the Standard Model to accommodate the reality of
boson and fermion masses

Beauty: interactions governed by gauge
symmetries with only 3 (EW) and 2 (QCD,
B.rrong tiny — strong CP problem) parameters

The top term describes how matter
particles couple to the Higgs field ¢
and thereby obtain mass

The lower left term describes the
interaction of the Higgs field with
the weak-interaction bosons, which
thereby obtain mass

This term is related
to the Higgs sector

Unpleasant: not governed by
symmetries, 26 free parameters,
large hierarchy among masses

The lower right term describes the
Higgs potential V(¢) with non-zero
ground state

16



Gauge symmetry and the Higgs mechanism

A few comments:

proton neutron
* The Higgs mechanism is required because we assume the u ~2.2 MeV
bosons and fermions to be elementary. It would be different uu & e
had they substructure: binding energy could give mass d‘*’ d)o d)— ~4.7Mev
« The resulting mass values govern the history of the universe 938.3 MeV  939.6 MeV — Am=-0.14%

(incl. complex chemistry and life) — what would happen had
we (or nature) a dial to change the particle masses? [see R. Cahn]

« V(¢) is the simplest scalar potential that breaks ground state symmetry.
Does what we need, but bears fundamental problems — carries the seeds for new physics

» The Higgs mechanism doesn'’t tell us everything: there is this field which generates mass, but we do not know
why some particles soak a lot of energy out of this field and others much less — this is the “flavour” problem

« The vacuum energy density of the Higgs field (among others) generates a "cosmological constant” that is 10°®
times larger than the dark energy observed®. It would curve the universe into an object roughly the size of a
football, contrary to reality — this is the “cosmological constant" (finetuning) problem

*Accelerating universe (dark energy) corresponds to pyacuum = 4%, #~0.002 eV


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951

An analogy to the Higgs mechanism

Superconductivity

SC (BCS) theory Higgs mechanism
Cooper pair Bose condensation Condensed Higgs field
Electrically charged (2€) Weak charge

Mass of the photon Mass of W & Z bosons
T..it ~ mK —several 10s of K Tt = Tew ~ 1010 K

— Is the Higgs boson elementary or composite?

i; 1
omp, mp,
~ 0.32am
~ 1.6am

Further reading, eg: L. Dixon, “From superconductors to supercolliders”

Our universe

S il

A superconductor is locked mid-air in different orientations above a
permanent magnet — superconductive levitation due to the expulsion
of the static magnetic field (Meissner effect) [Source]

In response to an externally applied magnetic field, perpetual eddy
currents circulate in the superconductor, producing an internal
magnetic field that exactly cancels the externally applied one

18


https://quantumlevitation.com/what-is-superconducting-levitation-and-how-does-it-work/
http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf

The Higgs mechanism was only a hypothesis
before the start of the LHC

To prove it one had to find and
measure a new particle: the
mysterious

S IWtp://www.shardcore.org/



Producing and studying the-Higgs boson
requires @ huge machinef
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Particle accelerators

* Look deeper into matter (size ~ 1/E) (powerful microscope)

* Discover new heavier particles (E = mc?)

Einstein

* Probe conditions of the early universe (E = kT)

¥ Boltzmann
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o 1971 — the first Hadron-Collider =

‘ Intersecting 6rage Rings at CERN operated as a proton, proton—antiproton and ion -
collider for physics between 1971 and 1983. 943 m circumference, 1.3 T dipole field,
CM energy up to 63 GeV, holding luminosity record for hadron machines until 2004

- o ——
<~ %

| o =a
Huge advantage over fixed target; for protons: Ecy = 1.4VGeV,/Epeam
— Ecm = 14 TeV would require a 10,000 TeV beam




early 70s)

ISR Control Roo







Large Hadron
Collider (LHC)

e 27 km underground
accelerator and collider

« Superconducting magnets
(1.9 K=-271.3 °C) steer the
particles around the ring

 Proton and ions are
accelerated to multi-TeV
scale energies before they
collide

s

The LHC has a total of 9300 magnets for beam bending, beam focusing and orbit corrections



Areal view
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EXPERIMENT




The ATLAS Detector

ATLAS

EXPERIMENT

Toroid magnets

Muon chambers

Tile calorimeters

: LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Solenoid magnet | Transition radiation tracker

Semiconductor tracker

S

25 m diameter, 46 m long, 7000 tons weight ~

Axial field provided by solenoid
(2 T) in central region (momentum
measurement)

High resolution silicon detectors:
* 100 Mio. channels (50 ym x 250 ym)
* 6 Mio. channels (80 ym x 12 cm)

spatial resolution ~15 pym (in azimuthal
direction)

