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Part I Abers and Lee notes:

cc'"‘? 0) summary of introduction.
1) gauge invariance in classical field theory, summary.

heet.
2) Spontaneously broken symmetries a) gauge theory review shee

a) notes on Goldston Theorem

3) Higgs mechanism, summary
a) Higgs technique page

4) weak interaction phenomenology, summary
5) more of same, summary

6) more of same, summary
a) page on PCAC

T) Weinberg-Salam model, summary

8) phenom, of the W-5 model, sugmary

8b) inclusion of hadrons in such models

9) heavy lepton models to avoid Zvv vertex.

10) model building, fast review to literature

Addonm: notes from my own talk onr this wmubject given in 1975.— WCFM\
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&0 “E. S Abers and B W, Lee. Gauge theories

PART Il

QUANTIZATION AND RENORMALIZATION OF GAUGE THEORIES

\ I
+ 11.Path integral quantjzation -
:- One feels 38 Cavalieri must have felt cakeulating the )
o voleme of 3 pyramid before the invention of the calculus.
s
J;:-;- R.P. Fevnman
: (Aj In this section we develop the quantization procedure based on the notion of path integration.
_.“'I Eﬂi" The Tirst hint of this procedure appeared in 4 paper by Dirac in 1933; the method was perfected
.5 by Feynman in 1948, We shall first consider a quantum mechanical system with one degree of
i ;M;{A freedom, and generalize to quantum field theory in the next section.
e Let lq, £}y bethe Heisenberg picture state vector describing a state which at time f is an eigen-
g : state of the coordinate Q,, with eigenvalue q: (% LIRS TTUI, J BF FICON TON"D S
e
Eey
3 2, (n\q. Ny, =qlg. 0y = qE) '&qlﬂ;t?“ l
\ Q,,(1) = eifrQ eV, . ary
R
EE -
€Y where Qg is the time-independent position operdtor in the Schmcdmger picture; and H in the ex-
By ponent 15 the Hamiltenian. The state
E "
4 = a—iHI
gy =e""lgq. 1),
'i is an eigenstate of Q with eigenvalue ¢
' 1
'. Qs lgy=qlg}
&4 -
‘,:c': i and (
= ptiflr ’
¢ lq. 1), =e""lg). (11.2)
The transformation matrix element
, Flg'.t',q. 0= 44q" t'lq. D)y = (q'lexp{—iH(t' = D} g} (11.3) ‘
? plays a fundamental role in gquantum mechanics. We are going to express F(g', t'; g. t)'as a path 1
integral. We shall subdivide the time interval into n + | equal segments, and define <
r,=le+t, F=(n+l+rt. (11.4)
— We make use of the completeness of the state vectors Ig,. £ to write -
F(g'.1:q.0= [dqut) [dqu(ts) [ .. [da,(6)Q". '1q, 1,0G 0 131y o PGy 111q. . (11.5) ¥ 1

Here and in the following, we shall drop the subscript-H and understand the state Ig, ) to mean
that in the Heisenberg picture. For sufficiently-large n, the time interval ¢, — r,_, can be made as

1= gdﬁl}t () "q;{fll')l,{‘{><qf({tj,iii-

l

W I 0 W ] (N e ee———r—
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Index for Notes filed under Abers and Lee

(:’ 1) original, old notes taken on Sections 11 thru 15, not very useful.

2) Sectiom 11 summary: "path integral gquantization" ( regudar QM)
a) about the state /x,t)
&) relation of /x,t} %o Greens Function = Propagator
¢) comments about path integral idea
d) actual construction of path integral rep of a propagator = Greens

e) details of the harmonic oscilldor example of using path integrals.
f) derivations of many equations in section 1ll.

3) Section 12 summary: "path integrals and field theory"
4) Section 13 summary: " Yang-Mills in the Coulomb gauge

8) Sectiom 14 summary: " Intuitive Approach to Quantizatiom of CGauge theory "

a) the ghost loop expansion business
b) proof of relatiom (16.6), ie, conmected Greens fctns and the Z(J) object.

6) Section 15 summary: " equivdlence of Landau and Coulomb gauge"

a) functional derivative facts

7). Section 16 summary: “proper vertices and affective potential, etc."

E:’ a) show (16.26), the power counting rule
b) algebra for section 16

8) Section 17 summary: renormalization in the - model
9) Section 18 summary: the BPHZ renormalization program
a) calculating S;_ and basic ideas.
10) Section 19 summary: dimensional regularizing Feynman integrals
11) Section 20 summary: Feynman Rules and Renorm, in SSB Gauge Theories (Landau gauge)
12) Section 21 summary: the Rj gauges and various kinds of ghosts

13) Section 22 summary: proof that S-matrix does not depend on gauge paramtarg
(and therefore no ghost poles in S-matrix)

- 14) Section 23 summary: computation of weak corrections to muon anom-moment in
the Coleman -(Glashow model.

.end!
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Summary of Sectién 11: Path Integral Quantization.

This is just the first 13 long sections which tomprise the second part of Abers
and Lee's review of gauge theory. I found the section very difficult, Hany thlngs I
cannot derive without much work. This is the second time I have read this. last time
was long time ago with Hassam Arfai.

I have decomposed the section into subsections because so much inrurmatiun
is pr!sent here, The general domain here is first-quantized physics, like a first
quantized harmonic oscillator. There are bras and kets and operators. There are uperatora
like H the hamiltonian. Things are dont mainly in the Heisenberg-States picture. The
"system" of interest is described in this section by one coordinate q, operator Q. Thus,
theee are no lagrangian densitiés, no field theory at all. B

If we divide physics into these aress: classifal physics, gquantum physics,
classical field theory, quantum #ield theory, then this section falls inbo the second
area, Path integrals are always about amplitudes, and that always means quantum physics.
I presume that in the next section we will go wwer to quantum field theory by making ‘
these changes: corrdinate operator Q replaced by field operator J¥(x). Lagrangian
replaced by spaxmkimex space integral of Lagrangian density. Otherwise I’ bet things
are much the same, but I have not read that section yet. :

+

(a)_Path integral idea. Amplitude to go from here to there is divided into little times.
At each time, you integrate over all possible positions. Héence (11,5). Since time
evolution of a Heisenberg state may be written in the form (11.2), you can write the

" amplitude to move a little bit in time as in (11.9). Notice that things were converted

to Serodinger states and the Himiltonian operator was put in in terms of Schrodinger
operators P and Q, although this was never' stated.

The main point of (11.9) is that you have expressed a guantum amplitude in terms
of the c-number classical hamiltonian. Since each'mini-amplitude is a p iniegéation.
when you stick all these into (11.5), you get the key result (11.11), ﬂg&in,.this
gives the amplitude to go from here to there, a‘'finite distance, in terms of the
classical c-number Hamiltonian H(p,q). The price paid to get this result however
is a rether complicated calculational structure , namely the path intégral.

In certain simple cases where H(p,q) has simple form, ¥ou can execute all the
dp integrations and get the same amplitude as a "path integral" [dq] only of the ‘
e phasor whnae phase is the classical action , ie, time integral of the lagrangian.
Remember, this action is called classical only when you put in the claasical trajectnr?

a(t).



(b) In cases where the Hamiltonian does not have the simple form of ép? + V(q), you
can still do the [dp] integration and come up with an effective 1agggggian and therefore
an effective action under your timm [dq] integrat%?n. A famous calculation along this
line was that of Yang and Lee in 1962. It seems obvious that you can always find an
effective ac}ion, because you Just do the dg.integralg and see what results.

(e) Hﬁrguwe find a stunning result:. it is very easy to write the matrix element between
two states ( here just Heisenberg g-states, but in general any_statea}_of a time ordered
product of coprdinate operators. Ususally it has been my experience that the time

ordering complicated things, but here it makes the result very simple. You start with

the pa%h—integra; representation of the (q';'/qy} amplitude. You spread it appa:t;&nd

stick in as many Q operators as you want, all in a In the path integral represntation,
all you need do is insert regular c-number goordinate functions like-q(tl]. Again, you

see the role of the path-integral as converting from quantum mechanics to classical

mechanics.

(d) Here we discuss.the idea of adding a source term J(t) q(t) to that Hamiltonian in

the exponent. In the harmonic oscialltor, J(t) is precisly the driving function or

external force. Of course J(t) is a c-number function.just like everything else up

there in the exponent. o
. You can go on to compute the amplitude in the presence of this source term.- As

a path integral, it is (11.29), big deal. The precise definition of W[J] is the

amplitude rﬁr system to stay in ground state under presence of J. Ground state means

loweset energy state , eigenstate of hamiltanian H, .s0 JQ is & perturbation if you like.

However, them end-twist integrations that convert from {cfn) to (q' /q}J are in

effect multipliciative constants, once you take certain large time limits. Hence you

get result (11.35) which shows W[J] as the [dq] integral of the effective lagrangian

deal with the source added in there.

o .Phe usefulness of the generating function W(J) is that if you take-its functional

derivativés with éﬂap&ct to the source, you gener;ta.after setting J=0, -the matrix

elements of time ﬂrder;d productg. In field theory, these will of course be the

Greens Functions. So W(J) is the Greens Functions generabing functions.

(e) One slightly unpleasant aspect of the W(J) thing is that you end up hawing to put

largp imaginary time limits on ¥bur aFtiqp integral rather than real limits. This is
avoided when you deal instead with the Euclidean version. Just compare (11.35) and

(11.36) to see the fiifference between the regular and euclidean generating functionms. Q
The i's are very important in the difference. In the case of HE you have regulr real

time infinite endpoints.



(f) The final subsection works out the harmonic oseiallator example. Any example is
of course defined by its lagrangian or hamiltonian. So take this big machine and
inject the lagrangian (11.38) and turn the crank. First off, you can calculate the
thing (q'/q]J explicitly. The answer is given in (11.40) and (11.41) and I'll bet
this is one bun-buster excercise.

Next, you fold in the ground state for the H.O. to get the exact fx W[J]
generating function. Answer takes the stupendously simple form shown in (11.&5]- No
doubt T could do this entire calculation in detail. You can see that if you take
the second derivative of this W[J] you are going to get the propagator D+. I dont
really know how to interpret this " time propagator" because we are not in quantum
field theory, we are just in quantum physics. The form is very suggestive, I'm sure
Feynam has some words on this thing.

Notice that the true propagator has phasing expentntials.

Now the whole thing is redone in the Euclidean case. The trick is used here
for the first time ob observing that W[J] is essentially the exponentiated classical
action. Ie, if you put in the calssical trajectory, the correction vanishes to first
order. As far as J-dependence is concerned, the rest is Just a constant. So we
are down to (11.52).

