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The Standard Model of
Particle Physics




Standard Model of Particle Physics

Matter from Molecule to Quark Lepton




Standard Model of Particle Physics
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Provides framework for understanding the behaviour
of the fundamental particles and their interactions
through strong, weak and EM forces
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The Large Hadron
Collider (LHC) at CERN




The Large Hadron Collider at CERN

e The Large Hadron Collider (LHC) is the world’s largest particle

collider.

® |t was designed and built by the European Organization for Nuclear
Research (CERN) between 1998 and 2008.

® The accelerator is located in a 26.7 km long tunnel, 3.8 m wide, at a

depth ranging from 50 to 175 m beneath the France-Switzerland

border near Geneva

e Inthe LHC, two beams of protons (or ions) travel in opposite
directions and collide at a center-of-mass energy of 13.6 TeV.
® These collisions produce a wide variety of particles, which are studied

by different experiments.



The Large Hadron Collider at CERN

® The four main LHC experiments are:

Detector designed to study
quark-gluon plasma with

) ATLAS
A Toroidal.LHC ApparatuS

) ALICE heavy ion collisions.

General purpose detectors i _‘
A Large lon Collider Experiment

designed to study collisions
producing high transverse

momentum particles. )
Detector designed to study

quark-gluon plasma with

) CMS heavy ion collisions.

Compact Muon Selenoid Large Hadron Collider beauty




LHCb detector and
physics reconstruction




LHCb detector and physics reconstruction

® LHCb is a single-arm spectrometer with a

Side View HCAL
olce yiew ECAL M5 )
= forward angular acceptance, covering the
M3
Wi e = 10-300 mrad in the horizontal pl
Tracker ==\ . range 3 mrad In the norizontal plane.

The primary goal of the LHCb experiment is

Vertex

Locator

to record the decays of beauty (b) and

r N \ charm (c) hadrons.
e vt @ Due to their high mass, these hadrons and
-ﬁ N\ Y Y their decay products remain close to the

beamline.

® LHCb can precisely determine the identity,
upgrade

trajectory, momentum, and energy of each

particle. 10



The dipole magnet

e The magnet’s two coils are each / . Side View

SciFi
[[racker

7.5 m long, 4.6 m wide, and 2.5 m
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provide a total integrated field of 4
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momentum. N



The trackers

® Trackers are detectors used to determine the trajectory of charged particles.

Side View
e Inthe LHCb experiment, there are three main trackers:

SciFi RICH2
Tracker

VErtex LOcator (VELO):

m Pixelated hybrid silicon detectors AT i \E ¥

Al =
A ™= &l
1 - i A
Vertex /< [ Al L5
AL S

Locator

m  Silicon microstrip sensors e

m Located close to the collision point

Upstream Tracker (UT):

m Located just before the dipole magnet

Scintillating Fibre tracker (SciFi):

m  Scintillating fibres combined with Silicon Photomultiplier (SiPM)
upgrade
m Located just after the dipole magnet
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The VELO tracker

® The VELO contains 52 silicon detector elements,
positioned just 5 mm from the point where protons collide.
® These detector elements allow VELO to reconstruct all

charged particle tracks generated by the proton-proton
collisions, identifying their points of origin, known as primary
vertices.

® \When a neutral particle decays into multiple charged

) e * — particles inside VELO, it can also determine the origin of the
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as the flight distance and directional angle.
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The UT detector

® The UT detector consists of four planes of silicon detectors

173 mm

organized into two stations: UTa and UTb.

[0  Two planes are x-measuring layers with vertical strips.

[0  The other two are stereo layers, with strips inclined at

* 5°, providing additional Y information.

® The stereo layers improve momentum resolution by adding

135 mm

y-coordinate information to particle trajectories.

® The UT detector enhances momentum estimation for

charged particle tracks and helps suppress fake-track rates.

