3. Electroweak Standard Model




preliminaries

Dirac matrices: ~* (1 =0,1,2,3), Ay + V4" = 2g*

I =~%I)"+°, T any Dirac matrix oder product of matrices

. . 0 1
further Dirac matrix: 5 = i7/041~2~3 = ( Lo >

Y5vF + s = 0, Y5 = —s5, v =1

chiral fermions:

¢L = 1_775 W left-handed spinor, L-chiral spinor

Pl = 1+—275 v right-handed spinor, R-chiral spinor

projectors on right/left chirality: w4 = i;‘”, (w1)? = w4



chiral currents:

WL ytapl = Ev“l_—f v =Jr left-handed current

R ypapl = 4105 o = B right-handed current

JU = gyt = JE+ T8 vector current
Jh = Yyt = —JY + Jp  axialvector current
mass term:

mp = m (YL T 4 PRyl

connects L and R |



symmetry group: SU(2); x U(1)y

SU(2) : weak isospin, generators T = 3 o, for L, =0 for R

U(1)y : weak hypercharge, generator Y TI3 +Y/2=0Q

fermion content (ignoring possibe right-handed neutrinos)

T? Y
L L L 1
v, v o +5 —1
leptons: ol = " °
€L ,uL 7_L _% 1
lR — el pit R 0 —2
L L L 1 1
U C t +5 +3
quarks: Vg = 5 X
dL SL bL _% _1_%
PR = ul ch tR 0 —|—%
_ R R R 2
w(}} — d s b 0 —3



SU(2)r:

gauge boson content

generators T, 17, T¢
i 1 2 3
gauge fields W, Wi, W,

: + _ 1 1 112 3
also: Wi = 2 (W, +iW;), W,

generator Y

gauge field B,

TE, TY) = deaqpe TE,  [T3,Y] =0




gauge boson content

SU(2);:  generators T{, T¢, T7
i 1 2 3
gauge fields W, Wi, W,

: + _ 1 1 T2 3
also: Wi = 2 (W, +iW;), W,

U(l)y : generator Y

gauge field B,

notation: @ =~"0,, ¢ =~"a,



Free Lagrangian of (still massless) fermions:
Loferm = WpPty = TWEPVE +i0EIVE + ipF Pyl + 0EPpy + 5Pl

Minimal substitution:

Op — Dy =0, —igIT W, + 191%YBM = ijw_ + D5w+,
DY =0 _19_2( 0 WJ)_1<92WH—91YLBM 0 )
TR e\, 0 2 0 ~g2Wi —q1Y¥B, )’

Photon identification:

A, —Sw  Cw B, Ow = mixing angle
i -~ -~ vt 0 0
A, 2 0 gasSw — gicwY 0 Q-2

* charged difference in doublet )1 — Q2 =1 — gy = —

Sw
e normalize Y/F such that ¢, =

Cw
: Y
— Y fixed by “Gell-Mann—Nishijima relation”:  Q = T} + 5



Fermion—gauge-boson interaction:

€ T L 0 W+ L € TL .3 L
Lterm = wl \ wl v
ferm,YM NP (W_ 0 ) P+ Sy—— A A
- eZ—Wwa_fZpr —eQ s Ay (f=all fermions, F= all doublets)
W

Feynman rules:
f , f
1€ .
Wy m%w— ] >‘WVW Ay —iQreyy
f

/
Zy ey (Q}F‘«Wr -+ g;w—) = ievu(vy —af7s)
4 with ¢gf = —22Q =20+ L
9 = Cw fr 95 = Cw / CwSw
3 3
Sw Uy Uy
v —_ 9 a —
/ Qf 2CWSW ! 2Cwsw



gauge field Lagrangian (Yang-Mills Lagrangian)

1 a a, v 1 v
_— _ZWUVW H ——BMVB'M

Lym 1

Field-strength tensors:
We, = 0,WS —0,Wi+ goe®™ W, WS, By, = 0,B, —9,B,
Lagrangian in terms of “physical” fields:
Lont = —%(auwj O, W)W — 9
— i(&MZV — 0,%Z,)(0"Z" — 0" ZF) — i(aﬂAy — 0,A,)(0"A” — ov AM)
+ (trilinear interaction terms involving AWTW ~, ZWTW ™)

