Electroweak theory
(an ultra short introduction)




Electroweak Theory

Unified theory of electromagnetic and weak interactions
Non-abelian gauge group: SU2)r x U(1)y

[T: weak isospin > coupling g, Y: hypercharge > coupling g’]

Pure Yang-Mills theory:
Massless gauge bosons W23, BO

Electroweak symmetry breaking:
Masses for gauge bosons and fermions [Higgs mechanism] T=1

Three generations of quarks and leptons
| eft-handed doublets: (”e) ,(”“) ,(”T) | (“) (C> (t)
/L \KHJ L \T /), dj,’\s),"\b/,
Right-handed singlets: €r,  MR: TR  UR,0R, CR,SR, Ir, bR

Rich flavor phenomenology ... T 0
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The SM Lagrangian

Free Fields

\ Interaction

L = Lo+ [
Gauge Bosons

1 / -
Lo = —ZEWFW“+MMW@ﬂ<\

Fermions
/I Ly~ M
L = /eim A
Fermion-Boson e A — %/\ GY + gf" W + g—,YB
Coupling H 2T 9 9 H

BB = GuG" + W, W™ + B, B



Fermion-Boson Interaction

Fermion-Boson f

7: /lzf)/u D}u w Interaction e Fermion

using

D, = 9, +igWi2T* +ig'B,Y

Fermion

Ling = — YY" (gW,, T 4 ¢'B,Y )
|

Weak Isospin

Hypercharge



Fermion-Boson Interaction

mt — 1; ( WZTCL =+ g/BMY)w

witha=1,2,3
1
+ 1wl w2
Wi = V2 (W“ T ZW“) Weinberg angle 8w
1 /
A, = (GW? + ¢'B,) = W? cos by + B, sin fw
/12 2 H ® H H
g°+g
1
Z, = — (GW3 — ¢'B,) = W, cos by — By, sin by
g g

= sin
neutral current sw = sin Oy

e.m. current cw = cos w
\ e = gsinfy

Lint = —€ [ Aﬂjelfn + (SWCW)_lzujﬁc — ¢/ cos b
+(V2sw)~ (W+JCC+W T ]

Charged current



Fermion-Boson Interaction

Lint = —e| A Jo+ (SWCW)_lzujﬁc
+(V2sw) HWETE + W, TEL) |

charge
- g 3" isospin

Téin = 7"(Ts + Y)ih = 7" Q) comaren

Thc = vy* (T3 — sin? O (T3 + Y))1p = 4" (T3 — sin® Oy Q)1

Tbe = vy* (T +iT2)y
iIsospin
raising operator

Coupling strengths:
Py eQ U ffZ7 :e(swew) (T — sin® Oy Q)
"W udW s e(V 2sp) !

[left-handed only]



Flavor Quantum Numbers

' & T 5 Q
(rtl ) ( 1’#1,\') ( lTL) 112 1/2 1/2 0
1, M1, / TL / 1/2 -1/2 -1/2 2 |
eR MR TR 0 0 ] -1
(’ uL“) (CL) (1L ) 1/2 1/2 1/6 2/3
dy ‘L , L0 1/2 -1/2 1/6 1/3
UR Cr IR 0 0 2/3 213
d R SR b R 0 0 143 1/3

T : Weak Isospin

Ts : 3 lIsospin Component
: Hypercharge

: Charge [=T3-Y]

O <




W-boson interaction

W T udW s e(V2sy) !

W 9w
CC interaction: WO
[e,Vv only]
cin = —e(V2sw) 7' [W) 99"(T1 +iT2) + Y
+W, Yy* (T — iTz)w}
\ /
left-handed
propagator
Fermions with
1/ - = T
LiVVnt — —9/\/5 [WZ (VG)L”YHGL + Wu eL'YM(Ve)L} = 0 only




Z-boson Iinteraction

”ffZ’7 . G(Sch)_l(Tg — SiIl2 HwQ)

NC interaction:

— |

EiZnt — —e(swcw)_lzu Y (T3 — S%A/Q)w
= —e(swew) 1 Z § 4] 12(1 — 2%V Ts - 55,Q ]

= —9few - Zy - Y2 (Y y*[ Ts — 2s3,Q Jyp — 1 v#4° T3 1))

\ vector coupling /

propagator . .
axial coupling

L= —cw Ly -2 (P ygv — P44 ¢)




Z-boson Iinteraction

Fermion

Couplings
to the Z-Boson;

Z-Boson g

cos Oy

Y12 (98 = 9477

gv = T3 - 2Qsin“Ow
ga=1T3

Anti-Fermion
Standard Model 9v 9a
v b2 be
co| Hpraseta, Tl | e e
U — quark / A/ sin® 4, yz 9. = V5(Qu+an)
d — quark /2 /3 sin® 6, _% gr = V2(gv—gn)




