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OUTLINE

Basic idea of talk: what is the SM, why BSM, how to look for BSM
physics in experiments like Belle 2.

Start with :What is a fundamental particle?
How do fundamental particles interact- Standard Model.
Why Beyond Standard Model (BSM) is needed.

Some BSM models and their signatures.
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Particle Types

Particles come in two types: Bosons and Fermions

A collection of bosons and fermions will fill up a given set of energy
levels differently

Bosons satisfy Bose-Einstein Statistics. Fermions satisfy the Fermi-
Dirac Statistics.

Bosons have integral spin ( measured in terms of /) and are responsible
for forces between particles

Bosons: Spin 0 ( Higgs), Spin 1 ( Photon), Spin 2 ( Graviton)
Fermions have half integral spin and are the matter particles: E.g.:

Spin 1/2 ( electron), Spin 1/2 (neutrino- v)
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Forces

Standard Model

@ SM has a gauge sector: Coupling of the matter field with the gauge
bosons: 3 parameters, gw, gs and gem-

Gauge Bosons

Streng Force
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Language of PP- Feynman Diagrams

e Particles and their interactions are described by Feynman Diagrams

Feynman Diagrams

e e
14
Coulomb Force
. X

e
y (photon)
Electron in EM Field
e (electron)
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Strong Force

QCD

QCD binds quarks in mesons, baryons, tetraquarks, pentaquarks ....

Fermions

Mesons:
Bosons

Meson
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Weak Force - Charged

Weak Force: Changes Flavor e.g. Beta Decay
w+

W+
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Weak force - Neutral

Neutral Current Interactions

Neutral Current Interaction are mediated through the exchange of Z°.
e-v and p - v scattering

e-
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Weak Interactions are Different
e Any quark (u and d) and lepton ( e and v,) can split up into a left
handed (LH) and a right handed (RH) piece.

u=up+ ur

c
UL UH UL u

c

R

e W couple only to LH particles and RH antiparticles
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Electromagnetic force couple equally to the LH and RH particles if they
are electrically charged.

Strong Force couple equally to the LH and RH particles if they are color
charged.

Weak Interactions only couple to LH particles.

Neutrino only has weak interactions. In the SM there is only a LH
neutrino, vy, and no RH neutrino, v, and neutrinos are massless.
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Higgs Force- mass generation

Dirac Mass: electron Yukawa
amass term connects left-

and right-helicity fermions

with the same quantum

numbers

(2), MULTIPLETS

LEFT-HANDED o
ELECTRON CTRO . . . . N - . i,
£ CORRESPOND TO HELICITY: SPIN RELATIVE TO THE 3-MOMENTUM
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The Higgs Mechanism- Flavor sector

We are aware of phase change- for example steam to water to ice.

When the universe was very hot at a temperature equivalent to 100 GeV (

300 K =102 eV ) there was a phase change when the Higgs, W, Z, the
quarks and leptons went from being massless to having masses.

Energy

T
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V(o) = Bt

Energy
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Electromagnetic
field strength
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Clearly Established

Neutrino Masses.

Dark matter.

Several Hints

Anomalies in semileptonic B decays.

Neutrino anomalies.

Hints of new scalar bosons.
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What Is a Neutrino?

A neutrino is a subatomic particle and also a fundamental particle.

e Symbol is lowercase Greek letter nu: v
 Electrically neutral

¢ Nearly massless

* Travels close to the speed of light

* Reacts to gravity and the weak nuclear force
* Mostly passes through matter

¢ Oscillates between flavors (electron, muon, tau)
¢ Has antimatter equivalents

e Nuclear processes produce neutrinos

e Billions of neutrinos pass through your body every second
» Neutrinos account for around 2-3% of the Sun's energy

sciencenotes.org
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The image has been obtained with a 503 days exposure, by registering
neutrinos emitted from the solar core and detected in a 50 000-ton water
pool located 1 km underground. At night, neutrinos were transparently
traversing the whole earth before being registered in this image
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Neutrinos Oscillate
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Neutrino Oscillation Model

mixed with
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Neutrino Oscillation indicate that neutrinos have mass.

In general this means that there must be something more than just a
LH, v;, which is massless.

A possibility is there are new RH vg states. This RH neutrino, vg, is
called the sterile neutrino.

Weak Interactions only couple to LH neutrinos. Hence the sterile neu-
trino has no known interactions except for gravitational interaction.

How can we detect the sterile neutrino. Can it be dark matter?
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Dark Matter

Energy Distribution of the Universe

ENERGY DISTRIBUTION
OF THE UNIVERSE

NORMAL MATTER
@ Normal Matter: Radiation + Matter.

@ Dark Energy is the vacuum energy- Cosmological constant.

o DM is like very weakly interacting non- relativistic o
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Evidence for Dark Matter

Velocity
. (km s-1)
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Evidence for Dark Matter

' halo

(dark matter)

% ¢ spiral disk

(visible stars)
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Evidence for Dark Matter- Bullet Cluster

DM is very weakly interaction and can go through each other.
https://www.youtube.com /watch?v=eC5Lwjsgl4l
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To many particles: For first generation: (ur,d;) x 3+ (ug,dr) x 3+
(v1,eL) + egr = 15 states. For 3 generations 45 particles. Cannot be a
fundamental theory!

There is no theory to explain the masses of the fermions and the mixing.
There is no dark matter candidate.
Mechanism for neutrino mass.

Does not include gravity.
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Possible BSM: Grand Unification

Temperature Particle
of universe energy

10" E———10"™ Gev

— 10" GeV
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LQ signatures

Alakabha Datta (UMiss) June 18, 2024 28 /33



In general sterile neutrino is a neutrino that does not have any inter-
actions of the the standard model.

The sterile neutrino can mix with the ordinary neutrino and so v <
vs.

Can be detected in beta decay type reactions: n — p+ e~ + s where
Vs has a mass.

Sterile neutrino can have interact through new forces with the usual
SM particles.
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Sterile Neutrino Signatures
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Dark Matter Slgnature

Hidden Sector

Alakabha Datta (UMiss)

GAUGE BOSONS

Mediator

Dark Matter ‘

eV, 0 F

Vector Portal: kinetic mixing
(dark

photon) and SM photon

!

Standard
Model

9BVEJI)

Leptophobic: additional coupling
between vector boson Va and
baryon current J

June 18, 2024

31/33



Dark Matter Signature
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SM is a very successful theory.
Clear evidence and various hints of BSM physics.

Many ways to probe various BSM models in Belle 2 and Flavor exper-
iments.

Exciting results may be revealed in the near future.
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