S bd n‘éaneouS’ 5F€akjni O1£ /Eauga]

Sym Me,frﬁ/ : (/—/z'ggs/ mechaonism

Hosic 1dea

Ouéll'ne.
carlien continwous[V()] global

/uo explicit macs term For

SIS g&u?e
sgmmefrg
?au.je ~Fn'e/cV-' % (s gat&je-a'nuar{an{')?

— NGB of yfoéa/ case “digappearsu
— Gouege HoSau maos<ve
_ other Masscve sealar /rad/'a,( rnode/
ot ?10éa«( cace Survives
T—-aéaue fe[afures eas«’/g seen In
um'f&r;{y ljauje_ /W/lere, dng ph#mcd
d.o0f are kepé/

__ Howevuer, (h um'fc\rr'é/ g&uj&/ (magg(‘uq/jau_je
bosSon prob&gat‘ar WhaS came form as
with exp(c'cf't mass Cterm ..

. SO, Fa(uelz} yrengrmeal zab /i’fg asﬁeci’ no €




mod fred (tnat was entive Mmotivation

for SS 8) ?‘,
— Vo€ @wzfe/ cipce theres additigaal

'bar{’ide /H/ggs bdsan/— (e Ffoven !
from S<B  us. exp/(‘o({’ macs term =

2 models are adt [denticel ... =
gujjestfs renormalizability can be

A Hferent [can hope SSEB IS

renprmali zable even F explicit mass

term IS noﬁ/

— Qe,norma/f%ab(({‘(—g Mmoye fransﬁar
in different re presentation /general
or R§ -?auje) - can Show Hijgs
mechanism [SSB (s always rengrmalizable,

VS . ex‘bl{q'f moass term can be

ent

nown-re novrmealizable ...

~ O\jaw'n/ even ,%duj/, end reculf —as
far as jauje bosom IS concerped — (oo kS
samé pregence of /—(Eg?_g’ boson in CS A Makes
a ditference



()n(fariéy jauge

— 6@“56 continueus y/obd symmefy
of eaviier (,pyu‘b/ez <scal(cr model
coup/e f/w“% chafjc Q¢/ to jauje
Relot Rp ; add Dirac ferM/'on(HL’/
/wi% cAarfe Q,#Seﬁ to l/cu[(itout‘
[gss of jeﬂe"a//'{y/a/so couvpled
ue,c{'orc'a(/# to 2&&56 Feld :

of :-»‘Ll_- F/Au F“”+(D’*§)?DF§/ — \/(237
+ (b= my)w

k; b@re maSS 0[(0&)(—34
cf later with chiral

covpling
where D, P = (,)F_f_z;e,Qgs,qﬂJég;
D, W #%*f;@)w and
(] = p2E7E + B8] (7

[ For generic Qg, a coupling of Y to D will
not be gauge - nvaviant | fhus is forbidden. |




C s ‘naviant under (ocal bhase

rotatons on ZS /and I'D// czc.j(ob&/

earliesn: this jauje tranctormation (S

?'f(x)_,) ezb[_ieé%ﬁ“/xﬂig) A/_.—QAﬁ-l—%ud
and W — exp[-ie o(x ¥

_choose ra dial V'e,S recsentation #or ;ﬁ:

% ;[1}—1— ”'r(’f)l ex‘bfi & —+ Z;r[zj }
95 BT

— A< he fo fe/,:e,/j/aba,( cas e/, z;r dlfopiearg

fro m V{é// bput what about kinetic oF
derivatve terms n X ?’

— Receall thet (n j(db al Symmefrg
Mod’e/ Kk"ne.ﬁ'c was not Avariant
under la col( lbhase ro €tatigns /euen

| n defl‘l/a«fe terms /Lineﬁc X ('MfefacﬁdnS),,,

o - bU-t now /fn gauged mcdd// b imetic




tbd\)’f' of X [z‘-e./ entire ;f/ (S /oca/y
u[:/,;'n variant = Stbace’ﬁme. cf’eﬁeno@enl’
'barf O/: f_‘)hase éf § - /'\e,/ ﬁ/‘ (X)/
Chgwld be yrempouvable by a Su(table
ja wge transtovrmatan ... %Consf“{-

— Tadeed, Chooslﬁ“j —-66295 0((1/ = 0 —+ gr (z//v,‘f

LG %a ”éj ?auge —transfa /,..m‘?'on k_’\r—_/
gauje pa rameter fie(d

we see that G, (% disappears comp/efeg/ajainl
cven from derivahve terms) ...

