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Today Topics

@ Standard model particles

@ Fundamental interactions

@ Toy model of particle interaction

@ Electromagnetic and weak interactions
@ Strong interaction
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Standard model particles

Standard model particles = quarks, leptons and gauge bosons
Quarks and leptons appear in three generations and six flavors

Generation Quarks Leptons Anti-Quarks Anti-Leptons
Charge Charge Charge Charge
+2/3 =1/3 -2/3  +1/3
1 up down  electron electron Anti-  Anti- positron Anti-
neutrino up down electron
a neutrino
u d e v i d et v
g charm strange  muon muon Anti-  Anti- Anti- Anti-
neutrino charm strange muon muon
neutrino
c 5 I v c ] ! v
an top  bottom tau tau Anti-  Anti- Anti- Anti-tau
neutrino top bottom tau neutrino
t b T v i b F 0
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Quarks:

Quark |Symbol |Spin [Charge iiﬁﬁszPFF Mass*

| up [ U [12]+23 | 13 [o]ofo]o]|1733Mev

|Down [ D [12]-13 | 13 [o]o[o]o|4a158Mev
charm | ¢ |12 [+23 [ 13 [o[+1]o[o| 1270 Mev

sttange| s (12| -13 [ 13 [-1[o[o[o| 101Mev
Tp | T [12]|+23 ] 13 [olofo[+1] 172Gev

Botom) 5 | yp | s | w3 0] of-1)0 ‘:Zﬁ?ﬁs})
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Leptons:

Lepton Mass Electric | Spin | Lepton | Electron| Muon | Tau
name [MeV/ s ]| charge (J) | number | lepton lepton | lepton
[e] (L) number | number | number
(L,) (Z,) | (L)
electron (e-) 0.511 = 1 1/2 +1 +1 0 0
electron <2%10°° 0 1/2 +1 +1 0 0
neutrino  (v,)
muon (W) | 10566 -1 1/2 +1 0 +1 0
muion <2%x10°° 0 1/2 +1 0 +1 0
neutrino ( Vi
tau (v) | 1776.86 -1 1/2 +1 0 0 +1
tau <2%10° ¢ 0 1/2 +1 0 0 +1
neutrino  (v,)
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Gauge bosons

(Gauge boson Spin  Charge Mass Force

photon & 1 0 0 electromagnetic
W-boson wE 1 = i 80.4 GeV  weak

Z-boson i 1 0 91.2 GeV  weak

gluons g 1 0 0 strong

graviton G 2 0 0 gravitation
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Fundamental Interactions

Fundamental forces of nature

Name Relative Strength Range Operates among
Gravitational : All objects in
10% Infinite o
Force universe
Some elementary
T T - Very short, sub part!cle,
10 nuclear size ( particularly
force e
approx. 107°) electrons and
neutrino)
Electromagnetic . .
B 107 Infinite Charged particles
force
: Nucleons, heavier
Strong nuclear Short nuclear size
force 1 ( approx. 107%) Elemneiagy
’ particles
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Toy model of Yukawa-type interaction

We have learned about KG equation of ¢(x),where z = a# = (¢, 7) is
spacetime coordinate, of the form

(0* + m?)p(x) = 0, H? = 0,0" = o — V?
d' Alembertian Laplacian

With generalized Euler-Lagrange equation

oL oL
dp* On 90,0% 0

where L is known as Lagrangian density
L= /d%ﬁ, L=0,0"0"p—m?¢*¢

Note that £ appear in quadratic form, it contains only kinetic term

and mass term.
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Yukawa-type interaction between massive complex scalar ® and
massless real scalar ¢, and ¢ is coupling constant (charge)

1
L= 0,0°0"® — M + ~9,060"¢ — go®*®
2 ——

Yukawa term

Feynman diagrams

g
— \I\/ -
d* !
<« 10
1 CD*
¢
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Scattering diagrams

@ @ @ @ @ . b
b L
! ! ..
@ D o = ~¢
Mott Bhabha Compton Pair annihilation
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Scattering diagrams

@ @ @ @ @ . b
L o
! ! ..
@ D o = ~¢
Mott Bhabha Compton Pair annihilation

Gauge field = vector field + gauge symmetry

—,

In classical EM we have 4-potential A* = (¢, A)
B=VxA E=-V¢—0A
Its covariant form (field strength tensor) F'** = OFAY — 0" A
FOO _ Fll — F22 — F33 FOi _ 80Az _62¢ — _EZ
9
Fii=0'AT - P A" = ik Bk
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Gauge symmetry
AP — AP 4+ Oy, FPY — FH
Gauge field dynamics
1

'Cgauge field = __F/U/FMV e — au(aMAV — 8VAM) =0
4 EL egn.

nwo__ 2 \v __
aﬂA =0 |Lorentz gauge — 07A” =0 |Maxwell eqn.

