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@ 1896 Henri Becquerel: § decay
@ 1899 Ernest Rutherford: distinguishes « and S rays

@ 1914 James Chadwick: the § decay has a continuous
spectrum

1930 Wolfgang Pauli: postulates the neutrino (ballroom)
1933 Enrico Fermi: contact interaction

1953 Frederick Reines: g, +p — n+ et

1956 Lee, Yang, Wu, Garwin et al: Parity violation

1961 Glashow, Salam, Weinberg, Higgs, EBKGH

1973 Lagarrigue, Faissner: neutral currents (Z° t-channel)
1984 Rubbia, van der Meer : W=, Z°

2012 discovery of the Higgs boson

@ ¢ 6 ¢ ¢ ¢ ¢ ¢

o
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The Electroweak Theory

Tp ~ G(F:)’Y“n)(é’m’/)_
~ G(D'Y“n)qz_lmz (e’YuV)

Yy*p  vector \%
C M2 1
o . = = i :
QED: m 0— q° YyHys1)  axial vector A
@ if m? > g2 neglect g2
@ constant in momentum Vv
space — Dirac function in V- A

space-time: contact
interaction

@ G~ 10°GeV 2 <« agy
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Lagrangien
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The Electroweak Theory

n - pte 47
Ti ~ G(py*n)(Eyurv) _
~  G(P"n) o (BYu) Py scalar

WPryPap vector
potyp  tensor
YyFys1p  axial vector
@ if m? > g neglect g2 Yysy  pseudoscalar PS
@ constant in momentum

space — Dirac function in

space-time: contact

interaction

@ G~ 10°GeV 2 <« agy

>H<W!

oQED:m2:O—>q—12

QED: V

EW:V — A

V — A violates parity
(experiment)

V — A quark/lepton level, not
hadron level

>
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The Electroweak Theory

Chirality is the handed-ness of
the particle:

(2

P LY + Pry
= YL+ Yr
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The Electroweak Theory

Chirality

Chirality is the handed-ness of
the particle:

(2

P LY + Pry
UL+ YR

@ Helicity: 7 - p

@ m = 0: Helicity = chirality

@ m = 0: v and ~s1) solve
DIRAC
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The Electroweak Theory etz e (Rt

Lagrangien
Higgs

Chirality Weyl basis

Chirality is the handed-ness of

the particle: v = i7%yy%R
2 - 1
5
¥ = Pup+PryY 0 = Y+
= 1/1|_ + wR . —12 0
Y5 = 0 1,
; 0 1,
s T 7= \1, o
@ Helicity: 7 - p 2
. L ot _ .0
@ m = 0: Helicity = chirality o= 7
’75T = B
@ m = 0: v and ~s1) solve )

DIRAC
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The Electroweak Theory

Left and Right chirality

PL = 3(1-1s)

P = i

R 2( +'75)

PL+Pr = 1

P2 = 2(1—75)3(1-1s)
= (1 -95)(1—"s)
= I(1l-95—5+72
= 7(1—v—5+1)
= 3(1-s)

PLPR = 3(1—75)3(1+s)
= (1 -9)(1+7s)
= 7(1—-v+5—12)
= 0
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Lagrangien
Higgs

Left and Right chirality

YL

PL = (1) P = P )
PRr = Z(1+1s) =
Po+Pr =1 PP = (PyPu)!
P = 3(1—15)3(1 - 1) = o

= 2(1 =)L —1s)

= 21— —15+72)

= fl-vs-y+1)

= 3(1—1)
PLPr = 2(1-15)3(1+1s)

= 2(1—75)(1+1s)

= 7(1—-v+5—12)

=0
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@ m = 0 helicity conserved — o - p good QN
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@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: 0 — —0o
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@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o
@ 1R right-(left)handed (anti-)particle
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Fermi

The Electroweak Theory Leiiieme] (Nt

Lagrangien
Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

= e
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The Electroweak Theory Leiiieme] (Nt