- ¥ .
but there is mo ' loss ' of Aof. siace
was massless before

gauge boson (which
cour(iuj ‘o 95 VE[// Now becomes ﬂdSS('ue/ hus

—

acicu'r/ag an ezlra d.o.f.(pa/ar/.gaﬁ'on/ as follows.

[Ga uge hosaomn mass /'~e-, breakmj afjaage

, . . W ( ]
‘nyariance (s expected ,since we c annot

do a fFurther (gcal phace rotation
wohile /‘ema"m'uc? (N un({:arr’fjjdu 6/
Le. wiﬂ\outﬁ,[ﬂt/ ,.. SO Mo gauje [Ml/aV('CMCEJ
_,P/wj 6 bove fﬁo(/’lf Jauge choice of no é’r/;y/n{-afa



£2(0* ) (DuB) = M} At + 1 (un](377)
2
+ QZQ; A/‘AP ,)Z’l/nferacﬁ‘on

J

2 |
where [lﬁiezvzg?s /S mass term
for gauge field of correct siga

(e ezﬁ licitcm ass

/Same as n L prgea
te fM) ! aga/n A/JLA/4 :'(A"/Z— (Az‘/iso
et Z o5 —'yMEAY) or v=+Ma@y
{/.e./ mass? (n lbd’fen'ﬁ'a/ >0 for ‘}hjsical’,”
Sbace—ée‘ke Camﬁonenfs of jaugf ﬁejd/
ee. put mascive gau,ge Feld has lhree
lbd/a rigations (2 transverse + 1 loaf/fudz'ana_/:
cee note below) vs only 2 Lyansverse For
mass (eSS ,,fa#?? boson /“j ain, befare
H%urn/nj/on co uﬁ/rng Ap to D ]jEl//

— U gnservaton "of 40 ¢ wbath
Ut by Scalar(spia-90 gec%ar/z‘-e, 5 (7

d,'gaﬁ/;ear/nf/ /S fa_f'ued bj 304(36



tCreld [spin-1 Sector (ie, (v nj/'{ud/nal
ﬁo/ar/gaﬁdn cer

[réauge 1Q€/(0( “ea ts" NGB to hecome magg,'ug,
while (’Vlﬂssft/@/ 77’_ “untowched ' in thes
s o physical dof. in both
/S called
U pofe " in abit

process el
2/oba/ and gaugcd models :+ N
the /«f’ijjs hosaon (Mare on (s

— Just to Empha.S)Ze fhis mechanism

Suppose w¢ ‘<tart ' with jaujgd model

[w///h phgﬁcal d-a F be,{ag ”) and ree

Ay polarigatians), put fhen take 7A€
[l“ﬂ“‘f Q?S — O)/ -e., Scalar (;feca Qp/es !

(

from A/,L [u)hr'c/t however {60n1’7'naes " +o
Cdu—,b fe o "-P/ : phage raﬁa%'dn on é[ﬁwf
not on '59/ 5@came5((yoe.¢ backfoyj/aéd—qj’”’"e{"y

:'> ‘Z;,.(%/ cannot he /‘emoued/ Mus

u ro-appears " /phjgz'cal/y/, put ten Apu

"[oses " /w?"*“d""‘d ﬁo/“r’?c‘ﬂhldn/ (:e'/



/Masgz'ue/ﬂ —{—-(2 transverse and 1
[ongiv‘ud{na/ Z)d/ar/zav‘«}ms O7C /4/1 /MﬂSS/Me/

a
¢_a>o [Massf't/e/ N /M Chanje/} mass(ess 'g ~+
2 transverse lbo/orr/'_}aﬁdnj of /)/,(mass /E’SS/

(07[ course, 720' IS “Sﬁec{czfor”éo
M('S Pde@SS/

_]h 7C06LL’ we have Goldséone/s e?cqﬁz/a/(mce
heorem [based In above (ntwition : for
“‘éroc?f“ cee PS sec. 21.2 and eza mplec n

