MODULE 3: QUANTUM ELECTRODYNAMICS
Profagabefr thesry - (Hmc&f‘n’ﬁ\, f=c=1)
L_vaw;;,rt\iak olhﬁue,nl'}éala e.v/«,ojivo«vvs o.nltk‘o\,
Source term CAN be SOL\&‘L in termd O’t Z—Pn»db
Green's funclion (prepagalsr).

L U = s } Super pesition

2 G, x) = S(x'=x) farinccr{,z,

WD = [ G %) w0 dx (wave eqpation)
[W PNL/{'Q/W\'S (Ari:tl‘v VY'G-V\,SM? \-/Y\o\ra,fl.auv‘x
L)y . G, x) = G (xX'-x).

)
Pevt ur b aki ve %rqme—w@rk . Inferactions sre treated

os source termés. he sshulion w exponded o
oA POW'Q—V“ sexries w the vabwa.cx\:% ter-ma.

Scoattering onalysis - Tnkeractions oxe localised
in space . Asymptot'l:c_ stabten L‘t—»:l:ud) e
defined va Co-ordinabe space. Oftem they ose
token T be the plone-wave stotes .



Colculotrens ort easier te carry ot in momontum
spoce , with Princare grwp ed gemstaties.
Non-relov vislh'c case -

Yix',87) = 4 [Lx GOt'5 x,8) YK, 6)

with t'st (cawsalily). Huygen's rinciple
1{7) (%w:yt orAMFMM' m)

The evolubis, e,v;\,o.bém L -
(4 25 - H)Vt)=0 = (02 —Ro)Y0ut) = Vex el Yet).
ASijt"’t'Cc ivitiol stotbte the FL’W\L LRV
951;(x,t) with © — — 0.
We wamt ¥ (x',t) ar tha final stake for >4t .
Tinme ordering n here Galileom invay towrd.
G (Xt ;x,6) 5 obtained futurbaiwdg n
terms G (X/t'; 6,8) 04 o power series.




The formai 9—MULPOJ, soluwbion (&

G ('3 %) = G, (;x) + [dix, G (X,x) V(x)G0ax) .

Tterotvve M/»Msio«w gives

G\ x)= G, (x; %)+ fd,“x. G <, %) V(X)) Go(%0r%)
-l-faL"x, olﬁxz G, (<" %)V Cxp) Grolxir%2) V06 )Ga(Xo %)
R

. , , .
Spoce-time X * G, * Cox\
oLéanmamls ‘ /Go + )x + Got----
X x ¢ Go | x oG "2
Vi, 1) = o (Kt) + [ Gt Vet )

Com odso be e.xpamoLz.oL L‘bexab‘:ve.l,a_.

Sca,vte,ru'r\é mal rix elements owe ol,e_fuwe!. oA
S, = Limo [ @Xu ) P e £
F t'—z‘;ed ‘fbf T __.—) *For-wwv-o\. FWP“MM
= 4 o o AN Rx b ) G0 )
_ 3 ' Liew [ 3 49, %2 )G (Lt %t VK t)
§ (1°;f - i)+ t’—aoofd'x 4 X $g L )EOEVJ“")(Z,t).



A Hermitiomw Haomulbondiom widl have oo complebe
set o% crﬁ»arv\.ai, u',?wst«te,o , omd a unitary
S-mat rix. ( The C,ow\,PUz.tQ»V\Q,SS sum nclndes avwy
bound stater 4 f they uid.)

CO\M'SW% w tneluded u,uni, tha gte,”, ’-b»\mcj;um

_ [, T>o0 L0(T) _
©(t) = {o, o — - §(T).

For example \
O (t-t) V<) =1 [dx G x)YK).
' ' nleg rraltion 'l thab
U:cvxﬁ Contour (L egralion , we ﬁ-twt

_ U T, €
6(c) = &% - st Ao SrTe

=0t

Potle SU@—L\LL& be Lew ftfe reel ox14.

TS0 2 Conkour clised as —O Y7 % Pole inside
T<o: Contour closed M_“/é; ' Pole subside

* o0

Thas, L2, HE) ]G5 x) = g4 (x-x)
. . 2
wAth o n-relativistve Ho = — 7,

2T



Leads Lo the ron-relalinstie f:mpa,jal_ew
o [
Go(fe) = Q—E-e—de

Relotivistie case . T propavgalev G (¥ ;%) wmusb
vorish ouwbside the uww Ccmsabf@)
Teme-Uke S.e,,awrafm&v\, : t’'—+t has au,t\mtb Slcjwv
S)oa,cz-—u‘z& ,S’e,rawwf}c% . t/—t dees net kn,vtuhiw Sign.
Thes resticuenw hos to be \‘,wvrosu(, by co»rotulb
chogen <€ 'pv-e..sorlf'b\lm g_

(X1 c“"“tml Y= <K e TR

_ —LJ?_.{ 1,1; (X=x)
‘PV‘PW%QXNM a'vwf)!/tt(ﬁﬂu/ —sz)af 10
i 3h. {,m(x-—x)/;_t
(2mt <

This describes the a(ASf;orsLow fk a 't"i""j" ,Pa,rb.'clq,.
The wavc%uwut»w broecders cotth trma.

For finite T, the tail for [x—x]| lavge i nemzewe.



Try the P‘/':';_Pﬁ_ﬁ_’_“t‘"’"’ wm redabivistie oace o
A7 m¥ ~ it mt —
(x| e TR kY = (?:tc) apdb € e S

= ,J‘A? b Sin(p pExl) e

2% |x/-x

For |x'—x 125> 2 (outside the L»ani? cont), tha w\be,gwul,
cam be opprximabed by the methed, of stalionavy phade.

' — vwm | x'=xl
?gtmmw T —z Fived the belaviowr

b propagation aav»rb,twl» o e
It fols off ot |[xX—xl— 0, Lot t 1A mte,mcxg

o

m\llx—x\ z_t2

Co,u,.sa\l/vfjj w exactly LMPLQJV[ZQ_OL wy ol/u.o.v\kum thesry
by c omcellafion bekercom 1oa,r13\.c/\1, Prv?a.%al}.o«vuml
o»vxbv\vovrbudb propagetion inm the O‘PPU'SLtC. direckran.



E'WVOJ/W oLLSot’iP‘L’C% o’t MMW% wm termy ﬁ
\,N/[,o!, ofpe/mt‘m w thab E#’CX),CﬁC;j):(:o]QY(x—y)%a
A meosurernunt ol oL prink  canvod influen ce anything
ok .Sfmce,biL—C S ep oaraliion from vt . Stmplest
oA Sre ment 18 that of the fredd  S(x) chredy.
For o %W Dirac 'Pa.r'UCr/LQ,, the ‘JNPaﬁ,oJiw Solisflens

(’t}ﬂ/—w\,) SF(X'5 X) = g‘*(x’-—x) 10 )

, LY — 1P (X
S (¢5x)= Sp(X=x) = f@fﬁ e Se(h) .
.o Ge/"m')qp [SF(?)}[BY = Syy

S SE(R) = *f’m - {::::Z (/M,_:,Fa)

{,G,PreScri?tiov» has & oth\lv\.Q. e be haviour b"t

[""‘\a“’ﬂ""z" neowr the on—chell siv\amlcuri'\:ie/) L ao?'-.:ma.
('\37‘\"/&1 stoter owe virtwol off-shell g‘to:te/,;)




gCn?,wLwritiw ('k L’C\J— Pwr;a.g.axev 7V o SirV\f’LL Pf(w
uv the e mple x Py-plane . (E>0) b
Reborded 1ore.3cr£rt\"ow F"’f’“?“t” . —amE TE

e

toth solubiont forward ow bime = X X

Aatvovrwc—dl, ]ore,scrifﬁon Pro,va'?a,tw’ ” «
L th solabtions backcard in Bme  _g +E

Feynmom Trescm'rt’im Pmrww ~
positive emergy Comperant foromnl X } L
an i, omd vxe.gcd}(.'vt energ g

Componeml backiar-d wm Lime .