Next, how to compute the classical action? The classical trajectory is found
by solving the driven harmonic oscillatro equation, ie, (11.53). The solution is given
in (11.56), and now you see that Dg is a Green's function in the @ifferential equation
sense, IE, it solves (11.54). But this euclidean thing has no phase in it, totally
dampt.

So, having found the classical trajectory q (t), you dump that back into Sg
and compute the Euclidean classical action SE(qo)' This gives (11.57) . Since
W(J) is the same as this expo'd classieal action, you get (11.58).

Either way, you get the same basic form for the generating function, and you
see what happens if you take a second functional ferivative and set 0= 0.

Now I see the meaning of the propagator D: it is just the solution to the
harmonic oscialltor in the absence of source J. Te, the probagator is the "free
propagator” which describes how the system moves with no perturbation. Same concept
is used in quantum field theory.
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3. Path Integral Quantization, Gﬂymﬁf

~that (p,x

. operators.

1. The Greens function or propagator contains all the information
of the Hamiltonian, To Tind G, you can write out the differential
Green's equation, putting in H(p,x) where p = id/dx. Ie, the faot_. __
?uﬂ is already built into ordinary Schrodinger equation gquantum
mechanics. . . . - . - .
With the Hamidtonian, we have a differential equation for wavefunctioms,
with G we have an integral equatiomrfor —the wavefunctions, big deal. The
physice is the same. The integral eguation is more useful, however, for
scattering problede and THerefore for particle physics in general.

2. All the above has no comnection with "second-quantization™, which is

to gsy, with theories which allow the creation and.destructdéon of particles.
In regular Schrodinger theory, even in inggral form with G functions, you
have only wavefunetions, ne field-eperaters-in—aPeck space. -6f course

you can interpret the Sch theory as the 1 particle sector of the second-

- guantized theory. )

S0, the above stuff has only to do with "first-guantization", the
fact that (p,x) £ 0. Second quantizatiom usually proceeds by interpreting
the field operator as a "goordinate" and saying (¥, &) # 0. _But_in
the present context, coordinate means x, has nothing to do with field

3. The Green's Function G(x,t; x',%') is therefore an object in the realm
of first—quantized physidéw, ie, TEgular quantim mechanicds. Wé Gan compute
G by dealing with a "quantigzed" Hamiltonian H(p=id/dx, x). However, there
is a trick for directly computing the propagator G in terms of the
classical Hamiltonian H(p,q). Of course you get the same result. The_
trick is just playing with the /x,t) states and has the name "path
-integral techhique". Since-you calculate guantum mechanical stuff directly
from classical H, you are in effect performing "first-quantization™, hence

““the name—path iftegral quantization, )

B Lt R S
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o

Harmonic Oscillator as Application of Path Integral Technique.

1. One problem you can do is to compute the propagator G(x',t'tx,t) in
regular quantum mechanics teking as your Hamiltonian a particle in a harmonic
potential well with an added driving force terms. This is a path integral
caleulation, if you like, and you can do the whole thing in detail; the
-answer is quoted in Abers and Lee, This example shows how you can compute

a quantum amplitude (the propagator) in terms of the classical action.

2., But here we are more interestéd in computing the generating functional
called W(J).' Roughly speaking, this is the limit T = +iw of the propagator.
Rigorously it is the ground state to ground state amplpitude. If we db not care
about multiplicative factors, then we can use Colemane wvulgar gaussian

path integral idea to see what we get.

3. The exact result is derived on page 68 of AL. Ie, take the exact Feynman
Hibbs quantum propagator and fold in ground states, then take time limits.
Result is (11.45) which is also the result I wild get below.

4. My first method ie to identify the operator £ by immediately rotating
the contour with no variable change. Then I apply Sidney's formuba add
get an ansvwer. The problem with this method is that

a) the integral is in fact phasing, not a dying gaussian, so the whole
thing is questionable.

b) that fact causes you to need an extra rule to define your propagator.
You have to letuw, be a little below real axis.

S5« The second method ie different. Here, I actually change variables and get
something that looks more like a gaussian. The operator X is different, and
there is no longer an ambiguity. Thie is the Buclidean method.

6. But either way works fine; the Euclidean thing just serves to define more

clearly what you are really duing}

T« S¢ this example is a combimtion of Abers Lee with Colemans integral trick.
The transition to field theory ie made by Coleman, and he redoes everything
with a free Kelin-Gordan field plus source (field theory analog of harmonic
oscillator + source). Of course now you see dd4x stuff, and things are

covariant.



Nonwavse Oseslarn. Qo et adviow

O ol we = \Me e

Q\\IM-J M%w “ "'M";- = -"&K+‘3‘:‘_ u\kwuld&wmj_J’ﬂ__—

(})tﬂ*ﬂ}]m memﬁ wdd%kmﬁ

) = _%ﬁ&t * 0y

O

so fuak Wil = %'{_&u’l w?fj. {dm ¥ XY iR, %)+ z{ﬂ'x}'z
B it Ry = -0 KD by pade, v lam
winl = 3 e»@?-— CNCE RS gc}x) — %, 11k + (‘7“]“>E

= DU ew § — 24 rhimdp ¢ 4K - 3,03
A . b

Owia i e on Celaumenia ﬂ-...\:xm}%em o A= Gin 3§+£h)
OB \b=—f5~, =0, M wdﬂ- E'U\-M-A-"'t.-’ﬁ-

e, WINL % exg [-— t(bﬁ‘b}l



Nowsy i\ A= +iw 43 o+l = -x-x[_w'c)f-kkl = -t-mia;, +w]]

~\ A T — wolk) O
M A = =i [ a%le
: ~ wo|t-t'|
T A= 6B = Ziem S
—we|t-=t'|
Se reudk exp |- \&Bcﬁ, [~ ve)- \ h-nru’)ll
~\ ~t') L (f
Maw A = ax®) = :\_,@,f@: o0ty S iy o J].
Y
= DG&-X)
Se seandk & W) = 2xp R_* {Xﬁéﬁ%’.}é& [ﬂ»l'éﬁﬂ' iﬁ%@i*ﬂﬂi‘mﬂl I]
(9]

A
b -5 6O T = v - -3l e

W = orp [~ HE)A IO DARTE) | faqrasar(i)

t T
Qn\m C A coan Dwek LQ"-\T—B = 41."“‘"-'5‘“ Lkx A Ox y e
MWW

J..B AR\ ,%) - %Lij}t&' TE O &)
wiil = Yle = = e T
W +iwyt
waanee D) = ;ilw ie@r\éﬁ% +ehe ‘g




o/

O

@Kbﬂmmn\d..aﬂmuﬂd) donr N..h_t N e .A.ﬂ'\hhj ‘g\ﬁ\,w%m\m&'

3.\_ ox | K — 3 e 'G'xl = - Sﬂ X K_- ek ~ 2+ Tﬂtl

a%wmw - w
= —E& X (#)- \%%3&‘~ik]x — 1351 Tk

Bosmmsoe e = = tn i - 50
T A= mk?-':—»wﬂ = f!\-tz _E\:;“ ‘:E—-w.if"r‘f'l.
= De(t-t).

)ﬂml\ez.-‘l&'m&) e =0 | $0

- tic}_m‘ TE O (1) )
L%Lﬂ <= C ' /a%;-mgn&u (11.58)
Q)@.\M ,
. 4
“:5;& L, 5%) - 5 NAM(E) De 4yt
We 3] = %\_&ﬁl e =




*

-

Yo woion. piiona) Boloa s Sackuons (W ).

WWER
B =W W= © aEahew

o

Wy = R, . ShR=\.

— At
"l"bs= EL 1“"‘)&

Qs = als ()
3% Q= opatn: Thown - } s
Qeldys = qlgHs  (ad)

‘ | IR it
A, = PRGN < segiman = glle T s 0
1\1 B ‘i"'luﬂl"‘;t> = %&“\\[‘J’“\) é"{t‘h‘:tbé‘-ﬁn\ﬁﬁ\f'

; She \ \Waanen h.5)

O

o4t &
Ly

Med Sk u.gnic SINILE IV PO
AN - kM O
4ty = SV« QTN = LY L) me

Rk Lr .
QWM = L2\ £PHT@L) = IRV Y) o V(o) Araey ot

= %%S% <1’\E[Xt‘]t?f*%\)\f¥r\\) - E%S%rfgﬁéﬂg[f“f")[ift‘wﬁﬂ

Hp(q= " |
S €TV el - YR S Ve

oy

O Ao, dW- %% @-R(H) ) 1) _iew
S 4itlq;t) = %%r@’tq‘ﬂ \i_iEH(?’%ﬂ x\%@ (n.ﬂe
Mot Vo, K= kres = B el (fi'{‘ﬂ—e*r\(h%m



{a. masﬁ\wx.w WM:

F({nﬂ' “ﬁ") = S&ixu. SRS g G\ - aile) 0
..+:--)
3 :“- Af(q.i“iu ﬁ W Cey 4+ Gieqicn)) “'1'-{‘:“[)
o =l 1TL L o (H-'ll:!:]

Mo dalea €30 MA®  Cm= -t
4 Ao 2‘&?:“&& ‘\.}1([& Lh“ﬁ}il
@r% jﬂ_\ )
LD limva] ~
- Jom T% 2_1r"k ‘ Qt | o L\l.--.l.\,‘ﬁ{ku.tl\

e L L=y

=

-"n-‘!ﬂ

Moo teade M 4+ 4o 99 s p - mbigpatima

_:ﬁ_\%q; E*ﬂ-[il“ﬁ-i} - E-R\—E{t—‘-’r \J(ﬁe--\]

L=\

-~ ifﬂi“ﬂé _E\l(ﬁ\
= :E-: EXM'— - Q lﬁi =

A ‘T}"”" -~ 1)
e ¢C
Y:hrielw”

W U\&g:w« N anlesegds . (o Vade & C110)

POy = S :“T\é«% T L‘; ‘?’*fi 2 ?i(“““““*“@"“(ﬂ)’éﬂ

—| ?

sl
h.ﬁ‘:l-ﬁij S € I 0
< i?TrEe.

i —

=y

4=\
Tor sodn A, TMRJXB-&W " Wmﬂwwfﬁﬂ. ~noch page.