Hwé(_/lo)f am/)/,'-[,'ude for emisSion or
absgrption of (ongitudinal polarization

of Massive j"’“fe bhoson In h:’j/:—enerjf [imit
/E of gauge bason > Mﬁ/ hecome
[c&'bpropu'n\a,ﬁelj) Cqual +to that of

cofres,bonpf('nj {” ea‘fen "/ NaB

— /\/exf, /g/(e,ﬁhamf ‘in the f(]dm!/ 1S H’??S

me tha nism rensrmalizable e
. first Lgo K ‘nto polarizatign vectars ..,



Massive icucgé’ bason pd/ar/'zaﬁdn ve ckors

— More lb/!ys | C o (g //nfuf-h'ue/% to be;fn with
g—fmrf I re,sf~frame ofjauje boson
(can not Ao (£ For mass(esc ca_sf,//7

where <pin (1) £ zes d"reﬁﬁdn,Say + &

— if boost to go to a 3@:«@%&1 frame
(S 0/0;4?/0,5%@5/7% to spin [+ 2 herel
hen we ge/f he(/cr’fy = *+1
(-h—auguerse bo/aw'-zq-h'ans ‘ éﬂ_]_ Z’/
where ép_ (S po/an’zaﬁ"on vecto r and
ks géwge baSon momentum (p geneml
frame | note spin (S a/my Jopposite to Z}

— it bgost (s in plane L spin,
then he/l«‘u'f#: o (/mlgihxd/naj
bolarizaton: €, Ul k ; note spin L E/

M
— Mygre precz'se/g/maﬂtemah'ca//g/ Adive rgence

of FOM AFfor A/,(_ Ffrom Proca [_ajranf/an
/69(/P14'C/frf 34‘439 hboSon mMass i’erm/ g('ue_s



a/“
or gde/» Sec . 4—5/ [e. "au_%oman%'c;a/(# “ef

A# — O (See Manwdl, Shaw sec.11 3

Mazwe,/( Layrauj/an (Magg (e sS 36.&?6 ﬁdd/
where this /s /m,boged a subszobar#
[or gau?e Am.g/ cond[‘l'/'on
H
:;(l;lu ,El = (k#, are jauge boson

- Momen{'am Ibo/aw2a‘ﬁon vector
' general ﬁ’ame/

—TO Aetermiae é’u/ go +o res—f-ff‘ame
of auge boSan /CCU\ nwot for mass [ess 0453)‘

est = |
k’[ (MA , OJ = é'u must be ,bareg spathal
A A

=) three possiblé €, <  say, 9’2/3/&
/\

— Then  boost a/onj to g° to

j@neraj frame ,i-e. / (ﬁw /k/z k//

tw o _é- /agam /)ure/ _gpa%m//O/ rest
frome wohich are | +o /boosf/
are unchanjed /gv‘v// Ibu.reg spatial
fra,ASuefSe[T/ /bo(ﬁr/—z'a-hans since




ZT'E = O , l‘-e., ET in plane A E/
whereas 37 € in rest- frame s
a[onj/o'bpagfée to foost , thus /s

tranctormed into [in ;enerw( frame/:

L (ongitudiael) ’ ~
/’L (0 ﬁ _ ( l/ | ,K ) 7 E_'_ /( )
M g — N boos€

—— fxed bg Airection

nor malizafion

{/Ong?fud{/laj /bo/ar/?a-ﬁ'on} cince S,ba*ﬁa/(
but there |s alco tHme-li ke

parf H k.
;S&Vf In generaﬂ frame/

_.(/(earlg (M jenera,( #ame_//we have
Fe T - 0
e €,
spatial purely spetial,
part UK |k
— Note In h?h«@n&rjj It (£ M, ,

as relevant for ezmwdence H«earem//

we ge;f' é'ul' -~ kP/MAMO’(EQA}))l /,’.e,/ enhanced



vs. 6’7 b&"j &(l/ a/wagg

We can deduee sum gver polayization

uec/‘fars (“ COMp(e/feness V‘e/aﬁan "/ :

> érﬂ(lc) éju (K/:(.gw-l-kw,)

r=1,223 M?
(B‘L 27,1 L)

.,Inde,ed/ above sum ouve 3 phfgfoal
ﬁolari—zaﬁ'dng "matches | form of

m assive gauge poson 'bro,baga,fdr
gbtained in uuifarifj gauje/ ie.

|__ MZA <?/“’— k”kp) , which taras ouk

to be same as for Proeca Cajrdﬂjfdf\
(w,‘ﬂ, explicit mass term ' recall wege/{"
we[/—def;‘ned [Sfdﬁagafor/ sincl no 3@?@
invariance dae o MASE term  cf

mass (ess gauge ﬁ'ejc?) . after all,
quadrathc terms in A, are Saime ‘n
Proca & SS B Lajra"gfaﬁs