This s consistent crith bule-thesry interpretabion.
]—Mf’(&mc,v\ta.bdow: ’})Zemz-———é 1oz—mz~l—t:€ (6—’01.).




S (x=x) = (£t AP @) [ dh TG from
C zr

(2.7(,)3 ,Pz_’mz‘k CE
- iy / —9.“‘7
_ —-i,f A% e‘;?'(","?),( 6&(1:%)57;}» Y+w%7t
(21 ) +LECt'-'t) —EYo-’F‘:?"'m. /
e —E —tct
Pmﬁ'bcﬂ:m qmetm com be used o select ssbudions
+th+m

1 th S[oe,cx%l'o S[afw Kt emergy ('/\-:l:“’)z vy
Chonage 'F 1o ——’F’ wmw the negalive entrgy 'Paurt,"togd,
3 Ziheld= , '
Spxox) =i fihs [ e ) }&ﬂ»
' 4. — =E>O
+/\.,qo)e"’°(’(")e(t-c’)] o
With the nermalised jplane —ww'ap
r _ _,3]7_ _,ier e X
Voo= [T (an) T 0 () € )
the€s olhows solulions o sellering protlams.




S‘tl'j»(‘/kb\,\ne/rﬂ ~Feynman LV\LMPMQLLM :
Particles Fo \—f—wwow%l, (v tvwme . ‘
A,\;bJPMUoLe,s 9o backeard tn Time (°PP°s‘t°f°)$)'
(+) )
Y= VY.,, + VY ¢
20 <o
The two CWOV\MS ensive aA -
) 3
e (t-t) '\l)("')(x’): 4 jspcx’_—xﬁ,*\’(”’m d”x )
B (t-t) ¥'0!) = =i f S0 ¥, W X
];L\. presemce 4 Cv\ﬁexa,yt;(,w, tha 't-u.ll Pwra_a,axnv
S (x'/x) safisties B
(F=m) Sp(Ksx) = ¥ ) 4_@“1;2,0@;%,),‘ St
= | ot“\aa sy 8 cy-0)+efS %) |
This cam be related T Se xyx), sith the sduKion,
5,: (x;%) = Sg(x'5%) + efdf‘y SelX-y) Ky) SeCy3x) .

Tws O ﬂ—ormoi reowlt. Boub vt com be e,a..SA.Lg
(teroted wm o Pext‘uxloa\uw fmmeﬁm’k~



The Soluwbion o} the Dirac eguatiow

(07 -m) ¥ = el Yx)
thas  becowun

Pix) = Voo + e [l Spc=y) ey Pey)
The iteralive procedure provides reawts for
Scottering 'anLe,rM o4 povser serves WWUK;Q'{
The componemls of woavequnctvon propagele g

t = -€;0 G L=+ € .

In thas Convemlion,
Spp —1Ey [o'f’v ﬂC}J) e K W (y)
Covon camt expresscons fov szjsic_d, of> senrvollen
reswl m«lj Wwhenw bt Parudz.,awd. mvd,i(savticlz_
modesS are ineluded in m\,@JﬂsAA

—
—



F—ojnmm obbauﬂawvs : S[m.ce, -6l ma ,otc;bu,re/s ”fm“‘t“:j

cvwberacthions wn o fwtufloaj;v‘v{. %—rmmlw-m/k

In al/waw)bwm, electrody namics | they owe om

Muy»ajhv\ﬂ- Se,q/wm,ce, o’t FNF&W omd. (wterachion

verticed. The %’UW\—A'WM%L&L structure ¢ }Weﬂ
Si

(TI\L arrows describe evolubion in Duw\z..) F t
<

The processes uwvobvuv\% ombuparbuol,w com be.
\M\o\x,rstn-ol, Am to ob%tfwf/vcb APV

) /\// = e

N'L?WW’ energy, OrJg positive energy
all e botiv © omd e

Tw FMr Frob&c/t{.ow :
Cenal Him Epcy ~ Alh) S O(R)

r (oot P-X 1,".,.
T Ty

Space



< €ere eyl Hins [ 09 (€% ShT_]
Thas Q,anLu\,w W om example 6§ crossing symmely.
Genertic f;rbcea(»wre. m  calewlations b o e all
O-MWQA, Fegnmauv\, ob\'.a.zrrnrws auvuL L, tt\l—muﬂl.
W hen tome-orderings owe combined, the tetal

Vuujjbf/so’tm‘form'-/’/i\/_l_)j/
2

Thot combrvney both PO’L& Conbribulvens $ov the
P”P“’ﬁ'“’bw betiseen {1 omd 2.

z 2
; :I_(I¥_+l_’_’_:t?}/+/
IDZ' m* 2 \ E- W" E"'\/F"-&-m?') | ‘ ECo
In these ab»'a,?,r'a,ms, fe,rywi,m Lines do net end. .
They ed thexr go From imittal stole To final stde,
or form closed Leops. (Photons cam appeax 07
di s op peor "‘:""3’%’ , Sance they ore bosms.)

Tor i {herently orderdd fermion conbirebulivand shew
—a stgn difference (ﬁf‘fsiné: from. exclusion Pv{ncfplb).




T}a,c,c theerems 't—w ‘Fmabwot.s o’t ’Y—mod’:rfc.w:

Petur bative Jramewsrk o} S-matrix calewlation
rroo\/\»c,w oS ernaty S equm cr D/t 'Fw\omﬁ,aﬁnﬂ amd,
ve rtvcen (,”F/ MZ) - The a,W\PLi-l:uJLM ore thus
brodchS o thear fachrs (omd prjection spurtes )
The tronsifion Mmuuw vrwome lawvfutml?;
omd lead & troce of the values uvn inbernal
o(,e,ﬂmc% v} Jreedom.

Simp L 31 caliion, 4 calewlalion & achioved usmg the
Ceom wawbalh on, o.).xz,e):m 4’ Y-rmolrices, ond. ﬂ'\b%cuc
nabwre 6§ trace. These Pnpe/rtiw e LVJMMQ’V‘*'
7 the chrice o vepresumbation 4 Y -matrices.
The resuwhts awe a,uxbmab\lcouj Lovenbz covariomd.