Energy measurement down to 1°
to the beam line with a calorimeter
system

Independent muon spectrometer
(superconducting toroid magnet system)

Ultra-fast custom electronics and
high-performance computers filter
the collisions: only 1 out of 30,000
collisions is kept
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The ATLAS Collaboration ATLAS

EXPERIMENT

ATLAS is a multi-decade experimental
programme involving:

* 185 Institutions (253 institutes) from 42
countries + 15 Technical Associate Institutes

* 2900 Scientific authors
* 1200 Physics PhD students

- 1300 Engineers or technicians s \"w >
rgentina Netherlands S,
Armenia Norway
. . Australia Palestine
« 100 Engineering students Ausiria  Philppines
zerpaijan olan
BelarusJ Portugal
H Brazil Ri i
« 6000 Active members Conada  Russa
Chil Serbi
Ch:r?a Sﬁ::v:(ia
Colombia Slovenia
. Czech Republic South Africa
LlnkS Denmark Spain
France Sweden
Georgia Swjtzerland
« Interactive ATLAS world map Greece” Tankiye Collab .
Israel UAE
Static world maps italy UK ollaboration
J’apan . ch:RAN 183 institutions (253 institutes) from 42 countries
. . . ongolia
« List of ATLAS institutes Morocco JINR

« ATLAS Composition
 Join ATLAS information & brochure

31


https://atlaspo.cern.ch/public/ATLASMap/
https://cds.cern.ch/record/2654110
https://atlaspo.cern.ch/public/institutions/
https://atlaspo.cern.ch/public/institutions/support/files/ATLAS-Composition.pdf
https://atlas.cern/discover/collaboration/join

ATLAS Detector construction and installation

ATLAS cavern after excavation in July 2002

+ 53 m long
* 35 m high (10-storey building)
+ 30 m wide

32
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ATLAS
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H"QQS bﬁsgq%uctlon in the Standard Model' N AN

#ﬁi

About 1 Higgs boson per second is produced in
ATLAS at the LHC (about 12M total by today)

It decays within 1022 s

f
_ R s
v
f
W/Z
L H Zma,/z
U
wW/Z

H — yy, Zy occur through virtual top or W loops (no direct
Higgs coupling to massless particles)

o

LA 0.23% 0.15%

77* f‘ 0.010% (e,u)

2.6%
0.012% (e,u)

Www*

21.4%
1.1% (e,u)

bb

58.2%
HH b,
0.02%
TT
6304 M o
2.9%



HH — bbtt candidate event recorded in 2017




Higgs boson discovery

-

A Higgs boson to 2 photons candidate



EXPERIMENT

Higgs boson dlscovery ATLAS

A Higgs boson to 4 muons candidate
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Higgs boson discovery ATLAS
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Phys. Lett. B 716 (2012) 1-29
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
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Higgs boson discover

seminars @wouncing the Higgs boson discovery by ATLAS and CMS

A Higgs boson to 4 muons candidate



The Higgs boson

I
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LN /////\\
The LHC’s magnum opus - \\\\

But is it really the Higgs boson we were looking for?

<2

Spin-parity of 0+ was quickly confirmed using angular
analyses. Deeper studies required much more data

W

> = < N
e il ; %&
7 N ) |

Nature 607, 52 (2022)


https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w

TN~
The nggs boson — At 10 ATLAS

EXPERIMENT
"

JHEP 07 (2023) 088 Eur. Phys. J. C 80 (2020) 942

T T T T T T T T T T T T rLl TT | TTTT I TTTT I TTTT l TTTT l TTTT I TTTT I TTTT I T T 1]
Data ATLAS - ATLAS 2 e
Vs=13TeV, 139 fb™

| H N ZZ* —5 4| Higgs (125 GeV)
—— Signal + Background

XX, VVV
B Zjets, tt
% Uncertainty

Events/2.5 GeV

All categories

In(1+S/B) weighted sum
H— yr S = Inclusive

H—- 2Z* > 4¢

IIIIlIII|IIIIIIIlIIIlIII'IIIIIII
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m, [GeV]



http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/

v 4

Higgs boson mass ATLAS

. G | Eur. Phys. J. C 80 (2020) 942
N \ & : \
* . S & \ ® Data
\ ‘ = ; ; \ ATLAS* Higgs (125 GeV)
N Y \\\ IR H— Z7* — 4l . B )
S Vs=13TeV, 139 fb XX VW
; B zijets, tt
The Higgs mass is peculiar Z 77 Wnestainy

m, = 125.11 + 0.11 GeV (0.09%)
% arXiv:2308.04775

90 100 110 120 130 140 150 160 170
m,, [GeV]



http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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Higgs boson massA

b e

(P
\ K

W e
The H'QQS mass is peCU"ar 68% and 95% CL contours M ?”lbﬁgz Gev
Fit w/o MW and m, measurements -- g'= 0.46 éev
» Itis consistent with the global electroweak fit Fitw/o M, m, and M, measurements . — o =040 €050, GeV
Direct MW and m, measurements a8C

