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Recap: Symmetries

Noether’s theorem:
To each continuous symmetry of a system, there is a conserved quantity.

(Emmy Noether, 1918)

@ Standard Model: interactions as consequence of
symmetries

@ | agrangian is invariant under global phase
transformation

® BUT: in general not invariant under local phase
transformation

Original Sphere Global Transformation Local Transformation
universe-review.ca
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Recap: Lagrangian of QED A“(IT

Karlsruhe Institute of Technology

(i o/ 1
EQED = v (IA/HD;L - m) v — ZFHZ’F/LD
(i A 1
= ﬁj (I’)/Ma“ - m) 1/J - q(wq/l‘w)/_‘\“ - ZFW/F/LV
——
free fermion interaction gauge field
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Recap: Lagrangian of QED A“(IT

Karlsruhe Institute of Technology

N n/ 1
EQED = v (IA/HD;I - m) v — ZFHZ’F/LD
T A 1
= Y (iv"0p — m)yp — q(y" )AL — gF* Fu
——
free fermion interaction gauge field

@ Covariant derivative needed for local gauge invariance introduces
gauge field A,: the photon field
® Allows arbitrary phase «(x) of ¢(x) at each space-time point x
a A, ‘transports’ this information from point to point
(physical: no instantaneous information exchange) —
m A, couples to property g of spinor field ¢(x) v
® g can be identified with electric charge
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@ Extension of the gauge principle to non-Abelian groups, i. e. , non-commutative groups
® Standard Model: in particular SU(2) and SU(3)

® SU(n) transformations ¢ — exp[iga?(x)r3y
® n? — 1 generators 72

® Non-Abelian algebra [7?, 7°] = if®°7° with structure constants f**°
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@ Extension of the gauge principle to non-Abelian groups, i. e. , non-commutative groups
® Standard Model: in particular SU(2) and SU(3)

® SU(n) transformations ¢ — exp[iga?(x)r3y
® n? — 1 generators 72
® Non-Abelian algebra [7?, 7°] = if®°7° with structure constants f**°

® Analogue to QED: invariance under local SU(n) transformations by introducing covariant derivative and
field-strength tensor

D, = 0, + igr?A;,

with

Al = AL+ 30ua%(x) 4 10l (x) A,

[D.,D,)° = igF2,, F2, = 0,A% — 0,A% + gF™ AL AC,
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@ Extension of the gauge principle to non-Abelian groups, i. e. , non-commutative groups
® Standard Model: in particular SU(2) and SU(3)

® SU(n) transformations ¢ — exp[iga?(x)r3y
® n? — 1 generators 72
® Non-Abelian algebra [7?, 7°] = if®°7° with structure constants f**°

® Analogue to QED: invariance under local SU(n) transformations by introducing covariant derivative and
field-strength tensor

D, = 0, + igr°A?,

with

Al = AL+ 30ua%(x) 4 10l (x) A,

[D.,D,)° = igF2,, F2, = 0,A% — 0,A% + gF™ AL AC,
@ Non-zero structure constants lead to gauge boson self-interaction
® NB: above relations also hold for U(1)
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Example: Invariance Under Local SU(2)
® Generators: 3 Pauli matrices 72 with 3¢ = ¢3¢
® Act on isospin doublets, e.g. ¢ = ';

& 3 vector fields Fj: 3 vector bosons
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Example: Invariance Under Local SU(2)
® Generators: 3 Pauli matrices 72 with 3¢ = ¢b¢
® Act on isospin doublets, e.g. ¢ = ';
& 3 vector fields Fj: 3 vector bosons
a Lagrangian fermion-boson interaction

Lsue) = (i —myp —| g (@7“7}1@) AZ

fermion-boson int.
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Example: Invariance Under Local SU(2)
® Generators: 3 Pauli matrices 72 with fa%° = ¢3¢
® Act on isospin doublets, e.g. ¢ = ';

® 3 vector fields F7: 3 vector bosons
@ Additional terms in field-strength tensor (from non-zero commutator):

F2, = 0,A% — 0,A2 +| ge®™ A AS | — vector boson self-interaction

® [agrangian fermion-boson interaction

Lsue) = (i —myp —| g (@7“7}1@) AZ

fermion-boson int.

