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The Standard Model of Particle Physics

Predicted by
Kobayashi, Maskawa

in 1973

Discovered at
Fermilab in 1995

Discovered by
Anderson,

mass - =23 MeV/c?

charge - 213
spin = 1/2 w

Neddermeyer in 1936.

Rabi: “Who ordered

that?”
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GAUGE BOSONS

W boson

=126 GeV/c?

Higgs
boson
* Predicted by Gell-
Mann in 1962
* Discovered at
DESY in
1978/1979

* Predicted by Glashow,
Weinberg, Salam in
1968

* Discovered at CERN in
1983







The Higgs boson: the last piece of the Standard Model
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The Large Hadron Collider at CERN

CERN: Organisation européenne pour la recherche nuclealre P
Swiss/French border e
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The Large Hadron Collider
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What comes out of a proton-proton collision?

Collisions of composite

objects, made up of
quarks and gluons

V5 >> /s = Eop = 2E,

\/§ = centre-of-mass energy = 7,8,13 TeV



..for example, a pair of top-quarks

There are millions of top quarks produced
each year of running at the LHC.
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..for example, a pair of top-quarks

™. W boson -

-------
-

There are millions of top quarks produced
each year of running at the LHC.
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The detectors
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Measuring different types of
particles

inner EM hadronic muon
detector calorimeter calorimeter detector

photons

electrons / positrons
muons

protons / pions

neutrons




A pair of
top-quarks
as seen by

the ATLAS
detector

L &paTLAS
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EXPERIMENT

V' [

proton-proton collisions at
13 TeV centre-of-mass energy

Run: 266919
Event: 19982211
2015-06-04 00:21:24




A pair of
top-quarks
as seen by

the ATLAS
detector

[
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EXPERIMENT

V' [

proton-proton collisions at
13 TeV centre-of-mass energy

Run: 266919
Event: 19982211
2015-06-04 00:21:24




Quantum chromodynamics processes producing gluons and
quarks that originate jets of particles

ATLAS
Event: 474587238

2015-10-21 06:26:57 CEST EXPERIMENT
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Quantum chromodynamics processes producing gluons and
quarks that originate jets of particles

Run: 282712
Event: 474587238
2015-10-21 06:26:57 CEST
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Pile-up: collisions don’t come one by one...

ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09 23 CEST

A Z boson decaying to

two muons is recorded

in @ beam crossing with
65 (!) additional pile-up
collisions.

V3§ =13 TeV
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Pile-up: collisions don’t come one by one...

Transverse momenta
of tracks > 100 MeV

Transverse momenta
of tracks > 1 GeV

Transverse momenta
of tracks > 5 GeV

A Z boson decaying to

two muons is recorded

in @ beam crossing with
65 (!) additional pile-up
collisions.

V3§ =13 TeV

ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST

19



A p ‘ T T

Yol DYl DYl Dlaid] LAL777 SA77 AP
] \ \ \\\ LIBLL, L, LA, SPH0ur 77
i

1 BEDL- DO SALL LT A2 p
U \r\|\,\ \r\\\ \rl\\\ \\\.\\\. 7 . i

A A O e Al ) ) o L e
n 333\~ SILILVLT , SILVLVS7, S7L71017, SPR2727 \\\\
“.u 3\\&\\.“\3 \Nu\«\“\u.\.e\\\\ﬁ‘\ STLTL7L7~ PPLLS SAA
n W. LILL A\\ &5
i IR S
?ﬁ_ﬁﬁﬁx%ﬁa\\&a\h\\\

3
:l:

AE§ L ke e e e >
— T THENL T B2
RS UFF 00 (2074 7 Wxx

ith the LHC data

ICS W
)
)
)
)

% S | N
> \
- .
P 8 R 5 ¥ \ . .
e et D ERE-TRRR Reeatvcan
[ | f ,/ //



Physics with the LHC data
First step: rediscovering the Standard Model
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Physics with the LHC data

Precisely measuring the Standard Model

Standard Model Production Cross Section Measurements
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Status: February 2022
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Physics with the LHC data
Measuring the Higgs Boson properties
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Physics with the LHC data
Measuring the Higgs Boson properties

Observed only in 2018!

: CMS

S/(S+B) weighted entries

77217 (13 TeV)

1000

500

¢ Data
I vH.H-bb

[ ]vz.z—bb

@ S+B uncertainty

60

80

Ll
100

PR ST ST I T !
120 140 160
m(jj) [GeV]

CMS, |5 =13 Tev (2017)
A

b-jet

Decay modes of the Higgs Boson

, b-tracks

-e* tracks

24



Physics with the LHC data
Measuring the Higgs Boson properties

35.9-137 fo' (13 TeV)
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The Standard Model is not enough

The Higgs boson discovery was a groundbreaking
achievement.