(W



. “" ” W |
M - T Nagw| T \41:. 5]

o uhans Q\IL“ = T =% =9 ok q“'""i"l-: q_.‘. NM Mf‘-.uuu.:
Lagvtil g, by = Sdii QLUJ‘-*-(Q‘&J‘-‘!")* ORI

P Qﬂiw )- emwl} X

- e liﬁﬂ““irt)*ﬁm‘iif‘.}.\]
SENy EE |

s o Ly **f'— Ifﬂ'\f"ﬂx N~ € Wit 1) ] :

Tl e
MA \ P»\Lmﬂ..,&.m;.ﬂ.{-« “w
O . _ Z/L[_Pahz, qut EH{E,%)}
POt = Qowe { \&wﬁl TB zrl
W3R (11.10) MP‘“‘-J

‘9&1'?,, coanma RCR 94 = ¥§—+ IR N TS Mot
- N, - .
Ei%élx o TV St se Wi Ak dag K

L‘..E'E.Lq{ri},-u} -€ Eé —E"']("q;, ] -I.E-.‘I(_“u) \ L‘?fﬁl f.‘.t.l{-

e
Oc\%cku«? Subigd \ S “"”; = eﬁq“ st bs Wi
y H‘Eh ' *T’L e
4e\WN(gy) ‘Kﬂﬂ/;‘i}i'_ - Vig) € “&3f
o SV [ ST S A e

-:‘ﬁ‘“ﬁi\‘i_J__ L
oSN Mmﬂ



S & Mar e Sl Lk -

. o . \
zheq; —ie V@)

. = Twe ©
So e 00y ek m)émsm_ﬁuﬂ%hwt

v o« &
A, e 9 ~ E\J(‘@
S T ﬁ—‘ ~
A R FF"‘( \ [LEC e

2 e [Hd -]
\ N= —

e <
T e - "‘Sd‘i ?.‘!.—‘J(“'l\

" Qil?;:iaﬁ- AIGERY

[}

L

R A W= %#U(“I\ L & - A - V@)
Wl {e M oy ose L-s w%{_u(ﬂ

. Lu-lﬂ
‘H*H A S S ANCRY
{51’11-1.'2 -;'-’-'*- M B@-LMD- e oug i |'
P \omde. s dgi qux Q). Qu- 1y,

/ﬂwwﬁiﬁl.'m “Q.\asw AA Po&\'\?s.“ % - ?\w.wﬂu Woss
M w D ashun (ﬁ\-\"‘b
"Jwik ol e FW A Ues -




t @ N

%T'
T € g
0O
e ¥ ' PSR '
Wil = Wil @I GoadT Canamy o
T
Moo: QN = 411.é%'ﬂ'|&‘>
A sounsdd.
W= %l«@@\ ad HWY = &) Wﬁv
) L& (f-T)

_ ™
arap = 2 e Dy = @ &@) €
' )

493, Mon ot Q‘mr_jﬂ-f;“ ) .'qw_.( u.:(.]:.r,

Moo L ST by AT & (3) &) S
o T e
-1 U

> ﬂ‘?:xm < 4ﬂ¢\ﬁiﬂ = &G & (@) (n32)

Ss

S | amey | - s
léar_éam‘l Sﬂf&&‘ (4.8 %}fﬂ} (Al At &t %}%)

=i
Ta e
(1.33)
Se WL = Ny @ @)A1 ).
Rl
l,.u ) 1 M‘f
o > e

S WSl = el = oI s 3hom U o d Thade ot
Yunngeony ok 4T



by G weg, T acke oy %\@ One wm:
?JII_ A Wlga) 1-\61\
G- OB e l Y

Oucos (o enddl do 4 wamabiie Er,
% § = %&13@3}«@\- 5= MN%
\

| %&_"-_- Wix)
J

TG\~ } AT EH - ‘r"r‘ifn\-\*‘:“ﬂ

e o
M A (Tas) gy
O nﬁ K= < X K= C -2 =
. & (o)
so K= K(l‘é’l\‘- M\K
g q_su.Qm_Qi . LX
BRI Eiﬁﬁ] e ©
5y 'Trmdw.

% ) :‘E[\-‘J\ y 3% W@ L:MM \ealla ?_b\."ubﬂ._ )
(T'-f-a do M deavauLe od va (,'1.1.-3‘3 Pearn mfk ¥ =o0. Quﬁ\. ci_n.-h\.\'i. o
so LW = 7| T (i) 6 - QW] o).

Pbin ® contamatn @l e e @f_imxf} Y gk TR



4

. .
O D = FERaD = ) = E R SR P e
@
- & I'-L'l'l‘lf:l] %PEL} Lett (ﬁﬁ\ &fE (h22) | (w.23)

LR = L= g4 oW ey woom W ot Jowo HCRRY = 47+ V().
Olsrwas, yowe o o daduse Ly oy dowsy o] unbagradinn |
wivl: WLL Qs ¢
Witl = Neqdq Gyt <alsy = A%y
{f
= S*&*\i' Lo\q - [B‘_ﬂﬁ.%% m?iﬁfﬁﬁ -H+‘sﬂi~i Q\ey-
o So W wuleman %‘qu& Aol 18y, Bk %'w'& Lu.saﬁ}
widl ~ <@f;‘~ﬂ\t3¢iﬂ>
T J
~ Do S[&q\_\wiiéh\\%(ﬁﬁi)%‘r&\ﬂm

T,
SEEE G CRATATIIAN Tt

Se
\.0 R R VWWR e IEYLY W
s“s(’ch “‘ﬂ:u-h )w?i 1
M (8 30 Fao
M \——- Soan S Lg';‘f;g q‘%l\c\.HL) oK E"‘?\ (1.28)
ERINNENAD
o = Qi AT | Tla®ad\@T

gﬂ %ww%-umﬂ\ &Mwﬁ‘m@%z\-ﬂ‘& Y=o Wik s To?ta E



St wadook T 30 bmaa. araduse monder Jalen S s B

Lqt\a'%) = -i::n\-frl ':;LE wfi f_ Lyﬂ (?L""‘?Hr 9 ~1Ti *Tl )@

=

O, wae Cutd)  whaw € = ﬂ_’%‘ﬁ, »ﬁ 'f:ﬁ Sp- Jmsiacm.t

Mo Jt't“%b%h /.

'[NJ.
Tp\s&h Y UmA ?‘\1=mi&o 'ﬁL=—'Mﬂ\°-5. J&.t:-7{'-i'-'-—'fzi

!

Q,%u; €= 7-¢ = Li(tt) <= e so e'= ¢

Lo A oy |

= 4%“\"15‘3 ‘L= }’::BT& mfz ZL‘% ("\* e ::’ i
(.35.5)
Voo ks €'r0 ko ok T
= w&{éi’f \4) (‘h ?‘%}KO
o

ﬁwmv\m*-

&V\MM} ”ﬁ‘“m:

AT

Qridny = NEH! w?iﬁ}ff Ly <“*~=;‘i“q“rj

e Dk
Wi}~ Jui - Lamlony < Qe ot Ly (4,65
Ta-ie ;\ t3q
Me @ Do Eoadodasun wers i We (3] [w)



s

()
o on — AWt~ - & e
O _ Eé\f%iz’ R Le_ﬂb_ﬂ_}&* 511*“';3‘?33[ (W 3
- o -
P toans) fun
= Yo Naw -
2 e

-3 [adal) ) )

gc- NMMMM
B dopetortT = o {5 i S0,y

Mo dudarl w njéﬁ“m e

O Mad o .
@ = (o) TX_@HD Qﬂx)l\u)
SIANDA

?

= exp} 53“0“‘0*%1
oxp LOVTD N T U

Y £
V

DW= wgau)\bbﬁfg 30 + Q-*.-ng(SBT‘%T\.?D.

S0 dwes T () a)ly) =~ b*@w{b)



@(M?uﬁ_n QS ma) (h.ae)

¢
£ t\qn*:) = MXT %_% exp ii};f \%: (‘T“J{)%TWLEO

e R

EY

£ ~ S
Sei"f e = &l e X OQ}‘“‘. ﬁ‘—';‘lf) o v (MY,

L=L
Muor g0 loade o cwat gk ot Dwla Swam e ool
_“ l E%“?E‘EL (o (i §+~5-(mﬂﬂ)m
%m{g Mw\a«-\.\i @\mu&&mw&mk. &wﬂ.mun.q\rka.

MM"\. :

4%*\“, = \% aw{uﬁh W{’%’ ?5 o
St Q= S cwsans Swrtolg Qs Jimeon 3.
Nk @ 5 = "{,mib- t\“’? + V9
= %%= %\_ oA %\ME{&:*\&C{\-&T

Se T s M e gnven Wavwiens ssedlada M&w\
Vord, Qs aowg T WIS\ ;m.it_
"MITK = (:c: D> = oxp SL AFB At 3() [ @xp 0-t AP f)g}ﬁ(tb

-J~w{ 1)

el Ea\mx&rﬁv\i*@ v




Nov. 25, A

‘Section 12: Path Integral Formulation for Field Theory

The basic path integral formula for the generating function is given in (12.2).
It shows integration over both the fields and the canonical field momentta. The
argument of the action here is really the Lagrangian written in terms of the p and q.

In certain cases, you can do the p integrations to get the more standard form (12.9)
which Coleman uses.

The Euclidean stuff is mentioned here. You have to regularize these integrals
by Wick rotation and so on.

The two kinds of generators W(J) and Z(J) are defined, and their relation to
"connected" feynman diagarams is stated. Greens functions are written as j derivatives
in the usual way.

On page T4 the field integrations are attempted. The characteristic determinant
appears out front, and you get the standard form J x Prop x J in the exponent. In
fact, the propagator is even written as Khl which I like. This was a free field case.

For the interacting case, they do the standard trick of an operator on the
free action as in (12,16). I was once very confused as to why this is the Feynman
rules, but studying Colemna notes straightened this out. I think the rules are
more obvious in the d/df notation. The fact that there is no need for a Wick theorem
is mentioned, and now I understnad the remark.

We will not go into anti-commuting c-numbers. Apparantly just & minor technical
detail.



Section 13: Yang-Mills in the Coulomb gauge. .

a) Standard tization. . .
o 1. First, the YM Lagr an is written in the usual way, only YM fields oresent. However,

the F and A are treated as independent objects. Of course this means that the Euler
equation on the F-will set them equal to expected object as in (13.3). Under local
gauge trensformations, F-transforms as a simple‘isovector as in (13.2), whereas A

goes as an.isovector with the little extra piece. The u(x) are the gauge functions.

2, Consider all the Euler equations. Separate out.those which have time derivative, see
(13.5) and (13.6). Computing the momenta, you find that F ; are momenta of A;, but
the momentum of A, vanishes, thus A, is a depen&eﬂt-variubfa; just as in QED.