M,, comb. + 1o
M,, =80.379 + 0.013 GeV

Gfitter Group: arXiv:1803.01853


https://arxiv.org/abs/1803.01853
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Higgs boson massA

A 7/

Evolution of the Higgs quartic coupling, assuming SM (only)
0.10

Vo \ \ P
’ LR { \ Higgs
%}%}\\” o & R potential

- = 0.08
W e

*
.

Our Stable

vacuum

0.06 \ ?

Metastable

The Higgs mass is peculiar
» Itis consistent with the global electroweak fit 5
« But the electroweak vacuum seems to be

metastable 0.02

>~ M, =1713GeV
0.00 ———

Higgs quartic coupling A

002} T~y (M) =0.1163

A may become zero and M, = 1749 GeV

even negative at high ener
-0.04 9 9 ¥

102 10* 10 10% 10 10'?2 10' 10! 10'® 10%

arXiv:1205.6497 RGE scale pin GeV


https://arxiv.org/abs/1205.6497

& t

Higgs boson mass

The scalar mass term in the SM is not protected by any
symmetry, so, in case of high-scale new physics (eg, at mp)):

A = 2 .2 2
wl‘ \N . - o \ My = Mpare + 5mH

The Higgs mass is peculiar A 3

2 _ 2
omg = Ten? s — (m§ + mZ + 2my, — 4m7)

» Itis consistent with the global electroweak fit

- But the electroweak vacuum seems to be This is the hierarchy problem: low-energy physics
metastable depends on high-energy physics (no scale factorisation)

« Solutions explored may be weakly coupled (eg, SUSY),
strongly coupled (eg, Higgs composite), strong gravity
(eg, warped extra dimensions)

* And in case of new high-scale physics, the Higgs
mass appears to be highly fine-tuned

am - R V, . . .
N « To be natural, solutions involve new physics at TeV
\\ | 7 4 scale. Or invoke the anthropic principle via a landscape
' of string vacua (multiverse)
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Higgs boson couplings ™

Huge experimental programme, some channels suffer from

A \{‘\ large backgrounds, huge improvements from smart
At &//%/ analysis techniques and machine learning
< N . ¢
o A

The Higgs boson couplings to the SM particles are cgtzzr;?gs E
experimentally determined by measuring cross- .
sections of all accessible Higgs boson production Cross Section | 4o 5 0h | 3.8pb | 2.3pb | 0.5 pb

and decay modes (13 TeV)

Zew] oz | | | |
o Joww| v [ o |
)

In grey: evidence for decays, but not observed yet
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Theory predictions

. R DR ‘

~ '/ ; Calculations of Higgs boson
t . N production via gluon fusion
\ NS | versus time

R

\/§ =13 TeV * From iHixs
Predictions at hadron colliders are extremely e @ catlord, 0. Nanoposios, - Sachraide § 1977 - 1980
complex and require several levels of modelling Thio e
and calculations (higher order hard processes, NLO - QCD* i 1991 - 1995
parton fragmentation, hadronization, parton M. Soia A Dious, D.Graudens, .M. Zerwas :
distribution functions, etc...) :
NNLO-+NNLL QCD - NLO EW 5 2002 - 2012
_ . _ - S. Actis, G, Passaring, C. Sturm. 5. Ueciratl '
The interpretability of our results relies on our ability
to compute accurate and precise predictions N'LO - NLO EW
The LHC has become a precision measurements ATLAS Collaboration Run 24—
machine, this would not have been possible without CMS Collaboration Run 2 '
the huge efforts of the theory community Predictions for m,= 125 Gev  Nature 607, 60-68 (2022)
. . 50 60
/> = P Oggr (PP — H+X) [pb]
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359058

Event: 2965933740
2018-08-25 02:51:44 CEST

Run:

A Higgs bosor;tb .