® |t also detects Long-Lived Particles (LLPs) that decay after
the VELO.
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The SciFi Tracker

® The SciFi Tracker consists of 12 detection

planes arranged in 3 stations (T1, T2, T3).

fibre mats

e Each station contains 4 layers in an X-U-V-X

mirror

¥ configuration:

1 Xlayers have vertically oriented fibres for
X-position measurement.
1 UandV layers are rotated by * 5° to

LA S e e R
R <ol Trte R N B SR RSN S A |
> VEREI R £ MR L . |

measure y-position information.

A-side C-side

® The tracker provides a single-hit position

resolution of better than 100 pm.

Each station

Xxz-projection
- 4
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The calorimeter system

ide View

® The calorimeter system is designed to stop particles as they pass through, measuring
ciFi RICH2
the energy lost as each particle grinds to a halt. ez .

e Inthe LHCb experiment, there are two types of calorimeters:

ECAL (Electromagnetic Calorimeter): Measures energy from electrons and

photons. H
1 HCAL (Hadron Calorimeter): Measures energy from hadrons (e.g., protons, A
neutrons) 4

® Both calorimeters have a sandwich-like structure with alternating layers of metal and

plastic (scintillator) plates.

0 Particles hitting the metal plates produce showers of secondary particles.

[0 These secondary particles excite polystyrene molecules in the scintillator plates,
emitting ultraviolet (UV) light.

0 The amount of UV light is proportional to the energy of the particles entering the

calorimeter.
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The Muon system

® The LHCb muon system consists of four stations (M2 to M5), with each station containing
276 multiwire proportional chambers (MWPCs), covering a total area of 386 m2.

® |ocated at the far end of the detector, downstream of the calorimeters, this region is only
accessible to muons.

® The muon chambers provide additional measurements for muon tracks, which are used for

muon identification and improve the momentum resolution of muon tracks.

Hits per trigger per cm? M2

18 =

c B B c
side C side A
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The RICH detector

e Two Ring Imaging Cherenkov (RICH) detectors are used for particle

Side View

EC.

SciFi RICH2
Tracker

identification (PID).

® RICH detectors measure Cherenkov radiation emitted when a chargec

particle travels through a medium (like a dense gas) faster than light

does in that medium.

upgrade

® The particle emits a cone of light, which is reflected onto an array of

Sensors using mirrors.

Cherenkov Angle (rads)

® The shape of the light cone depends on the particle’s velocity, and when

combined with momentum estimation, it provides PID information

Momentum (G1e°\’//c) 1 8



LHCb detector and physics reconstruction

Side View

Magnet SciFi RICH2

Tracker —

Vertex

Locator

upgrade

Charged particles are reconstructed using

trackers, with energy determined from

momentum and a mass hypothesis:
2 2 2
M*=FE"—P

Neutral particles, such as photons, are
reconstructed with calorimeters.
The RICH detectors provide additional PID

information, while the ECAL and Muon
stations can further assist in identifying

leptons (electrons or muons).
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Matter vs Antimatter
and CP Violation




Matter vs Antimatter

® Antimatter particles have the same mass as their The Big questions E——
) Accelerated Expansion
matter counterparts, but opposite properties, such il DakAgis.  Divelopiutol ‘
375,000 yrs. /' Galaxies, Planets, etc.

as electric charge.

Inflation

e Matter and antimatter particles are always produced

in pairs, and when they come into contact, they

annihilate, leaving behind pure energy.

iwmogeneous
] and isotropic
|\ distribution of
matter in the

. e . e
e The Big Bang should have created equal amounts = I % ‘|a =
of matter and antimatter. Equal amount of 1st Stars
Matter and about 400 million yrs.
Universe, but

® However, as the universe cooled and expanded, Antimstierometed | Big Bang Expansion e

13.77 billion years antimatter

antimatter almost completely disappeared just one
second after the Big Bang, leaving matter to form

everything we see today. Matter-antimatter imbalance
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CP Violation

® What is CP Symmetry?