5/30 19.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Example: Invariance Under Local SU(2)
w Generators: 3 Pauli matrices 72 with 3¢ = ¢3°
14

® Act on isospin doublets, e.g. ¢ = e

® 3 vector fields F7: 3 vector bosons
@ Additional terms in field-strength tensor (from non-zero commutator):

F2, = 0,A% — 0,A2 +| ge®™ A AS | — vector boson self-interaction

i boson propagation
a Lagranglan fermion-boson interaction and self-interaction
—. - a a 1-a rapv
Lsue) = w(u? -—myyp—|g (1/17“7' w) AL |—| FuwF #
g g g2
fermion-boson int. boson self-interaction
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Abelian vs. Non-Abelian Gauge Theories A“(IT

Karlsruhe Institute of Technology

1/’7(3?’ t) - 1/)/(57 t) = eww(fa t) 7/)(3?7 t) - U)I(fv t) = ei-z).(,t“w(‘,i-, t)
Y(E, 1) = P/ (7, 1) = (T, t)e ™" V(F, 1) = P (Z1) = (&, t)e” et
0, =D, =0, +ied, O — D, =0, +igW,ata
D, — D!, = D, — i, D, = D, =Dy +i [Vata, D,
A# — A;;, = Ay — %8;/[9 Wy — Wil,, = Lv,u +1i [lgat‘m mrﬂ,ata}
*l(‘)u. (ﬁata)
g9
F;Ly = [D[L7DV] = 8}AAV - 81/14;1 VV;U/ = [DH7DV] = 6HVVV - 8I/Wu
g (W, W)
FMV - FLV = F/-“’ VV/W - WLV - VV/“/+ i [Dlat;l- V['?;u/]
L= E (ih/uDu - m) 1#’ - iF;wFuV L= E (i,-yuD# - m) 1#*&”/’&,”/ Wany
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The Standard Model ﬂIT

three generations of matter interactions / force carriers
(fermions) (bosons)
| n Il
3(rgb)x6(LR) | @ | @ [ ® || @ |- H 8  sU(3)
up_J charm_J top_J gluon higgs
duwn_J slranB botlom_J | photon
~p e B 1 76 Gev S "
6(LR | © || @ D || @ |3 3+1 SU(2) x U(1)
electron muon tau Zboson | ¥ 2 - [
" ) os
% e R R =003 e w8
3 (|_ ) = Ve Vi oVt . w gt
W _neuine ) [_neutrino J|_newrino J (WP0sON | &8
45 fermion fields 1 scalar field 12 gauge fields
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The Standard Model - Electroweak Sector A“(IT

Karlsruhe Institute of Technology

three generations of matter

interactions / force carriers
(fermions)

(hosons)

3(r,g,b) x 6 (L,R) D || € t 9
up charm top gluon

3 (r.g,b) x 6 (L,R) d s b W |
down strange bottom photon

6 (L,R) ® || € » | © I 3+1 SU(2) x U(1),

electron muon tau Z boson
3(L ) Lve | ovw | e ! w

nevuing || neutino || nevino | W boson

45 fermion fields 1 scalar field 4 gauge fields
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Weak Interaction: Change of Flavour

DIS: CC \%
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https://inspirehep.net/record/1247974/
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Weak Interaction: Parity Violation
Charged Current e'p Scattering
. =120 T T T T T T T T T T
DIS: CC v Y ]
g ™ * H1 2005 (prel.) i
e Cro0[ ™, © H1 98-99 -
3 ., 4 ZEUS 04-05 (prel.)-|
W C " 4 ZEUS 98-99 ]
8o e'p—vX -
- \\‘\ * H1 99-04 1
- . 4 ZEUS 06-07 (prel.)]
p whk \.\ AZEUS 99-00 h
| — cTEQED %, ]
sl 7 MRST 2004 ™ ,’ ]
@ W bosons couple only to left-handed L \ i
particles (and right-handed L T S Z
antiparticles): weak interaction is 201~ e Q%> 400 GeV? 7]
maximally parity violating o y<09 ]
T e b by Y
® Also CP violating, e.g. K° system o3 o5 0 05 3
P,
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http://inspirehep.net/record/799211/
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Weak Interaction: Heavy Mediators

DIS: NC e

e

DIS: CC \

e

@ Heavy mediators: short range/weakness of interaction
® Propagator suppressed by large mass in denominator
® Resolves divergencies in 4-point contact-interaction model (Fermi theory)

11/30 19.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP


http://iopscience.iop.org/article/10.1088/1742-6596/110/4/042007/meta
http://iopscience.iop.org/article/10.1088/1742-6596/110/4/042007/meta

12/30 19.5.2023

Electroweak Unification

DIS: NC e

e

DIS: CC \

HERAII

do/dQ? (pb/GeV?)

