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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

mass
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LEPTONS

Standard Model of Elementary Particles
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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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It’s all made of a handful of particles and forces

While accelerators in laboratories have been key, particle physics was pioneered by “cosmic accelerators”
generating cosmic rays

The discovery of the pion, propagtor of the strong
nuclear force acting among protons and neutrons
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Mosaic of photo-micrographs of 2 muclear explosion accumpnnicd by the ejection of a »t-particle. “The track of the wt-particle
i3 given in two parts which should join at the peint “a*, . The w*-particle shows the txansmutation m = g~ ¢.

César Lattes . , Prare V.

The graph shows a Bristol pion. The track of the positively-charged pion produced in the interaction 'star' (top left) has been cut in two to facilitate presentation. Bottom right, the pion
eventually decays into a muon, which after some 600 microns itself subsequently producing an electron. This full decay was recorded in electron-sensitive available from 1948, even more

sensitive than the specially-developed nuclear research emulsions in which the pion was discovered in 1947. 4



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

While accelerators in laboratories have been key, particle physics was pioneered by “cosmic accelerators”

generating cosmic rays

The discovery of the pion, propagtor of the strong
nuclear force acting among protons and neutrons

César Lattes

OBSERVATIONS ON THE TRACKS
OF SLOW MESONS IN
PHOTOGRAPHIC EMULSIONS

By C. M. G. LATTES, Dr. G. P. S. OCCHIALINI

AND

Dr. C. F. POWELL
H. H. Wills Physical Laboratory, University of Bristol

Part 2: Origin of the Slow Mesons

N Part 1 of the present article*, we showed
that two types of mesons exist, and it was
suggested that the heavier, m-mesons, decay to pro-
duce the lighter, z-mesons. In this second part, we dis-
cuss the origin of the slow mesons observed in photo-
graphic emulsions, and their relation to the mesons
forming the penetrating component of the cosmic rays,
of which evidence is provided by experiments with
Wilson chambers and counters. We also give photo-
micrographs which show that some slow mesons,
ejected from nuclei during ‘explosive disintegrations’,
can enter nuclei and produce a second disintegration.
Most of the observations on plates exposed at 5,500 m.
were made with boron-loaded emulsions and, for the
most part, we have confined our analysis to the
results obtained with plates of this type. The loading
material has an important influence on the rate of
fading of the latent image, but by the above procedure
we can compare the results of experiments at different
altitudes.

Disintegrations Produced by Mesons

Nature volume 160, 486 (1947)

Powell wrote: Unshaved, sometimes
| fear unwashed, working seven
aays of the week till two, sometimes
four in the morning, brewing
inordinately strong coffee at all
hours, running, shouting, quarrelling
and laughing, we were watched with
humorous sympathy by the ... native
[habitants] of the Royal Fort* ... It
was a reality of intense, arduous and
continuous work, of deep
excitement and incredibly fulfilled
areams. It was the reality of
aiscovery.

[ Reprint from CERN Courier article of 1997
(by Owen Lock) ]

*H.H. Wills Physics Laboratory in Bristol


https://www.nature.com/articles/160486a0
https://www.nature.com/articles/160486a0
https://www.nature.com/articles/160486a0
https://www.nature.com/articles/160486a0

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




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 and spin-1/2 matter particles
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 “sucks” 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
2" order with no Higgs bubble creation

The Higgs potential energy: [ V(p) = —u?|p|? + A|g|? } Phase transition”
t T > TEW
At lowest order (tree level)
V(o)
The early universe, at T> Tgy, was in a symmetric
phase (I¢pminl = v = 0), a phase transition at ~Tgyy
(~105 K, 102 s after the big bang) led 10 | minl = vy, >0 Potential barrier — T=T,
- Higgs bubble expansion \.\, v EW//T < TEW
At T=0, V(¢) has a minimum at: o :

(o]

