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Particle
Physics or
High Energy
Physics

- Is looking for the

(the
“ultimate  building
blocks”) and for
the
between
them
(“interactions”);

- Aim is to find

the Atom

Quark

Size < 10_19 m

Nucleus
Size =104 m

«? 4 S : 1 0_1 )
Atom ize

Size =107 10m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
. would be less than 0.1 mm in size and the
& entire atom would be about 10 km across.s




Definitions:

Fundamental Particle: Particle that cannot be divided, as a lepton or quark
(Dictionary definition), with a unique set of properties:

Mass, charge, spin ( s = 1/2 integer: Fermion; s = 0,1,2 : Boson ), and flavor

Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = h/2r = 6.58x1072° GeV s = 1.05x10734 J s.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~'% coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember
E = mc?), where 1 GeV = 107 eV = 1.60x10-10 joule. The mass of the proton is 0.938 GeV/c?

= 1.67x107%7 kg.

Charge (Q) is a quantity we have defined in order to describe how certain
particles (with this charge) interact. If the particles don't interact in the
prescribed way, they don’t have charge.



Particle Classification

Leptons Hadrons

Mesons  Baryons



Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.*
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Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = h/2t = 6.58x102% GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In SI units the electric charge of
the proton is 1.60x10~? coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember
E = mc2), where 1 GeV = 10 eV = 1.60x107'? joule. The mass of the proton is 0.938 GeV/c?
=1.67x102" kg

proton

neutron

Matter and Antimatter

Far every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., Z°, v, and n, = ¢C, but not

Structure within
the Atom
Quark

Size < 1079 m

4
u

Electron

Size < 1078 m

Nucleus
Size =~ 1074 m

e

Neutron
and
Proton
Size ~ 1013 m

Atom
Size = 1079m
If the protons and neutrons in this picture were 10 cm across,

then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

PROPERTIES OF THE INTERACTIONS

2
60

Not applicable
to hadrons

hadrons

force carriers
spin=0,1,2, ...

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) results from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons gq and baryons qqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.

Residual &
Interaction No

Hadrons

Not applicable
to quarks

20

The Particle Adventure

Visit the award-winning web feature The Particle Adventure at
http://ParticleAdventure.org

This chart has been made possible by the generous support of:

~a, quarks & U.S. Department of Energy

KO = ds) are their own antiparticles. -~ | gluons hadrofE > U.S. National Science Foundation
S Lawrence Berkeley National Laboratory
Figures u 3 hadrons ~ Stanford Linear Accelerator Center

American Physical Society, Division of Particles and Fields

BURLE INDUSTRIES, INC.

©2000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
tion of teachers, physicists, and educators, Send mail to: CPEP, MS 50-308, Lawrence
Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
materials, hands-on classroom activities, and workshops, see:

http://CPEPweb.org

These diagrams are an artist’s conception of physical processes. They are
not exact and have ne meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.

An electron and positron

(antielectroi iding at high energy ¢
annihilate to produce B and BY m.

via a virtual Z avirtual phy

A neutron decays to a proton, an electron,
and an antineutrino via a virtual (mediating)
W boson. This is neutron f§ decay.




force carriers

BOSONS spin=0, 1, 2, ...

/Unified Electroweak spin =h / Strong (color) spin =1 \

Mass | Electric '
Mass Electric
GeV/c? | charge Name GeVic? | charge

Name

0

W bosons
ZO

Z boson




Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

/ Gravitationa' Weak. ElECtroma.gnetic Strong
Acts on: Mass - Energy Flavor Electric Charge Color Charge
Particles experiencing: Al Quarks, Leptons Electrically Charged Quarks, Gluons

- e Graviton .
Particles mediating: i Wt w- 20 ¥ Gluons
107" m
Strength at { | 1 2
\ 3x10™m 1 60




matter constituents

FERMIONS <pin = 1/2,3/2, 512, ...

/" Leptons spin =1/2 / Quarks spin=1/2
Fundamental Partictes: Approx
Mass Electric | Electric
Flavor GeV/c2 h Flavor WERS h
eV/c charge GeV/c2 charge

lightest | (0-0.13)x10-9

neutrino*®

electron 0.000511

B (0:009-0.13)x10-9

neutrino

muon 0.106

neavies [ (0.04-0.14)x10-9

tau 77

Leptons: Neutrinos spin=-1/2

HADRONS: Composed by Quarks and joined by the strong force (Barions
and Mesons.



MESONS

* Masses are between those of leptons & baryons.