-
o

10

* H1e'p CC 03-04 (prel.)
A H1ep CC 2005 (prel.)
= ZEUS e'p CC 2004

o ZEUS ep CC 04-05 (prel.)
-- SM e*p CC (CTEQSM)
—— SMe'p CC (CTEQBM)

y<0.9
P, =0

Co el .

T

% H1e'p NC 03-04 (prel.)

A H1ep NC 2005 (prel.)

O ZEUS e'p NC 2004

o ZEUS e'p NC 04-05 (prel.
----- SM e*p NC (CTEQEM)
—— SMe'p NC (CTEQEM)

107=

10°

@ Electroweak unification: same coupling at high energies
® Also: resolves divergencies in e"e~ — WW by contributions from triple-gauge couplings YWW, ZWW

(prediction of Z boson!)
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Electroweak Gauge Group

DIS: NC e

e

DIS: CC \

do/dQ? (pb/GeV?)

-
]
o

&

(UL B B AL SRR SR B L SR e LTy Al

10°

107

HERAIII
T T
% H1e'p NC 03-04 (prel.)
A H1ep NC 2005 (prel.)
NC O ZEUS e'p NC 2004
. o ZEUS e'p NC 04-05 (prel.

* H1e'p CC 03-04 (prel.)

A H1ep CC 2005 (prel.)

= ZEUS e'p CC 2004

o ZEUS ep CC 04-05 (prel.)
----- SM e*p CC (CTEQSM)
—— SMe'p CC (CTEQEM)

y<0.9
P, =0

Co el P

—— SMe'p NC (CTEQEM)

SM e*p NC (CTEQEM)

(ST SO ERSTTT ANSRTOTY ARSI IRUTTY ATty SRR MRR

10°

Q?(GeV?)

KIT

Karlsruhe Institute of Technology

® Simplest combination of gauge-symmetry groups for unified electroweak interaction: SU(2), x U(1)y
® SU(2).: weak isospin acts on left-handed particles only
® U(1)y: hypercharge acts on all particles (# U(1) gauge group of QED!)
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Electroweak Gauge Group

14/30

® Particle content: distinguish left-handed and right-handed particles
® Left-handed particles: weak isospin doublets (/ = 1/2, 5 = +1/2)

),“

sz(;’i)L,...,<

u
d

a Right-handed particles: weak isospin singlets (/ = i = 0)

19.5.2023

’1/)9:6;7...,UR,dR,...‘
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Electroweak Gauge Group

14/30

® Particle content: distinguish left-handed and right-handed particles

® Left-handed particles: weak isospin doublets (/ = 1/2, 5 = +1/2)

Ve u
YL = (e_)L““’(d)L,.“

a Right-handed particles: weak isospin singlets (/ = i = 0)

’1/)9:6;7..,,UR,dR,...‘

@ |eft- and right-handed (chirality!) components of fermions can be projected with

19.5.2023

wL/RE%U:F’YS)Z/J = Y=Y, +Yr
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Electroweak Gauge Group

14/30

® Particle content: distinguish left-handed and right-handed particles

® Left-handed particles: weak isospin doublets (/ = 1/2, 5 = +1/2)

Ve u
YL = (e_)L““’(d)L,.“

a Right-handed particles: weak isospin singlets (/ = i = 0)

’1/)9:6;7..,,UR,dR,...‘

@ |eft- and right-handed (chirality!) components of fermions can be projected with

wL/RE%U:F’YS)Z/J = Y=Y, +Yr

® |mportant equality: scalar bilinear form 9t = ,1br + L

19.5.2023
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Electroweak Gauge Group

® Gauge transformation of SU(2).: U(x) = exp[iZa?(x)7]
® Coupling constant g
@ Acts on isospin doublets
® 3 generators: Pauli matrices 7% = o, — 3 gauge bosons WL
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Electroweak Gauge Group

® Gauge transformation of SU(2).: U(x) = exp[iZa?(x)7]
® Coupling constant g
@ Acts on isospin doublets
® 3 generators: Pauli matrices 7% = o, — 3 gauge bosons WL

