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The Standard Model of Particle Physics

particles & interactions

Standard Model of Elementary Particles
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The Standard Model of Particle Physics
the road to discovery

OATLAS

EXPERIMEMNT
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The Standard Model of Particle Physics
probing it at colliders
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The Large Hadron Collider
and its detectors




The Large Hadron Collider
and its detectors
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Relevant kinematic variables:

Hadron colliders e Transverse momentum: pr
. . . ¢ Rapidity: y = ¥2-In (E-pz)/(E+p2)
kinematic variables e Pseudorapidity: n = -In tan 70

e Azimuthal angle: ¢
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Hadron colliders
protons are not fundamental!
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Schematic
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The Large Hadron Collider experiments
what is the outcome of a collision?

Data recorded: 2017-Oct-16 06:01:09.248576 GMT
Run / Evenrt / LS: 305112 / 1683658016 / 979

£
AT LAS ‘ CMS Experiment at the LMC, CERN
EXPERIMENT ‘

Candidate Event:
pp -+ H(—~bb) + W(-+ v)




Hadron colliders
jets, jets and more jets

2 clear jets 3 jets?
|

3 jets?
or 4 jets?

Reconstructing jets is an ambiguous task!
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Hadron colliders
jets, jets and more jets
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Reconstructing jets is an ambiguous task!



Missing transverse momentum,

Energv balance inferri(:):‘rsoer:lvr:t?:;entum
missing transverse energy (MET)

Invisible
Dark Matter particle
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The Large Hadron Collider experiments
how to interpret what we see?

™. W boson

_____
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The Large Hadron Collider experiments
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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What can we do with the LHC data?

probe the Standard Model !

Comparing with
theory predictions

excellent agreement

Standard Model Total Production Cross Section Measurements
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The LHC experiments
the need to select events
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doing a data analysis!
the need to select events

©)

O O O O O

O

triggers
define the physics objects

jets
electrons
muons
taus
photons
MET

define the good set of cuts to increase

the signal to background ratio

YATLAS

http://opendata.atlas.cern
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| SATLAS

http://opendata.atlas.cern

8 H0000)

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

W*
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‘ @Afiirﬁg Higgs boson production in the H — WW

decay channel in the two-lepton final state
http://opendata.atlas.cern

§ r60000) W @) w—::::g @) ==—:.:_§3
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2 m W @ :"‘\@ @ :‘~._®

looking for events with two charged isolated leptons (electrons or muons) and
(almost) no jets
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‘ @Afiirﬁg 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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‘ @Afi:rﬁtsa be clever and select “good” events!

http://opendata.atlas.cern x10°

= =
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‘ @Afi:rﬁtsa be clever and select “good” events!

http://opendata.atlas.cern < e

S ATLAS Open Data + Data
o 45 | Higas
= fe=13Tev, 10" B Diboson
2 40 V+jets
i Heos WW —ev v, N <1 - Hels
a5 . I it
Single-electron or single-muon trigger satisfied:  Single top
a0 #~ Stat. unc.

Exactly two isolated, different-flavour opposite-sign leptons (electrons or muons) with pr > 22 and -~ Higgs
nonm

15 GeV, respectively:

Missing transverse momentum EF™ larger than 30 GeV:

Exactly zero or at most one jet with pr > 30 GeV, and exactly zero b-tagged jets (MV2¢10 @ 85%
WP) with pr > 20 GeV;

Azimuthal angle between £ and the dilepton system Ad(£f, EY™) > x/2;
Transverse momentum of the dilepton system p’,’ > 30 GeV:
The invariant mass of the two leptons n1,, must satisfy: 10 GeV < mye < 55 GeV;

Azimuthal angle between the two leptons Ad((. () < 1.8.

Data / Pred

0 20 40 60 80 100 120 140 160 180 200
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‘ @Afi:rﬁtsa be clever and select “good” events!
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SATLAS

http://opendata.atlas.cern

after all cuts...

...voila our signal!

= (B + B0 — B+ D

Events / bin

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

27



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

|

m 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):

"

"
bare mass

My?= 3.233459429634290543863%964732159643
-3.2%3%45942943%29054¢386349643321594L45

32 quantum ... Q .....
=10 (in planck units) corractions, 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)
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b, t,t

searching for the unknown 5
an example: vector-like quarks : Wt H,Z
W=, H,Z
& _@D
Singlets 11 R Br r
charge

"‘-1.--‘
—_——
<&
S

Doublets

"
Triplets B
Y/ 1w
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What can we do with the LHC data?

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

B B B B

B

=TT =g
8 = ep
B = lep
08~ lp
B o lp
= B Comb

b & RZF [HIZ = B0, AT 05 Singleth M
b B & RZ] HIZ = b, (Mims=D 05, Singleth

b ECE =
b B CE = vl
CF- 12
bEE = wd
BRI
b1 H =y,
b M = e,
bt H = v,
bt H = v,
bt H = .
[abIT Comb
LWT == B 4 jutis
b WL = bep. & jets
bWt = lep. + et
bW = lep. & jets
b HE (M B6)
by Hie (== B
LWE = bep 4 jats
EWE = lep o+ s
EWE = lap. + juts

AFim=0 3, Sareglety
im0, Saghet]
Arim=0 1, Sargleth
{Fim=0 04, Singlet
T om0, Singlet]
Arimm G0k, Sanglet)h
iimm 0,04, Singleth
Arima g0k Singleth
Arimm G OF. Singleth
im0l Singlet)
Irimed 05, Snghetl
EFrm .1, L]
IF prv=if 3, LHI
IFimm0z, LI
iFinmd 1, LM
Erirmem X Choulblat |
Orfrmes (2, Dupsbsbetd
im0, i
rima 2, LH)
Dm0 LMY