— This conFrms that unibar/ﬁigauge
IS ¢he 'bkygica,( ﬁaugea e, it )
Adoes 7\6{' con{'a[n ang uuphyg.’cd
d.o.f. (<t genech/Qz Fouge 'n
next not€] : again  (n boconic sector
hese are 7 (massive scdar/&

3 /M/ari-zaﬁons of (massive) A p

F ‘bh%;'ca/l content

%aory S manifest 1n un/far/é}
loops (especi= /C/

us fhe Isscug

. //{ou)ec/PJL/ evea

ﬁ“‘/‘ge/ calewlaton of
divergences herein,
sf renormatizability) s tricky e.g.,
it's not dear ([ we “roemain | i
um'fary gawge Lwpon Zuan{'um
correchons ...

ac mentioned above

gauge hos on Ib/‘dﬁﬂgdédr (n um’{'ar/é(/gauj@
[db'l’aine,d from SSBJ s (den fcal to that
with ezplicit mass term, which was arguea/



to Pésﬁb[y have lbmé/ems " woith renormalf%abﬂ}é}
..o SSB /Migfs mechanism as r,’~e>,b/owemen{' ’
For explic’t mass term tas mobvated

{ , P _ )
fdf cl‘mlﬁrmnﬁg 'an renorma((g.qé,‘(({fj ﬁon,{—

— Buf/ /na(‘ue/(zz t logks Uke we mighf be
hack —€o-square one then 2|

‘oo maybe,/ho,befu(g/ not g fe ,since aré
2 ‘theaories really the same 4
— No |, since CSR model has add/ tional

scalar %) (H:ggs boson), which is absent
Lo i Vh C’/Zlb/z'c('t mass term .. z'-e./ a “remnanén

ot gauge Sjmme/i'rj [sign Hhat it's SSB e
?e/n(,’/e breaking) which could save the dag
[a la relabons befween non—reaormalizable
cow‘b&'ﬂjS in radial represeatation For

3[05&/ , con '/’lllwta usS SSB Cdnf{oﬂz'% d(\/e'yences .7‘/

— Ta ovder o ‘test ' whether this
d/‘re,aﬁ'on/hdpe S worth P"‘rs"“."j, [et ug
vbfg o see it 7 “’”?ﬁs bdsm/ can e
made oP AeAUJ [decoccp/ed// while



kee,ps‘ng gauga/fa/mzm Mmasses &

fer mign ~gcwge co u,b &'rg ~ zed - SO
that SS B m&d&f rwl(g reduaces to
exptz'cif mass term

"’[m deed p w 1 'fe_r'Ml'on couﬁ/ed
ue,c;forimllj o Au as assumed above,
we see fthat is is doable  take

Qsé——é O , U — o0 /wi//h e #‘zea[/ Swch
ﬁlﬂ/{' MA = €Q¢ 19 (S ke,pﬁ consta nt

(015 course , My untouched, so is

fermion - gauge posan couplung].
So , for £ xed [ﬂ@réurbaﬁue/?\/

2
we see fthat M 5 ;2/\1}2_900
o< desired a?a[r\/gu[{’aé/e [imit
id’en’ﬁ‘caj £0

of SSB/W?% model is
e/x/p(o'af//’ m eSS tevrwm dﬁdr gdmje, deOﬂ/
‘o which fermion cauc'b/eg Uec%o/)a(g(



— However, we hacd aryued eavi/ier e,
w | M efz/ﬁl{c[{’ mass term, that 1S
model S remormalizaple [Smce
“pad ”%a/é of p/oﬂayafdr Ages not
O ntri bute to om/ﬂ[ﬁwdegj,,,so , (n
this sense , (heve a)as”no need E2
yo to SEB /H/gc?s model (we will of
course Show in next note that Mf%

mechanism (S renormal zable): a nice

c,o/\Sr/Sfer\C/y Check

— what ahout e othesr case For

fer mian -gauge hosom C0 u,blc‘nj that
we discassed in context of expliut
gange hoson mass term 2 Namely,

an axial-vector lbab’f to thlc coupling,

e.g./ Suppose onlj L c/h(‘/a[;fd of ¥

cduples to A’"‘ (w i # charg@ l// e,
»Q Chllfa (,tj ha_s zZero (/hdrfe:



— gﬁcé /hen we ar ued /ﬁaff this
/ J |
Hegry could be non- rengrmal/ zable, since
ngad . ,Dd rt df ‘brd,bﬁja,ﬁdr contri butes
oc 9#2;; o& My ((bare mass term) +— ©

= h this axial- cdwplmj case, we do
need S¢S E/ ///[?fs model for _gm//'nj

re/\drmal/}a.b/‘ll%j
= T+ belter not be Ihe case Ihat
by decawpling M, SSB(Higgs model can

pe reduced T ez/)h'c[t‘ mass term model
n wWhich (S non-rendrmai(z—aé/e/...O/he/rwx‘se,

(&ja,f /

thic was waste of etfort !