® Gauge transformation of U(1)y: U(x) = exp[i% Ya(x)]
® Coupling constant g’
@ Weak hypercharge Y (additive quantum number)
® Acts on isospin doublets and singlets
a Single gauge boson B,
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Electroweak Gauge Group

® Gauge transformation of SU(2).: U(x) = exp[iZa?(x)7]
® Coupling constant g
@ Acts on isospin doublets
® 3 generators: Pauli matrices 7% = o, — 3 gauge bosons WL

® Gauge transformation of U(1)y: U(x) = exp[i% Ya(x)]
® Coupling constant g’
@ Weak hypercharge Y (additive quantum number)

® Acts on isospin doublets and singlets
a Single gauge boson B,

® Require that SU(2)_ doublets are U(1)y singlets

— Gell-Mann-Nishijima formula , = Q — 1Y
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Particles and Quantum Numbers
m Chirality Isospin (/, 5) | Hypercharge Y| Charge Q (e)
1/2, +1/2
Neutrinos: ( )
Ve, Vu, Vr
R Not part of the standard model
Charged L (1/2, -1/2) =il —
leptons:
et R (0, 0) -2 -1
up-type L (1/2, +1/2) +1/3 +2/3
quarks:
u,ct R (0, 0) +4/3 +2/3
down-type L (172, -1/2) +1/3 -1/3
quarks:
d, s, b R (0, 0) -2/3 -1/3
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Electroweak Lagrangian winout gauge-boson mass terms)

Lewk = | 1YY" Dptpr + i gy Dyibr
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Electroweak Lagrangian witout gauge-boson mass terms)

Lewk = | i 7" Dutpr + ih gy Dytb

1. Covariant derivatives

Dy = (8, —igraw2 —i% YL]IZB#> "
Dy = (0, —i% YHBM) b
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Covariant Derivative of SU(2), x U(1)y

= ip M {8 + i§TWE 4 i YLB :|1/J/_+I¢H’}/M [8 + i% YRB }w
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Covariant Derivative of SU(2), x U(1)y

Covariant derivative corresponding
to SU(2) acts on isospin doublet only

v
= i " {a + 9T W2 + % Y.B, :|1/)/_+i1/JH’y [a + i%YRB, }wﬂ
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Covariant Derivative of SU(2), x U(1)y A“(IT

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only
P

= i " {a + 9T W2 + % Y.B, :|1/)/_+i1/JH’y [a + i%YRB, }wﬂ

1
0 ) (ascending operator)

10 (descending operator)
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Chal‘g ed Cu rrents [Example: 1. Generation Leptons] Karlsruhe Institute of Technology

Lec = ipy* [i€T'W), + i§72W2] 4,
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Chal‘g ed Cu rrents [Example: 1. Generation Leptons] Karlsruhe Institute of Technology

Lec = ipy* [i€T'W), + i§72W2] 4,

= =" [TTWE W
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Charged Currents (exampie: 1. Generation Leptons]

Lcc

19/30 19.5.2023

iy [i§T'W, + i4T2W2] oy

@ wlr +W;+T—W;] o

%\

o1  [oo} _
(Ve €)Y Wi + W,
00 10

%\@
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Charged Currents (exampie: 1. Generation Leptons]

Lcc

19/30 19.5.2023

iy [i§T'W, + i4T2W2] oy

%\

%\@

%\‘Q

S5 [ W+ W] v

(Te €LY

(Ve €)Y

o1 (oo}
Wi+ w,
00 10
e
Cwy W,
0 v
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Chal‘g ed Cu rrents [Example: 1. Generation Leptons] Karlsruhe Institute of Technology

Lcc = iy y* [i§7'W], + iQTZWi] N

_ J [+W++TW

R
9 00 B v
= ﬁ(z/e e W,
10 e
g 0 -
= ﬁ(ye e )M ) W,
= 7% [(ﬁe’y“eL)W: + ew l/ }
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Charg ed Cu rrents [Example: 1. Generation Leptons] Karlsruhe Institute of Technology
Loo=-%|  (@ae)W, +  @rv W, |
—— ——
Jos" Jog”
=~ %] (o731 = 5) W + (8711 = 36) vo) W, |
— —
V-A V-A