* They are unstable.

* They decay into lighter mesons or leptons.

* They have either positive, negative at zero charge.

. : k :
* The mesons include the pion, kaon and eta particles.




Mesons qq
Mesons are bosonic hadrons
These are a few of the many types of mesons.

Symbol| Name | Quark | Electric | Mass |Spin
content charge GeV/c?2

From Contemporary Physics Education Project
http://www.cpepweb.org/particles.html



*Protons & particles heavier than proton form this group.

* Proton and neutron are called nucleons and the rest mass
are called hyperons.

* Every baryons has an antiparticle.

e e e . e

* If a number, called the baryon number +1 is
baryons and a number -1 is assigned to "“I'ryunq}’rhen
in any closed system interact decay, the baryon
number does not chang w of conservation
of baryons. 9



Baryons qqq and Antibaryons qqq
Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Symbol| Name | Quark | Electric | Mass |Spin
content charge GeV/c?

proton
antiproton

neutron

lambda
omega

From Contemporary Physics Education Project
http://www.cpepweb.org/particles.ntml



Particle Physics and High Energy Physics

- Particle Physics can be divided on 3 areas:

Nuclear fission

2.- NUCLEAR ‘ 5
PHYSICS " Vafg 0

Ut be
rinclews
Livaniium o Mew nuclel
plurtanium [, Exebim
nucleus and krypton)

1.- ACCELERATOR PHYSICS
3.- ASTROPARTICLES

High Energy Astrophysics: Energy from few MeVs to PeVs (X-Ray to CR)



AStropa rticles:  (efinition today)

Particles from astrophysical sources

/

possible particles
(need to be stable to make it
from. thelr sources to us)

Slide from Prof. Johannes Knapp Lectures WAPP 2012 (see it on webpages)



If Cosmle RAYS exist,
then alsoV and Y must exist
at stmilar energles.

BUL: can they be detected above backgrounds 277

Y : 100-1000 X more cosmle rays
V : Low unteractlon cross sectlon
ﬁ’cmasphsric newtrinos from atwosphere

Slide from Prof. Johannes Knapp Lectures WAPP 2012 (see it on webpages)



Cosmic Rays, Gamma Rays and Neutrinos are Linked

. KV
pwl \‘ VEery @ L"r—ll'n[u_w l"
o b to detect
7]
el.mag. frelds YY

can't travel far

SR——— Y at high energies

Slide from Prof. v and V travel Ln stratght Lines, Le. polnt back at sowrce.

Johannes Knapp ’ : s .
 ectures WAPP 2012 crs are deflected vn galactic and tntergalactie

(see it on webpages) magwnetie fields.



Extreme Bnergies ...
o BXErEme Bnironments:

POWEY SOUYCES ?
Accretion of watter onto compact objects
e.9- Neutrow stars, black holes, supermassive black holes
Explosions:  Supernova (SN), compact hiwﬂrg mergers
Rotation: rotating neutrow star with strong magnetic field
generate relativistic electron-positron wind

How ? (all on charged particles)
Diffusive shock (Fermi) acceleration  e.g. SN blast wave hits ISM
Magwetie reconnection ? Plasma waves ?

Creation of 9amma rays ?

T° decay hadrownic primaries
synehrotron emission bn magnetic fields L
Inverse Compton effect ]' relativistic e™, e

Slide from Prof. Johannes Knapp Lectures WAPP 2012 (see it on webpages)



Astroph 5sioal. RuUestLOnS: "

Origin : Where are they from?
How do thelr sources work?
ldewtitg : What are they?

Acceleration : How do they get thelr energy?
Propagation : What happens on their way?