Lagrangien
Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

= —egytp
= —ey(PL+Pr)V(PL+PRr)Y

j#
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The Electroweak Theory Leiiieme] (Nt

Lagrangien
Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

o= —epytep

—ey(PL+ Pr)v*(PL + Pr)Y ) B

= —eyYP Py — eyYPry*PrY) — eypPry*PLy) — ey P y#PRry
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The Electroweak Theory Leiiieme] (Nt
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Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

o= —epyy

—ey(PL+Pr)y"(PL+PRr)Yy _

= —eyYPY'PLY — eyYPrYPrY) — eyPRrYPLY) — P PRy
= —eyYy'PrPLY — eYyP Pry — eyYPry"PLi) — eyYP HPry
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The Electroweak Theory Leiiieme] (Nt
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Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

o= ey

—ey(PL+ Pr)y*(PL+ PRr)Y _ _

= —eyYPY'PLY — eyYPrYPrY) — eyPRrYPLY) — P PRy
= —eYy"PrPLY — eYy!P PrtY — eyYPry"PLY) — eyYP 1HPry
= —eYPry'PLY — eyYP 'Pry
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Fermi

The Electroweak Theory Leiiieme] (Nt

Lagrangien
Higgs

@ m = 0 helicity conserved — o - p good QN
@ particle (p) — anti-particle —p: ¢ — —0o

@ 1R right-(left)handed (anti-)particle

@ ¢ left-(right)handed (anti-)particle

EM current

o= ey

—ey(PL+ Pr)y*(PL+ PRr)Y _ _

= —eyYPY'PLY — eyYPrYPrY) — eyPRrYPLY) — P PRy
= —eYy"PrPLY — eYy!P PrtY — eyYPry"PLY) — eyYP 1HPry
= —eYPry'PLY — eyYP 'Pry

Perfect symmetry under parity: p — —p
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@ weak interaction: Left is not equal to Right
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@ use vector bosons
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Fermi

Left and Right
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The Electroweak Theory

@ weak interaction: Left is not equal to Right
@ use vector bosons
@ ask for local gauge invariance

@ remember that U(1)gy is QED and was extremely
successful
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The Electroweak Theory Lt Ene) Rt
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Higgs

weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

@ unify electromagnetic and weak interactions
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weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

unify electromagnetic and weak interactions
@ SU(2) x U(1)
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weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

unify electromagnetic and weak interactions
SU(2) x U(1)
@ SU(2): three generators (gauge bosons)
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The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

unify electromagnetic and weak interactions
SU(2) x U(1)
SU(2): three generators (gauge bosons)

U(1): one generators (gauge boson)
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The Electroweak Theory

weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

unify electromagnetic and weak interactions
SU(2) x U(1)

SU(2): three generators (gauge bosons)
U(1): one generators (gauge boson)

SU(2) vector bosons must be massive (Fermi-contact
interaction)
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

weak interaction: Left is not equal to Right
use vector bosons
ask for local gauge invariance

remember that U(1)gy is QED and was extremely
successful

unify electromagnetic and weak interactions
SU(2) x U(1)

SU(2): three generators (gauge bosons)
U(1): one generators (gauge boson)

SU(2) vector bosons must be massive (Fermi-contact
interaction)

@ massive vector bosons lead to a non-renomalizable theory

Dirk Zerwas Particle Physics: The Standard Model



Fermi
Left and Right

The Electroweak Theory

Lagrangien
Higgs
The free Lagrangian (£o) Remember QCD:
GaugeGroup SU(3)
Gaugebosons 8
Lorentz — Vectors Gf}(x)
Field — Tensor = 0,G3(x ) 8,Ga(x) — gsfapc Gh(X)GE(x)
Structure [2 2] = ifapc 22 =

SU(2).:
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The Electroweak Theory

The free Lagrangian (£o) Remember QCD:

GaugeGroup SU(3)