— I pn deed (n SS B/Hiygs modé/ﬂ/ we
cannot quite plag the carlier game



of decaupling 7] for axial case
—*Afccma/% a bare mass term far
fermion IS not fauﬁe’mmnanf
[note that L is fully fau;e,mmmf)
— Tastead mw ///ée gaufe YosSomn
mass/ must be generaéed bj SSE

ce cowﬁ Lmj ¥ to 5,,,&)/1('6/1

—

W&fjes -1 +1 R
/w@ can easl/j Show Such a €Cerm S gqufe-
nvariant.

it W gz

thus | we cannot tarve Q¢—a0

un like for vector case

Fry

W —> QO ...
[Eiw{z/q/en{g/ we could decouvple



N Lbe before usinj Q?g——ao..,

——

buf hen we can pot C/Oulé/e % ‘o
zzp [ N jaqge*/huar/anf wcy =

— O ) ;€. we can reduce S"SB///y/S

m
v |
model (ajau/l, to
to 67«ﬁ/f‘0/"f gauge boSogn Mmass ée,fm/
but dﬂ/j o Y (coupling with axial
bart| /'S massl(ess ...
. T e alread (/}e., with
bu,‘t n tat bim T, W J

e,z/p/t'c,cff 3auj€ hoson mass fe,rm/ L new

theory ¢ yrenarmalizable, since

: u [
éﬂgf; ot My —>9 S Mmat bad
paré of pro,éaﬂafdr does noft Cam‘r/éuf]
a Sanrrfj check : SSB/ Higgs

(
( chance " fo éa /‘enol‘m&/{'.z—aé/e7

pe S hown /S renc)rmal/—z@é/e/

: a?a/'n/
model has «
even for axcal COuﬁ//'Mj/ a//%auy/y the
(d;'ﬁﬁerenf/ Mod@( w ( t exﬁ/:la"f ja%e

hboson mass term ina ngn - rencgrmali2able



"///dw do we ma./ae swre aéaue hofe

IS aC/tLua((J realized ?’ e need to
"c[ar//g “ renarma//%aé/'//fj featrre ...

. recall the advantage of chdasirg
re/'bfesenfaﬁ“dﬁs ‘n s reﬁara(/e.j,/
Linear rep resentation For scalas A
?[obd’, cConfinugus SSR model was
F{obl//ouSg " rengrmaligable whacle s
was hidden " n rad{al reﬁresenfaﬁ'on

(dn the other hand, derivative nature
of MNGE ‘nterachgas was not manifest

‘n Aliaear r@/é resen éaﬁ‘on/

= g0 hack to Lnear re presentation
fdf scalayr 7 H/ygs MOd@({fQSu/ﬁhj
N ?eneral/ﬁz - Jeage which makes
renormalc}zaba'//'iy i’rang/ﬁqrenf...

but = price " to pay /N )Qg—gauge

‘« Mat it involves unphysz ical



GYOF 176(7, e 2 ANave {'D ”fegur/*ecéf(’
NGB B (2] and time-lke fscalar pala ri 2ation

ot garge boson, h ut On{/ a3 internal lines
(aféer all, this s not Len/far;fj gauie,‘//
 uith these 2 un,bhggiceu@ e ffects Ucance(/'ng?
— Powgh analogy with quantizaion
of [Mnss/ess//bhofon Aeld n QED
f we anly usSe fwo ,bhisz'c@bé //16./
frans uerse/ pala yi2ab ons of P b o ton,

Lore,n‘éZ /V\l/aw‘a,nce (S n()é man/fesf

(bu,{ of Course (t& ﬁres.e,mf
ndna/’f'e/esg/ ... while add/nf two
un,bhfS"Cd ,bo/ar/Zaﬁ'dns /bwfnoz‘
ac external Zt'ncs‘///'-e,/ /ang/%udh'nd
ond tme-lbe/Sscalar, makes (t

casies to keep track of Lorent?
npyarianc€ (con trihutions of these 2
wn ph ccal Ibola rigathons “can<el''in pet

amplitude (Lke for Higgs model cbave)



