DISCUSSION OF THE WEINBERG SALAM MODEL

Dieter Zeppenfeld
Karlsruhe Institute of Technology

Theoretische Teilchenphysik II

Spontaneous symmetry breaking
in the SM

W and Z mass generation

Charged and neutral current cou-
plings of fermions

Fermion mass generation

Higgs boson couplings




C Electroweak sector )

From experimental facts (charged currents couple only to left-handed fermions, existence of a
massless photon and a neutral Z), the gauge group is chosen as SU(2); x U(1)y.

1
1—ys5)Y IPREE(lJFYS)lI) Y =19 +Yr

1 v, Vel
() (#) e
e el

e SU(2).: weak isospin group. Three generators = three gauge bosons: W, W? and W?.
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Generators for doublets are T% = ¢ /2, where ¢ are the 3 Pauli matrices
For gauge singlets (eg, vr) T% = 0. All satisfy [T“, T? } = ie"°Te.
The gauge coupling will be indicated with g.

e U(1)y: weak hypercharge Y. One gauge boson B with gauge coupling g’.

One generator (charge) Y (), whose value depends on the fermion field

W3 and B carry identical quantum numbers (T3 = 0, Y = 0) = they will combine to produce
two neutral gauge bosons: Z and v.



( EW gauge-boson sector of the SM )

Gauge invariance and renormalizability completely determine the
kinetic terms for the gauge bosons
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The gauge symmetry does NOT allow any mass terms for W+ and Z,
i.e. forbidden are terms like

1
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( Spontaneous symmetry breaking )

Experimentally, the weak bosons are massive. We give mass to the gauge bosons through the
Higgs mechanism: generate mass terms from the kinetic energy term of a scalar doublet field ®
that undergoes spontaneous symmetry breaking.

Introduce a complex scalar doublet
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Notice the “wrong” mass sign.

V (@T®) is SU(2); xU(1)y symmetric.



Expanding ® around the minimum

[ T _ ¢ :Lex i0;0' (x) 0
(D<qbo> (k[v+H(x)+ix(x)]) V2 p[ v ](U—i—H(x))

We can rotate away the fields 0'(x) by an SU(2); gauge transformation

D(x) = @' (x) = U(x)D(x) = % - (I)J(x)

(%

where U(x) = exp [—

This gauge choice, called unitary gauge, is equivalent to absorbing the Goldstone modes 6’ (x).

The vacuum state can be chosen to correspond to the vacuum expectation value

1 (0
Oy = —

V2 \ v

Notice that only a scalar field can have a vacuum expectation value.The VEV of a fermion or
vector field would break Lorentz invariance.
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( Consequences for the scalar field H )

The scalar potential

1% (@Tq)) — A <cDTcD _ %)2

expanded around the vacuum state

1 0
O(x) = —
V2 \ v+ H(x)
becomes 3 ), \
V=7 (2UH+H2) = S(20)H? + MH® + ZH!
Consequences:

e the scalar field H gets a mass which is given by the quartic coupling A

ms; = 2A0° — A~ 0.13 since mpy ~ 125GeV and v = 246.22GeV

e there is a term of cubic and quartic self-coupling.

e The coupling A ~ 0.13 is small, i.e. perturbation theory is warranted.



( Higgs kinetic terms and coupling to W, Z )
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C Consequences )

The W and Z gauge bosons have acquired masses

2 _ 80 o _ (48?0t mi
w 4 Z 4 cos? Oy
From the measured value of the Fermi constant Gr
Gr ( g )2 1 1
— = — v = ~ 246.22 GeV
V2 2v/2) m, V2Gr

the photon stays massless

HWW and HZZ couplings from 2H /v term (and HHWW and HHZZ couplings from H? /v?
term)
2 1 gmy

2m? m
Lrvy = = HWIWHH + —£Z1Z,H = gmw Wi W™ HH + 5 = o
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Higgs coupling proportional to mass

tree-level HV'V (V = vector boson) coupling requires VEV! e.g. gy = g%v/2
Normal scalar couplings give ®T®V or ®TO®VV couplings only.



( Gauging the symmetry: fermion Lagrangian )

Following the gauge recipe (for one generation of leptons, quarks work the same way)
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where
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( Fermion couplings fixed by renormalizability and gauge quantum numbers )

O

—_

|
~
QU
=~
N~
~
“wAa
~
N~
R
s o
N~
W

N

O\

u% = UR CR IR 3 1 %

dk = dR SR bR 3 1 —%

LZL _ VeL VuL VrL 1 5 _%
er, KL L

ely = eR LR TR 1 1 —1



( Weak mixing angle )

W? and B,, mix to produce two orthogonal mass eigenstates

u
massivepartner:  gW.—¢'B, = /§2+¢?7Z,= /g% +g" (Wﬁcos 6w — Bysin QW)
orthogonal, massless: ¢’ W, +gB, = /g2 +g2A,=/g2+g? (Wﬁsin 6w + Bycos 9W>

/

8

with mixing angle fixed by cosOy = sin Oy =

8

Write the NC Lagrangian in terms of these mass eigenstates

_ - 1 /
Lnc = Pyu (§TWE +¢'YBH) p = Py, ( s (¢T3 — g"*Y)ZH + &8 (T5 + Y)A“) P

Must identify electron charge, ¢, as

/
e= 58 = ¢sinOy = ¢’ cos Oy

and the charge of a particle, as a multiple of the positron charge, is given by the
Gell-Mann—-Nishijima formula: Q = T3 +Y