+ (quadrilinear interaction terms involving
AAWTW ™, AZWIW ™=, ZZW W, WTW- W W)



Feynman rules for gauge-boson self-interactions:

(fields and momenta incoming)

W .
ieCwwv [g,LW(k—l— —k_)p + gup(k— — kv)p
Vo
W + gou (kv — k+)V}
with Cyw =1, Cwwz = — %
Sw
W Vo
ie’Cyywiv [2%1/900 — GupYGov — guagypj|
WV_ Vé . Cw
with CWwa = —1, CWnyZ —
Cw
Cwwzz =——, Cwwww = —

Sw Sw



Higgs mechanism = masses of W and Z bosons

spontaneous breaking SU(2); x U(1)y — U(1)g
unbroken em. gauge symmetry, massless photon

_|_
Minimal scalar sector with complex scalar doublet ® = ((550 ) Yo =1
Scalar self-interaction via Higgs potential:

A
V(®) = —p o' + Z(c1>*c1>)2, 1’ A >0,

= SU(2)1 xU(1)y symmetric

2
V(®) = minimal for |®| =4/ 2% = % >0
Im(¢”)

ground state &, (=vacuum expectation value of ) not unique

- . 0 : : .
specific choice ®o= ( ., ) not gauge invariant =- spontaneous symmetry breaking

V2
: : : 1 0
elmg. gauge invariance unbroken, since Q®, = ( ) Py =0



Field excitations in &;:

. 0" (z)
I3 (v+ H() +ix(@))
Gauge-invariant Lagrangian of Higgs sector: (6~ = (¢p™)7)
Ly = (D,®"(D"®) - V(®) with D, =9, — igg%Wa + i%BM
2 2
= (0,67 (0"¢7) — 2 (WHorem — Wit + L wrw
28W 4SW
1 G 1 > 22
- —(OH)" — u"H
+ (trilinear SSS, SSV, SVV interactions) ~ x-- e e

+ (quadrilinear SSS5S, SSVV interactions) /:x:\ /:’fﬁi

Implications:
ev

® gauge-boson masses: Mw = —,

25W

M
My =" =W M =0
2CWSW Cw

* physical Higgs boson H: My = +/2u° = free parameter

* would-be Goldstone bosons ¢+, y:

unphysical degrees of freedom



general gauge: Goldstone fields ¢+, x are present

required:  gauge fixing term L,

R¢ gauge:

(F7)" — b (P2

| 2
Lfiz = =5 (F7)" = ~ %w

1
28

with the gauge-fixing functionals F'“:  (&y = arbitrary gauge-fixing parameters)
FE = oW™ FitwMwo™,  F? = 0Z —&Myzx, F' = 0A

(notation:  0A = 0,A", ---)



* elimination of mixing terms (W 0*¢7), (Z,0"x) in Lagrangian
— decoupling of gauge and would-be Goldstone fields (no mix propagators)

* pboson propagators:

V Guv — B Lk §

SNNNNS DVV(E) = —i ~Y k2 ki 4 V=W,Z2,
Pe po (K) = =i k2 — M2 K2 k2 — &y M2 | 7
S i

- — — — @ DSS k) = ’ S = ¢7 X
7{' ( ) k2 — va‘%

* important special cases:
o &y =1: ‘t Hooft—Feynman gauge
— convenient gauge-boson propagators k;ig}‘\z‘%

° &w, &z — oo: ‘“unitary gauge”
— elimination of would-be Goldstone bosons



Fermion masses

fermions in chiral representations of gauge symmetry

Ve
( ) , €R = mass term me(ELeR — ERGL) = M, ee
€

L

not gauge invariant

solution of the SM: introduce Yukawa interaction

= new interaction of fermions with the Higgs field

gauge invariant interaction, ¢g. = Yukawa coupling constant

Lyuk = ge [V ®ep + g Tyl



most transparent in unitary gauge

(20

apply to the first lepton generation ¢’ = ( VL ) , ER .