> : . : ~
V= Up_g = \/% (v ~ 246 GeV) Condensation of Higgs field >

Ur=0

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, (95 (Yukawa couplings) not predicted by Higgs mechanism, note that g.,, = 1, but g, = 0.3 - 1075)

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



Completing the Standard Model

The scalar Higgs sector completes the Standard Model

The SM Lagrangian

This term is related
to the Higgs sector

Unpleasant: not governed by
symmetries, 26 free parameters,

large hierarchy among masses

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

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

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



Completing the Standard Model

The scalar Higgs sector completes the Standard Model

This term is related
to the Higgs sector

Unpleasan
symmetries, 2
large hierarc

The SM Lagrangian

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/, = 1.001 159 652 18059 + 0.000 000 000 000 13

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

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

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
- s

describes the
) with non-zero

10




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 are elementary. It would be different u,f """ | ?u
had they substructure: binding energy could give mass g dyd)— ~4.7Mev

The resulting mass values govern the history of the universe 938.3MeV ~ 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, 1996]

The Higgs mechanism doesn't tell us everything: there is this field which generates mass, but we do not know
why some particles draw a lot of energy out of this field and others much less

The vacuum energy density of the Higgs field is 10% times larger than the dark energy observed®. “It would
curve the universe into an object roughly the size of a football” (veltman, 1986)

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

11


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

12


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 theoretical idea

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

S IWtp://www.shardcore.org/
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Brazil became CERN Associate
Member State in March 2024

Founded in 1954 became a role model
of international scientific cooperation



https://home.cern/news/news/cern/brazil-becomes-associate-member-state-cern
https://home.cern/news/news/cern/brazil-becomes-associate-member-state-cern

Large Hadron
Collider (LHC)

« 27 km circumference
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 and
brought to collision

g

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






Aerial view
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Tile calorimeters
LAr hadronic end-cap and
forward calorimeters
Pixel detector
Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

25 m diameter, 44 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 pm)
* 6 Mio. channels (80 ym x 12 cm)

spatial resolution ~15 ym (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




ATLAS Collaboration

253 institutes from 42 countries
2900 Scientific authors

1200 Physics PhD students
1300 Engineers or technicians

Brazil in ATLAS

i : o ) / 22 ' Brazil is founding member (1992)
oenin Nomar T i b ! ' 3 : : of the ATLAS Collaboration
Australia Palestine R £ X X

Austria Philippines E ! - " m ) It evolved to a cluster with today 5

Azerbaijan Poland

Eelanss Partugal ) - .’ T institutes with broad contributions:

Brazil Romania
Canada Russia

- = ' ‘ USP, UFRJ, UERJ, UFJF,
SsechiRapaiblic. SatiiAmics d UFBA (and UFRN)
Denmark Spain

France Sweden 2 A 20 authors, 11 PhYSiCS PhD

Georgia Switzerland

Germany ~ Taiwan students, 13 Engineering

Greece Tarkiye

- uaE Colla boration students, 12 master students,

Japan USA 185 institutions (253 institutes) from 42 countries 23 u nderg raduate students

Mongolia CERN
Morocco JINR

Contributions to detectors,
software, computing, physics




Distribution, processing and analysis
of the experimental data

DATA TRANSFER CONSOLE

> 1 million processing cores in 160
data centres in 42 countries

: . COMMANDS ' |
.

. EXPERIME

DDDDD

> 1000 petabytes CERN
data are stored worldwide



ATLAS Detector: construction und installation

ATLAS cavern after excavation in July 2002
+ 53 m long

* 35 m high (10-storey building)

+ 30 m wide

22



ATLAS Detector: construction und installation
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The LHC timeline

LHC

HiLUMI

LARGE HADRON COLLIDER

We are here
| HL-LHC

EYETS LS2
13 TeV
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation
7 TeV _e button collimators interaction L
S R2E project regions Civil Eng. P1-P5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
ATLAS - CMS
experiment upgrade phase 1
beam pipes . .
nominal Lumi exnoninal Fumi ALICE - LHCb
75% nominal Lumi upgrade

e
EX:

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

13.6 TeV LS3 13.6 - 14 TeV
energy
inner triplet ; HL-LH(_:
pilot beam radiation limit installation

N v 4
2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII

5 to 7.5 x nominal Lumi

ey 3000 fb
luminosity JEIIE{

ATLAS - CMS

2 x nominal Lumi HL upgrade

PROTOTYPES

/

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION

CONSTRUCTION PHYSICS

| INSTALLATION & COMM. |”|

BUILDINGS
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The Higgs boson at the LHC




The Higgs boson at the LHC




Higgs boson discovery

-

A Higgs boson to 2 photons candidate



Higgs boson discovery ATLAS

SN

A Higgs boson to 4 muons candidate
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Higgs boson dlscovery ATLAS

EXPERIMENT

ATLAS 4 DataS/B Weighted

—— Sig+Bkg Fit (mH=1 26.5 GeV)

N
o
rt
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Phys. Lett. B 716 (2012) 1-29
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. e Data ATLAS ]
:— - Background zZ" H_ZZ* — 4 €_
- [ Background Z+jets,
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" %/ Syst.Unc.
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N
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/
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Higgs boson discovery

W Al

%
P
-8

-

.

E Fabiola Gianotti and ‘I?é;[’er Higgsy4 July 2012

Phys. Lett.B 716 (2012)

Cited almost 15,000 times
(today)

Uly 2012: ATLAS (Fabiola Gianotti) und CMS (Joseph Incandela)
announce the Higgs boson discovery before a packed auditorium
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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 o
Vs=13 TeV, 139 fb™

_H N ZZ* —5 4| Higgs (125 GeV)
Background m,, = 125.09 GeV C s 13 TeV, 139 fo — tzx(i,)vvv

B Zijets, tt
% Uncertainty

— Signal + Background ,, categories

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

Events/2.5 GeV

H—-ZZ* > 4¢

IIIIlIII|IIIIIIIlIIIlIII'IIIIIII

py ||||| |||||||||||_II
(@)
o

0 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-2020-16/
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Higgs boson mass ATLAS

EXPERIMENT

Eur. Phys. J. C 80 (2020) 942
ATLAS ¢ Daa

Higgs (125 GeV)
H—-ZZ" - 4l

p . 27
Vs=13TeV, 139 fb £XX, VWV

% B Zijets, tt
/ 2 Uncertainty

—
A O
o O

Events/2.5 GeV
o
o

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

—h
()
o

80
60
40
20

%O 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 mass

\lﬁ A\

The Higgs mass is peculiar 68% and 95% CL contours
Fit w/o M, and m measurements o = 0.46 GeV
« It is consistent with the global electroweak fit Fit wlo M, m, and M, measurements | | =046 © 0.0y, GV

Direct MW and m, measurements

\ |\ | \ M,, comb. = 1o
b \ X M,, = 80.379 + 0.013 GeV

Nl
® 2
P A

140

Gfitter Group: arXiv:1803.01853


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

"Q

The Higgs mass is peculiar

» Itis consistent with the global electroweak fit

« But the electroweak vacuum seems to be
metastable

arxiv:1205.6497

» HUOERGIERI

At lowest order (tree level)

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

0.10

Higgs
potential

0.08
Our Stable

vacuum

0.06 \ ?