by wmeasuring their:
Energ Y sSpectrum
Composition
Avrrival directlons

See Prof. Johannes Knapp Lectures WAPP



TN %N SNRs

SRS Space-time
A T ——— 5
Origin of & relativity

X

Pulsars
and PWN

A \
15 Tina after e biq bong i 33" yaare &

Cosmology



O 2 O 0O m <

. Anti- Rest mass o
Particle Symbol ek Makeup MeV/c2 S C Lifetime Decay Modes
. - 2.60 a
Pion T T ud 139.6 0 0 <10 nv,
. . 0.83
Pion n° Self 135.0 0| 0 <1016 2y
Kaon K* K us 493.7 +1 | 0 e wv , '’
= ' x108 W
Kaon K’ K° I 497.7 +1 ] 0 Xol' 3910 T, 2n°
K K" K" 1* 4977 | +1 | 0 32 T'ev
aon . L . <10 Vv,
Eta ne Self 2% 548.8 0 0 <101® 2y, 3p
Eta prime ne Self 2% 958 0 0 T
Rho 5 - ud 770 0 0 0.4 Ay
P p ¢ x10®
Rho 0 Self uy, dd 770 0 0 04 T
p 0 x1023
0 0.8 o
Omega 0) Self uu, dd 782 0 0 <1022 TTw
Phi Self 1020 0 0 o KK, KK
1 (I) € S8 x10-23 RS es
) 10.6
D D+ D cd 1869.4 0 | +1 <103 K+ ,e+
4.2
D D° D° cu 1864.6 0 | +1 <103 [K,ue] +
- } 4.7
D D D cs 1969 +1 | 41 K+

Xl'O’13



http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/hadron.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/hadron.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/kaon.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/kaon.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/kaon.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/meson2.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/dmeson.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/dmeson.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/dmeson.html

— O > W

w Z2 O

Lifetime

Particle Symbol Makeup SRR , Spin B S (second Decay Modes
MeV/c o
Proton
PROTON p uud 938.3 1/2 +1 0 Stable
Neutron n ddu 939.6 172 +1 0 920 pey,
L 0 2.6 o
ambda A uds 1115.6 1/2 +1 -1 <1010 pm, nm
Si . 0.8 0
igma > uus 1189.4 1/2 +1 -1 <1010 pn, nm
Sigma e uds 1192.5 1/2 +1 -1 6x1020 A%
Sigm: 2 dd 1197.3 2 | 41| - 15 :
igma S . - <1010 nw
0.6
Delta A uuu 1232 3/2 +1 0 <102 pm
0.6
Delta A* uud 1232 3/2 +1 0 2 pn’
x10
0.6
Delta A° udd 1232 3/2 +1 0 <1023 nmn’
] 0.6 )
Delta A ddd 1232 3/2 +1 0 <102 nm
. _ 2.9
Xi Cascade HO uss 1315 1/2 +1 -2 <1010 An°
. — 1.64 )
Xi Cascade = dss 1321 1/2 +1 -2 <1010 An
. _ 0.82 =0 )
Omega minus Q SSS 1672 3/2 +1 -3 =, A°K

x1010



http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/proton.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/proton.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/lambda.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/sigma.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/sigma.html
http://hyperphysics.phy-astr.gsu.edu/Hbase/particles/sigma.html

Properties of the Leptons

. Rest .
Particle |Symbol S mass |L(e) |L(muon) |L{tau) Lifetime
particle MeV/c2 (seconds)

Electron Stable
Neutrino

(Electron) S
2.20%x10™9

Neutrino 0(<0.27)| © 1 0 Stabl

(Muon) vy vy )20 - able
Tau T T 1777 0 0 +1 |2.08%1013

Ne%ﬁ“"’ D ve |0(<31) | O 0 +1 | Stable

Numerical data from Giancoli




Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol (unless + or - charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.q., Z0% ~, and N, = cc, but not
KO = ds) are their own antiparticles.

Electron-Positron Pair
Production

When a photon has guantum energy higher than the rest mass
energy of an o Hye at
photon interacts with matter is by producing and electron- 1 D1‘r1 g}

pair.

X-ray or

gamma ray

,‘fl nteractio r‘l-“\:'

‘P 'q ~ ,: above |
1;“1-"“;’ ‘\) g S GlocoR [; od i e . e S e g H y p er p h y sics
= webpage

\ =9 J .
-.\ /f" (B[ a-ravs wil 1— ]:-1 ma 1_1_'_.1

— o




A/Wd

High Altit dW Ch enkov

THEORY OF THE CHERENKOV
RADIATION




Maxwell’s Equations (SI Units)

Coulomb's law: VeE=p/eo

Gauss's law: VeB=0

Faraday's law V X E = -dB/at

Ampere's law: V X B = po J +uo go (9E/0t)

(with Maxwell’s addition)

Where E is the electric field (a vector: 3 components)

B is the magnetic field (vector)

P is the electrical charge density (a scalar: no direction)

€0 is the permittivity of free space (~8.85 x 102 F/m)

Ko is the permeability of free space (4m x 107 H/m)

Ko €0 =1/ c? (the square of the speed of light)

V is the "Del” operator (a gradient or change in space)

V e is the "Divergence” operator (results in a scalar)