Gaugebosons 8

Lorentz — Vectors Gf}(x)

Field — Tensor = 9, G3(x ) 8,Ga(x) — gsfapc Gh(X)GE(x)
Structure [2 , 2] = ifape 3¢
SU(2).:

GaugeGroup SU(2)
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The Electroweak Theory

The free Lagrangian (£o) Remember QCD:

GaugeGroup SU(3)

Gaugebosons 8

Lorentz — Vectors Gf}(x)

Field — Tensor = 9, G3(x ) 8,Ga(x) — gsfapc Gh(X)GE(x)
Structure [2 , 2] = ifape 3¢
SU(2).:

GaugeGroup SU(2)

Gaugebosons 3
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The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

The free Lagrangian (£o) Remember QCD:

GaugeGroup SU(3)

Gaugebosons 8

Lorentz — Vectors Gf}(x)

Field — Tensor = 9, G3(x ) 8,Ga(x) — gsfapc Gh(X)GE(x)
Structure [2 , 2] = ifape 3¢
SU(2).:

GaugeGroup SU(2)

Gaugebosons 3

Lorentz — Vectors W 2(x)
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The Electroweak Theory

Fermi

Left and Right
Lagrangien
Higgs

The free Lagrangian (£o) Remember QCD:

GaugeGroup
Gaugebosons
Lorentz — Vectors
Field — Tensor
Structure

SU(2).:

GaugeGroup
Gaugebosons
Lorentz — Vectors
Field — Tensor

SU(3)

8

GZ(X)
_aG%)

[272]—IfabC2

9,G3(x) — dsfanc GE(X)GE(X)

SuU(2)

3

Wi (x)

Wﬁu = 8MW5(X) - &,WE(X) - gZGach;?(X)WC()

v
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The Electroweak Theory

Fermi
Left and Right

Lagrangien
Higgs

The free Lagrangian (£o) Remember QCD:

GaugeGroup
Gaugebosons
Lorentz — Vectors
Field — Tensor
Structure

SU(2).:

GaugeGroup
Gaugebosons
Lorentz — Vectors
Field — Tensor
Structure

(Ta)ax3

SU(3)

8

GZ(X)
_aG%)

[272]—IfabC2

9,G3(x) — dsfanc GE(X)GE(X)

SU(2)

3

W2(x)

W2, = 9,W23(x) -

[27 2]_|5ab02

(%)

8VWE(X) - gZGach;? (OW (>

v

Dirk Zerwas Particle Physics: The Standard Model



Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

SuU (2)|_:
GaugeGroup SU(2)
Gaugebosons 3

Lorentz — Vectors W 2(x)
Field — Tensor W2, = 8,W2(x ) A WA(X) — geapc WP (X)W E(x

Structure [2 , 2] =li€ancF

U(1)y Y weak hypercharge:
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SuU (2)|_:
GaugeGroup SU(2)
Gaugebosons 3

Lorentz — Vectors W 2(x)
Field — Tensor W2, = 8,W2(x ) A WA(X) — geapc WP (X)W E(x
Structure [2 , 2] =li€ancF

U(1)y Y weak hypercharge:

GaugeGroup u(1)
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GaugeGroup SU(2)
Gaugebosons 3

Lorentz — Vectors W 2(x)
Field — Tensor W2, = 8,W2(x ) A WA(X) — geapc WP (X)W E(x
Structure [2 , 2] =li€ancF

U(1)y Y weak hypercharge:

GaugeGroup u(1)
Gaugeboson 1
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SuU (2)|_:
GaugeGroup SU(2)
Gaugebosons 3

Lorentz — Vectors W 2(x)
Field — Tensor W2, = 8,W2(x ) A WA(X) — geapc WP (X)W E(x
Structure [2 , 2] =li€ancF

U(1)y Y weak hypercharge:
GaugeGroup u(1)

Gaugeboson 1
Lorentz — Vector B, (x)
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