Metastable

0.04

0.02
M, =171.3 GeV

Higgs quartic coupling A

—002 - T~ (M) =0.1163

A may become zero and M, = 1749 GeV
even negative at high energy

102 10* 10° 10% 10 10'2 10" 10'® 10'® 10%
RGE scale y in GeV


https://arxiv.org/abs/1205.6497

v 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)):

AN L 2 _ 2 2
\lﬁ \\ . 2 . My = Migare omy

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

(- W N
N \? « To be natural, solutions involve new physics at TeV
X A4 scale. Or invoke a statistical solution (and the anthropic
S\ 4 principle) via a landscape of string vacua (multiverse)
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Higgs boson couplings ™

Rl

PL N W Huge experimental programme, some channels suffer from
ey / N : large backgrounds, huge improvements from smart
\x, ' " \ analysis techniques and machine learning

: : : Channel
The Higgs boson couplings to the SM particles are E
experimentally determined by measuring cross- .
sections of all accessible Higgs boson production Cross Section

and decay modes (13 Tev)

| I I S A N W

“w e [ [ 7

@ewi] o2 | /| /| 7 | 7

Cw foww] /[ [ /[
]

In grey: evidence for decays, but not observed yet



ATLAS

EXPERIMENT

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



H— bb p——

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
arXiv:2007.02873

L L L B B L L L
ATLAS —e— Data

(s=13TeV, 139 fb™ B VH, H — bb (u=1.17)
0+1+2 leptons Diboson

243 jets, 2 b-tags [L.] B-only uncertainty
Dijet mass analysis

Weighted by Higgs S/B

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ATLAS —o— Data
B P B VH, H — bb (1=1.02)
(s =13TeV, 139 fb Diboson
0 lepton, 2 jets, 2 b-tags tt
150 GeV = p¥ <250 GeV Single top
Bl W+jets
Bl Z+jets
] Uncertainty
Pre-fit background
— VH,H = bb x5

|

40
35
30
25
20
15
10

10*

Events /0.13

9]

llII|IlII|IIII|I]Illllllllllll[lllllllll

o

o :
© o

IIIII|III|III|IIIIIIIlIIIIllIIIIIII—

40 60 80 100 120 140 160 180 200
m,, [GeV]

-1 -08 06-04-02 0 02 04 06 08 1
BDT,, output

Data/Pred.
Events / 10 GeV (Weighted, B-subtracted)

'".4'

Event: 616525246 H R .

2017-10-16 20:24:46 CEST A S~ < w4
Jl :.A boosted WH — uvbb candidate



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/

ttH

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

2]
=
2
()
=
©
S
=1
w

Vfs=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



AN\ AW
| X K ATLAS

EXPERIMENT

arXiv:2207.00338 arXiv:2201.08269

[ T T l T T T T l T T T T l T T T I T T T T I T T T ]
-t ATLAS ® Data " Uncertainty
~Vs=13TeV, 139" W Hy M Hyg
- H-WW*—evuv M OtherH  tt/Wt
CggF SR, N

ATLAS Data

/s = 13TeV, 139fb Uncertainty

All VBF_1 SRs H— 77 (0.93 x SM)
- Z>TT

Other backgrounds
Misidentified t

=0 Bw B zy ]
Mis-Id [l Other VV(V) 1

jet

Events / 10 GeV
Events / 10 GeV

H—-> WW*—> 2£2v

H- 1T

h:lIIIII|III|III|III|III|III

75 100 125 150 175 200
mMMC [GeV]

Run: 362204
Event: 2842448996
018-09-29 13:15:54 CEST



arxiv:2207.00338
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H — pyu — 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
arXiv:2009.04363 137 b (13 TeV) arXiv:2007.07830
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The Higgs mechanism
is real ! ATLAS Run 2
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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
a portal to a dark sector?

What is the origin of the vast range of Yukawa couplings,
are there modified interactions, lepton-flavour violation?

