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The Standard Model of Particle Physics
particles & interactions

Leptons

Standard Model of Elementary Particles
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The Standard Model of Particle Physics
probing it at colliders

7x10%2 eV Beam Energy
10*¥* cm?s'  Luminosity

2835 Bunches/Beam
10" Protons/Bunch
s i bt 7]
e Iy ﬂ

%\ TeV Proton Proton
o - Bunch Crossing 4107 Hz COIIIdIng beams

4y = Proton Collisions  10°Hz
e
S Pparton Collisions "
(n) W ’
New Particle Production 10° Hz Lot 4—r L f—2
(Higgs, SUSY, ....) N +

Selection of 1 event in 10,000,000,000,000



The Large Hadron Collider
and its detectors




The Large Hadron Collider

and its detectors



Relevant kinematic variables:

Hadron colliders e Transverse momentum: pr
i . . e Rapidity: y = ¥2-In (E-p2)/(E+p2)
kinematic variables e Pseudorapidity: n = -In tan 20

e Azimuthal angle: @

side |

I I |
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angle [degree]

Pseudorapidity

n=1(~40°)

n=2 (~15°)
n=3 (-6)




Hadron colliders
protons are not fundamental!

PT
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Schematic
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The Large Hadron Collider experiments
what is the outcome of a collision?

AT LAS CMS Experiment at the LHC, CERN

EXPERIMENT Data recorded: 2017-Oct-16 05:01:09.248576 GMT
Candidate Event: g
pp— H(=bb) + W(-pv)

Run /Event / LS: 305112 / 1683658016 / 979




Hadron colliders
jets, jets and more jets

o
: . iets?
2 Clear jets 3 jets? Syt

| or 4 jets?

Reconstructing jets is an ambiguous task!



Hadron colliders
jets, jets and more jets

Reconstructing jets is an ambiguous task!
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Energy balance

missing transverse energy (MET)

transverse momentum
of each visible particle

Missing transverse momentum,
inferred from momentum
conservation

Invisible
Dark Matter particle

»

\

Invisible
Dark Matter particle

v

LHC collision
interaction
point »

LHC detector
transverse
cross-section

Visible particles:
photons, jets

ATLAS

EXPERIMENT11



The Large Hadron Collider experlments
how to interpret what we see? |

™. W boson

 m o=
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The Large Hadron Collider experlments
how to interpret what we see?
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“Probability” for a collision to happen
cross-section

scattering angle

Trajectory of a particle

, nucleus
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“Probability” for a collision to happen
differential cross-section

g Differential solid angle d @

S
™, %,

\,\%
Differential cross section d
&t
Impact parameter b

Scattering center Scattered particle
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The Large Hadron Collider experiments
counting events

Number of observed Background
events measured from data or
just count ... calculated from theory

obs  p/bkg
N N

0 =
[ Ldt-e
Luminosity Efficiency
determined by accelerator, many factors, optimized
triggers, ... by experimentalist

slide from J. Varela: https://indico.cern.ch/event/862001/?view=standard#8-standard-model-at-the-lhc
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The Large Hadron Collider experiments
counting events

N, N, N,N
L:fn b _fn b

Q/ A drnogo,

' ’ Na: number of particles per bunch (beam A)
LHC: Np: number of particles per bunch (beam B)
N, ~ 1011 U : circumference of ring
A" ~ 0005 mm? n : number of bunches per beam
N~ 2800 v : velocity of beam particles
N f : revolution frequency
y L A : beam cross-section
L~ 10%¥cm32g Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in y

slide from J. Varela: https://indico.cern.ch/event/862001/?view=standard#8-standard-model-at-the-lhc 17



What can we do with the LHC data?

probe the Standard Model !

Standard Model Total Production Cross Section Measurements

Q' 101
&
b 106

Comparing with
theory predictions

10°
10*
excellent agreement !

10?