V X is the “Curl” operator (results in a vector)

dB/dt is the time rate of change of the magnetic field (vector)
dE/ot is the time rate of change of the electric field (vector)

Courtesy 1. C. Maxwell, 1861 "On Physical Lines of Force"
Printout courtesy NASA MMS http://MMS.rice.edu

Taking the divergence of both sides of Ampere’s
law and using Gauss’s law

oD d
V.VxH=V. J+V.-—kV. j——vu v.je £
ot dat
3p
Elt +¥V-J=0 {charge conservation)

Wil —

- B

g 19B
Ec By iE
¥ c Ot
s 10FE
V x B "

c=—— 26



What happens If a drop a pebble into a pound
What happens If dropping pebbles at regular time
What happens If move my hand (no concentric)

What happens If | move my hand at the same speed that the rings move (all the
rings will touch in a point)

What happens if | move the source of the ripples faster that the speed of the ripples
can spread?

The duck is travel faster than the speed of the ripples it creates. Individual waves
can not spread in front of the duck

The object creating waves is travel faster that the speed of the wave itself

The duck is swimming on the surface of the water faster than the speed wave travel
over the surface.




Cherenkov Radiation

@ Particle speed must be larger than the phase speed of light in the

medium: 1
o
P n
@ Radiation with shorter wavelength are more intense:

d*E,,
dwdz

X W;

@ The emission angle of Cherenkov radiation with fixed frequency

is also fixed:
0 = arccos(1/n(w)p).

QY e INE (W 1937; Nobel in 1958):

dW et 1
dl ~ 2[5 (l‘ﬁi’nQ)“’d“‘




Cherenkov Emission

*Cherenkov effect occurs when the velocity of a charged particle traversing a dielectric
medium exceeds the velocity of light in that medium (v>c/n)

*Excited atoms in the vicinity of the particle trajectory become polarized and coherently
emit radiation

*A small number of photons are emitted at a fixed angle, which is determined by the
velocity of the particle and the index of refraction of the medium => Cos 6 = 1/nf8

*The index of refraction of the medium, n, is a function of wavelength (\) and temperature.
The general tendency for n is to decrease with increasing A. The variation dn/dA (referred
to as dispersion), is largest in the ultraviolet portion of the spectrum.

*Cherenkov light is emitted almost instantly. The angular distribution of the light intensity

is approx. a 6 function at the Cherenkov angle 8. The actual distribution is broadened
due to dispersion, energy loss of the particle, multiple scattering & diffraction.

THIS IS SLIDE 26 OF B.S. Acharya TALK (WAPP 2012) *



The charged particle polarizes the atoms along its
trajectory

These time dependent dipole emit electromagnetic
radiation

If v<c/n,the dipole distribution is symmetric around the

particle position, and the sum of ﬂ dipolﬁnisbes
| < R e

& N |
If v>c/n, the‘ﬁTﬁu ion 'W.aisymmetr

[
&
3
5
a

Particle track

Coherence condition
A A,= BcAt
A,B,= (cin) At

Cos{8)= 1/{Bn)

Cherenkov con

Charged particle



Cerenkov radiation

From a medium of refraction index »n
traversed by a charged particle with

V>c/n.

L

Charged particle |

Radiation follow the particle inside a
cone of aperture cos(6)=1/np.

Medium | »n | Threshold ()| Omax (%) (:\]?//3;1)
Air | 1.0003 40.8 1.4 0.34
Water | 1.335 15 412 3.27

31



PROBLEM

1) Derive in detail the expresion that describes the Cerenkov radiation.

Idem and discuss about the shape of the front wave.

),

10B
B e
Lk c ot’
VXB:18D+4H'
c ot C
Y{B=10
V -D = 4my,
D = €E,

(1a)

(1b)

(1c)
(1d)

where € is the permittivity operator é exp(—iwt) = €(w) exp(—iwt),

and e(w) is the permittivity of the medium.