\V X Is the vacuum metastable? Is the Higgs field connected
y with cosmic inflation? Are there possible cosmological
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607
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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
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Higgs pair production ATLAS

7 EXPERIMENT

Direct access to the symmetry breaking Higgs potential

V() = —ul$l® + Alpl*
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A HH — yybb candidate event
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Higgs pair production

Complex final states, large potential for machine learning,
steady analysis improvements

—e— QObserved limit (95% CL)

Expected limit (95% CL)
(UnH =0 hypothesis)
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V(g) = —p2|pl2 +algpl* T

Constraint on k; = 4/Agy, Asm~0.13 also benefits from
single-Higgs coupling measurements via quantum loop

arXiv:2406.09971
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Improving performance

ATLAS

EXPERIMENT

Machine learning in ATLAS: from the trigger, over reconstruction, to the final selection

— the Graph NN revolution

Marumi Kado

Light jet rejection - b tagging efficiency ¢ = 70%
ﬂJetProb 2010

Initial tagger based on track impact parameter

Impact Parameter (IP) and Secondary Vertex (SV) tagger

H IP3D-JetFitter/SV1 2011-2012

Tagger combination based on MultiVariate method (MV)

|]MV1 2014

ﬂmvzczo - IBL 2018

MV tagger after IBL insertion at Run 2

Deep Learning Neural Network tagger

ﬂ DL1r* 2019

GN1 2021

Graph Neural Network tagger

* Variation in efficiency due to lower jet threshold and improved charm rejection

800 1000 1200 1400
Light jet rejection factor

200 400 600

1600

LOVES ML/AI

ATL-PHYS-PUB-2022-027 (2022)

The Graph NN (GNN) family in flavour tagging and tau reconstruction
features astounding results (already GN2 and GN3 versions in work
with further improvements)

ATL-PHYS-PUB-2022-040 (2022)

Improved pion energy reconstruction (scale & resolution)
using ML regression techniques
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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,

60



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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High-precision physics at the LHC

ATLAS

EXPERIMENT

arXiv:2308.07216, arXiv:2308.04775,
arXiv:2309.05471,
CERN press update, Physics briefing

o(my) = 110 MeV (0.09%)

Precise test of lepton
universality in W decays

arXiv:2403.02133, CERN news articl

Most precise Higgs mass to date

T

T T T T L

ATLAS

I

LEP2 P——

ete >WW, Vs=183-207 GeV :

ATLAS e

pp—W, Vs=7 TeV, 4.6 b

LHCb —

pp—W, Vs=8 TeV, 2 b

CMS [

pp—tt, Ys=13 TeV, 36 b’ H

PDG average ._,._.

ATLAS (this result) ._Q_.E

pp—tt, Ys=13 TeV, 140 b :

l P Y I P R S B P
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B(W—-uv)/B(W—ev)

o(RyHe) = 0.45%

ATLAS e+ Total Stat. only | Combination
Run 1: /s = 7-8 TeV, 25 fb~*, Run 2: /s = 13 TeV, 140 fb~*
Total (Stat. only)
Run1H — vy F——e—— 126.02+0.51 (+ 0.43) GeV
Run1H — 4¢ —e— ‘ 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy e 125.17 +£0.14 (+ 0.11) GeV
Run2 H — 4¢ I—O—I| 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — vy 125.22 + 0.14 (+ 0.11) GeV
Run1+2 H — 4 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —— 125.38 + 0.41 (+ 0.37) GeV
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Precise measurements of W p;, mass & width, as well as top mass (Run-1 combination with CMS)

arXiv:2403.15085, CERN news article, ATLAS briefing

Overview of m,, measurements

m,, = 80376 + 33 MeV

I LEP Combination
Phys. Rep. 532 (2013) 119

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804
m,, = 80375 £ 23 MeV/

CDF (Run 2
Science 376 (2022) 6589
= 80434 9 MeV

LHCb 2021
JHEP 01 (2022) 036

ATLAS
(s=7TeV,46fb"

- L -
m,, = 80354 + 32 MeV 3 :
ATLAS 2017 o
Eur. Phys. J. C 78 (2018) 110 @ Measurement | —
m,, = 80370 + 19 MeV am
[[stat. unc. s
ATLAS 2024 W Total unc. 4k
:””’ffswg’éésh 16 MeV. 5 SM Prediction 3' & =
80200 80300 80400

o(my) = 16 MeV (0.02%)

m,, [MeV]