SuU (2)|_:
GaugeGroup SU(2)
Gaugebosons 3

Lorentz — Vectors W 2(x)
Field — Tensor W2, = 8,W2(x ) A WA(X) — geapc WP (X)W E(x

Structure [2 , 2] =li€ancF

U(1)y Y weak hypercharge:
GaugeGroup u(1)
Gaugeboson 1

Lorentz — Vector B, (x)
Field — Tensor B = 0uBu(X) — 0,B.(X)
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Free Lagrangian Gauge Fields SU(2),_ x U(1)y

Lo = —%BWBW—%WSVW“”
= —ZB¢,,BW—§Tr(WWWW)
W, = W23
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Free Lagrangian Gauge Fields SU(2),_ x U(1)y

Lo = —3BuBW —ZW2wra
= —ZBuwBM — STr(W, W)

_ a Ta
W, = wal

Organize the Dirac Fields

e(x) = Pre(x)

ax) = (1°PLe(x))!
Ve (X)

(x) = e (x)
er(X)

No right-handed neutrinos
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The Electroweak Theory

Fermi

Left and Right
Lagrangien
Higgs

Free Lagrangian Gauge Fields SU(2),_ x U(1)y

a Ta
WW2

=
I

Organize the Dirac Fields

e(x) = Pre(x)

ax) = (1°PLe(x))!
Ve (X)

(x) = e (x)
er(X)

No right-handed neutrinos

Dirk Zerwas Particle Physics: The Standard Model

—%BWBW — %ijwwa
— 3B BM — JTr (W, WH)

Define the weak Hypercharge

hypercharge left # right:

-3 0 0
Y = 0 -3 O
0 0 Yr

SU(2) x U(1): yr to be chosen




Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Free Lagrangian Dirac

Fields

Lo = Vg (X)iv"Oure (X)
+ e (x)iv"oue(x)
+ &(X)i7"Ouer(X)

= (X)iv"0,L(x)
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Minimal Substitution

Free Lagrangian Dirac
Fields

Oy — O +ig2W22 +ig:B,Y

Lo = Ve (X)iv"Ouve (X)
e (x)ivo e (x)
&R(X)iv"Ouer(X)
= {(X)iv"0,0(X)

+ o+
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Minimal Substitution

Free Lagrangian Dirac

Fields
9, — 0, +igoW2al2 +ig:B,Y
Lo = Ta(X)in Duve (X) S CEI
+ & (x)iv"due(x) Interaction Lagrangian
+ &R(X)iv*Ouer(x) i
= I(X)ir D, L(x) L= —iy"(gaW2% +01BLY )
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Higgs

Investigate the Interaction

L = —ny”(gzwj% +01BLY )

o
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Fermi

The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

Investigate the Interaction

Ll

— Iy (9pWR R + 1B, Y )L
= —DM[ga(Wi 3 + W2 +W23E) +01B, Y]/

o
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Fermi

The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

Investigate the Interaction

L = —byM(g2WEE +01BLY )
= —DM[ga(Wi 3 + W2 +W23E) +01B, Y]/

e
+3017a 7"Byve + 301607BLeL — YRO1ERYBeR

—  —o(Te, E)H(WLE + W22 4 W3R ( o )

o
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The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

i i +_ 1wl iw?2
@ use form of Pauli matrices and W= = W(WM Fiwy)

Investigate the Interaction

L = —byM(g2WEE +01BLY )
= —DM[ga(Wi 3 + W2 +W23E) +01B, Y]/

— —armanwi Wi Wi ()

+3017a 7"Byve + 301607BLeL — YRO1ERYBeR

o
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Fermi

The Electroweak Theory Lt Ene) Rt

Lagrangien
Higgs

i i +_ 1wl iw?2
@ use form of Pauli matrices and W= = W(WM Fiwy)