10*

Status: February 2022
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The LHC experiments
the need to select events

o (nb)

proton - (anti)proton cross sections
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19



The LHC experiments
the need to select events: triggers

Event rates Trigger PAQ Data rates
Calo/ Pixel
[MuonJ [/SCT] [0”‘“]
40 MHz i 000 | ATLAS Event
E— oD 2 1.7G)MB/25 ns
Hardware L Level 1 Accept TN AL 5
~ @ m
 / b ROD @oo ROD | B
100 kHz (RoiB = Y
~160 GB/s
\ 0(100)
FTK (Reasouesystem |
5
| Fragments ™ v
o
= [
Full event = N
2  /
~1000 W2 ~ 1500 MB/s
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doing a data analysis!
the need to select events

triggers
define the physics objects

©)

O O O O O

O

define the good set of cuts to increase

jets
electrons
muons
taus
photons
MET

the signal to background ratio

SATLAS

http://opendata.atlas.cern
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| SATLAS

http://opendata.atlas.cern

8 MHO0000)

Higgs boson production in the H - WW
decay channel in the two-lepton final state

W*
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‘ @A-Igi:nAdatsa Higgs boson production in the H — WW

decay channel in the two-lepton final state
http://opendata.atlas.cern
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looking for events with two charged isolated leptons (electrons or muons) and
(almost) no jets



‘ %fﬁiﬁrlAdatsa Higgs boson production in the H - WW
decay channel in the two-lepton final state

http://opendata.atlas.cern
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SATLAS

http://opendata.atlas.cern

So, let’s look at the
dilepton invariant mass!

(still no hint for a signal)
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| SATLAS

http://opendata.atlas.cern

Single-electron or single-muon trigger satisfied;

Exactly two isolated, different-flavour opposite-sign leptons (electrons or muons) with pt > 22 and
15 GeV, respectively;

Missing transverse momentum EJ"™ larger than 30 GeV;

Exactly zero or at most one jet with pt > 30 GeV, and exactly zero b-tagged jets (MV2c10 @ 85%

WP) with pr > 20 GeV;
Azimuthal angle between E‘T‘“""* and the dilepton system A¢(¢C, E‘T‘“"”) > mw/2;

Transverse momentum of the dilepton system pg > 30 GeV;

The invariant mass of the two leptons m,, must satisfy: 10 GeV < my, < 55 GeV;

Azimuthal angle between the two leptons A¢(¢, £) < 1.8.

Events / bin

Data / Pred

be clever and select “good” events!

>_<103
40" ATLAS Open Data + Data
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35 Vs=13TeV, 100" B Diboson
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20— l
15 e
10/
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;;"I-?.I 10 | Sy O O I‘I..;in’---h. 0 o o o o P el B i AT e ) e
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| SATLAS

http://opendata.atlas.cern

Single-electron or single-muon trigger satisfied;

Exactly two isolated, different-flavour opposite-sign leptons (electrons or muons) with pt > 22 and
15 GeV, respectively;

Missing transverse momentum EJ"™ larger than 30 GeV;

Exactly zero or at most one jet with pt > 30 GeV, and exactly zero b-tagged jets (MV2c10 @ 85%

WP) with pr > 20 GeV;

Azimuthal angle between E‘Tniss and the dilepton system A¢(¢C, E‘T‘“"*) > mw/2;
Transverse momentum of the dilepton system p# > 30 GeV;

The invariant mass of the two leptons m,, must satisfy: 10 GeV < my, < 55 GeV;

Azimuthal angle between the two leptons A¢((, €) < 1.8.

Events / bin

Data / Pred

x1 0®

be clever and select “good” events!
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| SATLAS

http://opendata.atlas.cern

Single-electron or single-muon trigger satisfied;

Exactly two isolated, different-flavour opposite-sign leptons (electrons or muons) with pt > 22 and
15 GeV, respectively;

Missing transverse momentum E%““ larger than 30 GeV,

Exactly zero or at most one jet with pt > 30 GeV, and exactly zero b-tagged jets (MV2c10 @ 85%
WP) with pr > 20 GeV;

Azimuthal angle between E}‘““ and the dilepton system A¢(¢C, E}"i”) > mw/2;
Transverse momentum of the dilepton system p?’ > 30 GeV;

The invariant mass of the two leptons m,, must satisfy: 10 GeV < my, < 55 GeV;

Azimuthal angle between the two leptons A¢((, €) < 1.8.