ATLAS

EXPERIMENT

Run: 338349
Event: 616525246
2017-10-16 20:24:46 CEST



H— bb

™

Measurement of H — bb via associated production pp — W/Z + H and leptonic W/Z decays

Highly complex analyses requiring excellent control of background processes and signal purification with machine learning

10— ATLAS —e— Data B
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150 GeV < p¥ <250 GeV Single top
Bl W+jets
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ttH ﬂ

RIMENT

Run: 303079
Event: 197351611
2016-07-01. 05501226 CEST

‘t&H—» 6 jets + yy candida



ttH production features rich events,
H — yy channel most powerful

arXiv:2004.04545

¢ Data
— Signal + Background
= = Total background
- - = Continuum background
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Vs=13TeV, 139 fb™
In(1 + S/B) Weighted Sum

AttH — 6 jets + yy candida


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

ATLAS

EXPERIMENT

/

Run: 362204

Event: 2842448996
‘018—09‘—29 13:15:$<EST
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arXiv:2207.00338 arXiv:2201.08269
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arxiv:2207.00338
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/

H — pyu — Higgs coupling to light second-generation fermions

Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event/ LS: 278240 / 2307764905 / 1215

Data recorded: 2018-Aug-27 18:16:09.757504 GMT Data recorded: 2018-Jul-14 22:42:55.530432 GMT

CMS Experiment at the LHC, CERN CMS Experiment at the LHC, CERN CMS Experiment at the LHC, CERN
Run/ Event/LS: 321879 / 102476714 / 86 Run / Event / LS: 319639 / 961085861 / 624

CMS CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-30 16:00:48.744704 GMT
Run/ Event/ LS: 323755 / 1382838897 / 755

H — ppu candidate events



H — uyuy — Higgs coupling to light second-generation fermions

H — pp, very challenging channel (0.02% branching fraction)

+ Approximately 1,600 events produced but very small signal-to-background ratio
* Requires a very accurate description of the backgrounds (via empirical fit)
« @Gain in sensitivity by exploiting all production modes gluon fusion, VBF, VH, ttH

137 b (13 TeV)
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The Higgs mechanism
iS real ! ATLAS Run 2

i K¢ =K
\ K, is a free parameter
{ * SM prediction
\ ~ \@ \ Non-universal coupling
N - V1 '
u“ \ A \ /b
Leptons Quarks
Measurements by ATLAS and CMS have confirmed --- -|:||:|

the non-universal, mass-dependent coupling strengths E-- E-D
of the Higgs boson to the SM particles

Force carriers Higgs boson

W% " / - /»‘ — A\ El
\ kk‘\}i\"" /'g \ N
‘ T\\‘ \‘\\ - g \/\
\V 7 : - :
10 10 10
/\\)\ ' Nature 607, 52 (2022) Particle mass [GeV]


https://www.nature.com/articles/s41586-022-04893-w

The H ig g S mec h a n i S m Coupling strengths wrt SM: K, = 1.01 + 0.06, k4 = 0.95 + 0.07

iS real ! ATLAS Run 2
\..../\\ ® k.=x,

Kk is a free parameter

. 4 SM prediction
— S \ Non-universal coupling
NN | 7
u“ \ - RV “‘ [ /b
Leptons Quarks
Measurements by ATLAS and CMS have confirmed --- -|:||:|

the non-universal, mass-dependent coupling strengths E-- E-D

of the Higgs boson to the SM particles Force carriers ___ Higgs boson
e — <1, I
\\ \ % N
\ - \ " \, @ _ - 1.06 ** Kiop = 0.94 + 0.11
Y \s g \ | Kp = 0.89 + 0.11
o _ e | Kw = 1.05 + 0.06
\T 7' ‘ k. =0.93 + 0.07 ! Kz = 0.99 + 0.06
-l ¥ 107! 1 10 10°
\ '\ ' Particle mass [GeV]

'} Nature 607, 52 (2022)


https://www.nature.com/articles/s41586-022-04893-w

The Higgs mechanism
Possible relations between the Higgs boson and

iS real ! open questions in particle physics and cosmology

What stabilises the Higgs mass versus high-scale new
physics? Are there new TeV-scale symmetries? Is the
Higgs boson elementary or composite, are there
anomalies in its coupling to the W or Z?

Do Higgs interactions violate CP? Is there an anomalous
Higgs self coupling to allow for a first order electroweak

The new sector opens a variety of possibilities and ohase transition?

questions

Is the Higgs boson unique?

The discovery of an (apparently) fundamental scalar particle, _ o _ _ )
resulting from spontaneous symmetry breaking, fuels renewed What is the origin of dark matter, is the Higgs mechanism

interest in other fundamental (pseudo)scalars, such as the axion... responsible for dark matter? Can the Higgs boson provide
(which can be detected from the sun via inverse Primakoff effect!) a portal to a dark sector?