{"TF“’Y"'} = Z%TM) © Dimension Lv\lqozv\,o‘.wj?
Tf‘(l) =4 : %I”'h — 4 - Dimemsion dbrmM

r— ,
(Mm %M'Mu'f) ZE‘L/Z] \ab . These can be W‘ﬁ

roarammed tm o compuler, S mbolic manipulaliow
progr mpuber. Sy pulation

() Tr (K Ky ----Kp) = o 'to'v' n odd.
Using 7 which ombicommubes with all Vp-,
T (- 05) = Tv (Ve Vs %Ki o)
=Tr (Vg X ZnTs)
= (’,)%'(%I - “'/@CngfYy)
= ("l)nTr(ﬂ(.r &)

This U nanZerv o—w\g for exew n.
[Reswlt v ret volid when Tg doesr wet exist ]



) Tr (£ Jr) = a" " T (V¥y) =0l b T (1-Gpo)=hareb
K = A.-b "'1)0’1“,0}&1:1’

() Tr (& --- Zn) For n even w8 evalusabed by
r'u‘,u.c/i,n.j bt Trace of (-2) ¥ -matbrix fwuato,
ond, then using induction.

T (2, Ky - Pw) = 20 AT (R o)
—Tr (ﬁ{zﬁ(/%“”/@“‘)

=20, -4, Tr (p(dzdm)

-2 Q('Q_STY (,aiz-"%'vv)

+Tr (oo Ky - - - An)

— 20&,'&2_ Tf(d}""ﬂ'\o)
- Zc\.g ‘0\.3 TY (KZ"‘%W)

20, T (for Fonr)

= Tr (K- &n &)

T )2 a0, T (s - A
-~ Q:'C\.s_r}(ﬂr--.aa/w){'-w"" QVQ;‘_Y(KZ""«“')'



(A) Other operakors (%@/ meosuremenl or specific staty)
com tnveive ’fs-. (Outscde the sel o} )’r,‘)
Tr(¥e) =0 . T s the product o all jouir %S,
A%tw rwribb‘v\f Yo s PWabu.dt of Pour 'b”,fs)
Onlg nenzesv conbribulbion Cones W Wparts
oshere each of the W5 w sqpared Lo oaLdef,
It fowom thot T}(Ygﬁﬁjg) =0,

Tr (Ve AKLEA) = 41 €Eprs o 6P,

(e) Contractions st Lorentz indiceo com odss be
Simpb'v%’id ws ing CJA%W&L oJ?&lwm ruleo.

7.yl =4
r « P o« r\
YPPCYP: a Yr:—y,,(Y :alﬁrx’Y—-aYdﬁ’rY
IS - 2'96'__'L1'/d'":"'2-/d’
f{r?c}” ‘Oj((?-QN v, YD) Kyl
=2 - (-2K)
=2 (YK +AK) = 4a b



VTl = —2£K 7
VL AYEAT = 2( gl f+EELL).
(f) Tr (o ---- Fn) = Tr (H --- &), for neven
This jollews froe charge conjugation imearionct.
The matnx C exists, Such that CVC ==Y -
SO, Tr (K- ) .
_Tlcme cppct e CAE)
= )T (AT )
= O T (P )T

= TY [KW"'%[) J L\y";ﬂ\' n evremn .
In Feynmon diograms, ttes relotes Fa.r'bﬁdba.v\ﬁ.
a,v\L&pa,rDCCbz, ol.esc,riptiqm w1 th rppo‘site,od po‘iw‘h&vg ANSS3.



The mochinery described so far allows calewlabions
"k elechrons (fermiont) evelwring on a back ground
c,{,e,otrbwwzfnej)/c %‘LQ/UL

Photons . Fully relaivistie  parbicles.
Lorenlz %mmgi’@rmmow coent o s conered o Troms Jormalions

ol C/L\/auv\g/ﬁ, Mlax e s Q/Vtwj‘/iom m O Co variondi manner
There A Y~ reak %mw\.t {rd\/ ?l/\,e/Uo—v\A The })m‘h%
m\r\c,e,r'taui,v\jcd DX o N s He same acs the obz,@r*oz(/{,@/
@g\f@/Le,Vbﬁﬂt, Sy o gomm connot be lecdised better than
\ (")O\‘VQ’Q’VLW», (hare W e ton mv&%qutGw,
Chal cam be uUsed & dagime s ;f\Toakthy dansity.
Pa.rbﬁMMLj) C/\S‘V\,C_Q%O—bs ﬁr erv\,SQ/r\/‘ax\:OV\, Q,au,JS Y‘%\ﬂv[ﬂb)

e 4. M owenlum,  emes gy | clrorge




There o re non-relabivistic Limit for phe bons

Nub there o oo cloamsical Ul refercd & on
?}e/crme/bric KH'/“ en It vefers t citualtiony csthare tha
pho TV e ave Lamglh (ol thawn tha
chooaracteristic A rman s L ons é/ﬁ tha gystxz/m,

Moovx vs b s Qﬁ/(/v@kﬂvm ’

Vl;j::i(—ﬂ,g ) ?Xg:%?,‘_é?@)ﬂp\fm}:%?v

V.B=e, VxE=-Z fiﬂ = Y F YR

C/O\favr‘[,a/v\t Em tensor (s aL;a,ﬁjvu_i LU (_awttsymmejm‘c,)
[:'LO:— E/u \:m’d’:_ét;}kgK'

HOMO%LHWA Q,T/\,\;Ot{,ovvg (@io«xd/\)u \ALVJCA,‘L\j) CavL |pe

v ~ oWV VAR

AV\L‘;SjMY\/\,aV‘j (T FtM) ﬂva\n:Q/) (}/ngu FTM): ('['C/—TC’)))?’O:O.
So the curvrenkt & Mow»o\i?éca\ﬂxj Con Senved .

wovihenm o



T-V:f mﬁo%inwmi W;%\A o_\;re/ sslved. ,p'él,_
B=TxA , E=-35VE S Ru=2pA
Thoa sodwtvon b mdamces  vector Fw’cudbwl AM

[L turm owb To be the rre Jun danembol  veuriable

for describing gomge %‘L‘QMSJ o@wuf)o\/re,gt % FI
Dhatons hove ondy two physieal degreeo F Jreedom,
‘e Tranaverse f»(towtgajc\;m. The other Two 0{%"’“/3
A freedom  fov Al (temporal omd MWWV\AL)
ore ywb Tﬂ\ygtcﬁk wu ALSQHMV\& [ak/bt‘m’\/& Thay
AN kCVt o~ cole wlodio nal fm\mwks EQ)(PUC[%
wamtoin | orentbz Covarionce | buk om/m/[o S
Fre mu e ;\LLV\AJL szjsdc,ak veAulJG.

Thw behaviowr (8 & consesvence 046 NS ch@w
UpV\,oLLrpx/J\)V\,a/ $y MMQ)\'JV‘J ] codle d S Symmeﬁb’y.