Most precise ag
measurement to date,
from precise
measurement
of Z p; spectra

o(as(mZ)) = 0.0009

arXiv:2309.12986,
CERN press update,

Briefing

Overview of I',, measurements

ATLAS ATEEC

CMS jets

H1 jets

HERA jets

CMS tiinclusive
Tevatron+LHC tiinclusive
CDF z P,

Tevatron+LHC W, Z inclusive

tdecays and low Q°
QQ bound states
PDF fits

e'e jets and shapes
Electroweak fit

ATLASZp _8TeV

DELPHI
Eur. Phys. J. G 47 (2006) 309
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OPAL
Eur. Phys. J. C 47 (2006) 309
T, = 1996 = 140 MeV

L3
Eur. Phys. J. C 47 (2006) 309
I, =2180= 142 MeV

ALEPH
Eur. Phys.J. G 47 (2006) 309
T, =2140 % 108 MeV

Combination
Phys. Rep. 532 (2013) 119
T, =2195% 83 MeV

DO
Phys. Rev. Left. 103 (2009) 231802
I',, = 2028 = 72 MeV

CDF
Phys. Rev. Lett. 100 (2008) 071801
I, =2032% 72 MeV

ATLAS
This work
I, =2202 47 MeV

ATLAS
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arXiv:2402.08713, Physics briefing

ATLAS+CMS

....... ATLAS+CMS combined
wesm stat uncertaint

Vs=7,8TeV
total

stat

- [ ) - total uncertain
2 ATLAS m, = total s stat = syst) [GeV]
E =7 TeV, 4.6 fb1 dilepton 7 TeV e 17379+ 1.42 (+ 0.54 = 1.31)
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all-jets 7 TeV e 175.0621.82 (1352 121)
dilepton 8 TeV' i 172,99 0.84 (+ 0.412 0.74)
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- L] - all-jets 8 TeV I—— 17372115 ( 0,55+ 1.02)
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= e = lepton+ets 8 TeV' [ 172.35 2 0.48 (= 0.16.x 0.45)
all-jets 8 TeV = 172,32 0.62 (+0.25 £ 0.57)
e S ettt S single top 8 TeV/ H—H 17295+ 1.20 (+ 0.77 £ 0.93)
Jhp 8 TeV ——— 17350+ 3.14 (+ 3.00 + 0.94)
u o secondary vertex 8 TeV — 178,68 1.12 (+ 020+ 1.11)
@ Measurement combined HH 17252 0.42 (= 0.14 0.39)
ATLAS+CMS LHCtopWG
DStat- Unc. - . dilepton bt 172.30+ 059 (= 0.29.+ 0.51)
lepton+jets * 172.452 036 (= 0.17 £ 0.32)
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: 10 combined 172,52+ 0.33 (= 0.14 = 0.30)
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Preparing the future — the grand plan of the LHC

HiLUMI

LARGE HADRON COLLIDER

We are here
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I
Run 1 ‘ | Run 2 | ‘ Run 3
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13 TeV energy
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— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
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ATLAS - CMS
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e
EX:
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Preparing the future — the grand plan of the LHC

Run -
: 3 (2022-2025) at 13.6 TeV is ongoing
, 7 rt 13.6 TeV collisions on 5 July 2022
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L
I
Run 1 ‘ | Run 2 | ‘ Run 3
EYETS LS2 13.6 Tev [ 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
\A ./ v VA
aes | 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

LARGE HADRON COLLIDER

LHC / HL-LHC Plan

HL-LHC

—
- 20 times more data than currently analysed: Higgs factory (400M Higgs bosons produced) for #
precise Higgs coupling measurements, access to Higgs self interaction and longitudinal Tev
vector boson scattering, and increased overall rare & new physics sensitivity

energy

« Complementary in many ways to an FCC-ee Higgs factory .
ATLAS - CMS | 5 to 7.5 x nominal Lumi
experiment upgrade phase 1 ATLAS - CMS
ol nominal Lumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi Hilupgrade
JE—— | I |
75% nominal Lumi I /_ upgrade ¢
m m m integrated 3000 fb*
luminosity L TJ0E o3

