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The Standard Model
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Standard Model

Three Generations
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QED - U(1) Gauge Theory

- Interactions in the SM respect the fundamental
symmetries: Poincaré and (internal) gauge symmetries
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QED - U(1) Gauge Theory

- Interactions in the SM respect the fundamental
symmetries: Poincaré and (internal) gauge symmetries
- The simplest gauge symmetry is a U(1)
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QCD - SU(3) Gauge Theory

- Quarks transform under SU(3) as 3
= each quark flavour comes in three colours.
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- Field strength tensor
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QCD Gauge Interactions
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no analogue in QED analogous to QED
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Charge renormalization

Resumming all loops of this type

. . o 2
via solution of g-function Ngﬁ = bog-
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In the SM:
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Note the different signs!



Charge renormalization
QCD: b} = ZNp —11

Resumming all loops of this type
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Asymptotic Freedom and Landau Pole

- Evolution of gauge coupling = 0t u
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- QCD coupling asymptotically
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QCD Scale and Confinement

- For QCD A¢ =~ 300MeV is called QCD scale.
- It is believed that non-perturbative physics at this

scale leads to confinement of quarks into >
colour—singlet hadrons ;
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QCD Scale and Confinement

- For QCD A¢ =~ 300MeV is called QCD scale.
- It is believed that non-perturbative physics at this

scale leads to confinement of quarks into >
colour-singlet hadrons ;
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- 3 quarks in baryons explained in SUB)3 x3x3=14+...
Decays of W,Z and 7% — 7Y with M(7%) ~ N2
ete™ — hadrons: R = 2 2hadons) _ S~ (2
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Halzen and Martin: Quarks and Leptons



Electroweak Theory: SU(2),, x U(1)y

Lagrangian for leptons and electrovveak interactions

Lew=—— ZA Wa, wAR — — ; BB + iLTa"DiL + ie'a# D%

SU(2)w gauge bosons  U(1)y gauge boson Lepton doublet L = <V;>

Covariant derivatives

DL=0,+igy WA & +ig'Y B* DS =0,+ig'Ye B

A
Pauli matrices: o' = <? 1>T ol = <? *O') ot = (; _ﬂ)
- Note, only left-handed particles L couple to W,
- All fermions massless: Not possible to write Dirac mass
term like Le nor Majorana mass term like LL.
- Similarly W and Z bosons are massless

- Mass generation < spontaneous symmetry breaking e



Spontaneous Symmetry Breaking: Abelian Higgs model

Potential of complex scalar field
V(I6(0)1?) = =1 [6()I” + Ap(x)|*

has U(1) symmetry ¢(x) — e “®g(x)
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Spontaneous Symmetry Breaking: Abelian Higgs model

Potential of complex scalar field

V(Ip(X)[?) = —p?[$(x)]” + Alp(x)[*

has U(1) symmetry ¢(x) — e “®g(x)

- ¢ obtains vacuum expectation value (vev) (0|¢|0) = v
= Vacuum state breaks U(1) symmetry of potential
- Expanding around vacuum state ¢(x) = v + % with

v? = % leads to quadratic order in fields
V(p,g) = —Av* + 22v2p(X)* + ...

= Spontaneous symmetry breaking
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Spontaneous Symmetry Breaking: Abelian Higgs model

Potential of complex scalar field
V(I6(0)1?) = =1 [6()I” + Ap(x)|*

has U(1) symmetry ¢(x) — e “®g(x)

- ¢ obtains vacuum expectation value (vev) (0|¢|0) = v
= Vacuum state breaks U(1) symmetry of potential
- Expanding around vacuum state ¢(x) = v + % with

v? = % leads to quadratic order in fields
V(p,g) = —Av* + 22v2p(X)* + ...

= Spontaneous symmetry breaking
- g Is massless and a Goldstone boson

- Spontaneously broken generator = Goldstone boson .



Higgs Mechanism for U(1) Gauge Symmetry
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Higgs Mechanism for U(1) Gauge Symmetry

o . . . —+i
Kinetic term with D, = d,, + igA, and ¢ = v + 997%9

1 1
Lrin = |Duo|® = S 0up)? 5(8u9)2+ V2gVA,0g + GPVPALAR +. ..

Gauge boson becomes massive: m3 = 2g?v2

Mixing term can be removed by gauge transformation g
undergoes inhomogeneous transformation ¢ — e*¢

Y= p—ag
g—>g+a<p+\[2av

- It can be completely removed using unitary gauge

1
Lyin = ‘D,u(z)|2 = E(augo)z + Q2V2ANA'LL + ...
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Spontaneous Symmetry Breaking in SM

- Same mechanism is at work for Higgs in SM
Liiggs = (D) DH® + p?dTd — A(dT0)?
where D, = 8, +ig Y, 3 WA +ig'YB,,
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Liiggs = (D) DH® + p?dTd — A(dT0)?
where D, = 8, +ig Y, 3 WA +ig'YB,,

- vev (®) = (0[|®]0) = % with v = (v/2Gg) /2 ~ 246 GeV
- Mass term for gauge boson
1v?
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Spontaneous Symmetry Breaking in SM

- Same mechanism is at work for Higgs in SM
Liiggs = (D) DH® + p?dTd — A(dT0)?
where D, = 8, +ig Y, 3 WA +ig'YB,,

- vev (®) = (0|®|0) with v = (v/2G¢)~"/? ~ 246 GeV

- 1
V2
- Mass term for gauge boson

Tv _
= o7 [0 (W) + (W) + (0 +97)23) +
\/\/3: = LZ (WL B /'Wi) with mass my = Q%
1 3 . . _ Y
Z, = W aw,, —g Bl,,) with mass m; = WE
A, = \/ﬁ (g' S+ gBH) with mass ma =0