Go’uw%{/ Y mmejbg'_ Under a shadl ofF vourtiobley

— — — /\
A, AT o bt A AT,

Che equalions abvve remacs unchanged (Fo— Fu).
The Freedem Lo chevie orbttrary A b clled the
Grovnge QLQ/?/\"Q/Q/ g %ﬂrz,e,a{,om 3y Cheting oppropyialL
N\ (_%’“WZ’L frxing) the degrees of WAM 1y A
Com be reduced o the physical ones oy
Mowvi /}emScriFtv'w tw QoMGL frxIng /\ exist .
A (soFuLavr [ orendy (nvariank fove,:crtpttom [’ %\/A
The Fom\mm thon Calisfy V-AJré% -0
The (whemo eous  Maxwell s . b
9M(3“Av~'ge:v;x“) = 4T Y o Wﬁg"_w
Thoe W the Lwave Qﬁ/uw\%@cwb qﬁw qy@\nw
13 uks Brf_/\{w:/b Aoen et Fe,rform QomPLe,be, gauge QCivaxg,_
Theve W residaal ounse freadom, ot B,NBMA:O.

P
=0



Coww?bdca gouge flixing can bhe ochiened oy Crprsing
gﬁ:o . f.?:o (ro\,obdoctoom g auge ﬁ'xtwg)_
That leavey by tuwo pL\gSfca-L degrees 6f %anww\'i,

The oko\,n% w k AT kKT wnder g oML

| I N .
Lrans {;urmaﬁvm. S. LEA vwad veui s frome oL
pb\gsdc}uﬁ, o/bsexvou@/tu, Lo ch Az v ounds kf=o .

$o pheliomt ot mass Leas (plﬂ/jsc‘cd, Aegreas 45@@
/L\C/Jﬂupo\%) 50\/%% LWV oL ol CoRe rvalien r%

dechic charge gond mAS sless) heso % Wmam
oI tyberre Lated o e,?m/\,\/\d/{,e/\,\t djmﬂ’)@/\/b\«%

Phefons are massless particles, with helveity = x| .
The flmw\r:, com be described n a covariant JL'n'w»,

Uusing the gouge field AP Gwstroints & gawge fixing
thon remove tThe u.\mp‘mysic.al ole.glrw (]5 ﬁ'\’%"‘»m



'L—i’ca'k Qymmeﬂ?rj: Global Sjvnme;triw M%Pamww’@n
4 transprrmalion thobt owe independent of ro’sit’llon.
(c.-ﬁ.. Princare g rvwp Symw»e)triu), Thany o’ttmcorres;wd
l’»o‘r»dw'fkbw m o~ ﬂ\,e/orj)auml them change
t. oo N2 bass e thout oko.n.%',y\i, oy sbservable .
I Locak SYmmetries, Para.mvtws b’{— trouna fermalion
aLcPu\,oL on the cation W Space-Tme.

This extension, intrvducer newu A,eﬁru/: ‘%’ 1‘*&4%
whose physical meaning s thom explored.

Weyl inbieoduced the concept loeal symmebry

ar extengion KB E iwns tein's 3%@&1 tkury af
reloativity. ds?=—dT" % an inveriamt O GTR,
Luk what L$ the measuring rods have liestion

AQPW&@M‘: Le,vx,ﬁ\ﬂvs ? £y tein PO‘\.Y\T/&L cut that sudh
variation o Mmeasuring rodt (& tweenss stent orith
postulabes of GTR, bur the name “3au3e ﬂ&av:;"mf"d-




The concept oas resurreched o qpantum  mechanics.
The overall Pkaw of the Wavejunchion a unshservokle,
This Cem be called o %Lolroi, pMse, S’ymme,tyy'
Tt com be mode local, withy the oppearamce fnew
Leb W) — P M0 be the gauge
t‘rovs%brmaubéow "tm/ m(\ck,argg,al," rartu'c/{z,-
The dervatwves should alas trandform the same
o), 1o k“/]) the Ui/"\'mons Lndependont of AKX .
D,,\VCK) does ot transjorm tw thi wmanmer.

{ .
But oo new type 0% covoriomt davivalivecon ke
dekined usith the desired tramsjormakion property.
DVE Ot ;-,V%A,JX) iwplies that B)— éwy%'ym,
provided thok Ar,cx)__a.. Ar@L—'),NACx).



ThA S strucbure & cov»Ve,m}e/stbj described (m the
Louwﬁ«u»a.?e, «/t dw%wud}vd/ %e,om,d]vy The FW’
Adeg ree g Jrecdam ob each pevnt i called o
fibve bundle . The symmebry growp hare s UCI).
C. variomh derivetvve describes “Parvﬂ&b transpert !
The amﬁ)one/v\fis‘ o’t ])r,,vobo vv;t oommwte/\)
(D", D] = 25 ("A™- FA )= 2= F
Thua Fr‘v measures the “curvature ” of the Gougespace.
|:r“" s twvoriomk under gauge transyormation.
So gouwge invariaml theery can be construched
Yrowe suitoble Combinalionms of VY, DY, Fuw -
Let V(x) = e{&Am/‘KC', such that ")Q;)———?\[(x)"{}cx).
hen the Linwk U(x,,X,) = exp [-%j}rmo\x’“]

bransfpoms o Vix,) U (xi,%,) V(x0)-
chA IA O CovVarvrioawnk two»ns%—b\’mmw.




Thaa tram.s%‘ormadl}\}w Sheoss  that

(0 ‘\?(xz) U (xi,X2) Yix,) w gauwge Cnvari ol

(2) Tr[e/xf) (-%”.0 éAl"‘ o[x'“)] s gamge imvariank .
(Tt & calbed o Wilson bop)

An Lv\,\(\?v\btaiwul Wi lgon (.o'rp cam be uard o a

Aefiva Tiomw 4 Ffw' (It Mv\PwturLoJ}bw)

Cavantamh derivative giver the i baal. couphing

%e\rm,\;ul,ojxcwv f{g thoe 30«,\4,5,@ theory .

It cem kaf‘;% that w Some regioms Af’;":()?

hol ‘le =0. [Pub there com be om inflrence
- . . (2()‘
n Y(X) w thu region, becauwse Vi) C,o\pPLQ/)to AT“

A Iaacrlxowta.r coat (8 the Aharaney —Bobwn effect.

When the Wilisn deop w nsn-trivial,
’#@;// interference effect observed .

(Flux (s enclssed w the foop.)
ln o semse, A iy more fundamenkal them Fuv.