HL-LHC TECHNICAL EQUIPMENT:

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

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Preparing the future

LHC / HL-LHC Plan ‘ HILuM| ’

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

—
 Radiation hardness #

« High detection granularity and resolution eV eneroy

* Precise timing detectors

« More powerful triggers D
inal Lumi

 Deeply embedded machine learning —

» High-performance software & computing

. m integrated UM
luminosity LIR30

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY % PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. HH PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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ATLAS

EXPERIMENT

ATLAS Simulation
vs=14 TeV, HL-LHC

tf, (1)=200

ATLAS new silicon inner tracker (simulation)



~ . Conclusions - -

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

The LHC Run 2 has been transformative for
Higgs-boson physics, and much more is to come

The Higgs sector is directly connected with very
profound questions, whose study requires a broad
experimental programme at the energy frontier
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Theory predlctlons

Calculations of Higgs boson
production via gluon fusion
versus time

u& \ S eV \
\/§ =13 TeV * From iHixs

Predictions at hadron colliders are extremely e @ catlord, 0. Nanoposios, - Sachraide § 1977 - 1980
complex and require several levels of modelling TR ecet B Ranoposies :
and calculations (higher order hard processes, NLO - QCD* i 1991 - 1995
parton fragmentation, hadronization, parton M. Spira, A. Dlouad . Graudens, 7. Zarwas E

distribution functions, etc...) NNLOSNNLL QCD - NLO EW § 2003 2012

S.Catani, D. de Florian, M. Grazzini and P. Nason
S. Actis, G. Passarino, C. Sturm, S. Uccirati

The interpretability of our results relies on our ability
to compute accurate and precise predictions N’LO - NLO EW

Ay \ N ? Lg ATLAS Collaboration Run2 iy
\ ) ' Nature 607, 52-59 (2022) :

\ 4 CMS Collaboration Run 2 :
Predictions for m = 125 GeV Nature 607, 60-68 (2022)
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Completing the Standard Model

Latest predictions of the muon g—2 and experiment:

|III|\II\‘II\I|IIII|I|I|‘IIII|II|\II\IIlIIII!IIII

The scalar Higgs sector completes the Standard N\

BABAR (100% of 2x below 1.8 GeV)
-168 + 38 = 29

CMD-3 (98.9%)
-50 + 42 = 29

KLOEwide(97-1%) o -

-263 =51 +29

The SM Lagrangian

KLOEpeak(75-3%)

-265 23 + 29

Tau (100%)
-135+ 34 + 29

0+22

Exp =

BMW (lattice QCD)
-105 = 55

IIII|\II\‘II\I|IIII|I|II|IIII|III\|I\II|IIIIiIIII

-450 -400 -350 -300 -250 -200 -150 -100 -50 0 50

Figure from: arXiv:2312.02053 a -a®P [ x 1('_)'11 ]
Combining BABAR, CMD-3, Tau: 2.50 with exp. weor

This term is related
to the Higgs sector

Unpleasan The Standard Model is a highly predictive theory describes the
symmetr_les, Z . _ _ ) with non-zero
large hierarc For example, the currently best experimental measurement of the magnetic dipole

moment of the electron finds: 9/, = 1.001 159 652 18059 + 0.000 000 000 000 13

Standard Model and experiment agree within a relative precision of 10-10
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https://arxiv.org/abs/2312.02053
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Event: 2965933740
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Run:
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- N
H— Zy — rare Higgs boson decay