3, Now look at t eh constraint equations. (13.8) clearly tells you that Fi' are dependent
varisbles determined completely by the A;. Then (13.9) puts a condition ofl the Foi
variables so that not all three of them are independent., If the F ; are not all

independent, then their corresponding fields A. cannot be indépenﬁent. So 'you impose
some kind of gauge condition on A, here just the tsual Céulomb gauge that divA=0, (13.10).

L. So only the transverse piece of A, is true variables. I think you can just. set Al - o
as was done in BD.Y So, break F ; into T and L pieces as in (13.11). The quantity F_.¢L)
= has no curl, and may theréfore be written as a gradient of some f as in [13.153.

So %he thing f is like the electrostatic potential. And then Fo is called E. °

5. What goes on here? The true canenical wariables are ;8§ E; and A;=A T + S0 you want
to solve eguation (13.13) for the potential f. You go ahead @nd solve this by the
Green's method to get f as in (13.15). Then once we know f, we get F. from (13.12).
Finally, you write down (13.17) and solve for A_ again by a greens method. -Se-I was.
WO — A s HEE—H - Yo cotdd—shd ey : E @-ﬂ‘i'l”-tfﬂ_.

6. Summary to this point: for the Yang Mills Lagrangian, we have identified the fields
which are independent and which we want to quandtize. All the ‘other fields are dependent:

=%

‘_} - -‘J’ —
%R Ai = A.E‘-- amd AL-: =0 so Pk VA =0, Casews gt
NSRS TETY
— -7 s
gﬁ E‘: = Faf'_ = %o&amw a‘n AL .
=L
Olvan Jo9de Too v (1312) awd (1345)

Fii wiae (37)
R, v (3N
7. Next, they compute the Hamiltonian and get (13.20) which looks right.

8. The procedure up to this point was the standard quantization procedure. Ie, you would
go ahead and impose equal time commutators on your independent objects and go from there.



jbi Path integral Method,

1. Now, write down the full path integtal-generating function: only the’dynémical
fields enter, hence you get fXxRRi} (13.21). Makes sense to me. = &

2. With wvery little work, rewrite this generating path integral as in (13.24). Now
nominally you integrate over all E; and all_ﬂi spatial components, but really the
two delta fungtions'restrict you to transverse fields only. ,The determinant turns
out to be field-independent sp is simply ignored. So I am happy with (12.24). Of
course it is still not covariant because you are only integrating over spatial
cpmponents of P and Q, so to speak. .

3. Next, write 1 in fancy way (13.25). Here f is in isolation. Rewrite the delta as
the equation invelving f, and compenstate by jacobian determinant detﬁc where c¢ stands
to remind you we are in coulomb gaug¢.. The result of this step is (13.28) which looks
just fine. There are -now three deltas.

4. The rest of.the manipulations are very artifical, no reason to check them out. We have
three deltas. Do the [df] integration to remove one délta, hence get (13.31). Now you
see all spatial field components present. The goal now is to add the time components

to get:a;covariant formulation. The time components are dummied in in (13.32) and.(13.33)
and the final result.is very simple, see (13.34). )

" 5. The final result says: -integrate over all the fields, but dont forget the Popov
determinant detﬁc, and also dont forget the gauge delta. Then the exponent is simply
your lagrangian. . . .

6. The last step is to exponentiate the Popov déterminant. A good method for dealing

with such feterminants is given using the old trace theorem. But the effective lagrangian
is not yet discyssed. '‘You can see 'that the -exponentitated determinant is just going to
correct the lagrangian from (13.38).

7. Apparantly, -the materjal of this ‘section was the way Fadeev and Popov originally
presented some of their work. Started from just the dynamical fields, and then
dummied in all the extra stuff to arrive at the simple form (13.34). Obviously
there must be some simpler and more direct way to get this result. Must be some easy
wag to explain the determinant.



Section 14: Intuitive Approach to Quantization

1. First we copy down W(J) from last section. Can integrate trivially over the Fur 80
that only [dﬁu] integration remains. Plus you have the gauge deita function and

the FP determinant. Question: why does this W(J) not look like it does in a ™ormal"
field theory? This is the question that Fadeev and Popov answered.

2. Intuitive comments: we know that in a gauge theory, thex operator K ( Coleman

called A) which apoears in the action is a projection operator and is therefore
non-invertible. The exponent is "immune™ to variations of the fields in the "longitudinal®
direction., Usually, as you let some field go to infinity, the exponent is damped. This

was the requirement that the "matrix"™ A be positive definite in Coleman notes. Here

it seems that in effect some of our diagonal matrix elements vanish! Te, the exponent

is constant as you go off in AL direction. Obviously, the longitudinal integration

then gives a divergence.
To repair the problem, you should in effect divide out the orbit volume. Another

way to say this is that you should restrict the integration to a hypersurface or cross
section £(A) = O which intersects each orbit only once.

3+ To illusteate the situation, Abers and Lee tell us to define a determinant which

is essentielly the jacobian from the f of f(A) to the gauge parameter functions called u.
By playing with the "normal form" (1L.8), you can expose the orbit volume as in (14.10).
You just divide this out to get your answer!

L. What is the determinant? You first choose a gauge, this determines f(A+) = 0. You
then vary the gauge functions causing a variation in f. Then det is det(df/du). For
example, in Coulomb gauge you can read off Hc from (14.1L). Notice that M has the

for del® times (1+ something), where something is field dependent. Thus, you cannot
Just ignore the determinant! M for Landau gauge is also A-dependent, ,(14.15).

5. Finelly, on page 86 it is shown how the determinant can be exponentiated by
introducing fermion scalar ghost fields called c. The effect is to add 8. to the
action you already have. Finally, you trivially exponentiate the gauge delta
function to get another lagrangian correction of the form [duﬁu}z in case of Landau.
Once you get everything into the exponent, you can then read off the feynman rules!
These rules are shown in the table on page 88, and I think I understand now, at last.

To go verturbation theory with a gauge theory, you will in general need ghosts! Ie,
you have to include the ghosts as a symbolic part of your feynman diagrams. In QED

which is abelian, it turns out that the determinant is A-indep, so no ghosts needed.



0

How to understand the ghost loop expansion business.

-

1. The ghosts are created to simulate a determinant. If the determinant is detM, then
the ghost action will be something like dhx et Me where M is some operatnr. For
the ghaats, this is a sort of ¢2 field theory. Ghosts start out being charged scalars,
so it is ﬁ theory with arrows on the lines. It turns out that the non A-dependent
part of the operator M is just BOX, so the ghost propagator is same as that of a

massless Klein Gordan field, ie, lsz.

2. So consider for the moment what a ﬁg field theory looks like. First obvious fact is
that number of external particles on a Greens function must be even, just as with
usual electron case. Here, the total incoming charge must be zero and all particles have
charge + or — 1, hence even. But the object of my present interest is the vacuum
bubbles expansion. I know that W[0] is the sum of all vacuum bubbles, Lets show

a few terms:

N, xS ™
Wil = Jleadle = ele ot S = Ok qad
Oudar a2 o) ‘-‘ii_ijpt'-lﬁ = [ Ol x U2

Opdon ) awn: | @2\ @)

Qs (L3N D G|+ ..
Gy DV« [ Q9]+ [Q OV~ [o ool

. . 2
The interesting fact about ﬁ theory is that the most complicated vacuum graph is

Just a product of loops. It is not hard to imagine that you could write all such
graphs in this way:

[_CD +C e O+ ":1
- = |+ ‘;ﬂ#i?kjdqf;} +-Ila~h14,14q3;1 -



This looks reasonable, but I have never read about such a thing. Maybe, though, I am
now on the way to making sense out of the series in the exponent.

3. I.eta now do the functional :Lnt.egral tr::- get the Fp determinant, and t.hen expand the G

da;erminant using the trace theorem:

¥

we = Ywap € = = &N = (e M g g M|

B M50 e

" -

- BTN \ *
E.huu[. (Y - ox I.‘kfw thﬁf _\;\

N DR (R N(G RS ] = W

I have the desire to identify trate)L) with a loop with 2 dots, traca{LE) with the
three-dotted loop and so on. Then you might sort of see why you ehould put in a minus
sign for the fermions.

L. Also, you get the feeling that Z{) should then be the sum of closed loops, just as 0
Coleman said. Still, there are pieces missing. Ie, I dont really know how to interpret

the object called L, and so on. Also, I made a basic mistake. The ghost acltion is

not an interaction hamiltonian like the ¢2 I was talking about. The ghost thing is

like a non-interacting theory kinetic energy term, and there is no perturbation series

because there are no interactions.

So many loose screws need to be located, defined, and tightened to make this
stuff go.
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Section 15: Equivalence of the Landau and Coulomb gauges.

1. I thought that Coleman had more or less convinced me that the path integral was
independent of which surface you took, and therefore it was obvious that all

gauge choices give the same génerating function. But here, they explicitly compute

the relation betwene Wy and W, and the result is not that they are equal, but

almost equal according to (15.6). In fact they are not egual, and the unremormalized
S-matrices are also nét equal. After renormalization things become equal again.

This is a lot more complicated that I thought. Right now I know nothing about
renormalization theory.
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The functional derivative of a functional is a function, not a distribution.

2. However, the functional.derivative of a function is a distribution:
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Section 16: Generating Functionals for Green's functions and proper vertices,

l. This is a very meat and potatoes section, cram packed with useful ideas.

2. Theorem: The derivatives of the Z[J] functional give the connect;d g;aens funcﬁions
of the shifted fields #. This fact resolves earlier conflict I had.

The first derivative of Z defines the classical field @ in presence of source
J. Set J=0 to get classical field = vy, the vacuum expectation value of the quantum

field.

3. The first Z derivative gies the classical field Bx & in presence of J. In effect,

this defines @(J). To invert this equation, yop use the Legendre transform trick.

The dual function is called GAMAA, dual to Z. The first derivative of Gamma is -J.

The higher @ derivatives of gamma yield the proper vertices G(n) with external props
amputated. This is still a slighily amazing fact? Since the variaus derivatives

starting with ms@ n=2 of G[f/] give the proper vertices, you can represent G as in (16.20),
Gamma is called "the proper vertex henerating function". Notice that in the derivatives
you set @ = v just like you set J=0 in getting the regular greens functions.