Ap—> Ap=2p N 0 AN€l-00,2T  Non-compact

‘{)eA/'KJCr . jOrMW )
Phoase e : %6‘:012’7‘:’] Compauc'b fom‘d‘m",

]<t there b o cyoUc Podﬂv, wha chn okavxgzw\‘!\”bu;liﬂl

thewn the phode sf the wa.ve,%uwc)t\iow w w\df\m\g&‘[,
(Trajectoriw i th wﬂlvxbivx% numletrs )

Thom Czwsiou,rimg, Pa.rU.’oLw sith different chaugen,
ol phases will be imvoriont eom N for tha
Smalleat chorge changes by 27, ad all sther
d\,OaV‘ﬁ—e/) oNe bthﬁV’R»Q. mu,l)tll‘vlw § te cmalleal charse.
Thae W “C/‘wour'ﬁe, Msmw”, awal:V\-S fv\e'm.’tcsk..
c,erm‘ga.ut nok ure o’t tho qamge S‘ymme)try 3”“'?
Tw osur world , the smallest drarge w tat of

oo electron . (e dn cheose units with e=()



Phstoew Propt%—'aﬁk; Thas » the 2,‘,,4;\,\1; Green's
funcliow v Maxwell's  tnhe mogene sud e,cvwaﬁvm
We choose the covariomb [ovenbz gauje , 'B,,Ar\zo.
The equalions & be sslved are,

2

FAl = ey, =0

4 —iq. (x—
Dty = [ L VOV ()

| —

Wi rcs(pe,c)ts c.aMsw(Ai‘g. v
APCK) = j oy D (x-Y) 3’“@)
— f Ly 3MDF(’<-}J) 4,08
Positrve freguency ¢ slwkRons anmgd‘.&. &rrwo.rv\, in fume.-



Curreamt Conser valiow : ’B,,.jr\-:,o or krj/’&_—.o .
The Pkotm pmpa'g-arvv ¥ %Mricd,bj sonduri ched
[tuseen twe currembs (erich produce emd-peintn).
Thom the F{,w)tm Phpaﬂ;ﬂv Can be C‘J«A»\.g,e,{ Lj
_ Y : .
%rn)__,(%’w x_%”)' o theut abbexng,av:j

f"}ﬁSiCﬂL °bS€TVMUw.Ci/ The free PMOWWe)b@r ¢

repves ent $ tThe gouge ol,e.am o’t %'HA.AAW\, The chic
o/ =0 VS ke/%e,re,o(, Lo as thw Fe/ymv\a\r\ 30«!&5,2.

Ga,u..g,e, t‘mns%—brmaixoM shidb At& Lj mw\,ﬁﬂuﬁ?ﬁ
Then }'AAP shi §ts Bj ’\P‘f?&'\{/(’ ; which showld vanish.

'\.Pac%; '\P\,’ = '\Pj (*}—;K)I\Pu = \-Pf(m~m ':::o ) :{F>\,\<\/
This relation is called the 'Ward idedtity. & 7 ¥

v



Ijur o«,. omst c,urre,vd'iJ f{y"A,A OU’X, ‘A 30‘%&
vaarLWVJb') o d becomn a valvd term fu-r
o&-bSCV’l:l)l;Y\,éa ivbexn chion bel ceem PL\»t'U'Y\A ound
charged porticles. Tt it bosis § formulating
on tlvxﬁezf'a,c/c\;v\,y Ul'\awfj (t A{jnawvicd, C)wu‘g,ej,
rtvclens omd dy navwu ced, PMW\A That gives
e theory of Q wount wm ELe,othgmqu.
Free photons ore described by The plane Lares

p B iken ik
A (X,‘k) _:gé, e ka+ e—thX)

J2kV
Arises from 77 T~ Normalisalion por uwnut volume

nFegrating §(k).

Ovskj tuwrs transverse componenls 4 ér\a_re_ Pt\,jgicg]__
Gamge inmvariance Lmplies that hew facters <f €F
ore replaced by factors of K, the owmplitude o

‘nberactvon vawishes.




Pol,wrl:fo\b\;OM oLrt c‘,ﬁ\,osw\, So oA gmsm

~rec - _ ~ K _

CC’,,-I,’OC kt,,_o_
In, addion , € =0 wm the radvalvon gounge.
Wethowt fixing the gomge co mp lebely

6(7&) c () Wi thout tmumml@
e Y B 9—1“” ‘ Conat o nitr

[ the ftvuuL resuwt | «m)g Condk ribulion (t the
[’b‘{jSich tyan sverse a(,egww ((g Mm SUrVviveA.
AU W w\,a.dn/iv\.e/fj con now be faui: toaej';lwr
oA corabruch arbitrau-y S-muat rix aw\flituwbw,
o omy desived  oroer (n ?e,rtu.rba:!x% theery .

e,



F:ajnm,om rules @ These olloy ws 1o ‘V"ka write
Loom  Hha amPUtuulL for @ givem precess
(re,f)resw\iiut by Feynman 4'&‘*‘[""“’"‘5)-

Ele,c,tr'b"\s 3 S,j-o - gfc ——-l;EJ;fA,",v {-Pac(.j) &ﬁ( "’I}Cj) ;
Photons :  AFco = (dfy De-v) 7' )
Pubbo'waf theae to%-l/t'f\!bf‘, N

5., = 8- i €y [ Al [Hmp ey $o.
Thas i fgrmuj,(y exach , omnd can he u:iﬂxj Lterateld
[oy w‘oouvwl/w\g '\,p(x) omd. 3'/’*(3) Lo deosired order.
The Pr-bc,e,abu.re, o cvubok[g write dewom ‘Cj‘-i, [
to first drows oll the oliaugv-a.ms c,g—nlrlb\JA)v\é_.
o tto dedived ordexr un \oextwloaﬁ\-&w\, ﬁxmg)
omd then convert Hem ol%elrrw(,c %PPCSS[QM.




The rules can be %.silo obtoimed o the tree

Liagrams ot with guombum freld thesry mebhds

con be ?e/v\z,r-abisd t bwT: di agramd ohao .

(1) Draw odh o(nla.?ro.,m& & desired ovder m e
(Theae ore Space-time ch)tuurw)

(2) There ot verliceo, Prar:a.?.a.i;fm ((,ui,exvui
bw\,u.)) ond emternol Livao. For Tree dxograms,
o . o% vericeo = rw. ‘45 [;w]aa,?,,j}rs-(—é_‘,
Each vertex ProviaLcA the f«otwr -c'e,'Tr,,:LaL“x,

(3) Each prepagaley givesr the facks
CSFCX"J’) @Ct&"f Diroc fe,rwv':ﬂ\.> oY {'DF(’(’\J)a)‘W
(‘fo—r Fku&m).

(4) Each external bUone cazwu i wa\re.fumci}{om,

em—

fackor o U, v, U,V , En



Thue ore overaddl signs for fermions -

(o) For pesitroms wm inittal state | the sign
LA C_II)YL;CG) Jr_wm’ é:‘. ‘

(b) For ewery clised fermion Levp, omd  for each
ex choange 4 ex ternal cdentical feywmtmu,
there & o facksr of 1) from sholistica.

The overall sigm cam be comventsom ol,a,rmotn/v\i?)

bat the relative signs have & be fixed correctly.

These ruleo (_owu(» the asssciated o(.uc.nrth'a—m)

w otten weed o momentum space . The Fowriesr

{'raawé%'b‘rms oNe e,asf,l:] corried oub.

At every vertex , factovs § bype e'LF‘xo\ccumuLatz.

Thaw Lv\ie—?fvvi/we/r Fo‘sih’ow HG tho verltex (i,e_.fal(’x)

Prootu,ces o f-—%uvxcfw’w\, c;orre,oyrwab&v\.g» e ™ omenbum

conservallom . ((.e. SQ(ZL:’{D;),)



So the momentum space obua/z/r‘a-ww wtlh have
a omend um (mttv Mr&d)ﬂm} JCor ereny Lo -
Fxtya momend wm variaddes are eliwinated
gy Cwpoting mo mant um  conservalivm ol every
vextex. Fov bree diagrams | ald inbernal Lne
nomenta are wniguely  addigned (V=P+1)
omd o overoll S«%‘\mwt&m for romenbum
Conservolon remaind | (.e. Sq(’kj-}m).