Events / bin

Data / Pred
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be clever and select “good” events!
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SATLAS

http://opendata.atlas.cern

after all cuts...

...voila our signal!
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What can we do with the LHC data?
probe the Standard Model - the Higgs boson and its properties

30



What can we do with the LHC data?
probe the Standard Model - the Higgs boson and its properties

CMS 35 9 fb (13 TeV)
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What can we do with the LHC data?
probe the Standard Model - the Higgs boson and its properties
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https://www.nature.com/articles/s41586-022-04893-w

Why going beyond the Standard Model?

there must be new physics!

This is us!
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/ Dark Matter
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What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

= Why should we search for new physics beyond the Standard Model?
o we mustleave no stone unturned in data
o ...and we have good motivations to think that new physics exists
mass hierarchy of the fermions

matter/anti-matter asymmetry

[ |
[ |
m dark matter
[ |



What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

e If we assume that the Standard Model is the low energy limit of a more
general theory at higher energy

o the Higgs boson mass can be calculable (and not a free parameter):

n

{4
bare mass

My’= 3.233459429634¢2905438634964332159643
_3.2%3%45942943%29054¢386349643321594L45

37 quantum ... Q .....
=10 (in planck units) corrections, 2.9.
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searching for the unknown
an example: the hierarchy problem

e The natural solution for this balancing in mass without fine-tuning is to
have counter terms originating from new heavy particles (top partners)

h : . h h h

=l

MHZ ~T0 - 9 = T (inunits of ~100 GV squared) '



What can we do with the LHC data?

probe the Standard Model - and search for new phenomena beyond it!

Overview of CMS B2G Results March 2023 \{_ =13 TeV 36.1-139 fb’1 March 2023
CMS Preliminary 36 - 138fb~! (13TeV) ; L TT T T T T T T T T T T T J
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. b,t,t
searching for the unknown

an example: vector-like quarks

W~ H,Z
@ _@D o
Singlets Ir.r Br.r
charge

B
Doublets )/ ) (3)
L.R LR
T
Triplets B
Y L,
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searching for the unknown
an example: vector-like quarks
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https://www.sciencedirect.com/science/article/pii/S0370269323003532

searching for the unknown

an example: vector-like quarks

BR for T — Ht

2l + 31 Combination
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https://www.sciencedirect.com/science/article/pii/S0370269323003532
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What's next?
LHC run-3: the future has arrived!
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What's next?
LHC and beyond

LHC / HL-LHC Plan

LHC HL-LHC

[ Ls Ls2 L lss

13 TeV 13-14 TeV 14 TeV
Diodes G idati S—  CTVET Gy
splice consolidation cryolimit LIU Installation HL-LHC
button collimators intaraction 2
R2E project 11T dipole coll. Installation

18gions
_\ Civil Eng. P1-P5

m 2013 | 2014 2015 | 2016 2017 2018 | 2019 2020 | 2021 2022 2023 | 2024 2025 2026 Il"w
radiation

7 Tev & 5 to 7.5 x nominal Lumi

ATLAS - CMS

experiment upgrade phase 1 damage ATLAS - CMS
beam pipes

3 : < g HL upgrads
nominal Lumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi
75% nominal Lumi upgrads

1 integrated ERUTITR{VY
m m el 4000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY L€ PROTOTYPES CONSTRUCTION INSTALLATION & COMM. || PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION / BUILDINGS
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What's next?
LHC and beyond

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

A N
(_ ~20years )

HL-LHC - ongoing project
N 4

¥
¥
K
-
i

1
kS

Schematic of an
80 - 100 km
long tunnel
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What's next?
The energy frontier

) The Ene
Fermi Standard sca';zy
Theory Model

X Sa(
) &

: '-g Extra
: ___—==1 dimensions?
@ @ Composite Higgs?
Radioactive
decays... Something completely
unexpected?

slide from I. Ochba:
https://indico.lip.pt/event/738/contributions/2409/attachments/2074/2817/ChallengesPP_Jun2020_v2.pdf
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Thanks for your attention

Questions?

you can always reach me at nfcastro@lip.pt
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