0 CP symmetry combines two operations: flipping a particle into its antiparticle
(C) and reversing its spatial coordinates (P).

o What is CP Violation?

0 CP violation occurs when the laws of physics are not identical for particles and
their antiparticles under these transformations, meaning they behave differently.

® Why Does CP Violation Matter?

U CP violation introduces a small difference in how matter and antimatter

behave, allowing slightly more matter to survive, which is why we have a

universe full of matter today.

® One of the main physics programs of the LHCb experiment is the study of CP violation.

22



CP Violation in LHCb

First observation of CP ® LHCb successfully observed the first CP violation (CPV) in
violation in B9 mesons! B, mesons, thanks to its excellent reconstruction and
a0l LHCD 3 — e particle identification performance!
. @ 2t

® Direct CP violation means that the number of B — f decays

N(B°->K* 7~ -
( ) is different from the number of B — f decays.

2= 2000 B
% - N(B°->K-x*) ® The observable for CPV is defined as:
2 1000; g
= """ "o T i s _ LBy~ f)-TBY - 1)
- N ' COT@,) - P TBY - f)
S s00- N(BS°9K+7£")
§ # e \What we measure experimentally at LHCD is:
200 N(Bg%K_ﬂ") 0
] Acp (B2 — K~ 7)) = 0.274£0.04 (stat) 20.01 (syst)
1w X AT T T TR

Acp(B® — KT7™) = —0.080 & 0.007 (stat) & 0.003 (syst)

51 52 53 54 55 56 57
K*~ invariant mass [GeV/c?] Kn*invariant mass [GeV/c?] If A cp # (0 - CP violation 23




CKM matrix

® The Cabibbo—-Kobayashi—-Maskawa (CKM) matrix describes the mismatch between the quantum states of quarks

during free propagation and in weak interactions.

[quark] [quark]

ﬂavour CKM mass
weakly interacting strongly produced
® Asingle complex phase in the CKM matrix can explain CP violation.
| -1 L AR(p-in)
Vud WVas Vub 2
_ , 1., 2 4
Voey =| Ved Nes| Veb | - -A =22 v +0(2')

Wolfenstein parameterization; expansion in A~0.2

® This is known as the Kobayashi-Maskawa mechanism, which earned the 2008 Nobel Prize in Physics. 2,



We need more CP violation!

® |n principle, the Standard Model (SM) can explain CP violation, but the CP violation predicted by the

Kobayashi-Maskawa (KM) mechanism is too small to account for the matter-antimatter asymmetry. This
suggests that CP violation beyond the SM must exist!
® Where might we find it?

[ Quark sector: Deviations from CKM predictions
[0 Lepton sector: CP violation in neutrino oscillations

[0 Other new physics theories:
m Almost all TeV-scale new physics theories contains new sources of CP violation.
m The precision measurement of flavour observables are sensitive to potential additions
beyond the Standard Model.

The LHCb experiment is an ideal candidate to search for new sources of CP violation! 25



Search for Dark Matter
at LHCb experiment




Dark Matter

® The standard Lambda-CDM model of cosmology predicts

that the universe's mass-energy content is 23% dark matter [EEEES : NeuGines -

and 4% normal matter.

Dark Matter

e The most widely accepted explanation is that dark matter e

consists of Weakly Interacting Massive Particles (WIMPs):

I Interact only through the weak nuclear force and gravity |§

1 Have a large mass compared to standard particles
® |[t's possible to search for these particles through high-energy

proton-proton (p-p) collisions at the LHCb experiment.

27



Dark matter masses

80 orders of magnitude allowed for DM ....