_Tw co.se 0% obla,?ra/m,.s o5t th (prs‘, there remaw
wndebermined momenta gEing arsumd. , ond ﬂuﬁ
have & be w\)"/Q,g—miJuL over, (Thesre (V\IW
love Lo le o/ttm }\,a,v\.ou,z,atodo\rigﬁv Cotre .
_f_ypic.a,tlg, each Loop gives foo%'%q' , amd come of

thweste wmay ol/év&rgc ( ond. hence ruywi res re,afu.la.kisdibw\.



N o v m adr s atwen o’{; exterral Unws oxe chosem as
per the Pl,mu,-ooawc co nve nion

"V(x) = ‘/E_W\V/' U'C’f’,S) Cjbé{a.x ebe. fo‘f fe,rm/l;OM.

—tk-x k-x
AP(X): {’WGF[C +e" j

(1) The expansion Conloans ern minatbos ot
type, 102’_- mie e . ’Tkvj vormrsh on-shell.
Tn the virtuak al/«»wwtwm staten (off-shell

) as irterval QLM),

‘t’keﬁ do st veunsh . (UnCex'to\Alea F(find;f&,)

In ~on- relativistic M , there owe esmergy
d,eﬂvbwviwatm o pw‘twrbodb&w_ expAnsisng.
(7]: A conserved | otuwle E o w.)l:)

Hexre, o relotivistic case, ‘far.fl.\. Cont ervesd
but dspersiom Felotiew o violated .



ft ab.ﬂ—uemﬁ Time MW&Y\{S a’t Propouﬁ,atbﬂ o
f&(:a,v-odbul, then Pl——mz-t»ie Ao wuiraedarg 3«»12‘

cnverted Lo emergy domo minabers | and €
o t conserved for ivdd vidusl ter md.

(2) The Sestesr exponsion W m pousnd 0% e .

For c,l«.aur%e, cona'u..ca,avt&m Syw\me)b )
the sevien expansion K n  powsend ﬂ' 0(-‘:2’_%.
The Convergeince ,aro,ae/'lfj com. then be Am.a!d&e»(.
wv the Oa‘Wb‘aLZ/X oL —p lane, orcund the ex pandlon
':w’\:vxit X=o . The result to thot the Serien
A nett c,on\re,r?owt gfw AV oc#o Cze/ro vzd L us
“{3 Cmvergamu,), but (€ W a,synm,ftotc'c,.
The tke,ory A u,vxgtak(,b, wheem Mﬂlgﬁ@ﬂ-j
Cem/t\awwelz Co < 0. (l.€ l)lf‘owxcl'\ cub qu o((t».




)jSon7S a,rgu.mewvt: <0 Corre/SPoV\,o\s to wﬂv@o\rj
ohone Wke c(mowﬁeA odtbra b and unlike c,ka,waw w,fd
TiLs stbwokwvow W simalar o that of intm
sberackion. The ottraction Oo(Lw':sw e system
i, o situalion where the emergy i uY\'oWhJUAfmv\,
Ledaed . Quantbuw wnce rbaundy ollows thie & happen
whem the ne- o} mud wally atbiracting Parb&dm
b lavge en sugh - (With Potu&:al, ond e
S‘cre,e/vv'bv\j,, o Massive star com oou.a,fse. & w'a(rwk kde,)
Ip\, Q/watlfbalyh&vwd;bs i the o(<o) ar/»-w\tum f(wtuAtZohs
rvoo!/\»c& Paulrsl which tunnel to o stote Sare adl
e )¢ collech wn o resion ond ol ef's olhedt wn
oo ther reglton far o oy T A a stsle ok
g[;on)ba,vx,e/ow& p risodion i thh  emergy

2 . )/ - V\xavfou:i;'
2 (mtv ke v wy )
. (. _J %ﬁJ
N {powa’- O(N) O(OZEL) NQ%USAZW

This Can be weﬁaJ(iwe fsr Suﬁid%'b(g large N, for=<o.



So the theory Singuwhor Un the Complex - lane
oho g the whole hba,aut\:'\rb real ax . F ,
rtuwrbalnyve e»c‘oow\,giow @ not c,omrerngut)

(Asymp botic Series diverges for fixed « "o .
' 7S Enﬁr\i,tj. Aub ol oo ftxc_al, orzlur)
t ?’LV’% o reswt thab ourp\mackw tle correch
volul ob o — 0. ijewug , the successive tram
such o Sere) flfrslt decrespsr ww valwe omd_ thew
stour? Ol/\’/\l'earng/v\g_ )
The number of terms thob shewld be kept on Tha
Mymptoffc serien t ku»r An w\,eawulwggut com be
l‘v\d't’/"b‘L from the exael <o bubion o't uw\_f'{p__ CasLs .
for &« >0, thae kyo{fogxzvuwbm solbuXisn giveo such
o answer. The energy of o f.witmm:wvw 4
0 (- L mC) | which indicatesr instabilily for 21,
(7'0\,\',6 V) tha)oLLLty Fr o Si.vxg{,z, Paui.r pm&»dxm.)



I Pra.cfioe,) Smuch o behaviowr can be fwahku.,a[,
L.:) a0 Serteo Ath terms LW\IU\% as N o(“”

omd asympbofic serien & waekuk wp o ovdor L
ln redk QED, the beat calcwlafions owe enly ufd:«
o(oL';) or O[o(‘)) amd the Series oypears crell-behaved .
(bub wv RCD, one has oL~ O(L), omd -behaved
rabwre of the osympbstic series A b’fose/rvol.)
(3) Generally, momenbum conservalion cemstrainls
keep the intermediate stutes (?nraﬁajzrs)o’“—.-s
Bubt this caw C/Lw»uz,e,, when new stoates ogppear wn,
e thesry. A single propogaler becamung on-shedl
represents o bownd stobe h the thesvy ((which
chows wp 08 & pole Uw the S—matrix).

Meore thom ewne Pmrw?&xod becorning on -she U

whan t’lafe/j Shoae o comman verbex repre sewb
prvduction thresholds (branch cubs ua the S-mabvix).



New Oﬂ'C/C)bS cam be a,.s'séjv\:ul. To such sihﬁvlaxétl‘w
A the S-mabvix Wi ?e,v\zricaﬂg Lood &
Qxfaa/v\,s)(,o-v\, o% T 'HN@A@ These fe,a:tu.rts ore
'wo')brl/j ka,wULuQ, (aj e,;c‘(jezwob:vx,a, U\L S/Maxr‘i)(
Cnie CM'WPLM( memento fL&ms (There ot ne
gc‘\nﬁ/\th“tCQ/) fb’f Ewcidean ywow\,e/mf/a,)

This bechnique £ ma.bd‘b'\,mL condivuralion anfabw
AW co rabivannls  on the pn pertie gbtc\n_ S-pakri X .
Q,E:I) PY'DCCSSU.) ! Now we can eastly uae
Fegnman rules to orite deom the arnplitudes of
vexrious bLree-level precesses ormd calcwlote their

voker (or cmSS—se,cjxms),




E'xo»m?(f_/b .