. 4. The superpotential is also a generating function of sorts, defined in (16.23). The

coefficient of each term in the sum is the momentum-space proper vertex greens function
(legs amputated) evaluated at zero momentum. Why zero momentum? Because then y @ in
(16.25), the curvature of this function gets identified with mass! Ie, the inverse
renormalized propagator eva,uated at zero momen tum. Notice that the superpotential

is really almost the same as the generating proper vertex functional. So curvature
equals mass, and slope = O when @ = v. Therefore, this is a good candidate to apply
the classical field theory analysis on SSB! In effect, we have proved Goldstones to
all orders of perturbation theory, for a "regular" field theory (ie, no gauge group).

5. Obviously, one would like to know, given some lagrangian, what the superpotential
V(#) looks like, so you can find its minima and then see if there is a superconducting
vacuum or not. There is s perturbative method to calculate this V, called the "loop
expansion”. The first term is just the regular potential of the lagrangian. To this
same lowest order, the Gamma generator is just the action, so proper vertices are just
the coupling constants in the lagrangian! Also, to this order the classicel field is
the same as the solution field of the classical field equations. When you go to the
one locp level, the Z is corrected by a fancy trace. This causes Gamma to be corrected
by the same trace, as shown in (16.38). This trace correction then finds its way into

the superpotential,



6. The point is made that , although it appears that the first few terms.in the
potential are divergentg in fact they can be absorbed into renormalized constants. N
7. From (16.44), it appears that to the extent that lambda is small, the regular

poetntial is a good estimate for the superpotential. :
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3.16.78

Section 17: Renormgplization in the ¢’-~model.

1. First, the ﬁﬁnch line. If you know how to renormalize the "symmetric #~model"
(ie, the U(1) or 0(4) invariant lagrangian without that linear term which gives
PCAC), in the regular mode, then you also know how to do renormalization in

the Goldstone mode, or in the model with the linear term added and either mode
activated. The fact that I dont know how to renormalize anything should not block
me from getting the gist of this section. ’

" 2. Notice the trick of having one instead of three pions for didactic purposes.

You thereby avoid all the pain of chirality and 0(4) etc etc.

3. S0 here is how it goes. You write down your potential with or without the
linear term, If no linear term, then the theory has the usual regular and
goldstone mode, depending on the sign of W~. When you turn on thé linear term
so that cf0, it appears from (17.5) that Eéu are forced to a goldstone mode

ie to a theory with superconducting vacuum, ie, sigma field has nonzero VEV,

4. Consider the generating function for the symmetric theory. If you take deivatives
and then set J=0, ie, J = (030}, you get the fonnected Greens functions of the
symmetric theory. On the other hand, b y evaluating the same derivatives at

J = (u,0), you get the greens functions of the theory including the linear term!

5. Now several other rules get slightly modified., Look at (17.15). Usually we
identify this derivative as the slope of the potential and we expect it to be

zero when § = u, ie, at the minimal point. The reason it is not zero in (17.15) is
that ' is the vertex generating function of the symmetric theory, not of the
theory-with-linear-term. The idea is to solve (17.15) for u. Ie, given that
constant ¢ in the linear term, what number w causes (17.15) to be true? Then
evaluate higher derivatives of N at this point fP=u and you will Green vertices
of the theory-with-~linear-term.

6. Restate this last point, If you were doing the symmetric @-model without the
linear term, you would set ¢=0 and solve {17.15) for some u. Ie, in general there
is some function u{c). Ie, u = u{c). u = u(o) is the correct u for the symmetric
theory and evaluating at this u would give the symmetric greens functions in
(17.16). But evaluating (17.16) at u = u(c) with cf0 gives vertices for the

o —model.

7. Thus, if you like, (17.16) gives the general vertex as a function of u = u(c).
By putting in different u's, you get the vertices of different theories.

8. Look at the equation above (17.19). This relates f'(u) to (o) via simple
Taylor series. If your theory is regulr in absence of ¢ term, then regular
theory is described by this T(oY . Adding the ¢ term gives ?Lu}. Thus, if you
know the regular theory, you also know the sigma model.

9. The point being made here is also the point made by Coleman: if your symmetric
lagrangian is renormaliseable, the fact that it may have a modef with SSB does

not affect renormalizeabliity,. Here, we have shown this fact by showing that

the regular theory vertices (to all orders) determine the theory at u#0. Also,
the u# 0 may be caused either by SSB ( internal breaking) or by external linear
term, In either case, renormalization follows from renormalization of the u=0
theory. This in turn is well known.



10. Say it once more: you can drive u away from O by either internal or
external symmetry breaking. Regardless of the cause, the theory is still
renormalizeable as long as the u=0 theory is renroamlizable.

11. Ward identities: If you rotate your source functions J at the same time ~!i)
as your fields, the term Jf stays invariant. This simple fact at once makes

a relation between two first order derivatives of [, Higher derivatives then

give you the more familiar Hard identities,

12, Recall in QED how the Nard identity was helpful in the renormalization
process., Same theng will happen here. Again, all these Ward identities are
functions of u. At u=0 they apply to the regular theory, at some other u
they apply to the broken theory, spontaneously or not.

The next task is to learn something about how to do renormaligation!



Section 18, The BPHZ remormalization program.

1. References here are: the 1959 book of Bogoliubov and Shirkov; a 1965 paper
by Hepp; some 1970 lectures by Zimmermann . Also Symanzik has a foot in this

somehwer.

2. Many things are defined: most are OK:

proper diagram

superficial degree of divergence D

the processed integrand R and its corresponding finite integral J
primitively divergent diagram

operation (1-t) to effect subtractions

rencrmalization part

the contraction notation

Bogoliubov's R operatiom: ( pre-process integrand, then subtract with (1-t).
Zimmermann's forest theorem

propagator regularization

3. When is a theory renormalizable? Ie, what is the punchlineo of all this
high technology? Answer: look back at the definition of the index %» . Recall
Coleman's remark that this thing is defined in complete disregard of the
dimensions of the coupling constant. Thus, if L7 = a ﬁ 5, ie, PFHI-FIFTH theory,
dim(L) = 5 and §= +1. Of course dim(L) = 4 if you include dimensions of the
couplings constant that is not the point.
The point is this: if all 8; of the various interaction terms are £0, the
theory is renormalizeable. A simple result to remember!
Technically this is so because then only a finitenumber of counterterms
are necessary to implehent the R—operationm and_achieve renormalization. Obviously
theory is not renormalizeable, but ﬁi and ﬁ3 theories are. QED has rqiﬁﬁﬁjr‘
which is 3/2+3/2 + 1 = 4, hence yes, QED is renormalizeable, Same goes for the
sigma model since all terms are like @+,
Dont forget this very simpie and useful result!

4. Thex rest of the section is to technical for me to follow at this time.
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Section 19: Dimensional Ragularisatiana

1. The idea is to continue in the number of space-time dimensions from n=4
to complex nj do your integrals which can then converge, then take limit as
n~3Y . The divergences will then appear as poles. These poles are precisely
removed by the R-prescription.

2. Technically, here is what you do. Z®xrze Take a particular Feynman graph.

Put all propagators into usual exponential parametrization. Do the usual
completign of the square trick or whatever (recall ELOP ) so that you can

do the d'k integrals. Only remaining integrals are the de 's. The UV divergence
now appears as end-point singularity caused by denominator showun. Thies is

the usual procedure.

3., Here is the dimensional procedure. Write dnk = d#? ﬂn"4E whera you extend
to larger space. Set up the alpha parameters as before. Then do the d _45
integral directly. Your result then las thosep potential endpoint siggularities.
Then choose n small enough so that these endpoint sings go away. Then you have
desired integral as a function of n.

A. 4 rveason this method is nice is that it preserves at eveyy step your various
symmetries, since these dont depend on dimension of spacetime, BRecall in BD vol 1
how they kept doing things in such a way as to preserve gauge invariances I

guess that is desireable.

5. Big footnote on the Adler anomolies. Apparently even the fancy dimensional
regularization cannot handle these guys. TYou really want to avoid anomolies
in a guage theory. Bome little theorems:

a) if triangle anomoly absent, then all anomolies are absent.

b) if the triple-gluon fermion loop is anamoly-free, your NAGT is OK.
In fact you can write down an explicit condition for the Xxip¥exy loop of
interest. TYou can gause anomoly cancellation by choosing particles carefully.
I think charmed particle does this in Georgi CGlashow model,

6. An example of this t'hooft Veltman regularization is done: +the two graphs
which add to give lowest order vacuum polarization in scalar ED theory. You
have two terms. By going to complex n, you find that the second term = 07 I
thought you were supposed to get a pole? Hell, I really dont have agy details
here. The idea is clear though.



Section 20: Feynman Rules and

11 We consider a specific model of a gauge theory. Model has O{3) as”gauge group, so
non-abelian. The only carrier particles are some scalar pions with isospin 1, ie,
SU(2) group. Add in the gauge fields and the ghosts and figure out the Feynman
rules. For no S8B this is rather steaightforward.

2. A trick to locate and identify all the necessary counterterms is to scale all the
bare fields and couplings in a certain way. Then (20.6) and (20.7) gives you all the
counterterms. Then you renormalize the theory in the "usual way", ie, you show how
the counterterms fix things up to any order. For more details see Lee and Zinn-Justin.

3. Now, what happens if you are in the Goldstone mode, ie, there is ssb. In the usual
way go ahead and define your proper vertex generating functional; we now have a classical
field for the isovector of scalars and for the isovector of gauge fields.

Suppose there were a linear ;5_@ term in the lagrangian. Here ¥ is a constant source
and plays the role of constant c¢ in the sigma model. Choose ¥ in z-direction im isospace.
Assume that this causes the field § to have a nonzer VEV called L. So you solve
(20.15) so that, given a {, you can find /. u points also in the z direction.

Since you have therefore broken two gauge generators I, and I2 by assuming that
@ has a VEV pointing in the I, direction, you expect to get two maSsless goldstones.
Theee are referred to as )% i‘zelds. Look at (20.18). It says: suppose that constant
¥ = 0 so there really was no explicit breaking in the lagrangian., But suppose u_ £ 0
still. You are forced to conclude that my = 0; Just statement of the goldstone £neorem.

So, what do you do to get feynman eés and so on? As usual you shif t the
z piece of the @ field to something called 4+, 80 now you replace the three fields

with the three fields ¥.(2) and 4{1). Rewrite the lagrangian in terms of these
shifted fields. Only problem now is that, even though these are all physical fields
after the shift, you seem to still have a ~ytadpole term in there. Somhow you make
this thing go away.