Investigate the Interaction

L = —byM(g2WEE +01BLY )
= —DM[ga(Wi 3 + W2 +W23E) +01B, Y]/

= 0oV, )W B +WEE +W373)< Ueef )
+3017a 7"Byve + 301607BLeL — YRO1ERYBeR
= —B(Witaye + Wrey ve)
—1(92W3 91B,)7e Y1

2
+2(92W2 + 91B, )&y e — yr01B, Ry er

o
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The Electroweak Theory Lt T (R

Lagrangien
Higgs

Identify the gauge bosons

@ charged bosons: W = %(W;} Fiw?)
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

Identify the gauge bosons

@ charged bosons: W = %(W1 Fiw?)
B
\/ngg(QZ — 01 )

@ neutral boson: Z,, =
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

Identify the gauge bosons

@ charged bosons: W = %(W1 Fiw?)
@ neutral boson: Z,, = B
iz \/ngg(QZ — 01 )
@ neutral boson: A, = 92+ ———(91W} + 92B,)
2
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

Identify the gauge bosons

@ charged bosons: W = %(W1 Fiw?)
@ neutral boson: Z,, = B
iz \/ngg(QZ — 01 )
@ neutral boson: A, = 92+ ———(91W} + 92B,)
2

@ A, and Z, are orthogonal
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Identify the gauge bosons

@ charged bosons: W = %(W1 Fiw?)
@ neutral boson: Z,, = B
iz \/ngg(QZ — 01 )
@ neutral boson: A, = 92+ ———(91W} + 92B,)
2

@ A, and Z, are orthogonal

- Qj _ g1 _ 92
@ weak angle: sinfy = el Cos by = g5z
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

Identify the gauge bosons

@ charged bosons: W = %(W1 Fiw?)
@ neutral boson: Z,, = B
iz \/ngg(QZ — 01 )
@ neutral boson: A, = 92+ ———(91W} + 92B,)
2

@ A, and Z, are orthogonal
@ weak angle: sinfy = ——2—, cosfy = —~2—

O S = e TN T Ve
BM3 = \/m(ng -01Z,)) = c?s OwA, —sinbwZ,
W, = \/m(glA +02Z,) = sinfwA, +cosbwZ,
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The Electroweak Theory Lt T (R
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Higgs

_%(QZWE —01B,)Ve v ve + %(QZWS +01B et e
—YrO1B,&RY'er
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

_%(QZWE —01B,)Ve v ve + %(QZWS +01B et e
—YrO1B,ErY"€R
= =3[0 —2—=(91A, + 92Z,) — 91— (92Au — 91Z,,)|Va V' ve,
219% /o292 a g Voi+a3 a g
+3[92(sinOw A, + cos by Z,) + g1(cos b A, — sin by Z,,) ey e
—YrO1(cos Oy A, — sinby Z, )ery"er
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Fermi

The Electroweak Theory Lt s (R

Lagrangien
Higgs

~1(92W2 — 91B,)Ta " ve + 5(02W2 + 01B,)E e
—YrO1B,ErY"€R
~ 31022 (914w + 92Z,,) — 91— (G2A,. — 012,771
2 \/nggg 1 1 \/m 1 M e e

+3[92(sinOw A, + cos by Z,) + g1(cos b A, — sin by Z,,) ey e
—YrO1(cos Oy A, — sinby Z, )ery"er
= —\/9% + 93Z,[37a " v — 3O e

— sin’ By (—&7"eL + YrERYer)]

- \/%?TZ%AM(_Q’Y“Q_ + YRERV"€R)
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

~1(92W2 — 91B,)Ta " ve + 5(02W2 + 01B,)E e
—YrO1B,ErY"€R
—Lgo——E=(91A, + 92Z,) — 91———(92A,, — 01Z,))]7e V"V
2 \/nggg 1 1 \/m 1 M e e

+3[92(sinOw A, + cos by Z,) + g1(cos b A, — sin by Z,,) ey e
—YrO1(cos Oy A, — sinby Z, )ery"er
= —\/9% + 93Z,[37a " v — 3O e