20/30 19.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Charg ed Cu rl‘ents [Example: 1. Generation Leptons] _ Karlsruhe Institute of Technology
Ve
g
Lce = —%{ (Tey" o) W + (eLy''ve) W, }
—— ——
Jee" Jee W
=~ %] (o731 = 5) W + (8711 = 36) vo) W, | e
— —
V-A V-A —
e
9
W+
\Y

Operator W};:
annihilates W or creates W™
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Charg Ed CU rl‘ents [Example: 1. Generation Leptons] _ Karlsruhe Institute of Technology
Ve
g
Lo = —%[ e )W+ (@)W, }
—— ——
Jee" Jee W
=~ %] (o731 = 5) W + (8711 = 36) vo) W, | e
— —
V-A V-A —
e
9

® Transitions within isospin doublets
® Simultaneous change of charge (by =€) and flavour (e < ve)
@ Parity violation: W boson couples only to left-handed particles W
® Only left-handed particles carry “weak isospin charge” under f;
@ V-A interaction (“vector minus axial vector current”) e

Operator W},
annihilates W or creates W™
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Covariant Derivative of SU(2), x U(1)y A“(IT

Karlsruhe Institute of Technology

Covariant derivative corresponding
to SU(2) acts on isospin doublet only
D

= i " {a + 9T W2 + % Y.B, :|1/)/_+i1/JH’y [a + i%YB, }wﬂ

1
0 ) (ascending operator)

10 (descending operator)

21/30 19.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider

KIT -ETP



Covariant Derivative of SU(2), x U(1)y A“(IT

= i " {a + i9TW2 + % Y.B, :|1/)/_+i1/JH’y [a + i%YRB, M
A 1

/

Covariant derivative corresponding to U(1)
acts on isospin doublet and on isospin
singlet
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Karlsruhe Institute of Technology

Covariant Derivative of SU(2), x U(1)y

Covariant derivative corresponding
to SU(2) acts on isospin doublet only

'
= jp, yH {3 + IgTaWa + i% YLB + ip gy 8 + iZ YRB };[}F,
1~
Yi/r ls Q
v -1+ 0 Covariant derlvatlve corresponding to U(1)
e -1 2 acts on isospin doublet and on isospin
en 2 0 - singlet

Q = I + ¥ (Gell-Mann-Nishijima)

KIT -ETP
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Ne u t ra I C urre ntS [Example: 1. Generation Leptons] Karlsruhe Institute of Technology

Lne = = [ W, — %BM} (tv) + [gwi + $By | (Eur"er) + g'By (€ry" en)
—_—— —_— ~—
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Karlsruhe Institute of Technology

Neutral Currents (example: 1. Generation Leptons]

Lne = = [ W, — %BM} (tv) + [gwi + %BM} (eLv"er) + g'By. (€ry'en)

— ———
—Cq ZM [QZH + C4AH] [Cszu + C4A;L]
, o Z, \ [ cosbw —sinfw W2,
Weinberg rotation: < A, ) = ( sin O cos Oy ) ( B,
! — g

: — g
sinfy = cosOw =
/g2 +g2 ? [g?+g2
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Neutral Currents example: 1. Generation Leptons]

’

Lne = = [ W, — %BM} (tv) + [gwi + %BM} (eLv"er) + g'By. (€ry'en)
—_—— | S ——— ~—~
—Cq ZM [QZH + C4AH] [Cszu + C4A;L]

, o Z, \ [ cosbw —sinfw W2,
Weinberg rotation: < A, ) = ( sin O cos Oy ) ( B,

: _ g _ g
sinfy = v cosOw = JiieE

Lne = —7"92;9/2 Z, (7v*v)

+ 92;9/2 [(cos2 Ow — sin® Ow)Z,,+2sin O cos GWAH} (ey*el)

2

4+ g+g” |: (—2 sin2 Gw)zu+2 sin Oy cos ewAH] (é/:;’}/'ueﬁ)
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Electromagnetic Interaction (example: Etectrons)

Lom = 7”2;9/22 sinfycosfy - A, - [(éL’y“eL) + (éﬁ’}/ueﬁ)}

_ gg’ =
N VP+g? A (ev*e)
= Qe AL Jém — QED vector current j, recovered
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Electromagnetic Interaction (example: Etectrons)

Lom = 7”2;9/22 sinfycosfy - A, - [(éL’y“eL) + (éﬁ’}/ueﬁ)}

_ gg’ =
- 7+’ ’ AH : (e’yﬂe)
= Qe AL Jém — QED vector current j, recovered

® Electron charge related to electroweak coupling constants g and g’