- S
(1) 0mumb Swﬂfzﬂv\f ey —e

virtual pheton from oo stabi'c
(Motewsrpmvfw the fredd
(2) Compton Scallering.
e Y — e 7V
(6.— A o’ﬁ;m bounmd w OJ:OW\A)
(3) Bremsstrahlung
@-‘Y—*’-} eV in external
electric ‘51%
(Tritiol/firad state radiabiod

/

A
e

{>»AM4<
v T
...[._

%




(4 Pair annihilation T
ete— TY | /—*—< + )Z’”:'\
(e Abn M ma.te/r'iwbs)
T cablenlotrew o cr ss-seclion , [Bese stafistics of
toso Lmo!/ist()v\,WS(rva)oL& Pko‘bms 34«/‘(’/.) o facth «ﬁk —2{—‘
() Parir [Dl’vo{MC/&"w w the tinme reversed ?nc,uva
YT — efe” (oftemn one Pkptm & vivrtual ’)’*J
o contribwbion 4 abowic eleciciol)

(6) MP’LLOV’ Scaix-wiv\,g, .
oy -

In calculaion ojt C!‘OSS—SQ,CI{,OV\., Ferma stakistics O’k
torn indistingwishable cleckrsns givesr o factor of o7
71\'5 {700"’ ’uo"ﬁ'mvws‘ have o re.(.a.ﬁvi. nmanu § szrv» ‘
due Lo Fermi statistics & electhrmms.



(7) Bhabh ottering -

B + f/ >¢ + e/:L 5/ \/
e —€E€ ¢ —

(used for calibvating buminssity K

v aCC&Lwa/tm)
Cernu stalistics ovp[al/\:w bet vreem 4)vvoomj,v\3 staten .

Tn %w&raL, a,vaUtu,o(,w For procenses A+ —ctd
ore related G these for A+ c — P+D La:j
Cros_g(,v\,g, Sjmmz)bvj ! Reverse the arcows, jb»r the
hoe Whum Sign replace W e v for cpiners.

Tn colcul atvonm fﬁ cross-sechions, 1t W convevvien
tv vre tThe Transifion matrix (T) al,e.fm.e.-l. Lj:

: & LG
Spi = Sg 1’7;% (2m) § (/PJ-—'P‘:))
w1t cross-secdrans J,cromol,llwg- on l—rj-z. lz,



Couwlom b sc,a)bt‘e/ri,%: )
e W Scotbered fYG'W\: o stoj,";my )

The non/re,Laf/vWS‘)b'bo tow*?e/t obsorbs
momenbum , bub mwt energy (elastic .scaﬂ?m%»)

S, = Wt sp) (~iev™) wlpi, i) Ay ) SThrAH)

Fi
The pheton wm%—wv»cﬁvm W :
Ac)._ﬁ'_., , A=0 D A, 10)—-“01 2K §(E).

I,% P(rwt'ov\, w t,wtujamtu\. b Om \,Y\Itexv\,al, b.v\a,

,Plz — IﬁPIZ ) 3.()() = QS(X) a

Either way, 1Ty = -—LE,LLJ:Y w; ’T



The cross-section & dejined oy tle brarustion
fro(oa)ribi!{j per unit velume of space-time
oA per kb inet dent  Flux .
The volume of space-Time w jual (Q—K)(*S(’CC’).
No. o/t fw\JJ, Si;odiw v the momenbum i nberval
S y 0!' f’,f artiele .
df,’laf L4 VCZK)3 for each par
AL the wnobserved states mmal be swmmed over
(e inbegrated over), e.g. the virtwal photm Y~
lSﬁ[?‘ conlosns  Sqmare 4 (zm)lfﬁ(ﬂ—ki), Which,
A 6WVM yvs (ZZC)L{'S("(ﬁif(aa) x@?(.)q' Sq(o).
R X 4P . Ly -(271’.)9'&’41’ bi=by) 1. 12
Fo =V JV :(E:V/;%J(LE“’/WL) X
3

_ 2W S (Eg-E.)m (2 Lk
Ef‘-?? ITgil @)’




atshcz 1,;&1:0( 4, E=€; = FJZ':H%I.
Fj‘ o(,'}af—.: E'Jc aLEJc ) tne i dend f(.u.x A [U—[:
de _ efgt . _m | Tl

-—  p———

S a‘.ﬂ 4'752' IE,_F?I—‘@

F; fo—: ’P:c,aae = [32'6'20«39

“;;‘ [’7/2 Pom"h 2}ojjo — 2E- ZmZ—ZPzEZCoaB
= 2[3 2[3&0040—- ?_PEZ(I - 0¥50)= [[—PLESUV\-—.

Gm@n'cw% ) | L{:f W, , (u,f ru“)(“’ l_‘iac)
wheve = = Y f—T'Y . EXF”"“ﬂ’J;
Yp' p' 1 ({Av = O’r&vn X(-&'ré' :)’PY;, 'l'Y.S' = LYS' ’

N




The electvon WW\"@"gWdeGOM appearing un the
cross -Sechion Com be arranged vt fom 4T
(er VvV ), omd them rc,?l,aw,ul, by the Oorrwf,mou,y\ﬁ,

fm\}e,c/t\'oow oPe,routo'Y'.S.
Consider wnpo larised scabbering . Them o swm
ovexr C (ULV\.OBSCV‘VQA), a.vu(. aV'Cy-a.g,e, over S¢ (Q,VMFY'Dka,HQ)

The r{Wvul ‘Mw'tﬁ.x elos £ ’2. becomad °

. et 2
73wy gl -:-J-S% TR TR

2
S~)S ¢ NI °
L1 f :J_Z{I'YO/K'{’M'{"LJC
sz £ 2™ p
-— o A +wr -+
=4 T [7 /‘P/l-:vx L —i/m,’“]
:é;Asz[“/%Y%c+mzY“/J
—_ ° (] 2



Pivby = ELEq =[Py  eos® = B g — PipyEEgp O
26,Ep —birhgtmi= E+pE cosO o e’
= N+ [Pl 2pE sin

2

= ZEZ(( FﬁZSCn —2—

Putting all the above facters togethur,
Ao _ e (1—psin®%) . Mt

8 + v
2.

oLCi - '44 7(;l PEETSLY\"Fé‘/l ' Cro.SS~Se,cun:n
Fe,aiu.v-e,s‘ :

(1) It is indepondent f m , omd also signs o
e omd Q - (Hfﬁku' order caleuwlolians altber
theae fr-afpe,r'biw, e.g. ok srder 2@’ )

(2) /BZSiV\,L-% » due o maﬁwj&»c o et ({;
electrm Aanteroching witls the magnale
fie.(o{, it sees in its ovom rest frowe (w‘LpJve,
the twr%e/t charge @ A mo\/t’mg)‘



(3) Baol(warol Scaﬂ,_vri,v\é (9-':7(2) vovushe, au];—)(,
This is dme T helicity conservation of
tHa electron . (Hebﬁci‘(.‘j cannot j‘b\.f)

For Scattering 0§ positrons from the Coulomb field,
’LTJ%- = \?(1%,553 (*‘eYﬁ) “()Pf)sj) 'L\r*(‘\’v) '
. _ . — — W
The Fnae,c){)\,om o’loe/rwt?\d 3"-"‘9— Vo = %— JC‘“’
Umpclmvtse,ot scottering.

