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g satisfy the condition | 541y
(W,)T =W, (G.16)

The expansion of W, reads

3k 3 .
W, (x) = f G20 J_Z {e* ex ()bl (k) + e ¢, (Wa,k)}, (G.17)

=1

where we now have k® = w = +./mi + k*. Furthermore, the annihilation
operators a;(k) and b,(k) of W~ and W™ particles satisfy the commutation
rules:

[a,(k), al (k)] = [by(k), bl(k')] = 6,2n)>2w3k — k).  (G.18)

The starting point for a derivation of the Feynman rules for the standard
model in the unitary gauge is the Lagrange density of (22.123). In order to
obtain the desired rules one can apply either the canonical formalism (see
Weinberg 1973) or the path-integral method (see, e.g., Itzykson 1980). Here
we will simply give the result.

The rules for incoming, outgoing, and virtual fermions, photons, and gluons
remain the same as in QED and QCD (Appendices B and D). It should be
noted, however, that in the standard model only left-handed neutrino fields
appear. This means that only u_ occurs as Dirac spinor in the wave function
of an external neutrino, and only v.. for antineutrinos (21.20), (21.21).

All vertices and rules concerning gluons remain as in QCD.

The following rules—specific to QFD—represent the additions.

W™ initial state incoming W line
W7(k)

e(k) ' ——————e

W in final state outgoing W line
W(k)

e*(k) — ——

W in initial state outgoing W line
W (k)

e(k) o=

W in final state incoming W line
W= (k)

g*(k) e —— e
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Z in initial (final) state

e(k) (* (k))

Higgs particle in initial (final) state

virtual W boson:

: oy k*k®
1| —g* 4+ -,
w

k* —my, + ic

virtual Z boson

1(—g'”+ mg‘)
Z

k* —mi +ic

virtual Higgs particle
1
k? —m? +ie

external Z line

internal W line

Wik)

- — - —— =

J7; v

internal Z line

3 .
Vertices with 3 vector bosons ( Y. k; = 0, all momenta incoming):
1

j:

ie{(kl - kZ)ﬂsgﬂxﬂz
+ (ky — k?v)u;guzus
+ (ks — kl)#zguaul}

cos 4

- W
1e————{as above}
sin Sy

liz
W k)
\

- Ky
/ (k)




Vertices with 4 vector bosons k Y. k; = 0, all momenta incoming): - 5-41é
=

.2

1e {gﬂzﬂsgﬂzlu
+ gﬂ1#4gﬂ2.ﬂ3
- zgﬂluzgﬂfiﬂd}

~ ~
S W) 7
| ~ -~ Z(k
ie? E?S—‘?ﬂ {as above} Nl
sin Sy -
g y(ky)
T W)
Ha Hy
H3 Ha
“ + P 4
CWk)
s 2 0082 Sw \\ r'e d Z(kZ)
ie* —;——{as above} »Z
sin® Sy <N
P s~ N \Z(k1)
Phd W—(k4) h ~
Ha By
Ha . [23)
N -~
1 “Wiks) 7
. A

i -4 + ~
. . : Ha iy
Vertices with Higgs bosons:
u
N +
. 2mi, \W H
lguv “v— >_ ________
’ -
Vv
M\ .
~ \\\NH. _ P e
. 2md SO L7 H
w2~ >
V P -~ ~ H
P » h ~ ~
-~ - w_ N ~
Vv
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£
Y/
2m2 \ —i
v z
Vd /Z
Vv
K 7
N Z -
2m% N d - H —i-
18uy 3 >’< .
14 ~
I d ~ ~ H
.7 N
g ™~
v
2 ) b \H —1-
— 3imt. >.__,,_H____ .
1’4 /
d 4 H
~ - - H '_L P - -
m2 S -
—-3i-4 LG :
v -7 o —1-
.~ H H >~ - v
In the following we will number the leptons and quarks of the various
families according to the scheme:
Vi = Ve, vy, = vp’ V3 =V, .m‘
— 1 [—
{1 =€, £ = Uy £ =1, Pe
u; =4, u, =¢, uz; =t
dl = d, d2 = S, d3 = b. Wl
To refer to an arbitrary one of these particles we will use the generic label f; mode
the electric charge is then Q;, and Tj is the eigenvalue obtained by applying - gauge
the third component of the weak isospin to the left-handed part of f. From - p’s or
(22.123), (22.77), (22.112)—(22.114), we then obtain the following vertices: calcul
, _ suited
Fermion—Boson vertices: highly
shows
i u out su
1eQ¢y diagra
e.g., th
sin §y cos 9y 2 Wt



yus

11;
ing
om

—1 fvte_ F—————- Iz
\/Esin Sw 2
u;
f
_im H___.
\"4
f

With the aid of these rules one can calculate all tree diagrams in the standard
model.- For diagrams that include loops one must—even in the unitary
gauge—also consider Fadeev—Popov ghosts, which couple to the Higgs field
p’, or corresponding contact terms (see Weinberg 1973). However, for the
calculation of diagrams with loops, the unitary gauge is not particularly well
suited since its individual diagrams-—as in a nonrenormalizable theory—are
highly divergent, although the sum of the diagrams of a particular order
shows only the divergence of a renormalizable theory. Thus for carrying
out such calculations, one usually chooses a gauge in which the individual
diagrams themselves only possess the divergences of a renormalizable theory,
e.g., the Feynman—"t Hooft gauge (see, e.g., Itzkyson 1980; Becher 1984).
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