Photon is a gauge boson. Matter coupling gauge field theory
Matter; Ematter = 6u¢*au¢ - m2¢*¢
Unitary trans. u = '@ of = 7@yt = utu =1
6= ¢ = up,¢" = ¢*ul = "¢ = ¢
0, — 0,9 = 0, (ug) = u(0, +i0,a)¢
0ud" = 09" = {(9 — 10,)¢" } ul
— 0,9 MY # 0,0"0"¢
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With the help of gauge field
At A = Ar— Lo 0 —u(a, — Lo
q q
0, — D, =0, —1q4A,
D,¢ — D¢ = u(D,¢)
= uD, ulup = (0, — i0,o — igA, + i0,a) ¢’
= (6u - iun)d)/ = Du¢/
So that
(DL&')"(D¥¢') = Dyugp)™(D*o)
Model Lagrangian (scalar QED)

* * 1 v
£ = (D) (D"60) — 2670 — 1 "
1
= 0,0"0" — m?¢*p — ZFWF“” — qAL T + P pA, A"

. 3 ES
JH=i(¢"0"d — ¢0"¢")
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Scalar QED diagrams

¢ s
0 o o ¢ _ d
—— g Y
>¢vv» g2
M y o* 9 o* v
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Scalar QED diagrams

o q) i
—_——
g 2

Quarks and leptons are Dirac particles, represented by Dirac spinors
(solution of Dirac equation)

Derivation of Dirac equation (RQM, ¢ =1 = h), we start form
linearized relativistic energy-momentum relation

E=a -7+ fm —— E? = p* + m?

constraint

1
E? = 5(0@'0&;’ + aje)pip; + (B + Bou)pi + Bm

_ _ 2 _
Oél'Oéj + ajai = 2(57;]', ozz-ﬁ + 60@ = O, B =1
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We observe that {«;}, 5 are not numbers but square matrices. Dirac
observe that

(2 9)o (3 %)
' o 0 49g47 0 =1y 424

where {c'} is a set of Pauli matrices and 1, is 2x2 identity matrix.
Quantum equation of Dirac energy is

E—a-p—pm=0— (i0; +ia -V — pm)¥(z) =0
=07 =" =89 =6a, =1
. XR
(iv'0, —mly)¥ =0, ¥ = ( o )
Note that W is bi-spinor, and ¥, v are spinors. Dirac Lagrangian is
L = V(ir"*9, —m)¥
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Electromagnetic interactions
Quantum electrodynamics of QED
_ 1
L= \I/(Z’VMDM — m)\If — ZFMVFMV = »C() + 'Cint

‘Cint = —ZQ&’YMI’A#
QED diagrams, QED = quantum of electromagnetic interactions,
i.e., 7y — 77y scattering
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Light-by-light scattering with intact protons at the LHC: from
Standard Model to New Physics - Fichet, Sylvain et al -
arXiv:1411.6629

¥

w,a/l qilw

g/lw

Integrated cross-section [fb]

FPMC (QED) and ExHuME (KMR) generator
Exclusive 1y preduction

P, >10GeV, pl_ > 10 GeV

QCD cantribution (KMR)
=== Total QED cross-section
Quark and Lepton loops contibution

- Wioop contribution

n
5

30 40 50

I
60 70 80 10° 2x10°
Cut on the di-photon mass [GeV]

gluon
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Weak interaction

Fermi's theory of weak interaction

FERMI BETA DECAY THEORY, 1934

proton

neutron

antineutrino

neutron

electron proton electron

antineutrino

OSCAR KLEIN BETA DECAY THEORY, 1938

Weak gauge bosons masses at LEP and LHC at CERN

OPAL 189 GeV (prelim)
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Weak gauage bosons B*=Proca particle, with Lagrangian

1 1
£=—1GuG" = SM*B,B", G = 0"B" — 0"B"

Weak interaction with W* and Z° weak gauge bosons

proton electron proton electron

Coulomb force Weak force

photon W

electron neutrino
proton neutron

Electro-weak symmetry: photon-mediated Coulomb force is like W-mediated weak force

neutrino proton neutron neutrino
neutral
current Weak force Weak force
Wo Wi
proton electron
neutrino proton
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Weak interaction of quarks

+23) ¢ 5, b,
II'”' \ jll
.é;- \5w+
."f
d (-1/3) v (+273)

Weak decays

: 34
n-decay (15 min) p-decay (1027 yr.)
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Next lecture:
@ strong interaction

@ meson decay with flavors oscillation
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