Then once this tadpole term is killed off... you renormalize the theory in
exactly the same way as before for the theory without SSB. Notice that there are no
massive vectors here because we are not in the unitary gauge. We are in the Landau
gauge where the ~ field has some mass and is still in there. Ie, I know that this
fields .. no wait. Look carefully at (20.25). You do see a mass term for some of
the vector gauge fields. But you also see the <9l - fields as massless goldstones. In
the U-gauge these goldstones would have been gauged away. Here they are still present.
Somehow they must decouple.

From this lagrangian you read off the feynman rules for thés theory in the goldstone
mode. You see that two of the gauge fields are now massive, as just noted; one is still
massless (photnn]; you also have a massive & propagator. In addition you have massless
ghost ¢ field and that goldstone fields .

4. But, when you rewrite the massi‘ge vector boson propagator, you see that it too has
some kind of piece with poles at k™=0. These are some kind of awful negative probablitity
scalars, ie, ghosts in anocther sense.

As you would expect, when you go to the mx S-matrix, you get a glorious cancellation
of the three kinds of massless bosons sitting in this theory: the ghosts ¢, the ghosts
Jjust mentioned, and the goldstones (. The goldstones “decouple"™ as expected.

Summary of this section: Given a gauge theory, you have to consider both possiblities
of no-S5B and 59B. In the first case you read off your Feynman rules in the usual
way and you show theory is renormalizeable in usual way. But, in SSB case you have
to ghift field with nonzero VEV. This creates goldstones. You then have to show that

theory is still renormalizeable, and that the goldstones decouple.
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Section 21: The Re-Gauges,,

'o 1. The model is set up in rather general terms. Let @ be some gauge group vector of

e/

mesons, say of dimension m. These are the Higgs scalars because one will break the
symmetry. Couple in your gauge fields to these scalars in the usual way; add the Fuv
gauge term. Assume that the Higgs potential is such that it has a minimum so you
have SSB. The vacuum vector v is still invariant under M rotations, but breaks
N-M of them. Recall that this means that the vector v is annihilated by the N-M
generators in the goldfpone grouping. So shif_t the field vector @ to @' and
observe that there is now a gauge-field mass-matrix called FEZ For the m-(N-M) Higgs
fields that are not converted to goldstones, there will be a mass matrix Hz. The
fancy projection operator is in there merely to separate the goldstones from the other
Higgs scalars.
Now, notice in (21.14) that after the shift for SSB, there is a direct coupling of
the gauge fields A, to the Higgs scalars duﬁ. They are going to choose a fancy gauge
that kills off this coupling. The gauge surface is stated in (21.23) and is almost
the Landau gauge, but it has a piece added onto it involving the @' field. I guess
there is nothing wrong with choosing F in this way; recall that it just had to be
a gaussian to be reasonable. So, exponentiation-of-the-delta creates a term which
cancells that just-mentioned A-@' coupling; it also adds a little constant term to
the gauge propagator so that is Just like the%f thing ealier, now called§. Ie, this
parameter § is a free parameter in the gauge condition. The last term in F'F from
the delta causes an additional ¢ masslike term which you see in (21.24).
Finally, you have to compute the FP determinant and then use ghosts to exponentiate
it. This gives (21.32). So, now you are in a position to read off all the Feynman rules
of the theory.
a) gauge propagator is (21.27); recall that ﬁris a matrix, so this shows that
some of the gauge fields have mass. There is some spurious pole at 11 }f’.

b) the Higgs particle propagators are given in (21.28). The still massive ones
propagate at masses det by mass matrix Hg. The ones in the Goldstone space
seem to have mass?&fﬁ'inat&aﬂ of being really massless goldstones.

=\
¢) the ghosts ¢ now have massgjr g8lso, and there is a new c—::-uﬁﬁ coupling.

2. What have we done? We have taken an arbitrary gauge theory with an arbitrary
multiplet of Higgs scalars. We have done SSB, and have ghosen a peculiar gauge surface.
The gauge surface has a parameterS. The reason for doing this will become clear in
the next section, I presume. As §¥®, obvious that you go to the original Landau
gauge. They claim that if you take §0 in the end, you have the unitary gauge.

If they can show that the S-matrix is independent of §+ then in effect they have

shown that all those poles of the gauge, ghost, and goldstones have somehow managed

to cancel.
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Section 22. Proof that the renormalized S-matrix is independent of §

!:’ This section has several distinct parts which can be separated:
1. First there is an elaborate set of maniipulations which all lead to the result
(22.18). That is one business. Then comes another business of interpreting the .
resultant (22.18).

2, lets examine this first. Equation (22.18) tells us that the net effect of changing
the gauge surface from F to F+A F is to add couplings of the source J to the fields.
I can see that indeed (22.18) does say this.

What I do not understand is the next concluuh, namely, that when you add terms
which are an interaction of fields with the source J, that merely has the effect of
shifting your various Z's. These shifts are then compensated when you go to the
renormalized S-matrix, since you divide by the same Z's.

Thus, the conclusion they claim is this: if you change your generating function
by adding couplings between J and the fields @, you simply do not change the
renormalized S-matrix one iota. I do not really understand why this is so, but
I do see the flow pattern of the logic here. It is this:

1. Show that changing gauge adds only J . fields term to action

2. Claim that this does not change renormalized S-matrix.

3. Since changing parameter ¢ is like changing gauge, the renormalized S-matrix

cannot depend on §.

L. Therefore the spurious poles must canﬁel because they were located at a

€ ~ dependent position, 191 , at § ¥

(:, 3. Now, how is this equation (22.18) derived? One starts with the generating functional
W[J] in an arbitrary gauge F. One then shifts the fields @ to new fields @' in a rather
peculiar way such that the group paratmers which I call® ( and they call u) depende on
the fields in a certain way. This little trick enables you to derive the Ard-Takahashi
identiy for this theory, ie appears as either (22.10) er (22.11). Basically, this is
a statement of gauge invariance in terms of the generating function. I am sure there
is an eawier way to comprehend this thing.

One then computes the change in W if you change F by a small amount. This is shown
in (22,16). The WTI is then recast in the form (22.17), and you finally arrive at
(22.18) which is the desired result.

L. It seems to me that Coleman convinced me that the generating functional was somehow
independent of the gauge surface you chose. But now it seems that that statementz
is true only after you renormalize.



Section 231 ion "

1, In the Weinberg-Salam type model, the anamolous magnetic moment de to the weak

graphs which convert muon into W boson before higting vﬁftgx, tthE contributions

are all of order G~ where m = mass of muon, But G, = " = e, so roughly

the weak corrections are of the orderol(m/aw)5  The regular electromagnetic 2 5
anomoly is of order ¥, so for the muon, the weak corrections are down by (.1/30)° = 107°.
But the experimental muon anomoly is only known to 4 places, so this will not

too relevant. Notice that for the electron, you will be down an additional 10™% becausze
electron mass so small, thus weak anomoly for electron in Weinberg Salam is order 10-9

well beyond any experiment.

2. In models with heavy leptons like the Coleman Glashow, the E-exchange diagrams
like those shown on page 133 are stronger than the Weinberg graphs by power (mE/m )
which ratio could be {E/.l] = 20, so maybe these graphs in this theory will contribute
something of order 107* to the Muon correction, and you could measure it??

3. The actual calculation is done in an gauge. You read off the necessary vertices
from your set of Feynman rules, and your Tinal result comes out as shown in (23.47),

or (23.51) as a number. Answer is about .5(M/m) in last place, so if ratio were 50,
you would have a correction of about 25 units. The experimental error is 32 units.

L. One thing you see is this: ,if H+ is larger than 10 GeV, the created correction will
be large and take you out of range of error. Thus, you have mxiEwer an upper bound on
the M mass in this theory. .
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Spontaneous symmetry breaking, gauge
theories, the Higgs mechanism and all that

Jeremy Bernstein*
Stevens Institute of Technology, Hoboken, New Jerscy

A more or less self-contained introductory review is presented of the so-called Higgs phenomencn.
This is the mechanism by which, in a certain class of gaoge theories, the “photon™ and would-be
Goldstone scalar mesons conspire together 1o produce massive vector mesons via a “spontaneous™

breaking of gauge invariance, It is conceivable that this is the way in which nature has chosen to
unify weak and electromagnetic interactions. It is hoped that a reader of this review will come to
understand the meaning of the first three sentences in this abstract and will then be able to procesd
to confront a rapidly growing literature in the subject of gauge theories.
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1. INTRODUCTION

Elementary particle theory seems to proceed from
fashion to fashion in intervals of two to three years. A
few familiar names from the recent past will give the
general idea: renormalizable field theories, dispersion
relations, conserved and partially conserved currents,
current algebras, Regge poles, etc, ctc. At the moment
when these specialities are at the height of their activity,
most practitioners have neither the time nor inclipation
to go back and read the very early literature in the
discipline, so that a_group of standard references is
arrived at and these become oft quoted and rarely read.

mn a W
knew or copjectured, and one comes to the conclusion
that these papers rearranged and unified are probably the
best introduction to the subject. That will be the spirit
and methodology of this review. Anything novel on the
part of the present author is unintentional.

The plan of attack in this review is as follows. We
begin (in Sec. I) in 1960 when Nambu (Nambu, 1960;
Nambu and Jona-Lasinio 1961) observed that the natural
interpretation of a conserved AS = 0 axial vector current
in weak interactions is in the limiting case of a world in
which the mass of the meson is set equal to zero. At
essentially the same time, Gell-Mann and Lévy (1960)

‘When_one_actually does po back to read these early
s of | Dy | b thei l

of orthogonal states with the property that

H|0» =0, (1.1}
where H is the Hamiltonian of the theory, anfl |0} is one
of the vacua. Since o _has the quantum nuymbers of a

vacuum, its vacuum expectation value is n¢t forced by
any symmetry principle to vanish, i.e., we nfay have

0lo(x)|0) = (0la(0)I0) = A #

where A is a real number and o is an Hernfitian operator
with dimensions of a mass. We assume thjt

(1.3)

o(x) = exp[—i(Px)]o(0)exp[i
with—note the metric convention be used
throughout—
(Px) = P:x— Pot, (1.4)

where the B are the generators of space;ﬁmc-displace-
ments. We always assume that

BJ0) = 0. (1.5)

(ii&e want to give the ¢ field a particle interpretation, we

are forced to redefine it in such a way that
{0lo’(0)[0) =0

(1.6)

with

o'(x) = ofx) = A

otherwise the “vacuum” and the one-particle state will
not _be orthogonal. As we shall see, it is possible to
arrange the Lagrangian of the o model in such a-way that,
at the outset the pion and o have a “bare” mass. The
nucleons appear to be massless but, in fact, acquire a

produced several field theoretic models in which -this
phenomenon was shown to occur as a consequence of the
field equations appropriate 1o the model. Of these mo-
dels, the so-called “o" model is, in the present context,
the most interesting. In its simplest version, there are
three basic fields in the Lagrangian: an isotopic vector
pion, an isotopic doublet nucleon, and an isotopic singlet,
Lorentz scalar, ¢ meson. The latter has the gquantum
numbers of “a vacuum state” of the strong interactions.
We use the phrase a vacuum state advisedly since in this
class of theories there are in general an infinite number

* Work partially supported by NSF grant GP-36777.