Sk

€L

] ; ) _
e (qu)<U+H>6R+@(O,U+H)<6L>
L

Je — g o €D
— 7%@ erer +erer] + 7% H erer + egrer)
—— ~—~

N

M Me /U

= meee + < Hee




3 generations of leptons and quarks

® for massless neutrinos: no generation mixing for leptons
repeat construction for . and T with g, and g,
® quark sector: generation mixing

Yukawa couplings not generation-diagonal



/u\ (d\

C S
\ ¢/ oy
unitary gauge:
0 —v — H(x)

®=-L , b=-1
V2 v+ H(z)

V)
-

Ly = — (UL,bL) GuPDp + (ﬁL,ﬁL) Gu(i)UR + h.c.

mass term for H(z) =

(Y — (Y

—DL Gyg— Dp— U G,— Ugr + h.c.
2 2
f \/’

M d M, mass matrices, non-diagonal



diagonalization by unitary matrices V', V{ -

Ui =V rULr, Urr=ULr(Vig)
Drr=Ve&sDrr, Drr=Drr(Vig)

A A

= mass eigenstates U, D

ELMCZDR -+ ULMMUR =

A

Dy (VLd)TMdV}%j Dp + Uy SVf)TMuV}% Ur

/

MG Mag



diagonalization by unitary matrices V', V{ -

Ur=VirUr  Urr=ULr(Vip)
Drr=VigrDLr  Drr=Drr(Vip)

A A

= mass eigenstates U, D

ELMdDR -+ ULMUUR =

A

Dr, (Vi)'MyVE Dr + Ur (Vi)'M,VE Ug

/

MG Mag




¢ Yukawa interactions in terms of mass eigenstates:

Ly = — (UL, DL)Gy®Dgr+ (Uy,Dr)G,®Ur +he.

= A H — A H
—Dy Mglag Dp (1—|— v) — Uy, Mgmg Ur (1 + v) + h.c.

flavor-diagonal interactions with H field

e neutral weak and electromagnetic currents:

U Uniry = Ui Urrys Doy v*Driry = Doy Dy

flavor-diagonal because V. ’g are unitary matrices

e charged current:
ﬁL’y’uDL + EL’}/“UL = ELV’}/“ZA)L + BLVTVM(?L

remnant: V =Voxkm = (VH )TVLd



Features of the CKM mixing:
* |V = 3-dim. generalization of Cabibbo matrix Uc

* VV is parametrized by 4 free parameters: 3 real angles, 1 complex phase
— complex phase is the only source of CP violation in SM

counting:

#real d.of.\  (H#unitarity | #phase diffs. of B #phase diffs. of B #phase diff. between
inV relations u-type quarks d-type quarks u- and d-type quarks

=18—9-2-2—-1=4

* no flavour-changing neutral currents in lowest order,
flavour-changing suppressed by factors G,,(m2, — m;,) in higher orders
(“Glashow—lliopoulos—Maiani mechanism”)



The Standard Model Lagrangian

- ‘!

3. .‘*Ff

L- -3 F"

- ‘ + LEDY +he
\

T 7Li Lﬁ{j%‘j?sfhc.
+ R -V©)

: _‘___ _:‘__
#® renormalizable = precision calculations
#® quantum effects in precision observables detectable

# involve Higgs mass dependence



4. Phenomenology of W and Z bosons
and precision tests




Cross sections and decay widths

scattering process: a+b — by+ba+---+0by
a(pa),b(pp)>=|i>, [b1(p1), - bn(pn)>=|f>
matrix element = probability amplitude for i — f:
Sti =< f|S]i >

. n-+2
fori fi Sp=(2m)* 6" (P — Pp) My [maem) "

P, =po+py, = Py =p1+---+p, momentum conservation

factors (27)~3/2  from wave function normalization
(plane waves)

My; from Feynman graphs and rules



probability for scattering into phase space element do:

3 3
dWy; = \sz.|2 do, dP — dz]%l .“012;?%”

4pi — d%p; 6(p2 —m?2)  Lorentz invariant phase space

differential cross section:

_ (2m)* 12 “3n 54/ p. P dPpa
do = W/ M yi|* (2m) 6*(P; — Py) 727 )




decay process: a — bi+by+---+b,
‘a(pa) > = ’i>7 ‘bl(pl)a T bn(pn) > = ‘f>

n+1
St = (2m)* 6*(pa — Py) My, [W] i

decay width (differential):

ar = G20 | My (2m) 7 64 (pa — Py) S+

2Myg




special case: 2-particle phase space
a—+b— by + ba, a — b1 + by

® Cross section
inthe CMS, p, +pp =0 = P + P2

do _ 1 [P |2
dQ  6472%s |p, ‘Mf’l‘

dQ) = dcosfde, 6 =< (ps,pi)

s = (pa + Pb) ECMS

#» decay rate
for final state masses M1 = M9 =M

4 2
4 = s /1 42 M




features of the ew Standard Model

# Higgs boson probably found, all other particles
confirmed

# consistent quantum field theory
» In accordance with unitarity
» renormalizable = predictions at higher orders

o formal parameters: g2, 91, U, A, g, VoM
physical parameters: o, My, Mz, My, my, VoM



Basic parameters and relations

ew mixing angle: sw = sin By, cw = cosbOw
gauge coupling constants: 92 =55 91 = o
vector boson masses: My = 5920 = 5=
Mz = stevvcw - J\C{;VVV
S%V =1— %—%V

neutral current (NC) couplings:  ay = 52 T}
vy = g2 (T] —2Qgsw)




observables and experiments

 Muon decay: Lo = v,e Ve

determination of the Fermi constant
M_ 2
W o — TalM; N
Y VeME (M ER

¢ 7 productlon (LEP1/SLC): ete" = 72— ff

various precision measurements at the
>“W< Z resonance: Mz, 'z, ohad, AFB; ALR, etc.

= good knowledge of the Z f f sector

e W-pair production (LEP2/ILC): ete™ — WW — 4f(+7)

>Wi — measurement of My
W —vyWW/ZWW couplings
W

et ww< — quartic couplings: yYWW, vZWW
e_—HWV?\‘<




experiments at hadron colliders

W production (Tevatron/LHC): pp,pp — W — v (+7)

— measurement of My
_ w — bounds on YWW coupling

e top-quark production (Tevatron/LHC): pp,pp — tt — 6f
W

— measurement of m.



| decay

v 2
YW o M= (;\g;i ) 2 e 7@
2 s 2 2 . ()
q|* = mj, < My, : M= — 8M2 Jy Jr(e)

Fermi model  with point-like 4-fermion interaction:

M=t J,g“ ) ge (@) low-energy limit of SM

V2
s Gr _ g% e’ _ TQ _ TQ
V2 — 8MZ, T B8sZ,cA,MZ  25%,c3 M2 2(1-M3, /MZ)M3,

Gp = 1.16637(1) - 107° GeV ~*




cross section [nb]

10

Z resonance

30 -

. OPAL

i W\ € f
e data “\u

LEP: A
ALEPH 3
DELPHI i\
L3 4v- \

8 88 90 92 o ;
cms energy [GeV]

_ qle) _ —ig" (f)
M= Jy s—MgfiMZrZ Jv

propagator with finite width 1" (unstable particle)

Ly =Y, 0(Z = f]), T(Z—f]) =40+ ad)



differential cross section at s = M % :

do o (02 + ) (0% + a3) (1 +cos®0) + (2veac)(2vpay) - 2 cos b

= forward-backward asymmetry App = SE2E = %Ae Ag

OF+0B

_ 2vgay
A = e

polarized cross section for e LR

= left-right asymmetry App = 228 — A,

OL+tOR

asymmetries determine sin’ Oy




input from experiments

LEP1/SLC: ete” =>Z > ff
LEP1: ~ 4 x 10° events/experiment
4 experiments (1989 — 1995)

LEP2: ete” - WTW-™
@(10%) W pairs (1996 — 2000)

Tevatron: qf - W — v, qf
(pP) q7 —tt, t > WTb — ...

low-energy experiments (u decay, vNN
scattering, ve scattering, atomic parity
violation, ... )



experimental results (selection)

Mz [GeV] =91.1875+0.0021  0.002%
rz[GeV] = 2.495240.0023  0.09%
sin29 Pt =0.23148 +£0.00017  0.07%
Myy [GeV] =80.38540.015 0.02%
my [GeV] = 173.240.9 0.52%
Ge [GeV™2] = 1.16637(1)10> 0.001%

loop effects are at least one order of magnitude larger than
experimental uncertainties



