
Hicham : general dfRq7 -gauges
( re normalizable)

-

- Go back to linear representation for E
:

EE (x) = @tnelx1tiqeLxD1.r, (setting
phase

of VEV
,

0=0 /

Ragain ,
"

keep
' '

Ge (H , even though we
-

know from radial representation/unitarily

gauge that
i# is anphysical .]

- plug above ④ in L ( drop it ) :

L = - Laf u FM + Lz@gene - eQ¢Aµ he )
'

t
'

z @outset e
Q Am f-tune 1)

Z
- VCE)

- As for global symmetry case, V(E) will

give mass term for me , but
not for Ge

- Also
,
1st term in 2nd line will give

mass term for Atµ ( like with radial

representation discussed earlier)
- so

,
focus on

"

new
"

terms :
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.
a

"
mixed

"

gauge coupling :

⇐ ⑤pine Ape he t doe hee Aoe n) eQ from

2nd term in 1st line and 1st term in
22nd

line ( relevant for calculating amplitudes

in R
q
- gauge : see HW 4.2.21

(2) .

" Aniseed
"

quadratic in fields

*er m from 1st term in 2
#d line :

doe he AM e Q00
. . .
⇒ can we-

MA

get well - defined Ape , he propagators ? !
. . . No

,
i. e.
,
need to

"

diagonalize
"

. . .

R elatedly/ more formally ,
even

though gauge bosom has
mass term

,

L still has a gauge symmetry Idnue

to
"

presence
"

of Gebel , of . unitarily

gauge ,
where gauge

invariance was lost] :

me → Me -eQ¢HH4 ; Fe? Get EQ Noth)



and Ape→ Ape - doux

- Explicitly , gauge boson mass term
- by -

itself - cis ( obviously) not invariant
:

Mta ztm
→ NRA @Feet-total]-
x \
e2µ2Q¢ 2

cancel

. . .
whhho cancels ik ? ! ^

. . . shift of mixed term
above : I

May-
Yaga

's AM → Ma@a9AMteQdmaA&
A

ev Qo
from oafshittin 91 :

0µA ev Q

- Bottom line : we need to add gauge
- fixing

term ( like for massless photon , where

also propagator ill - defined
"

due to
"

gauge
invariance) : choose

Leap = -L (doe AM- G MA Ge)
"

w 2 Es
gauge

-fixing



so that mixed (Apa - Ge) Hermes from

L
Gf

and earlier L combine to

form total derivative ,
thus

drop out at
le el of action , i.e .

,

reduce to
"

surface integral
"

→ 0
,

assuming fields die - off
fast

( he1=92
free

= I@"helldoihel - E¥m£
from LGFM
IT

2¥71! = - tffuuf
'M 't { M2aAµAM-tzq@MANY

⇒ we get propagators 1 HW 4 ) :

(gauge boson ) : idmulkk-TY-HEK.mn#za)
-

K2- Nihat EE

Yona'S; be
"

) : is lH=k÷a
( of course , he unaffected by Lege)



Ket 's interpret /digest above result

- For fixed (given E , we see
that

gauge boson propagator
in UV limit,

i. e.
,
K S Ma is

"

well - behaved
"

:

Dµu ( K) →
- 18mu - ft - El koku 1*2
- I

indeed same as for massless
case

(including koku piece) I basically
0 ( 'lez)) !
I

⇒ Higgs model is imnanifestly
re normalizable/inRq-gauge_#

(of . unitarily gauge ,
where it instead

sealed a$ ~ Ypazn
,

in WV- limit ,

due to Kuku piece . . . ,
raising Spectre of non

- re normal izability .

.

more on

"

connection
"

of Reg to unitarily

gauge
is discussed below)

-
hat so , Reg - gauge provides

a consistent

quantum realization (
no worry of quantum

corrections
"

taking us out of
" unitaritygauge)

. . .

but not so fast ( this might be
too good to be true : well it is !) . . .



Analysing Rq - gauge
. Propagators of Ape & Fe depend

on Eg ,
thus so might amplitudes . . .

da

r . . but we
' '

know
"

that E is an

unfshysical parameter , so in
the

end
,
amplitudes must be

independent of E (just like

for case of massless photon ,
where

propagator is E
- dependent) , I

- e .

,

different E. describe Sanae physics (we wgillillustrate this via example later . . .

121 .

Related to above , Reg -gauge comes

with
' '

price
"

of including actually
un physical d.of . ( 2 of them ) :

(a) .

"

would - be
"

(since we know from

unitarily gauge that it is an physical,
i.e, can be removed)) NGB , Ge :

even without
"

foresight
"

from unitary
gauge , i. e, starting in Rg -gauge itself ,



we see that
"

mass
" of g e (pole of that

propagator)) is dependent on q ( again, an

an physical parameter)

(b) . Similarly , gauge boson propagator(Kaku part

being E - dependent
is
"

symptomatic
"

of

it including un physical polarizations

(again , as for
massless photon propagator :

{ - dependence in that case
is
"

due to
"

presence of longitudinal &
time - like

or scalar polarizations) . . .

Equivalently , Rg -gauge propagator

for gauge boson # that in
unitarity

gauge ( latter incorporates
all I only

physical polarizations : 2 transverse t

1 longitudinal for massive case) :
in fact , R § - gauge propagator

has

additional ( fictitiousD
' ' Pole

"
at Graf !

⇒ Rag - gauge contains also time -
like

or scalar polarization ofgauge boson



* Needless to say , above 2 un physical
d. o - f . ( again ,

would - be NGB & scalar or

time - like polarization of gauge boson)
cannot appear as external lines in

Feynman diagrams , but are needed

a$s einkkternal lines (part of propagators)

← Also
,
we expect G - defendence

dropping out of net amplitude for

a physical process as a result

of cancellation between these 2

unphysical effects

131 .

what about unitary gauge : is

it renormalizable ? !