— sin’ By (—&7"eL + YrERYer)]

- \/%Au(_q’wq + YRERV"€R)

deduce —2%2_ — g, cosfy =gy Sinby =e

V93493
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

~3(92W32 — 91B,)7a v ve + 3(92W3 + 91B, )&y e
—YrO1B,ErY"€R
L9222 —(91A, + 92Z,) — 91——~—(92A, — 91Z,.)|[7e v v
2 \/nggg 1 1 \/m 1 M e e

+3[92(sinOw A, + cos by Z,) + g1(cos b A, — sin by Z,,) ey e
—YyrO1(cos by A, — sinbywZ,)ery"er
= —\/9% + 93Z,[37a " v — 3O e

—sin® fy (—&y"eL + YrERy"er)]

- \/%Au(_q’wq + YRERV"€R)

deduce \/Zlgng = (1C0Shy = (goSinby =e
1 2
deduceygr = -1
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

£ = \/_sme (W, rare + W, ey ve )
“sin GWeCOSHW H[ZK'Y Ve — QQ'YMGL
—sin® fw (—ey"eL — &RMer)]

—eA,(—&'e. —e&ry'er)

@ photon couples to charged particles only
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The Electroweak Theory Lt T (R

Lagrangien
Higgs

£ = \/_sme (W, rare + W, ey ve )
“sin GWeCOSHW H[ZK'Y Ve — QQ'YMGL
—sin® fw (—ey"eL — &RMer)]

—eA,(—&'e. —e&ry'er)

@ photon couples to charged particles only

@ charged gauge bosons ensure transition between charged
leptons and neutrinos
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

£ = \/_sme (W, rare + W, ey ve )
“sin GWeCOSHW H[ZK'Y Ve — QQ'YMGL
—sin® fw (—ey"eL — &RMer)]

—eA,(—&'e. —e&ry'er)

@ photon couples to charged particles only

@ charged gauge bosons ensure transition between charged
leptons and neutrinos

@ a neutral gauge boson is predicted
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Fermi

The Electroweak Theory Lt T (R

Lagrangien
Higgs

£ = \/_sme (W, rare + W, ey ve )
“sin GWeCOSHW H[ZK'Y Ve — QQ'YMGL
—sin® fw (—ey"eL — &RMer)]

—eA,(—&'e. —e&ry'er)

@ photon couples to charged particles only

@ charged gauge bosons ensure transition between charged
leptons and neutrinos

@ a neutral gauge boson is predicted
@ all gauge bosons are massless
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

Introduce a complex scalar
doublet:

o= ( 260 )

Free Lagrangian

Jion = (9,07)(0"¢) —V(¢p) | The ground state is not unique:
V(9) = roTo+A(97¢)? 0
. . Ta
Theory must be stable: A > 0 ¢ = eXp('E‘pa) ( w >
Minimum not at 0: kK = —pu? < 0

Choose ¢ = 0 — SU(2)
symmetry is broken
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Fermi

The Electroweak Theory Lt Ente) Rt

Lagrangien
Higgs

Ly = —yeaw(f;)

h.c. —Ye(7er, L) PR
= —Ye(erolve + oL
—VYe (Ve p16R + BLP2€R

>
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Fermi
Left and Right

The Electroweak Theory Lagrangien

Higgs

— _v.eot [
Ly = Ye€RO < a >
h.c. —Ye (Ve , &L)9ER
= —Ye(Rolve +ROLEL
—Ye(Vq P16R + B 02€R

Deduce the hypercharge:

e — et
-3 = yu+-1
YH = %

>
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Fermi

The Electroweak Theory Lt Ente) Rt

Lagrangien
Higgs

Vinimal Subsitution

AN 8.6 — O, +igoWaT
Ly = —YeeR¢T< o > : —I-MingHych#Z
h.c. —Ye (e, €& )PER Aol — 90" — ¢ligyWAZ
= —Ye(GRoive +ERobEL —oTig1B,yn
—VYe (Ve 18R + ELP2€ER) -