WIMPs
(1 10710 10 1 102/ 10 10% 10%
— My Me My Mp mpL Mg,
Neutrino Electron Proton Higgs Planck Earth
I - |
TV MeV GeV  m, >T6(rr-ev\~
e Neff/BBN Too much s

S

...but only a narrow range for thermal equilibrium with SM bath at some point in the Early Universe:

for m(DM) < m(e): for m(DM)>100 TeV :
DM is relativistic at BBN time DM is overproduced unless
and spoils light element yield unitarity is violated.
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Thermal relic abundance

relic abundance from and particle properties
dn :
# 2 eq2 Cosmology observation
10°
- WIMP /
—e : 1 9
i | QX oC 3 Qpmh® = 0.12
1075} 1 (00)fo
= s increasing coupling
£ [ g coup _
“10] : —26 3
A | (OO = 2% 10" i /'S
| S "
L 10° 10! 10
X = I?’lDM/T
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Thermal relic

If Dark Matter was in equilibrium at some point, where did its density/entropy go?

@ 1. Nowhere

Today we know that:
py~ 103 eV cm
n,~ 10? cm-3

Equilibrium predicts DM mass
tily =l By~ 108V

Too hot for large scale
structure

. Stable dark states

00
d / N\
Heavy Light
Too much stuff Too much stuff
> Qgark > Qpm Ngr> 3 spoils

CMB/BBN/LSS

Requires non standard cosmology

(10) &
\?j 3. Visible matter
Secluded annihilation  Direct annihilation
Vv DM

DM —»——

DM

DM —e—

Visibly decaying mediator

PAAAAAAAAA

v

SM

“ » LA »
/’/ \‘

DM SM

Invisibly decaying
mediator

DM has to interact to SM particles to deplete its initial abundance.
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Dark Matter interactions

Accelerator-based experiments

Mediator: vector or scalar Production of DM at accelerators
(via SM (electron/proton/..) particles) | <o v>= f(mpy;, Myeds Epms Esm)

. . DM SM
DM Direct detection o
experiments \ ‘mediator A
D \[

.3

AAAAAL
DM scattering with e/protons

¢ =f’ (Mpm, Mmeds Eom, Esw) Astropartlcle, cosmology

Direct DM annihilation
(main process to get the thermal relic abundance)
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Dark Matter interactions

e Extending the Standard Model (SM) with the minimal set of lowest-dimension, gauge-invariant, and renormalizable operators:

[l This approach preserves the theoretical structure of the SM
0  Any new physics introduced is a simple extension of our current understanding
By adding minimal operators, we can explore physics beyond the Standard Model while maintaining consistency with its

foundational principles.

Portal Coupling
Dark Photon, A,

B

Best portals for thermal " 92cos QW ,uu

light dark matter
o carkmatie Dark Higgs, S (uS +\S?)H'H
In micro-eV range AXiOn, a Jgia MVF;W) %Gz’,,ul/ééu/; %@7“751#

Sterile Neutrino, N ynyLHN
Coupling too small to
produce thermal DM /
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Dark Matter searching

How dead is the WIMP? 90% CL exclusion limits
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Dark Matter searching

LHCb improvement in Dark Matter searching ® Reconstructing tracks using only the UT and

SciFi detectors significantly increases the

Upstream track effective decay volume at the LHCb experiment.

T 12713 ® These tracks are known as Downstream tracks.
® The related reconstruction and trigger
uT
VELO /'[;n—c; track algorithms were recently implemented and
[
deployed for Run 3 data-taking (2022-2025).
VELO track Downstream track 1
i PR e The LHCb-IFIC group at the University of

x| T track
\ Valencia is the main author of these algorithms.
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Dark Matter searching

Dark photons

- Excluded 1

0 05 O 10 0. 50 1
my [GeV]

Dark scalars (BC5)
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Summary




Summary

The LHCb experiment studies CP violation to understand the
matter-antimatter asymmetry in the universe.

LHCb detectors include VELO, UT, and SciFi trackers, RICH for
particle identification, calorimeters, and the muon system.
Precision measurements at LHCb are sensitive to new physics,
including potential new sources of CP violation.

The experiment is searching for dark matter candidates, like
WIMPs, through high-energy proton collisions.

The LHCb-IFIC group has developed new algorithms for
reconstructing downstream tracks, enhancing the search for dark

matter in Run 3.
37
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