Electroweak Theory

W and Z masses: connected via weak mixing angle

24,2 2 2
o gV o VT . o My
my, = , M7z =—(g9 + > =1
W= 4 z=79+9% m2 cos Oy
Couplings to W and Z g SU2)rcoupling
g' : U(1)y coupling
[here: leptons only] ,
Bw: Weinberg angle
cc g g cc Vv vacuum expectation value
— _ + Hy— - s+
£ = S | W |
g (- .1 w—, (2 ] ot
= _E Ve7u§(1 —s5)e | WH™ + 97M§(1 — v5)ve | W
Charged current: always flavor-changing
g [quarks: mass eigenstates = EW eigenstates — CKM matrix]
NC NC —u
= - 2cosfy Ju

9 - 1 1 . )
2 cos Ay [VeWg“ 18)Ve — €75 (1 —75)€ +2sin HW(efyMe)}Z

Neutral current: always flavor-conserving
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Gauge Boson Self-Couplings

1 _
V .
Lo = ~7 o P iyt 0,

B, FW = W, W + B, B"

[electroweak only]

Transition to
covariant derivative ...

0, — D,

with Dy, = 0, +igW ;T +ig'B,Y
yields ...

1. Invariance under local gauge transformation
2. Gauge-boson self-couplings ...



Gauge Boson Self-Couplings

Triple gauge-boson
couplings:

40

Quartic gauge-boson
couplings:

Vp = Z,Y:

ieCwwv |:gMV(k+ —k=)p+ guplk— — kv)u

+ gou(kv — ki)

with Cyww =1, Cwwz = — -2

Sw

\/p!\/pI = (W!VW!(Z!Z)!(Z!Y)!(Y!Y):

162CWW‘VV’ [QQ,WQpJ — GupYov — guogv,o}

with Cww~, = —1, Cww~z = —

Cw
Cwwzz = R Cwwww =
W
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The Higgs mechanism

Yukawa Couplings
\ Higgs Field

L = Lo+ L + Lywk+ Ly

Eqb — (au ?T) (8N¢) __ V(¢) —— Higgs Poter:i;
cr(VrLYrod +YrYLO)

Lk _

Higgs Fermion
Interaction

¢ = — po
Y,

Vacuum
expectation value

Gauge Boson masses: Oy — (9, —ieAy) | @
Fermion masses: c¢puipo
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SM parameters

18 free SM parameters
NO neutrindo masses

my = 59 0%

2 2 2y 2

my = 3(9°+97)p g = e/sinfy

2 2

miy = 4Apg g = e/cosby M = CfPo
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Cross section: using Feynman diagrams

Fermi's Golden Rule

dN
Wﬁ = o7 |Mﬁ|2
. dEf
Transiti'c.).n Phase space
probability Matrix element
4-vector current
Me = —i [ (D). i ./'(2‘:‘)0]433
fi — I 2 | " Jp
" Propagator
o ~ |Mgl|?




From the Lagrangian to cross sections

Inelastic

Cross Section

O-N<f‘S‘fL>2 [for |i) = [ ]

[Def.: |t =+00) =S|t =—00) ]

Time Evolution

From Schrodinger-Equation

[Dirac picture] ; L?lgrtangig}[n
|t>=|to>—i/ dt' H'(t')[ ¢')
to /
H' (1) = — /E'(x,t) d°x

Matrix element

N\ .

<fsu>%5fi—i/ at'{ f |H' ()] 1)

—CO
w Feynman rules
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Example: Drell-Yan Process

Uq(E2; —Di) uu(Es, —pf)
Anti-Quark Muon
Anti-Muon
uq(El,ﬁ}) @M(Eélaﬁf)

Quark

Phase space &
delta functions ...

\ \ Matrix element

Squared

do 1 |py
dQY  s-647?  |p;

| M]3




Example: Drell-Yan Process

@CI(EZ?_]?Z") u,u(E3a_ﬁf)
Anti-Quark Muon
Anti-Muon
ug(E1, 7)) Uu(Ea, D)
Quark

Averaging
over initial spins

Summing over

\ initial and final spins

2 12
M = o 30 Y T

19



Example: Drell-Yan Process

Uq (E2; _ﬁz) UM(ES’ _ﬁf)
Anti-Quark en
Anti-Muon
ug(Er,77) ul e, 75)
Quark
Couplings Anti-Quark Anti-Muon
\— | /
Cq€
. - q 3 U IJL
Mf@ — 2 qu'Yuuq . Uﬂf)/ u“\
i t / q N Quark Muon
ropagator
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Example: Drell-Yan Process

2 4+ u? Kinematics: muon (k)
2 2.4 e
‘ M ‘ q(jHMM pr— 2€q€ 82 [high-relativistic particles]
/] —
: quark k', pi \
dO’ 64 X 1 t2 + ’LL2 k, 15; anti-quark ‘
— e .
dQY 3272 9 g 82
4
e 1 /=
_ 2~ 2 p,p
6472 €q S (1 T cos 9) &t Mandelstam
2 ) variables
with 2 = 4« S:(k+k) :4Ef
Q t=(k—-p)’ ~—2kp ~—2E*(1-cos ")
~ —2(1 +cosf)
do _« 2 1+ 60829) u=(k-p') ~-2kp ~—2E>(1-cos @) 1
q

ds 4s ~ —3(1 —cosd)
[0 in CMS frame] 2 }
R —
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