13
Weak mixing (Weinberg) angle w: gsiné, = g’ cosf, = e



Fermion Masses

- Yukawa interaction [® = i, ®*]

Ly = YJQOi® +Y)Qidi® + viLed
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Fermion Masses

e -6

W

- Yukawa interaction [® = i, ®*]

- ('/' — U -~ /'J' _ o~ 0 Bottom quark.
Ly = M Q,‘Ujd) + YdQ,'djd) + Ye L,-ejcb " g 1°
for g
= Mass term for fermions e.g. My = % i @

ij T T s
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Fermion Masses

FeRmions aosons
GenerationGeneration_Generation
Top

© Yukawa interaction [® = io,®*] S
 ims N T
Ly = YyQiUi® + Y Qid;® + Y/Ligjd oS
= Mass term for fermions e.g. /My = R =

ij T T e
% (V + ¢O) _ o Muon- )
d didj + ... e G | | o

V2

Diagonalising mass matrices

ij 0 _
Ly = Y“(\ij;b )U,'Uj ale

9 =Uuqg G =UprG = U MU= diag
q’ are mass eigenstates

14



Fermion Masses

- Yukawa interaction [® = i, ®*]

Ly = YiQu® +YQdd + viLed L g &
T, [ R
= Mass term for fermions e.g. M, = %
: ij 0
_ Yiv+ed) = Yi(v+¢7) -
Ly = 7 uil; + NG d,'dj-l—...

- Diagonalising mass matrices
9 =Uquq § =UgrG = UjMUwg=diag ¢0----

q’ are mass eigenstates

Higgs ¢° coupling to fermions simultaneously diagonalised 14



Higgs Couplings

- to same-flavour fermions f
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Higgs Couplings

- to same-flavour fermions f
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- to two gauge bosons @7 == =
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Higgs Couplings

- to same-flavour fermions f
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- to two gauge bosons @7 == =
- Two Higgs coupling to ... f
w+,z

¢0___ -~ m%V,Z

%

w-,z




Higgs Couplings

- to same-flavour fermions f
m
- to two gauge bosons ¢° "'< ~ Tf
- Two Higgs coupling to ... f
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- Loop induced couplings to )
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Higgs production
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http://www.arxiv.org/abs/1309.0721

Weak Interactions and CKM Matrix

Interactions of fermions with gauge bosons [e = gsin 6,,]

—Lwzy =9 (WL + W™ +200%) + eAutbn



Weak Interactions and CKM Matrix

Interactions of fermions with gauge bosons [e = gsin 6,,]
—Lwzy =9 (WL + W Il + Z005) + eAulim

Fermionic kinetic terms iy)T5#D,1) yield electroweak currents
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Weak Interactions and CKM Matrix

Interactions of fermions with gauge bosons [e = gsin 6,,]
—Lwzy =9 W+ W Il™ +20J7) + eAulem

Fermionic kinetic terms iy)T5#D,1) yield electroweak currents

1
=7 (e +viufard)  a=T v

1 _ .
T %:1/)*0“ (T3 — Qsin’ 9W> ¥

f/
LAl u,d,e, Z,7y -
jgm _ ZOwT6;Lw T3 = { 2 or v Y <
P

0 fori,d,e

- Rotation of LH fields f" = Upf yields flavour-changing charged
currents: Cabibbo-Kobayashi-Maskawa (CKM) matrix V = U!, Uy,

=

- No couplings of Z boson to different quark flavours



Weak Interactions and CKM Matrix

Interactions of fermions with gauge bosons [e = gsin 6,,]
—Lwzy =g (WL + Wb + 2008 + eAubn
Fermionic kinetic terms iy)T5#D,1) yield electroweak currents
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- Rotation of LH fields f" = Upf yields flavour-changing charged
currents: Cabibbo-Kobayashi-Maskawa (CKM) matrix V = U!, Uy,

- No couplings of Z boson to different quark flavours

- There are no tree-level flavour-changing neutral currents (FCNC)
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Fermionic kinetic terms iy)T5#D,1) yield electroweak currents
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J Wt -
I = ! ZwT5“(T3—Qsin29W>w r
27 cosb, " _
.l for u,d,e,v Z,y -
o % 0 forua,d,e f

- Rotation of LH fields f" = Upf yields flavour-changing charged
currents: Cabibbo-Kobayashi-Maskawa (CKM) matrix V = U!, Uy,

- No couplings of Z boson to different quark flavours

- There are no tree-level flavour-changing neutral currents (FCNC)

17
- There is no flavour violation in the lepton sector



Examples of Weak Interactions

- Muon decay
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- Muon decay Vi
- Drell-Yan process W 1z
- Beta decay W—

- Fermi theory of beta decay recovered
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Open questions

- Why are the fermion masses so vastly different, m¢ > mg?

- Why hierarchy between electroweak scale and Planck
scale?

- Is there a unification of forces?
- Why are there three generations?
- Neutrinos oscillate and thus have mass m, < 0.1eV.

~

« What is dark matter?

19
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Weinberg Operator and Neutrino Mass

- Neutrinos are neutral and can be their own antiparticle
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Weinberg Operator and Neutrino Mass
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- Effective operator L&L® suppressed by mass scale A
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Weinberg Operator and Neutrino Mass

- Neutrinos are neutral and can be their own antiparticle
= l.e. Majorana fermions with mass term %m,,w/ + h.c.

- v in lepton doublet — Higgs mechanism

1k () 1 kV2
= —— h.c. - h
L 2/\L¢L¢+ 8 — 22/\VV+ C
® ® (®) (®)
Y » . e

- Effective operator L&L® suppressed by mass scale A
- Indicates underlying UV theory
- SM can be considered as effective field theory (EFT)

It gives a good description at low energy %