... but the Standard Model is an incomplete description of

our Universe.

Plenty of open questions...

e What happened to all the antimatter?

e What is dark matter?

e What is dark energy?

e How does gravity come in?

® No explanation for masses of particles.

e No explanation for the number of generations.

Ordinary
matter (5%)

Dark
ENE
(27%)

Dark energy
(68%)
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Or something completely
unexpected!




What else could there be?

Dark matter candidates, such as
sterile neutrinos, axions,
supersymmetric particles, ...?

Additional Higgs bosons to help

explain the matter antimatter 5 &
imbalance? AN @
e’ O ~ g
O - - electron muon tau sterile
s neutrino neutrino neutrino neutrino ?
COMPOSITE

Heavy W’ and Z’ bosons and
composite Higgs bosons to
alleviate the naturalness
problem?

~adlash

higgstan.com
28

symmetrymagazine.org



http://higgstan.com
http://symmetrymagazine.org

How to make a search?

For example, search for a new
particle (resonance) in a
particular final state, e.g. W’
into WH—qqbb:

Small signals on top of large
backgrounds: take advantage of
advanced analysis methods such
as machine learning

T T T T T T T
0167 ATLAS Simulation Preliminary E
[ vs=13Tev
0.14 pl>250 GeV
Foinl< 20
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—— Multijet
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Dxop, frop=10.25

background-like signal-like

# events

https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

Perform a statistical analysis
to determine whether the data
is compatible with the presence
of signal or not

Mass
29


https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

https://arxiv.org/abs/1707.06958

H OW to m a ke a Sea rCh ’? https://arxiv.org/abs/2007.05293

For example, search for a new
particle (resonance) in a

particular final state, e.g. W’ .
into WH—qgbb: Small signals on top of large
backgrounds: take advantage of

advanced analysis methods such

Perform a statistical analysis
to determine whether the data

b as machine leamning is compatible with the presence
< of signal or not
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Exciting hint / statistical fluctuation?



https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

https://arxiv.org/abs/2005.02983

New: anomaly detection _
CERN seminar

Weak supervision

mixed sample 2

g A /\ Mixed Sample 1 Mixed Sample 2
£ P .. 00000 | | ©0000
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% E ¥ CeG®O®OG CeeO®G
= cwoLa | $8858 | | 88958
signal _§'_<’ Classification
\ = Without Labels \0 1 /
A > | Classifier |

Features of B, C
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https://indico.cern.ch/event/853615/attachments/2037283/3411394/CWoLa_5.13.20_v2.pdf
http://www.apple.com/uk
https://arxiv.org/abs/2005.02983

https://arxiv.org/abs/2105.09274v1

New: anomaly detection

Unsupervised learning

2-Prong: Leading Jet Anomaly Score After Transformation 3-Prong: Leading Jet Anomaly Score After Transformation
s Background 354 ™= Background
Datas et 44 Signal Signal
3.0
34 25
2.0
15
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0.4 06 10 0.0 . 04 0.6 10
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Jet-Level Anomaly Detection

Anomaly Score

- < "
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https://arxiv.org/abs/2105.09274v1

. “Beam splashes” to check that all instruments and
The I—HC IS baCk On! software is running as expected

g7 i T e . ATLAS
* Run 1 (2010-2012) @ 7, 8 TeV & ,, i EXPERIMENT
* Run 2 (2015-2018) @ 13 TeV ] ,
= Run 3 (2022-2025) @ 13.6 TeV

New energy record!

First stable beams expected in July.

Run 418554
vent 188446
2022-04-22 12:03:19 CEST

450 fb-1 3000-4000 fb-1

Run 3 Long Run 4 Long Run §

(2022-2025) Shutdown 3 (2029-2032) Shutdown 4 (2035-2038)

Higher collision rates 33



crowd in the ATLAS Control Room on 22/Apr 2022

34



How to stay up-to-date on CMS and ATLAS physics news

Signin  Directory

COLLABORATION DETECTOR PHYSICS INTERACT WITH CMS NE\ O\ SEARCH

https://atlas.cern/updates/briefing

Signin  Directory

Collaboration Site | Physics Results

SEARCH FOR RARE PRODUCTION OF

IN A DETECTOR FAR, FAR ABOUT DISCOVER RESOURCES UPDATES O SEARCH

VECTOR BOSON PAIRS SEARCHING FOR ELUSIVE EXPERIMENT

- TRAVELLERS BY TRACING All News Briefings Features Portraits Press Blog
MUONS

The biggest achievement of the LHC so far has Briefings

been the observation of a Higgs boson in 2012.