Reviews of Modern Physics, Vol. 46, No. 1, January 1974

mass that is proportional to A, the vacuum expectation
value of the o. To achieve exact conservation of the axial
vector current, A,, in this theory, it is necessary to give.
the pion zero bare mass. This, it turns out, corresponds to
a limit in which the theory is invariant with respect to the
group SU(2) X SU(2): exact chiral invariance. Hence, in
this way of realizing the symmetry, zero mass bosons—in -
this case the pions—make their appearance. In 1961,
Goldstone conjectured that such zero mass bosons would

be an inevitable consequence of a symmetry realization
of theories like the g-model in which the Lafrangian

would be fully invariant with respect to a continuous
group, but in which the vacuum would not be invariant

Copyright @ 1974 American Physical Sociaty T
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(:’ 1. The only kind of field that can have a non-zero VEV is a field with vacuum guentum no's.
2. The "g.model" was invented by GellmannkLevy in 1960, Jn this model, you have the
nucleons as iso-doublet and pion as iso-triplet, and single field called ¢. At the

start, both the pion and signma have mass, but the nucleons do not. After shifting

the sigma field due to humped potential, nucleons acquire mass. In process, I think
the sigma loses it mass, or maybe the pion duest Yes. pion loses mass. This is just

a goldstone example. This theory also has C.A.C. since it is chiral invariant. The
idea that PCAC results from non-zero pion mass is introduced here maybe for first time.
This Gellmann-Levy thing came beofre Goldstone paper.

3. In 1962, it was thought that the Goldstone Theorem was proved and that you were stuck
therefore with massless bosons if you have a superconducting vacuum. Higgs found the
loophole. This loophole has something to do with a subtlety of gauge invariance and
gauge choice, the idea that A, is not a 4-vector if you sit in radiation gauge which

' is non-covariant. .

L. Higga makes a simple model: chagged scalar field ﬁi and ﬁé and photon. Both scalars
start out massless, as does the photon. But after doing supercond vacuum shift, ﬁg
gets & mass, ﬁl disappears, and the photon becomes a massive vector meson. You always

c:’: need a skalar field like # to get going because you need a field that can have a
non-zero VEV, as noted above. Such fields are Higgs fields. Some of them are “eaten"
by the "photons" but others stay around in the theFry.

5. Later Higgs in 1966 shows how to write lagrangians directly in terms of the massive

wvector fields. i
6. Important point: in the shifted Lagrangian, the original symmetry is no longer present
and is extremely broekn. In Hatﬁre, the symmetry may be undetectible directly.
7. In 1964 Englert and Brout do a covariant trip and find that photon propagator gets
shifted. This is(Higgs hechanism in disguise.) No doubt lots of messy field theory here.
8. Idea thet conserved current may not in certain cases imply a conserved charge! This is
new to me. GHK showed this in 1964. Kibble worked this up in 1967.
9. In Weinberg unified theory, one might be surprised that the photon and W have such
tremendously different mass. But "broekn symmetry" in the spontanecus sense does not
imply slight mass differences like conventional H' symmetry breaking term in a Hamiltonian.
10. Combined unified theory of weak and EM is for some reason renormalizeable, free bonus.




(2.3The Goldstone Theorem ( 10 ha~pagem)

1, In a gauge theory you have currents and charges. Consider Qfﬂ) Usually this
o is zero, vacuum has no charge of agy kind But, in SSB: analysis, if some

scalar field ﬁ has a non-zero VEV, then ‘any charge which drives that field"

through the usual commutator has th1s property: Q{G] ﬁ O« I never thought

of this before.

2. Prrof of Goldstone theorem. In (2.27) is defined the FT of commutator of J(x)
with g(0). Insert complete set of states, assume positive norm etc. I gather
that these intermediate states /n) can be at most single particle, because ﬁ
can create at most one particle. Also, any such states /n) must have J=0 ,
based on rotation properties.

The proof here ( Gilbert's of 1964) assumes (2.32) which seems obvious to me,
and (2.29) seems wrong to me at the moment. If CGilbert can show that there is
gsome contribution £o (2.28), then he knows there ie a spinless particle floating
around. The fact that some field has a nonzero VEV allows him to prove that there
must be some term in that sum. Moreover, if this current J is conserved, then
(2.32) tells you at once that that state must be massless. So, to summarize:
if your theory has a conserved current, but a vacuum whkich is not killed off
by the charge of that eame current (ie, nan zero VEV of some scalar field), then
you must have massless spin-gero particle in your theory.

Maybe the catch here is this: (2.32) is correct only if J is an honest
4-vector. This is the pofint precisely!

3. The "4- model™ of GellMann-Levy, 1960. Write a lagrangion of‘??and d meson .
fields which is chiral-invariant, ie, SU(2)xSU(2), sort of isospin and axial
isospin together, This theory has a conserved current ? and Au. Hence
charges Q and Qﬁ iype.
If there”is mo S8B, then all mesons have same mass; if there is S5SB,
f!,“‘ then you have massless pion come out. Thie ie application of normal Boldstone
Theorem: you here have originally 6 conserved currents. From (2.59) you see
that , if sigma has a nongerc VEV, then the three axial charges have properiy
that Q§/ﬁ} # 0. Thus, you expect to get three goldstones, the three pions, Notice
that, in this theory, shifted lagrangian still has isospin,invariance; you
only get a CGoldstone boson for each conserved current you "break". Here you
started with 6, and you bresk down to three, so you get three Goldstones. Each
"broken” charge will no longer kill the vacuum,

4. Finally nucleons are added. If no 55BE, then you have massless nucleons and
equal mass pions and sigmas. Experimentally terrible because implies massless

nucleons and scddar mesons degenerate with pion. In the S5B view, nucleons
acquire mass and pion is massless, locks much better.

5. The Gellman-Levy model is an example of xm a model with SSB in which the Goldstone
Theorem works in the way you'd expect. You break some symmetries and thereby

create massless particles. The theory is nice becamse you want to think of these

mass less guys as the true pions. Ie; add & small perturbation to the lagrangian

and get very light pion.

6. What we shall really be interested in is the following: under what conditions
can the naive Goldstone theorem be wiolated? That is the Higges business of the
next section.



Comments on Gilbert's 1964 Goldstone Theorem proof.

c:’ l. I have worked out the details on the attached sheets.

2. What are the main ingredients?

a) if J ie a true 4-vector { manifest covariance) then (2.32) is correct.
In gauge theories this step will fail if you choose a noncovariant gauge.
Condition (2.32) leads at once to (2.33) with no other assumptions.

b) one assumption skipped over ss that vacuum does not contribute insum
over intermediate stetes. I am not very clear on this; they say
something about positive definite states only are allowed. Certainly
you cannot put the vacuum in a unitarity sum.

¢) Wext, this chosen J ( a current corresponding to some gauge generator
called Q) is assumed to be conserved. This fact leads to (2.39). At
this point here is what we know: if £ 0, then there must be some
scdlar and massless particle contributing. The massless part came from
the conservation of the current. The spinless came from the fact that
§ is a scalar field. Maybe I should add that.

d) the field ¢ is a true scalar field.

e) finally, assume that (0/#¢(0)/C) # 0, ie, SSB. Then from (2.46) you
get ¢1 # 0 and you are done. Ingredient here is basically (2.41)
which says: the fields transform in some definite way under the
charges. Then (2.43) is a restatement of this fact.

3. Overview: in a theory there are fany gauge charges and conserved currents.
By examining the way in which the charges "drive" the fields, and by deciding
which fields you want to have non-zero VEV, you decide which of he charges
c:’f’ Q fail to kill vacuum. Ie, you decide for which currents (2.42) is true.

4. What was not clear from the proof here is that each "broken charge" gets ite
own goldstone. We only proved that if you have at least one broken charge, then
¥ou have at lezgt one goldstone.
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Bernstein: {B.J-The Hiﬁgs Loophole. -

1. When you do the usual Coulomb gange guantization with ﬁﬁuo y you in effect
force the objeut k to transform not as a regular 4-vector, but as some weird
object with the axtra piece as shown in (3.16). This extra piece is found by
B, in two ways: first, by requlrlng that the gauge condition be true in any
two frames; second, by just-looking at the way you gquantize with 5- ob ject.

2, Another viewpoint iz this: since you are choosing this non-covariant gauge
condition, you in effect pick cut the time direction as special. The gauge
condition is still rotationally cuvarlan‘t, but not bogst covariant. Thua, in
effect, you can imagine that anything you have can also be a function of the
4-véctor'l;. = (1,0,0, 5}. Ie, you go to any frame but this vector stays as it
is, ie, you are violating boost covariance. This same ‘\]r shows up in the

Feynman propagator but has no effeet on S—matrlx, argument repeated from BD vol 2.

-

‘3. The presence of this extra vector, ie the loww of boost covariance, ruins the
proof of the goldstone theorem. From (3.42) in momentum space you find:

'J;{p}: L‘r;ﬂ}k}j-k"‘ﬁ'lb) . You see that J is conserved, but since A is mot a
true 4Fvactor,‘neithﬂr is J. Clearly this elimihates a key step in the Goldstone

proof which new gets replaced by: (.blq;ﬂ)[ﬁ? -‘:Q(,ﬁljk'l}k! 'i"bf.kj tn".L)"l} . Another
result iz that the charéq Q corresponding to this current is now Q(t) and moves

in time, something wvery new. However, the current is still conserved.

{4.) The Higgs Mechanism,

1. The preceding section of this paper showed that the usual Coulomb gauge

allowed_preaenne of”qﬁl and this then allowed an "escape" from the Goldstone
Theorem; this is the Higgs Loophole, so called. In this section we will-examine

the Higgs idea in, more detail. Section is a long 15 half-pages.

2. FPirst interesting trick is to write = lagrangian without showing second-order
derivatives. This is just a Schwinger trick to elimianate exira work. Of-course
second-order derivs reappear when you wary everything. This is the same as the
idea in Abers Lemn of treating lu and 1“‘,‘1_'.r as independent fields for a while.