Introducing the potentials A and ¢,

10A
E=——=--V9¢ (2a)
B—V xA, (2b)

and imposing the generalized Lorentz condition on the potentials,

édp
VAt = =0, (3)

the macroscopic Maxwell equations (1) can be written as

2p  C O, 4T
V-A > atzA_ pul (4a)
. ¢ o2
e(vﬁ¢—£§§ﬁ¢)———4n@ (4b)

What A, Phi, and the generalized Lorentz condition physically means. Give Expresions and
discuss



Cherenkov radiation can be described just with the equation for the
vector potential,

A _EFA __4m,
V-A Sap - ) (5)
We first expand A and j as a Fourier time integral,
Alr ) = / " Ay (r)eit Y (6)
! - w 27T
o o AW
. _ . —wt "
(08 = [ ju(re T )
After Fourier transformation, Eq. (5) becomes
cw? 47t
VA, (r) + C—zAw(r) = _T]w(r)- (8)

What a vector potential physically means. Give Expresions and discuss. Do all steps, avoid “ It
is clear, Obvious, etc...”. Do the Fourier transformation and the expansion in detail.
34



Eq. (8) has the form of the inhomogeneous Helmholtz equation, and
has a solution as follows,

1 [ ol
A,(r) = c/ ‘]:;_(rr?‘ expliw|r —¥'|\/e/c)]d7, (9)
The radiation field should be just proportional to 1/ at the distance
far from the radiator. When r > 1/, we approximately have

r—r'| = r—n-r,where n = r/r. The vector potential corresponding
to radiation can be approximately written as

Au(r) = SR 5 () exp(—ik - ¥)7, (10)

where k = n(w/c)n, and n = €!/? is the refractive index of the
medium.

What the inhomogeneous Helmholtz equation physically means. Give Expresions
and discuss. All steps, avoid “ It is clear, Obvious, etc...”. Do the aproximation in
detail. %



For an electron, the current can be written as

j(t,x) = —ev(t)o[r —ro(t)], (11)

where 6(x) is the 6 —function, ryo(t) is the trajectory of the electron, and
e is the electron charge. The Fourier component of the current (11) is
given by

() = —e / T V(D)6[r — xo(£)] e dt. (12)

— 00

Substituting Eq. (12) into Eq. (10), and integrating over the volume
d°r’ we obtain

Ay = —gefkr/ v(t) exp|iwt — ik - ro(t)]dt.

Do the last step in detail, and derive (12)



The magnetic field of the radiation is then given by

B, =V x Ay, & _%eﬂﬂ‘ / n x v(t)elwt—kn®lg, (13)

Here we just keep the term proportional to 1/7.
From the equation of V x E = —(1/c)(dB/dt), the electric field of the

radiation is also obtained,

w 1
E, = EB‘” X n :EB‘” X 1. (14)

The radiation energy through the section nR2dQ) at the distance far
from the charge is given by

i€ = UN(E x B) ndt] RdQ = UU ~[By dw] R2dO).
(15)

Why equation (15). Explain and derive in detail. )



Substituting Egs. (13) and (14) into Eq. (15), we obtain the spectral
intensity of the radiation,

o0 _ 2
/ n x v(b)elwr kol (16)

— 0

A?E.,,  e*wn

dwd(Q) 4723

In the case that an electron moves uniformly along z—axis, i.e., v = ve;
and ry = vte;, using the formula

O(w) = % /_m eVt dt,

we have Py .
won _ TN Gin? ea(wk.v)/ iz, (17)

dwdQ)  271c3

What the delta(omega) function is, means?. Derive (16)
and (17) in detail. a8



Integrating Eq. (19) over the solid angle d(), we obtain

e%w 1 1
P& _ ) & (1 B ”252) , when np < (18)
dwdz 0, when i > 1.
np

Cherenkov radiation is emitted only when the following condition is
satisfied,

1 (19)

np
The photon yield of Cherenkov radiation within the wavelength
interval from A — A 4 dA is given by

(20)

N, = 27 (1 ! )Mdz

n2p2 ) A A7
where & = ¢?/fic = 1/137 is the fine structure constant.

Discuss about the fine structure constant. Do all steps in
detail. No obvious. No skip steps
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| strongly suggest check and understand this talk:

Catch The Elusive
Neutrino

Subhasis Chattopadhyay

Variable Energy Cyclotron Centre
&
Bose Institute
Kolkata




Standard Model or
Particle Physics

12 matter
particles

6 quarks N
6 leptons

these 12 building blocks

make up all the varieties
of “normal” matter in the
Universe

The Standard Model
Elementary Particles

4 forces

gravitational force

electromagnetic force
strong nuclear force
weak nuclear force

these 4 ways for particles
to interact with each other
are the only ones we
currently know about

Slide from Subhasis Chattopadhyay's Neutrino Talk (WAPP 2015)
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[wwwi.youtube.com/watch?v=R¢ 5h8sam.

10" Winter School on Astroparticle Ph


https://www.youtube.com/watch?v=Gt4Y7i-h-h4
https://www.youtube.com/watch?v=R95h8sqm_Hw
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