\7,,, g \\: = What is the origin of the vast range of Yukawa couplings,
,, N 7\ . are there modified interactions, lepton-flavour violation?
\\V 7' g Is the vacuum metastable? Is the Higgs field connected
| with cosmic inflation? Are there possible cosmological
W ' observations related to the Higgs field?
>\ Salam. Wang. Zanderighi: Nature 607


https://www.nature.com/articles/s41586-022-04899-4

The Higgs mechanism
Possible relations between the Higgs boson and

iS real ! open questions in particle physics and cosmology

What stabilises the Higgs mass versus high-scale new
physics? Are there new TeV-scale symmetries? Is the

R : : 4 {‘\ Higgs boson elementary or composite, are there

\\\ QA = IN &{( anomalies in its coupling to the W or Z?

LW SO \ Do Higgs interactions violate CP? Is there an anomalous
Higgs self coupling to allow for a first order electroweak

The new sector opens a variety of possibilities and ohase transition?

questions
Is the Higgs boson unique?

The discovery of an (apparently) fundamental scalar particle, _ o _ _ .
resulting from spontaneous symmetry breaking, fuels renewed What is the origin of dark matter, is the Higgs mechanism

interest in other fundamental (pseudo)scalars, such as the axion... responsible for dark matter? Can the Higgs boson provide
(which can be detected from the sun via inverse Primakoff effect!) a portal to a dark sector?

\7,,, g \\: = What is the origin of the vast range of Yukawa couplings,
,, N 7\ . are there modified interactions, lepton-flavour violation?
\\V 7' g Is the vacuum metastable? Is the Higgs field connected
| with cosmic inflation? Are there possible cosmological
W ' observations related to the Higgs field?
>\ . Salam. Wang. Zanderighi: Nature 607


https://www.nature.com/articles/s41586-022-04899-4

A Higgs boson to 4 muons candidate

The pp — 4¢ spectrum is sensitive to H* production

Higgs boson width

A 7/

i ~ : ATLAS e Data
L ‘ -!‘. . A 5 -1 . .
Vs=13 TeV, 139.0 fb Systematic uncertainties
. [ Jag—>zz
A \ o)z
\ - S | ‘ I:I Other Backgrounds

B AN L o [ Jaa—> (H>)zz+2
bt 8 eV \ [

| -

On can measure the decay width of the Higgs boson
by comparing the high-mass off-shell Higgs coupling
strength (independent of [y) to the on-shell (125 GeV) §f+
one (dependent on I'y)

\
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Data / Exp.
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arXiv:2304.01532


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/

Dark matter

The Higgs boson may couple to dark matter

and ”invisibly” decay to dark matter particles
(if Kinematically allowed)
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Dark matter

The Higgs boson may couple to dark matter arXiv:2202.07953, arXiv:i2301.10731

bH H H b} H > " .
and ”invisibly” decay to dark matter particles 8 ATLAS 1 Post-fit  -®Data \ Uncertainty
(if kinematically allowed) / t gq: 13 TeV, 139 b Bkg-only [l strong W EW W

M strong Z EW Z
y S
, f M other Multijet
q( ) % -=+H(B,, = 0.15)
c
X 2
L
1/ X .
( 1.4 -® Data/Bkg N\ Uncertainty — Pre-/Post-fit
q - == 1+Signal/Bkg 1+Multijet/Bkg
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/

Higgs pair production ATLAS

y 4 EXPERIMENT
The holy grail of Higgs physics: access to the
symmetry breaking Higgs potential -

V() = —ul$l® + Alpl*

N

A HH — yybb candidate event



Higgs pair production ATLAS

y 4 EXPERIMENT
The holy grail of Higgs physics: access to the

symmetry-breaking Higgs potential -

A HH — yybb candidate event



Higgs pair production

The holy grail of Higgs physics: access to the
symmetry-breaking Higgs potential i

A HH — bbbb candidate event



Higgs pair production

Complex final states, large potential for machine Constraint on k; = 1/Agm benefits also from single-
learning, steady analysis improvements Higgs coupling measurements via quantum loop
corrections

ATLAS —— Observed limit

Vs=13 TeV, 126—139 fb_1 EXpeCted limit T T T | T T T T

. I I | I
oS, ver(HH) =32.7 b (s =0 hypothesis) - ATLAS — Heonl 1
[ Expected limit 10 [ Vs=13TeV, 126—139 fo-! A only

[ Expected limit £20 Observed —— HH K, only
= HH + H K, only
HH + H K only: HH + H Kk, generic -
EXp- 95%: K, € [-0.4,6.3]
HH + H k) generic:
95%: K) € [-1.4,6.1]

arXiv:2211.01216

b5yy 4.2 5.7
bhT+T- 4.7 3.9

bbbb 54 8.1

Combined 2.4 2.9

0 5 10 15 20 25 30
95% CL upper limit on HH signal strength uyy
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Preparing the future — the grand plan of the LHC