C The neutral current )

It is customary to write the Z coupling to fermions in terms of the electric charge Q and the third
component of isospin (T3 = +1/2 for left-chiral fermions, 0 for right-chiral fermions)

1 ! _ _
— (T - "2+ 8 (T3 + Y)Aﬂ) ¥ = ey QA" + Py, Qrpz*

Lnc =YPyu ( >
8

Qz is given by
- 1 2 R - e a2
Qz = e (8 T3 -8°(Q—Ts)) = cos Oy St Ory (T3 Qsin 9w)

This procedure works for leptons and also for the quarks (see more later)
QiL [ CL tr M% = UR,CR, IR
dr SL, br diy = dg,sg, br
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( Fermion mass generation )

A direct mass term is not invariant under SU(2); or U(1)y gauge transformation

menp = myg (Yrpr + Pripr)
since left- and righthanded fields have different gauge quantum numbers

Generate fermion masses through Yukawa-type interactions terms

[’Yukawa — —rdQ_L(DdR — r;d_R(DTQL
) : 1 v+ H(x
_FMQL(DCUR +hC (DC = 10‘2(1)* — ﬁ ) ( )
_reEL(DeR + h.c.

—I,L; ®.vg + h.c.

where Q, L are left-handed doublet fields and dg, ug, er, Vg are right-handed SU(2) -singlet
fields.

Notice: neutrino masses can be implemented via I, term. Since m, ~ 0 we neglect it in the
following.



( Fermion masses for three generations )

Generate fermion masses for three generations of quarks and leptons by generalizing

‘CYukawa — _rcli] Q_/Ll(Dd;{] — r;]*d_,R](DTQ/Li
ok | 1 v+ H(x
—FZ/Q/LZ(DCU%J + h.c. O, =i ®* = ﬁ ; ( )
—reijEiL(De{2 +h.c.

where Q’, u” and d’ are quark fields that are generic linear combination of the mass eigenstates u

and d and I, I; and I, are 3 X 3 complex matrices in generation space, spanned by the indices i
and j.

Lyvukawa 18 Lorentz invariant, gauge invariant and renormalizable, and therefore it can (actually it
must) be included in the Lagrangian.
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( Expanding around the vacuum state )

In the unitary gauge we have

o 0 : H

V2

v+H
11 371 i U+H_/' /]
Q) @, = (u” d”) V2 u/]:—uﬂu
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and we obtain

iiv+H i 4] ijU+Hﬁ/i /] ij U—|—H ;

'CYukawa — _rd \/E dL dR — ru \/§ L MR re \/E eR +h C.

' H
= —[M” vl + MY dd] + My @ eR—I—h.c.} (1+;)

with mass matrices M/ = '/ %

V2
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( Diagonalizing My )

It is always possible to diagonalize M}] (f = u,d, e) with a bi-unitary transformation (U{ /g Must
be unitary in order to preserve the form of the kinetic terms in the Lagrangian)
= (U £
flo = (uf), fu
= f .
fro = (Ur), frs
with U{ and UIJQ chosen such that
f
(U{) Mfo = diagonal
For example:
m, 0 0 mg; 0 O
u\T u i\ d
(ur)' MyUg = 0 m: O (UL> MyUg = 0 ms O
0 0 my 0 0 my
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C Mass terms )

Lyukawa = — ), MZ] j(l—I—%) +h.c.
Sl
= —f,Zij,]fi' [(u{) M uf] ]fR (1+ H) +he
= —;mf (fLfr + frfL) (1+%)

We succeed in producing fermion masses and we got a fermion-antifermion-Higgs coupling
proportional to the fermion mass.

The Higgs Yukawa couplings are flavor diagonal: no flavor changing Higgs interactions.
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C Mass diagonalization and charged current interaction

The charged current interaction is given by
e
V2 sin Oy

After the mass diagonalization described previously, this term becomes

' W dy 4+ h.c.

¢ i uyt 7 7d + 3]
u,)'u W'd; +h.c.
v2sin GWuL [( ) L} ij . -

and we define the Cabibbo-Kobayashi-Maskawa matrix Vcgu
_ (1quNT77d
Verm = (U)" Ug

e Vi is not diagonal and then it mixes the flavors of the different quarks.

e Itis a unitary matrix and the values of its entries must be determined from experiments.
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( Higgs boson couplings )

We have identified the relevant terms in the SM Lagrangian for Higgs boson couplings
to gauge bosons:

which produces the HV'V coupling term
2 m2 2m2
% V, VHH = % SV, H
to fermions:
_ H _ mf _
LYukawa:_meff 1+; :_meff_Z7Hff
f f f
and the Higgs self-couplings

1 A 1 ms m2
— ——(2A 2 H2 — A H3 . _H4:__ 2H2 o _HH3 . _HH4
Lv = =524 ¢ 1 2"H 20 802

Note that the Higgs couplings increase with the mass of particles the Higgs boson couples to.
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( Feynman rules for Higgs couplings )

18 My uv

. 1
L& cos By Mz &uv

Within the Standard Model, the Higgs couplings are completely constrained since the masses of
all SM particles® have been measured.

dexcept neutrinos