/
Je = 9  _ gsinfy = g  cosOy
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Electromagnetic Interaction (example: Etectrons]

Lom = 7”2;9/22 sinfycosfy - A, - [(éL’y“eL) + (éﬁ’}/ueﬁ)}

_ gg’ =
- 7+’ ’ AH : (e’yﬂe)
= Qe AL Jém — QED vector current j, recovered

® Electron charge related to electroweak coupling constants g and g’

/
o = 9 =gsinfy = g cosfy

/g2 + gIZ
® Photon field A, couples “as desired”

® Photon couples to all charged particles
@ Symmetric coupling for left-handed and right-handed components
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Z B oson EXC h an g e [Example: 1. Generation Leptons] Karlsruhe Institute of Technology
- /gz +g/2 m
L7 = =5 IncZu

= *ﬁ |:v97MVe - (COS2 9W — sin2 Qw) éLryNeL + 25in2 9W§H7M9Ri| Z#

m{’/ew (1 —s)ve — 87" 5(1 —vs)e+2sin29w(év“e)}2u

= —m |:l§/ yeg’yﬂﬁ — 75)”6 + Igé’y’“’%(“ — 75)6} ZU’ — qe tan ewé’y“ezu

>4/% >vw >’V%

Left-handed (V-A) couplings Vector couplings
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Example: Z Boson Coupling to Electrons

Lao = ~5elay | — 81" 101 —15)e+2sin? O (81%¢) |2,

= 4c059w {e'y“( 4sin® Oy — 1+ 75)} ez,

_m é’y“(c\/ + CA’YS)GZH
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Example: Z Boson Coupling to Electrons A“(IT

Lao = ~5elay | — 81" 101 —15)e+2sin? O (81%¢) |2,

e
= 4c059w {e'y“( 4 sin? Ow — 1+ 75)} ez,
_m E’YM(C\/ + CA'YS)eZH /\/
Z
Cy = 4sin® 6y — 1 (vector coupling) o

C, = 1 (axial-vector coupling)

With sin® fy = 0.22: Cy, is small
— electron couples mostly via axial-vector couplings to the Z boson
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Electroweak Interactions iexampie: 1. Generation Leptons]

Charged-current interactions (W boson exchange)

oo

Left-handed (V-A) couplings

Neutral-current interactions (photon and Z boson exchange)

>®w >/vvw >vw

27/30

Vector couplings

19.5.2023

Left-handed (V-A) couplings
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Vector couplings
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Electroweak Lagrangian without gauge boson mass terms)

Lewk = | i 7" Dutpr + ih gy Dytb

1. Covariant derivatives

Db = (8= i§TWa — i Vi1, ) vy
Db = (8, —i% YHBH> Vr
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Electroweak Lagrangian without gauge boson mass terms)

28/30

Lewk = | i 7" Dutpr + ih gy Dytb

1 P _ iwa Wahr
1B, B — Twa W

1. Covariant derivatives

19.5.2023

Db = (8= i§TWa — i Vi1, ) vy

Duvr = (0, —i%YHBN> Vr
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Electroweak Lagrangian without gauge boson mass terms)

Lewk = | iV Do + iy Dutpr || — 3B BM — F W3, WY

1. Covariant derivatives

Db = (8= i§TWa — i Vi1, ) vy
Db = (8, —i% YHBN> Vr

2. Field strength tensors

B = 0uB,—09,B,
Wi, = 9.W, — W), —ge’W, W
N—_————

%

gauge boson self-interaction
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Gauge Boson Self-Interaction

Triple gauge couplings

W+ W+
}\/\M Y e cot 9“>\W Z
W~ W~

Quartic gauge couplings

W+ v w+ Z W+ YA
k{ :Xezcot Ow €2 cot? Oy
W— v W~ v W- z
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Summary

® Gauge groups of the Standard Model: SU(3)¢ x SU(2), x U(1)y
® Electroweak gauge group SU(2), x U(1)y has peculiar structure

® Physical gauge boson (W™, Z, ~) superposition of underlying gauge fields W? (from SU(2).) and B (from
u(1)y)
® [nteraction different for left- and right-handed states, leading to e. g. parity violation

@ So far, gauge bosons remain massless to not break gauge invariance
® Other mass generating mechanism is needed...
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