(a) . Indeed
,
E → to him it of Reg

seems to reproduce unitary gauge ,

since would - be NGB becomes infinitely

heavy ( propagator→ o) , while gauge
boson propagator as in unitarily gauge



Lbl . Combining above limit with

Rq - gauge babe ing clearly

re normalizable and physical
amplitudes being E

- independent ,

we see that unitarily gauge is

also renormalizable , all be it

"

secretly I subtly
"

so
,
i. e
,
order of

steps is crucial here : again , first

calculate loop diagrams for fixed, finite

{
,
where divergences are under

control

( renormalizable) due to gauge boson

propagator being
" well - behaved

"

. . .

only later take E. → a to get to

unitarily gauge . [ Instead , if we start
with unitarily gauge , i. e , first take

{ → D ,
then will not

"

see
' '

renormalizability,
since propagator seems to

"

misbehave . . .]
-
Next

,
indicate how E - dependence cancels

via exam le ( for general discussion ,see PS I



} - independence of fermion - fermion

scattering in massive gauge boson

theory ( Higgs model)

case 111 : fermion couples rectorially

to gauge boson & i - e .

,
L
,
R chiralcities

have same charge (set to 1
without

loss of generality ) ⇒ mass term

for fermion : m UT 4 = m c4rt4r4)
is gauge invariant ( net charge

-_ o)

and for generic charge of scalar

( Qq) , we cannot couple 4 to 0

(at renormalizable level /
in a gauge

-

in variant manner ⇒ X does not

interact with either me or he ⇒

fermion - fermion scattering only from

gauge
boson exchange :

-

Kt;§§-C E - dependence in

- propagator



- Now
,
E - dependent piece of gauge

boson propagator a Kae Ku . . . ⇒

that part of coupling - kµjq
→ Ope j Mv = 0 (as argued earlier ,
i.e.
,
with explicit mass term for gauge

boson) ⇒ no G - dependence in

amplitude

More interesting /subtle is case 12)

with
, say, only XL has charge 1=11,

while Xp has zero charge ⇒ my

must come from 4 coupling to E

with Q = 1
,
i. e.
,

La - htt, OI yer t Fr #
*

KL)
charges - I +1 O

⇒ total = 0

giving (after SS B1 : my = holtz

( again , bare (explicit
mass term for X

is not gauge invariant . . . like for Ape)



⇒fermioncoublestone.GE#TfromoII/n h ~ Mylo-
So
,
we have 3 contributions to fermion

-

fermion scattering : exchanges
of (massive)

gauge
'boson (Aml i would -be NGB(ne)

& Higgs boson
( n)
h I

e- l l

§ + e- noes # neApe c- G - dependent→ , i

- -
e- h h

- we
' Kk sketch main points here : for

detailed calculation ,
see later note , based

on PS

(11 . Since we want to only keep track
of

Gq - dependence here (
in order to see

how it cancels in the
end) , we can

"

drop
' '

ne exchange (
which is manifestly

E - independent : both coupling of

X - n e and he propagator)

⇒ Eg - dependence
cancels between Ape & Ee

exchanges



(21 .

Now, E e - 4 coupling - h - Myke ,

whereas Ape - X coupling - e . . . $0
,

how can the (G - dependencies betweenµ
2 cancel each other ? !

131 . Crucially , G - dependence
in Aoe

propagator is only in Kai ku piece ,

which does contribute in this case

deff. earlier) due Eto chiral coupling
of 4 ,

i. er
,
ox doe j Ma or my . . .

like he exchange !
So
,
at least couplings (effectively,but partly)

"

match
"

between he exchange &
"

relevant
"

( E - dependent) part of

Ape exchange . . .

. . .
but what about

"

rest
" of

propagators ( &
"

e
' '

in coupling off Ape exchange) ? !

(4) . Getting into more details of
G e and A-µ exchanges , we see that



(a) he exchange part of amplitude

(schematically , i. e , dropping factors

of E
,
2 etc & Dirac structure) -

@ Vsu 12 (me 12 1-
t re

- l KI Eg Nha"

due to
' 'X-

9. ⇒ i Eke - h2 ( coupling) he propagator

(b) . Aµ propagator can be split

into n Lil (Jmu
- KAKI) , which isL Ma
-

K2- RAZA

E - independent : indeed it
is unitarily

gauge propagator a
sum over 3

physical polarizations . . .
and

fi) G - dependent piece
~ (kmkvlomza ) I Lgtinmueftikbeeor(K2- E MT) spatialpolarization
so
, Ape - exchange part of amplitude n



EZ fukperms a) (E Kurtis u) ( Vss due to- ,
with

coating "
'

* (K2- Er Mia)fhcirahpeui.no/U-kpeVMVsU~Myu-Vgu(again ,
based on

kµjMA→dµjMa~my4Vs4 . . .)
w

Te TH Vs U

⇒ using also
e'v2- rata

,
we see that

q - dependent A-
µ exchange -

@x1v12tiV5ul2.i.e , (e cancels)
K2- G NVA

• on tri button of time - like or scalar

polarization can land indeed does )
cancel he - exchange 1!

⇒ as expected , in net amplitude,
2 un physical effects (again ,
he and scalar / time - like gauge boson

polarization ) cancel each
other

,

thereby also removing Gq - dependence

⇒ only con
#ri button of physical d.of .

remains ( 7 & 3 gauge boson polarizations)