HiLUMI

LARGE HADRON COLLIDER

We are here
LHC | HL-LHC
L
I
Run 1 ‘ | Run 2 | ‘ Run 3
EYETS LS2 13.6 Tev | LA 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation =
7 TeV 8 TeV button collimators in?:eraction ) inner triplet . . LH(.:
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
\ / v \‘
2es | ey | s | a0 ][]
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
ol nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi : HL upgrade
75% nominal Lumi upgrade

e
EX:

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES

ey 3000 fb
luminosity JEIIE{

/

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION

CONSTRUCTION

| INSTALLATION & COMM. |”| PHYSICS

BUILDINGS
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Preparing the future — the grand plan

LHC / HL-LHC Plan ‘H|Luml,

HL-LHC

« 20 times more data than currently analysed: Higgs factory (400M Higgs bosons produced)

vector boson scattering, and increased overall rare & new physics sensitivity

for precise Higgs coupling measurements, access to Higgs self interaction and longitudinal ;v

e

energy

5t07.5

'Y K v A
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 q 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII“
x nominal Lumi
MS

ATLAS -C

experiment upgrade phase 1 ATLAS - CMS /
beam pipes

]

1

. . . . HL upgrade
nominal Lumi _2’”“)""_____”"’"_'-__“"“_{ ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi I /_ upgrade I

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ( % PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. H”

ey 3000 fb
luminosity JEIIE{

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

PHYSICS
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High-Luminosity LHC (HL-LHC) iy §

EXPERIMENT

The HL-LHC’s beam intensity requires
unprecedented detector and computing
technologies:

Radiation hardness
High detection granularity and resolution

Precise timing detectors

More powerful online filtering

Tile calorimeters

) LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Machine learning & data science

Toroid magnets LAr eleciromagnetic calorimeters

High-performance software & computing Muon chambers  Solenoid magnet | Transition radiation fracker

Semiconductor tracker




ATLAS

EXPERIMENT

ATLAS Simulation
vs=14 TeV, HL-LHC

tf, (1)=200

ATLAS new silicon inner tracker (simulation)



ATLAS

EXPERIMENT

Run 3 (2022-2025) at 13.6 TeV is ongoing

First 13.6 TeV collisions on 5 July 2022

ATLAS new silicon inner tracker (simulation)



ATLAS

EXPERIMENT

" g8

The Higgs boson discovery allows us for the first time to directly study
electroweak symmetry breaking and the process of mass generation

The Higgs sector is directly connected with very profound questions:
naturalness, vacuum stability and energy, flavour, dark matter and other
new physics

Their study requires a broad experimental programme that will extend
over decades

M
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for your attention !
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sssse————————___  Scientific priorities
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Recommendations of the 2020
Update of the European
Strategy for Particle Physics:

Fully exploit the HL-LHC

Build an e*e™ Higgs factory

for high-precision studies of
this unique particle

Investigate the technical and
financial feasibility of a future
100 TeV energy-frontier
collider at CERN

Ramp up the relevant R&D




A Scientific Mission for the 21st Century

LHC Run 2
2014-2018 13 TeV.

Int. Lumi.190 fb-1

Higgs couplings to
Fermions of the third
generation (top, bottom

100% to 2x Nom. Lumi, PU 40

HL-LHC (Runs 4-6)
2029-2041 13.6 - 14 TeV and 2x
Nominal Luminosity, PU 140 — 200
Int. Lumi. 3000 fb-1

Di-Higgs boson production
and Higgs self coupling, and
precision Higgs physics!

2030

LS3

2026-2029 HL-LHC
installation and major exp.
upgrades

and taus)!
LS2
2018-2022
Experiments Phase-|
and accelerator
upgrades
201 2020
> ) \
LS1
2012-204
Consolidation of
LHC
interconnections
LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30- 2022-2026 13.6 TeV
40 2x Nom. Lumi., PU 60

Int. Lumi. 30 fb-1

Discovery of the Higgs
Boson, measurements of
Higgs Boson couplings
to bosons (gluons,
photons, W and 2)

Higgs couplings to

Int. Lumi. 450 fb-1

Fermions of the second
generation (muons) and

more rare decays

LHC

CLIC 380 GeV- 3 TeV
ILC 250 GeV - 1 TeV

2040 2050

FCC-ee 90 - 265 GeV

Ultimate Precision e e~

2060

20710

> 4
FCC-hh 100 TeV

Ultimate Energy (pp, ,u+,u_)



Dark matter

The Higgs boson may couple to dark matter

and ”invisibly” decay to dark matter particles
(if Kinematically allowed)
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The LHC also provided a new undérstanding
of hadron collider processes: the observation
of numerous very rare channels testing the