3+ The model of this section is a charged Klein-Gordon scalar field with photons,
is, scelar ED. Charged means that scalars come in a doublet. Mass term is put
in with wrong sign, intentianally, A finite charge rotation (gauge transform tion)
is identified in its effect on the scalar doublet; just a simple rotation. 3 me
gauge function of course appears in gauge trans. far Eu The covariant Duﬁ
is identified as usual, standard gauge theory.

4, How we allow breaking, ie, let ﬁz have nonzero VEV, 3Several paths are then
floowed from this point.



S5« In the first path, you examine the equations after linearizing them. This
linearization is justified after shifting field because fields are "small®™
in some sense. You then assume the covariant Loeentz gauge and you find that
you do have a Goldstone (massless scalar §. ') but this thing solves a free ‘ii
KG equation and is thus a free CGoldstone, 1e, uncoupled to rest of theory.
Haanuhlle, if you define B, to be Au plus du of ﬁl', this Goldstone,
you find that B - is a massive vector mesom.
So you get the idea that in this gauge, although Goldstone theorem is wvalid
. and you do get your Goldstone, it is decoupled, iforeover, your gauge field
has acquired a mass. Your other meson also has mass, the ﬁz field.
The ratio of the masses of vector meson and scalar meson is set by the
two theory coutlings, the ﬁ4 self coupling f and the gauge coupling e,-

6. Now lets redc this in the Coulomb gauge. Again play with the egquations to
see what you can ses, First, g,' is now identified with d/at of 4, so
ﬁl' is not even a true Lorentz scalar!

However, constructed as before is a true 4-vector (coffariant)., The
field ﬂl' has the same mass as Bu still decoupled., - Thus, Goldstone
Theorem is expected to fail since loss of covariance, and Golston particle
now has a mass, All fits together,

In this guage, the physical resulis are the same: you have a massive
scalar and a massive vector with masses ratiod as before.

Finally, explicit failure of -Goldstone Theorem is shown in this gauge. I
wont bother to follow it. Hinges on fact that $;' 1is not a true scalar. Hence
it can couple the wvector BY to wvacuum,

The explicit commutator of the charge and ﬁl- is eomputed and you see explicit
time dependence of charge, even though current is congarved.

7. Idea to remember: the reason you get & ﬁ ﬂ is surface terms. These surfac
terms are likely to be present when you have masxiwex m_ssless particles in ~
your theory. OGauge fields are massless particles.

8. The third parth is the U-gauge. You start by choosing a gauge function that

rotates your ﬁ ' field to zero 80 it is just plain gone. This same
transformation’ takes: your into =B . Only g,' and B, are left,

You then do S3B and shift ﬁz field To CHI  add CHI becomes ynur massive scalar.
This is the U-gauge where S-matrix in terms of CHI and B fields is manifestly
unitary. This path is easy to generalize proof and analysis to all orders.

9. Last piece here adds the baryons. Global gauge invariance gives you
baryon conservation and some "Senumber" conservation for meson., You do SSB
and break the S-number, but maintain baryon eonservation., Now the B_ field
is driven by the baryon current. HMore physical theory. Big deal.

10, This section faéllows Higges own wWork closely.
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{5.) To show how particles acquire mass im perturbation theﬂﬁy.

1. In the last section we studied in detsil a little model with ‘a chatgell scalar
Klein-Gordon field and some photons. In the U-gauge we made ome of the mesons
"go away" by a carefully chosen gauge rotation, Then we shifted the other meson
from ﬁz to CHI, and the fie&d'Bu picked up the remnants of ‘the Goldstone,

The question here is: how does alX this look in perturbation theory? You
start as shown in (5.179 with a lagrandian in which SSB has a2 réady taken
place and a shifted field @' appears. Neither the @' field mor the A field
haye explicit mass fterms in thie lagrangian's Lb part. Of course the mase
terms do appear in the L; part because we have already shifted., The gamke here
is to treat these mass tgrms as interactions. Thus, your bare # and are
massless and so have lfq propagators, Then the game is to watch how the
masses of both these particles appear as you do perturbation theory.

2+ The lowest order corrections to the bare massless photon probagztor are shown
in figure 4. You see the "point™ coupling which is really the direct mass ferm,
add then you see a coniribution of the maksless meson in there. Notice that you
can couple a scalar to a vector if you have gradient coupbing,. The meson term
causes a pole in'ﬁ- and this pole then causes the renormalized photon prop.
(ranﬂrz}tﬁ first order) to have a shifted pole! This is how the’ photon acquires
its mass. ' -

3« Notice that the "mass term" auau itself does not shift the pole. But of course
it must be there to yield gaugejﬁnvariancp of'WEig.

4. Next, he shows .how the meson itself acauires mass. In the meson cause, the
trivial point interaction doeg cause the mass shift. There is adifference
between the two: notice the g factors in (5.26) versus (5.6) for the phton.
Thus, you dont need massless photon pole to generate mass on your meson. The
whole difference is related to the u afdd v indices, gauge invariance, conseved
tensor, etc. ’

5« This section is based on the work of Englert and Brout, 1964. Recall that
these guys independently discovered the Higgs Mechanism in peeturbation theory.
Ie, they discovered that one of the mesons attaches to the vector and makes it
massive. .

6. Purther work along the lines of this section was done by Coleman and Weinberg
1973,

Te A detail T omitted: notice that the "massive photon" has a pole at some

mase, but it does not have the usual propagator you would associate with_a
massive vector meson. In particular, it has quqv/'q2 rather than q“qv/hz. Thus,
it will be more open to renormalization than a true massive vector meson! Ie,

it will not have the obvious UV problem.

8. It is also noted that, in this theory, if you do not allows SSB, you have
massless photons and scalars and theory is an IR nightmare.



(6,) Nom-abelian cases,

=

1. Section opens with review of Yang Millas., S5tart with some fermion fields im
isospin doublet as usual (nucleons). Global isospin ratations yield the
usual conserved isotopic spin current, Local isospin invariance requires
addition of three gauge fields, the b: 1i=1,2,3 since three SU(2) isospin
generators. As usual, the extra non-abelian term is added to F ko get

a true isovector F and usual gauge fields term. The b fields must be
massless, although nucleons could have mass. This is where Yang MNills stopped.

2. But Bernstein now goes on to do some S5B. Add an iso-doublet of Higgs
scalar fields. These fields add some terms to the full lagrangian, called

LH.

3. At this point, what are our currents? The usual electric charge type trans-—
formation (phases on charged fields, nothing on bu} yields a conserved
electrnc of hypercharge current called ( global transformation). Also
there is the, isospin current T_, BEach current has a charge, and we set up

the electruﬁ: charge in usual GH-¥ manner.

4. Next step is to allow field § to break vacuum. We go to a U-gauge and
kill off ;e!'? field, Then we let the §° field break, then shift by, to field Y .
What is the result?
a) formerly massless Higgs scalars now do this:
’ al) one Higgs field is gone away
a2) the other Higge field is ?{ and jas acquired mass.
b) all three gauge fields B have the same mass, nonzero,

5. Comments: as shown in (6.47), -we have broken three isospin generators, ‘D
hence theee goldstons, but these were all gaten by gauge fields. There are
no massless gauge fields left in this model after S5SB takes place. ’



(7.) Heinberg's 1967 Model.

l. Multiplets: lefthanded electron and neutrino put into a weak isospin

doublet, both are massless. Right part of" electron put into singlet. The

requirement of locel weak-isospin invariante brings in the compensating fields
as in Yang-Mills. This is wesgk-isospin, not isospin however.,

2, So far lagrangian has only lepton fields L and R, and gauge fields b. There
is at once g weak isostoic spin furrent which is conserved. Thie current has two
pieces: the lepton obvious piece, and the gauge -field purely b piece. This
latter is called J with charges €. The lepton piece is called& J' with charges
T'. Total weak-isospin current is called T. The charges of T are called T,
and these ere the conserved charges which generate the SU(2) pgrt of Heigberg's

gauge group.

3. Now the "hyperoharge-photon™ a is added; this is the U(1l) part of tthe
gauge group. Hypercharge of coursé means "weak hypercharge" and is related
to the "weak T3" component of weak-isospin to give the true charge §.

4. Argument is given for why this hypercharge photon couples with g' to H;
but with g'fa to L. I do not foliow argument, but could if I had to.

5« Now lagrangian has +these fields: L, R, b,a. If you like, you can regroup
things, taking linear combinations, so the fields L,R, b and a are replaced
with e,y, Z,W& A, 2 is found by looking at what couples to ¥...V . The
photon is then the orthogonal field , couples only to e...e.

6. Now comes the Higge fields. They come in a wWeak iso-doublet. The scalar Higgs
lagrangian is then made local invariant under entire U(l) x SU(2) by coupling
in the b and a fields to the Higgs fields. Higgs fields are massless.

7. Now, the field §* is gauged away and somehow the field §° is relaced with
a Higgs field called R(x). The final Higgs lagrangian in terms now of this
field R and the A,Z and W is showm in (7.82). There is no term like AAR. Thus,

when we later do S5B with R, photon will not acquire mass.

8. However, you do want your electrons to acquire mass. Thus, coupdingz e R e
is added by hand, coupling G, a new free parameter.

9« S0 finally you do S5SB and shift field R into usual CHI, The results of this
S55B are enumerated: electron acquires mass, so does Higgs CHI field. So do
the fields W and Z; Weinberg angle defined; photon stays massless as noted.

10, A problem natai_with this theory is thet the A and 2 fields can mix, since
both couple to the ee system. Thus some kind of mass-matrix diagonaliation is
neaded.

11. Rest of this section not very interesting to me. Situation reanalyzed in
terms of linearized equations, look at decoupled Goldstones in the Lo entz

gauge.

12, Last section is about possibility of magnetic moment and minimal coupling.
In certain cases it seems that minimal prescription does allow an anomolous
moment term.?7?? Skip for now.



(8.) nonclusions.

1, Bjorkens comments on "believable" gauge theories. ‘;’

2. Division oftheoreis into Clss 1 with neutral wvector carrier like the ZD’
and Class 2 without neutral vecobs, but with heavy leptons. i

3, The Eo implies neutral currents, Bernsteain in 1974 was not sure there were
any such animals, At the time this was arggpment in favor of Class 2 models
like the EU(E} GeorgiGlashow with its sinéle heavy lepton,

4., Bernsteain shows how the 30 of the Weinberg model cures the ﬁnitarity problem

which the W bosons themselves do not cure.

5« He gives a few other examples of how gauge theories mysteriously "cure"

problems or diseases of weak interactions,