B Yoo = B A ==
e BE = RZEZ = b bgd

e B8 = b b (BIBZ) = 1)

I B = e bepd (BIBH) = 1)

= B = b b [Singlat

I B = e + ot (Doublet)

e B o 4 et [Singiet)

+ jatn [Singiet and Dossbiet]
+ jots (Wb} = 1}

+ jets (BA6T) = 11

+ et [Douitlet)

+ jets [Singieth
ISenglet and Doubiet)

o FEFEFFFFFFFEFE: PP FFFFFFRFFFRFFRAFF

Overview of CMS B2G Results June 2024
CMS Pr ry 36 - 138fb~ (13 TeV)

|HEP £ G139 534 = ar-os

e s s e B o - 11

[HEF 05 18221 801 =l o - e p i

P8 i 80 R 0.6 - 1.2 .

e on ez o B es- 10

[REF G4 CHIN #8) = e -1

B T i 3 = e -0

[REF O R | = o - e

[HEF D8 12T 847 =i ne-10

R O RN 847 = ok - o

|FEP DY (19071 B47 _ 0.6 -0,8

JRER 03 RATI087 = o -07

0k LTS e oo o P o - 1.2

50 T GO “ OB = 0.5

o T SR ] 6.7 - 1.7

e o can e B ] 07 -1

b Ran 2 =l o -1

FEp o8 s 01 P 0.7 = 1.1

] = 07 -0m

o a3 A o7 - 1.5

e T ] 0.7 - 1.3

I T O 8 = ar-oe

b 7 [ e

D LR LN ereal
D LOCH (CN0004 112004
D L0 CNODY 1120048
D L LN 112908
HEF DT (2T B2

R T RN E

F BT (3R B3

SEUR LNNOE dulh B R
iy | el e
2600 LNN0E nalt bo PR

[N e - -E

2000 LS8 sel. Bo PR = Le=11 Siralation
300700 . . B S - o
.0 0.2 Q.3 08 Lo 12 L5 1.8 20

Excluded mass range at 95% CL [TeV]

35



-
pd
w
=
o
w
Q.
x
w

g
<
-
<
&




‘ What's next?

. The Ene
Fermi Standard " cal;zy
Theory Model

dimensions?

— JE—

>< N
AN ,
@ @ Composite Higgs?

Radioactive
decays... Something completely

unexpected?

We are here

!g Extra

slide from |. Ochéa:
https://indico lip.pt/event/7 38/contributions/24 09/attachments/2074/2817/ChallengesPP_Jun2020_v2.pdf
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What's next?
LHC and beyond

&) LHC/HL-LHC Plan

LHC HL-LHC

Runa-5_
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% Givit Eng P13
_/
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m m m m 2% ::;:lmatc)

HL-LHC TECHNICAL EQUIPMENT:

DESION STUDY - | PROTOTYPES CONSTRUCTION ‘ INSTALLATION & COMM.' ‘ PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION CXCAVATION / BUILDINGS



What's next?
LHC and beyond




' & OPEN SYMPOSIUM A i
What S next? g European Strategy European Strategy, 4 |

for Particle Physics

LHC and beyond

23-27JUNE2025 (&)

2014 Dy
2018 ‘ )
[ J @ 15} . =} 5]
HLLHC
Conceptunl Design  Feasibisty Study Projoct approval by Sds Operation of FCC-hh
gy MAD s mccwm st » T

Comtruction of
Study yon - ERN o (11 yom s GPance o st st peans of Prytes eep
. ™ tunned 2 CCwo

Pow Dot Mgt

15t stage collider, FCC-ee: electron-positron collisions 90-360 GeV
Construction: 2033-2045 - Physics operation: 2048-2063

2 stage collider, FCC-hh: proton-proton collisions at =2 100 TeV
Construction: 2058-2070 - Physics operation: ~ 2070-2095



Thanks for your attention

Questions?

you can always reach me at amorais@fisica.uminho.pt
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“Probability” for a collision to happen
differential cross-section

/( Differential solid angle d @

N
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\Q;: - H’F—_ ~, Differential cross sectiond ¢
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R \ b
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The Large Hadron Collider experiments
counting events

Background
measured from data or
calculated from theory

NOPS _ ok
g =
[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

ﬂNaNb

L=Ff

oY

A

Na:

LHC: ’ Nb:
Ne ~ 10" U

A~ .0005 mm? ﬂ _

n ~ 2800 P

f  ~ 11kHz \

L ~ 103 cm?s’! Ox :

U}r:

slide from J.

nNaNb
=/

Ao, Ty

number of particles per bunch (beam A)
number of particles per bunch (beam B)
circumference of ring

number of bunches per beam

velocity of beam particles

revolution frequency

beam cross-section

standard deviation of beam profile in x
standard deviation of beam profile in y

Varela: https://indico.cern.ch/event/862001/?view=standard#8-standard-model-at-the-lhc
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The LHC experiments
the need to select events: triggers

Trigger DAQ

Event rates Data rates
Calo/) [Pixi
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[1 Readout System
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' o Ful event) | Aaaa
0(10)
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: CERN L =iz ]
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Delivered Luminosity [fb ]
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What's next?
LHC run-3: the future is now!

LHC Pagel
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