Standard Model
‘ ‘ \ ‘ = . ﬁ)—> WWW — %ﬂe,

82



The LHC also provided a new understanding
of hadron collider processes: the observation
of numerous very rare channels testing the
Standard Model

pp — tttt candidate event (very rare events,
70,000 rarer than tt, 4,000 rarer than Higgs
boson production, with spectacular
signature: 4 b-jets, many leptons and jets)
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3\@:/% _/  Studies of physics in
L s extreme electromagnetic
fields

ATLAS

EXPERIMENT




A'majori
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In proton—proton collisions, cross section is convolution of parton
distribution functions (PDF) with parton scattering matrix element

Parton distribution functions

X Mz =X ‘X_*S
Representing structure of proton, / : X 1 72 7LHC

extracted using experimental X
. = jets, W, Z, top, H
data and QCD properties . J P

Underlying event

PDFs were measured precisely
at the 6.3 km superconducting
ep collider HERA at DESY
(1992-2007)

H1 and ZEUS

Q*=10 GeV?

—— HERAPDF1.0
- exp. uncert.
I:l model uncert.

- parametrization uncert.

xg (- 0.05)

Or*NC(x,QZ) x2

+
x=0.00005, i=21 o H.ERA INCe
x=0.00008, =20 O  Fixed Target
x=0.00013, i=19 HERAPDFL0
x=0.00020, i=18 — RA .
x=0.00032, i=17
x=0.0005, i=16
x= 00008, i-15 H1 and ZEUS
X=0.0013, =14
x=0.0020, i=13
X=0.0032, i=12
x=0.005, i=11

x=0.032,i=7
x = 0.05, i=6

e x=0.08,i5
e x=0.13,i=4
ALy -0a8im3

Ny x-02502
L] !i x=0.40,i=1
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Future ete— colliders

Highest luminosity for best precision and to probe rare and forbidden phenomena: physics the FCC-hh
cannot do as well

Peak luminosity [103% s~'cm~2]

Jenny List
—— FCC-ee, 2 IPs -
| | —=— CEPC, 2 IPs ]

1 1 —— |LC baseline
100 = HZ factory --x- ILC luminosity upgrade  _|
E- ~a- |LC250 10 Hz operation 3
N CLIC ]

10

" ILC TDR (2013, baseline) -

CLIC luminosity upgrade

yy i
0.1 02

03 04

1 2 3
Centre-of-mass energy [TeV]

FCC-ee (14 years of operation)

All numbers assume 2 experiments

Run duration | Centre-of-mass Integrated > 105 x LEP Event
(years) Energies (GeV) | Luminosity (abfl) v Statistics

4 88-95 150 3 x 10" visible Z decays

2 158-162 12 10> WW events

3 240 5 10° ZH events

5 345-365 1.5 10° tT events

Stable beam time assumed:
« FCC-ee: 1.08 x10” s

« |LC: 1.6 x107s
e CLIC: 1.2 x10’s
Compare:

e SLD: <1.0x10"s

* Belle: <1.2x10"s
e LHC: <0.7x10"s

Another important consideration is one vs. two running experiments

ILC (22~24 years of operation)

« Giga-Z: 0.1 ab™'in 1~3 years
« 250 GeV: 2.0 ab™'in 11.5 years
« 350 GeV: 0.1 ab™'in 1 year

« 500 GeV: 4.0ab™"in 8.5 years

CLIC (> 20 years of operation)

« Giga-Z: ?

« 380 GeV: 1.0ab™'in 8 years

+ Upgradeto>1TeVin> 15 years

86



Future ete— colliders

The question whether or not an e*e~ collider should be upgradable to at least 500 GeV depends on
the expected HL-LHC and FCC-hh potential.

Main considerations:

1) Top-Higgs coupling: expectation at HL-LHC: o(;) = 3.4% (from mostly ttH(— vy), 3.7M ttH produced in total)
« FCC-hh: 1.0% (systematics limited)
 |LC-500 (4 ab", 8.5 years): 6.3% (~9k ttH produced)
Note: strong cross-section rise for > 500 GeV (2% precision at 600 GeV)
1) Higgs self-coupling: expected precision on A3
« HL-LHC: <50% (HH) + some constraint on A3 in single-H loops

« FCC-ee: 21% from Az in loops* (EFT), note also information from energy dependence of A; at
240 and 365 GeV

ILC-500: 27% (HH), 32% (A3 in loops) [The ILC a Global Project, 1903.01629]
ILC-1000 and CLIC-3000 achieve ~10% (36% for CLIC-1500)
FCC-hh: 5% (HH), 530 x events at HL-LHC