‘The important thing”, said Einst
This is an outstanding confirmation of what today is P J

, _ I A
| . e questioning’, and we, as human 2 N Mass matters - but it isn't the only thing!
the established theory that describes the What is it all made up of? How ¢ ) The ATLAS Collaboration finds evidence of parton mass, colour-charge and radiation-pattern
fundamental interactions of particles, known as the ’ o dependence in quark-gluon-plasma induced energy loss.
<tandard together? We've been yearning o8
. ) Physics Briefing | 27 April 2022
questions for aeons, with our cc o RIS y ¢
READ MORE 04 bagaaatt
culminating... [ S .‘o..mwf AR E
READ MORE 50 6070 107 2407 3107
P, [GeV]

107

ATLAS anti-k R =04

B 010% (1, )=09% 585 1020% T, 1%
0% T2 =

https://cms.cern/tags/physics-briefing

ATLAS gives new insight into dijet suppression in heavy-ion collisions

At the recent Quark Matter 2022 conference in Krakow, Poland, members of the ATLAS Collaboration
presented a new study of “jets” of particles travelling through the QGP. The result provides new insight
into dijet suppression due to interactions with the nuclear medium.

- Physics Briefing | 22 April 2022

’-'-1’. Iyl<2.1 1o, > 78 |

3 04 05 06 07 08 09
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Stay tuned for Run 3 results!

e Run 3 and beyond will deliver a much larger data rate.
e Unexpected surprises may still be around the corner...

Run: 207620
Event: 101402870
Date: 2012-07-29
Time: 00:05:11 UTC






CERN open data

Explore more than two petabytes
of open data from particle physics!

start typing...

Explore

datasets

software

environments

documentation

https://opendata.cern.ch/

http://opendata.atlas.cern/

ATLAS Open Data

An Educational project in High Energy Physics

Home

About

Apps

Data News/Blog

og SaaS Software
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Physics with the LHC data | o o
) ] Extraordinary’ W boson particle finding
... Including the W boson mass contradicts understanding of how

universe works

New measurement of fundamental particle of physics after
decade-long study challenges theoretical rulebook in scientific

‘mystery’
SM EMM PARTICLE AND NUCLEAR | RESEARCH UPDATE . N
DO | 80478 + 83 ® W boson mass measurement surprises physicists
CDF | 80432 + 79 —_—
DELPHI 80336 + 67 —_—

L3 80270 + 55 —e—— :
OPAL 80415 + 52 | o :

ALEPH 80440 + 51 - o

DO Il 80376 + 23 Reo-
ATLAS 80370 + 19 | ATLAS, LHC @ CERN E S
CDFIl 80433 + 9 -

79900 80000 80100 80200 80300 80407 80500
W boson mass (MeV/c?)

lf 1.

CDF, Tevatron @ Fermilab HEAVYWEIGHT

W boson mass measures higher than expected 0



Higgs Boson production at the LHC

1. Gluon fusion

3. tt-fusion

2. Vector
boson fusion

HO

q W'Z
- HO
q

4. Associated
production

40



Delivered Luminosity [fb]

The LHC datasets

Run 2

80— | | | | | N —
~  ATLAS Online Luminosity .
70 2011pp {s5=7TeV —
- —— 2012pp {s=8TeV _ .
60F —— 2015pp {s=13TeV -
L —— 2016pp {s=13TeV i ]
| ——2017pp {s=13TeV 147 fb- ]
50__ | 2018 pp Vs =13 TeV .
40 =
301 —
20— —
10— —
O: L .

Yo NS B oct

Month in Year

uoneiqied 61/2

The New Zealand earthquake (2016).

LHC beam orbit displacemen‘“



Superconducting magnets Radio-frequency cavities to bunch
to bend and focus the beam and accelerate the protons

|Biot| (T}

Bl 2652- 28
Bl 2505- 2652
Bl 2257- 2505
Bl 220- 2357
B 2063- 2210
I 1915- 2063
[ 1768- 1915
1621~ 1768
1473 - 1621
1326~ 1473
1178 - 1326
1031 1478
0 ossa- 103
0736 - 0884
I osse- o736
B os42- o589
B o0294- oas2
Bl o0147- 0294
Bl o - o7

A voltage generator induces an electric field Protons always
inside the RF cavity. lts voltage oscillates feel a force in the
with a radio frecuency of 400 MHz. forward direction.

Protons in LHC

Protons never feel a force
in the backward direction. 42