Deduce the hypercharge:

e — et
-3 = yu+-1
YH = %

>

Dirk Zerwas Particle Physics: The Standard Model



Fermi

The Electroweak Theory Lt Ente) Rt

Lagrangien
Higgs

Vinimal Subsitution

i va 0up — Oud+igaWa%
EY - YeeR¢T < e > +ing,uyH¢#
h.c. —Ye (e, €& )PER Aol — 90" — ¢ligyWAZ
= —Ye(GRoive +ERobEL —oTig1B,yn
—VYe (Ve 18R + ELP2ER) -

Calculate the interaction terms

Deduce the hypercharge: . .
¢ (—ig2W2% —ig1B,yn)

e — e+o (+ig2W2 % +i91BLyn) o
iz 2
Yo = 2 ¢T = (O, %):(07%)

>

Dirk Zerwas Particle Physics: The Standard Model



Fermi

The Electroweak Theory Lt s (R

Lagrangien
Higgs

(0,/55)(—192W2 % — ig1Bym)(+ig:W2% +i01Buyn) | /2

N
>
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Fermi

The Electroweak Theory Lt s (R

Lagrangien
Higgs

(0,/55)(—192W2 % — ig1Bym)(+ig:W2% +i01Buyn) | /2
22
0
= (0,1/22)(92W2 2 + 91B,yn)(92W2 % + 91Byw) 2
2\
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Fermi
The Electroweak Theory Lt Ente) Rt

Lagrangien
Higgs

0
2 . A . A |
(0,4/55)(—192W 2% — ig1BLyn ) (+ig2W 25 +i91BLynH) 2
2x
u? ar ar 0
= (0,1/5)(92W2 % + 91BLyn)(92W2 % + 91BLyH) 2
2x
29291A,+(95-97)Z G\ +
= (0,1/1) 2/0f+03 va
TV 2A G2\ - B \/gf+g§z
V2 2 (]
29201A.+(95-99)Z G \\+ 0
2\/92+93 V2 H ]
2,42 ue
GWo o YRRz )\ Ve
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

0
2 . A . A |
(0,4/55)(—192W 2% — ig1BLyn ) (+ig2W 25 +i91BLynH) 2
2x
u? ar ar 0
= (0,1/5)(92W2 % + 91BLyn)(92W2 % + 91BLyH) 2
2x
29291A,+(95-97)Z G\ +
= (0,1/1) 2/0f+03 va
TV 2A G2\ - B \/gf+g§z
V2 2 (]
29201A.+(95-99)Z G \\+ 0
2\/92+93 V2 H ]
2,42 ue
AL SN

_ g%‘/z —\\/ pt (gf+g§)v2 I
=g Wy WHT + =222
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

0
2 . A . A |
(0,4/55)(—192W 2% — ig1BLyn ) (+ig2W 25 +i91BLynH) 2
2x
uz a T aTa O
= (0,1/5)(92W2 % + 91BLyn)(92W2 % + 91BLyH) 2
2x
29291A,+(95-97)Z G\ +
= (0,1/1) 2/0f+03 va
TV 2A G2\ - B \/gf+g§z
V2 2 (]
29201A.+(95-99)Z G \\+ 0
2\/92+93 V2 H ]
2,42 ue
AL SN

_ g%‘/z —\\/ pt (gf+g§)v2 I
=g Wy WHT + =222

The weak bosons have acquired a mass!
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Fermi
Left and Right
Lagrangien

The Electroweak Theory

Higgs
Ly = —Ye(SRlve + EROYEL) — Ve(Ta d16r + EL26R)

_Ye(E%Q_) - Ye(Q%eR)
= —Ye;(&ReL +aer)

= —VYe % (ee)
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Fermi
Left and Right