* oY ~ oy M (1 +0.014 6k)



Electron—positron Higgs factories

Expected precision on Higgs couplings: LHC Run 2 (ATLAS today)

Top quark
L #x =k Ki ~ 11%
10° = + I;CNi|S a frt?e Parameter Effective loop
- *P?eusiogrgrqll(c:tlon
~ w Kw, z ~ 6% 9vZ
s 107
€ TE  Fermions EW bosowns o
2 -
5 107 9
= Ky~6%  luon
< 10_3_ 29, O\V\d
= Kg ~ o photon
— o
= Ky < 30% Kz, ~30%
104 Cl
:I 1 1 11 II - -
14 Invisible Branching
.12l Br,, < 11% DM?
3 -
6 I ] I I . .
& 1.0F i ; i Higgs width
0-8:_|||||“ 1 L vl 1 Lol 1 Lol 1 | FH~1OOO/°
101 100 10! 102

Particle mass (GeV)

Nature 607, 52-59 (2022)



Electron—positron Higgs factories

Expected precision on Higgs couplings: HL-LHC

10°
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m,
vev
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K
Fy
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1.4

1.2

KpOr Ky,

1.0

0.8

— E Kc = Kt
L+ «_ is a free parameter

T SM ﬁrediction
Precision on K

Fermions

KH ~ 50% 5

T op quark‘
Ki ~ 3.4%
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Particle mass (GeV)
Nature 607, 52-59 (2022)

102
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EW bosowns

Inv

Effective loop
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9

Ky ~1.8% luon
and

Kg ~ 2.5% photon

Kzy ~ 9.8%
sible Branching
Br, < 2.5%DPM?
Higgs width
[ ~20%
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Electron—positron Higgs factories

Expected precision on Higgs couplings: FCC-ee

T op quark
N Ki ~ 3.4%
100 — ~ o .
E ot peditn Ky ~ 50% , Effective loop
- recision on K
B W Kz~0.18% 9v.Z
s 10 .
€ TE  Fermions EW bosons - Qi
2 -
S 107 . Ko~ 0.69% gy
NP = T K, ~1.8%
g8 F K, ~ 0.74% v Gluon
< o _ o and
L Ku~ 4% Kzy ~ 9.8%
10‘45— Cl
14 e Invisible Branching
. 12 Br,, < 0.5%PM?
% tof—1 ; : % i Higgs width
0'8:_|||ll-- 1 1 11 'IIII 1 f 1 llllll 1 1 1 l||ll| 1 1 l—‘I{~1.3°/°
107 100 10° 102

Particle mass (GeV)

Nature 607, 52-59 (2022)

Rule of thumb (Higgs):

Probing a scale A requires precision
of order v2/A?, i.e. sub-percent to
reach ~10 TeV

Precision on key electroweak
observables:

mZ ~ 10_6, mW ~ 10_5, mtop ~ 10_4
Sin29W ~3- 10_6, (ZQED(m%) ~ 10_5,
as(m3) ~ 1074
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Detector challenges for hadron colliders

FCC-hh key detector design challenges

High luminosity: extremely large pileup, high occupancy and data rates, high trigger rates

At FCC-hh Higgs produced up to rapidity of ~ 6.5 (0.3 deg) (up t0 2.5 (9 deg) at LHC)
Detector granularity will be critical: decay product of a Z at 10 TeV separated by AR ~ 0.01

=

e e ——
= 74

e sl == =

o —
|
e

Dimensions of 50 m x 20 m (ATLAS: 46 m x 25 m)
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UON Collider
Collaboration

Muon collider ®ﬁ

Best of all worlds?

* High energies, high luminosities with excellent luminosity per Initial targets for the integrated luminosities have been defined,
MW ratio, (relatively) clean lepton collision events namely 1, 10 and 20 ab~' for 3, 10 and 14 TeV, respectively

« Similar precision reach as FCC-ee on Higgs precision but

not for EW precision measurements at Z and WW thresholds MAP (Muon Accelerator Program) — proton driven scheme

Reduction of the longitudinal and transverse emittance with a

* Multi-TeV energy reach for new physics searches sequence of absorbers and RF cavities in a high magnetic field

...but incredibly challenging! BRI fontend | cooling accslretion Follilite
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Conceptual and design challenges
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accelerators: w W
linacs, RLA or FFAG, RCS

accumulator
MW-class target
charge separato

6D cooling

final cooling

* High neutrino flux (requires mitigation above 3 TeV)

+ Beam backgrounds challenge detector design
* Production, cooling and preservation of the muons within ~0.1 s

Constant muon
decays bring beam
backgrounds, and
radiation levels
similar to LHC