ATLAS

EXPERIMENT

Run: 359678
Event: 1771675269
2018-09-02 06:06:47 CEST




| g
H— Zy — rare Higgs boson decay
‘ ‘ |

Evidence of rarest channel seen so far in combined ATLAS & CMS
Run-2 datasets: 3.40 (1.90 exp), u=2.2 + 0.7, 1.90 within SM

arXiv:2309.03501, CERN press update, Physics briefing
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—

ATLAS and CMS
LHC Run 2 * Data

In(1 + S/B) weighted —— Signal + background
---- Background

Field tensor not measured yet: |H? |A ZHY
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(Visible) branching fractions:
H— yy: 0.23%
H— uu: 0.022%

H—> ZZ* —> 4¢: 0.012% (4e + 4 + 2e2)
H - Zy: 0.010% (for Z — ee, up)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/
https://atlas.cern/Updates/Press-Statement/First-Evidence-Higgs-Zy
https://atlas.cern/Updates/Briefing/First-Evidence-Higgs-Zy

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
o N\ \ physics? Are there new TeV-scale symmetries? Is the
_ Y 4 Higgs boson elementary or composite, are there
é - N anomalies in its coupling to the W or Z?
e A RN iy 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?

What is the origin of dark matter, is the Higgs mechanism
responsible for dark matter? Can the Higgs boson provide
a portal to a dark sector?

What is the origin of the vast range of Yukawa couplings,
are there modified interactions, lepton-flavour violation?

Is the vacuum metastable? Is the Higgs field connected
with cosmic inflation? Are there possible cosmological
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607


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

T~

Extended Higgs sector ? =

[ gg/bb H/A, H/A —

C =2 139 fo!
\ , A < Phys. Rev. Lett. 125 (2020) 051801
Y - ] t(b) H', H" — v, 36.1 fo™
\} \‘ih JHEP 09 (2018) 139

[ b(b) H/A, H/A — bb
27.8fb"
Phys. Rev. D 102 (2020) 032004

The scalar sector may feature an
- . . [ H—ZZ - 4livy, 139 fb™
additional Higgs doublet with Eur. Phys.J. G 81 (2021) 332
. A — Zh, h — bb, 139 fb”'
opposite weak hypercharge (— h,

JHEP 06 (2023) 016

H, A, H%) or even triplet (+ H%) B a2

JHEP 06 (2021) 145

: : i .. H— WW — Ivlv, 139 fb
with rich phenomenology ‘ ATLAS Preliminary e
‘ ’ hMSSM, 95% CL limits @ H—hh— Af_?/bbvv/bbﬂ
arXiv:2311.15956
N — Observed h couplings [xy, ¥y, K]
-- Expected 36.1-139 fb”"
y N : arXiv:2402.05742

[ ttH/A, H/A — tt, 139 fb™

5, : | ATLAS-CONF-2024-002
N 2 [ gg HA, H/A — tt, 140 b

200 300 400 500 600 700 800 900
m, [GeV]

ATL-PHYS-PUB-2024-008


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
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High-energy
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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
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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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Cosmic Microwave %Jdufe
RHIC & Background radiation fo ‘mation
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The Standard Model

Accelerators |LHC
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High-energy
cosmic rays

... should not only work today,
but also describe the history of
the universe since the Big Bang
13.8 billion years ago
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: And what is the origin of the huge
quantity of dark matter?
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IRHIC &
Accelerators |LHC ’
R ery
LHC { ‘ions =

profons| \\/

P

High-energy
cosmic rays

— Annihilation

\ 4

t = Time (seconds, years)

E = Energy (GeV)

WYO4 I31ONN

Gble universs

Cosm\%
Bockgrowg

is visible

icrowave
d radiation

Key
vark
0 ql 0 neutrino .‘ ion * star
'*F- gluon
im bosons "
@® electron ‘ atom Q galaxy
o @  meson '
muon
@  baryon (! photon t:IO|Ck
@ tou ole

Structure
formation

(very little)

Particle Data Group, LBNL © 2014

Supported by DOE

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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