The Electroweak Theory

Lagrangien
Higgs
Ly = —Ye(@Roive +ERO5L) — Ye(Ta o16R + Eh2eR)
= _Ye(a%Q) - Ye(Q%eR)
—Ye 75 (REL + BLeR)
= _yeLz(ée)
Me = Yo%
2\/\{z 20
m2 — %V _ e2v
w ‘; - 4sin? Oy
2 _ (gf+os)ve e?2y?
mzzo - 4  4sin? 6y cos? by £ —EQM
m
m‘gi = cos? by

£
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Fermi

Left and Right
Lagrangien
Higgs

The Electroweak Theory

@ Quantum R Y
Numbers . 1 ( uL > ( cL ) ( t >
weak Isospin 2 1 do s b
SU(2), of
fermions

Nl
RN
Nl
N
® 5
~
VR
R
=
~
VR
R
A 2
N~~~

o O
o O
o C
T D
% 9

X
Fa
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The Electroweak Theory

Fermi
Left and Right
Lagrangien

@ Quantum
Numbers
weak Isospin
SU(2), of
fermions

@ weak
hypercharge

Dirk Zerwas Particle Physics: The Standard Model

W W
3
1
1 3
2 1
2
1
1 3
2 1
2
0 0
0 0
0 0

Higgs

ol
7N\
o C
|

1 Ve Vi Vn
2 e ML TL

% URr Cr R
: dr SR br
-1 €r MR TR



The Electroweak Theory

Fermi
Left and Right
Lagrangien

@ Quantum
Numbers
weak Isospin
SU(2), of
fermions

@ weak
hypercharge

o Q=1¥+Y
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Fermi

The Electroweak Theory Lz e (Rt

Lagrangien
Higgs

& = (1°PLe)f = €'P[10 = €/P 110 = ef1°Pg = &P
The interactions
L= \/_sme (W gt + W, &/ ve )
_sin0W cos Oy H[EVQ7MVQ B ?a—fyﬂa—
—sin? Oy (—&"eL — &RYer)]
—eA,(—eeL —&ryMer)
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Fermi
Left and Right

The Electroweak Theory Lagrangien

Higgs

& = (1°PLe)f = €'P/10 = €/P 110 = ef1°Pg = &P

The interactions

L= e (WiTer e + W ey ve )

_ e 1o— o, _ leg~p
sin By COSQWZM[ZVQ_7 Vg — 38776

—sin? O (&7 e — &Ry eR))
—eAu(—8'e —&M'er)

- -

Electromagnetic Current

L = —eAH(—éPR’}“uPLe—éPL’)/'uPRe)
= —eA,&e"Qe= —eA, &y (1¥ +Y)e

= _eAquM
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Fermi

Left and Right
Lagrangien
Higgs

& = (1°PLe)f = e/P[10 = e/PL7* = &!,°Pr = &Pg
The interactions
L= —Zamie WiTe e + W ey ve )
1— 1—
~sin Hwecos Ow Z/L[iyel_'yuyq —sate
—sin? O (&7 e — &Ry eR)]
—eA,(—a'eL —&ryMeRr)

The Electroweak Theory

-

Charged Current

U = i WP PLe+ WPt

@

= WP WP

_ - ot
_ _ﬁs?naw (WJJSC +W,“ ch )
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Fermi

The Electroweak Theory Lz e (Rt

Lagrangien
Higgs

& = (1°PLe)f = €'P[10 = €/P 110 = ef1°Pg = &P

The interactions
_ o -
L = _m(wﬂ VeL’}/‘ua_ +Wﬂ Q_’)"ul/a_)
1— -
~ sin ewiosew ZN[EVQ7“VQ B §e|_’y”a_
— sin® 6y (—&7"e. — ery"er)]
—eA,(—eeL — &ryMer)

- ~

Neutral Current
— — W —_ W
L= _Sinewiosew Z/»L[VQ_’Y“|3 ve teI3 e
—sin? Owjty,]

_____ e 7 K
sin Oy cos Oy ZﬂJNC
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