'TF\C Le,a,ouwg, o‘YoLe/' Cxo SS-—Se.t‘ijw w the some aa
thot for lectrons.

Compton scatlering .

I Ecal eleckrom 8 e,AAemLmUy at vedd.
Foral elechron 8 not observed.
Lncoma ng oumd. ouxam‘né Plrwtms e ]obmf. LIAVED

f* o T 2
Ar&(k) :Tlf_-f/\:/ , w=k=[kl, €Pk(‘*=o;k:0-




The no rmali s atow 0’{; kotlm (,sav-e,%-\mc)(;.,ow W
chosen such that m mr’W’ 4 the plone cave s

—Ljatx((::’z+/3)

: ) ,) k
The Sum of the tor ob,%w g
gL VLo the watrix element +
e 2 —
‘ ki b;

'L7;LL, = (-ie) "L{J_x b |

}Di%(m)olo:(’) : A’t rest



Cr'oSSin.ﬁ Sjmme/trj for P}wbm A ki»éde‘kj,éf
Thes W mouvv\,f&&)t m the shructure (k LE‘;'
The ,Drblm,fn'utg (fi’ S(‘Aﬂbnv\j, A tcxswn)
oLO}l = -(zm@g@(tﬂkf— pi-k.) [7},,2 &31"36 _.éz_li_
Eo/m) 20 @) (/) @rY- 20

~ (Fro)

For P‘Vw‘th, 5c_a17172/\r6vxj 55 s"taL\lowa-Vj e/Q.z_cJtWV\s)
Flax = |V, | = C =1, Al febons of V (bx
V\DTN\.O\.Q/{’&&L(.OW) hoove comeelled oub.

valeaﬁv-a,t\lv\ﬁ st b unobserved eleckvyon oQtﬁvUZ/)

<k Yreedom,

2 2
— ma — s — .___wo J,k A._Q T.'

Ao} = TrRE g Epoog OO ) K LT
: - NE

To LV\I’Q:’V‘CUtL cver o!.kj_) we. have Lo f""‘*‘l' -a—k:f-

wsing momentum (ond net emergy) COY\.SQA’V@HM{.

)



2k _ ?(W) _ 3 (fkz+kF=2kekcose )
b‘kJ_ -, k;f ’}kf
_ ke—k;cos0 _ (k:f——k;,)-k k; (1-css8)
Ef B¢
Er\.e"'ﬂ Con Sexrvaliom . (}af — {;L)Z = (ki- k:f)z
= 2m— 2m Ef = — 2‘%‘3("(1059)

= m(ké—'kf) = kikf(\-use)
L ke L _ L - _ Gomplion's frrmula
ckivks g T leese) T

heton c.m.ve.\e.nstk

Also NEf Q(f—ki)+ﬁ(kc'kf) TM—EJ: -i-%(krk:f)

! 'bji_; E.:f»v = Ef"

= Mt L. _ o — ki

= B (1 ig akg)) =1 = T
]v\ﬁeﬁw\ﬁm over A'kj— Fiven | n Ao -

(l.(—??E%\



ﬁu,bt(,v\.} al  thae fa.CJJm toﬁvtl\ﬂ
_ | S

d/ a&b - [én"’): —E’f—) &Qf {Tf—t( . |

The CYrovss- Sec,tv‘o«w fm’ u,v\,fol,a.ri.su[ oo cbrms &

al._o: — (" _f__) «Iﬂ’-{»m (Kfﬁ(/‘(" éc %f"{'f’) /b/,,-(—m

d o 327C 2m Kk, 2mky 2m,
. (*’é//éf B *’f&’éé))
2mky 2 kg

Trace ivwolvey producks .% wpts & Tomabrices.
Losk at the four terms Cndividually .
Use A =2a-b— K extensively.

Vlah{j Aot ’aroofA&dL‘S vanish © € - k 0 /K,K-— Z—o

Py b oritten in terms 4 b ,k.,, ] loy cansorvation.
rtr.st term - Tr‘[(kf-km) g}é{M (’{{L*'M)/K ﬁlﬁ\{,—_‘l ]
=T [ K KWK ] (s tormes v



= 2k by Tr [ £ £ K€ 4]
= 2k;-p; Tr [’Ff/éaLXi./éf-J
= 8ki-bi @by €y koep+ bpoki)
= gki-bi (2(ki-€g) + by-ky)
Last term & related L thia by crossing symmeby.
€, k;e> € ,—ke  substitutions give the resuld
gk by (—2(k,€) 4 beoki)

The two other Cr'oss-—’te.x'ms N . Lj. crbssiv\é,
gjmme}t(f_j. E ach ?4\1‘2/) tha st buwliom,

Tr [(x’f’/f""’"") ,éffi,}(}, (4’/.:*”')/’(&)6‘3”{':;‘
= T [(Feom) @K (Hiom) Ky £y ]
+ Tr [(,l(f/,l(,; VEEK, K Ko Es . ]

= 8 (k bi) (kyobi) [2065-€0) 2 1] —% (ki €5) kyebi
+% (kg €5)% ke -



oL 2 2 .
2z = 5= ()] Dt %*“ﬁ"éﬂ*z}
2 .
- RO [ M ]

:5{ % calhed tHa classicak radins (k elochrom, .
It W about 2.8 fm w magni tude -

In the Low energy Limab ) of for wood, seatfering,
the Scallering becomes elasbic , the Ayt redicd
cvosS-Sechion redmces Xo Thomson crvss -sedhvomn

o 2
de = 25 (&€




When the phetens are unpolarised as well, we need
fe sum owvbr éd; ond oNexrage VN c .

Tw 3—Mm. Spaw ) 60), ecz) a.vuL Q f-u‘\r'w\, a.cqu;wte,

ovﬁr\.onb\fW\AL ba.MA . —T\;\chaﬂu—r&)

2 (N _ () - k-
7\2_' €, GJ = 8., — kbk‘)

WNe have L perform : L T ,
S (€p-€;) = (s - kil kikg
. —_— S g.~ —
* .}‘f ( “ \ﬁ\’_- >f >‘b
= 3 —1—1 + cos®®
— 1+ cos?o
ds % kﬂjl ke  k
T § Ll 20 — ]
da ZM’-( k. [ E-\- g t14Cos 0 =2
- oLz ke \2 k. ki  ceon®
= —= (_kt:\ [%-\' _i_ S 6]
Alterate darivalion uses 3%eM=-9., ,
. . i x=\ l"” V rk
i QAN ookt w presence ﬁk cnrirens conservalion,
ﬂuut wn thhat schewme éo?(,: o Conwst be U.SQ.GL.




Them e»‘Pre.SS(ph fﬂ' \T.-}CP' A ob.-f-fexemb
The toeftal crss-section » sbtained using

_ ko
k.f-—u- %((-—Cose) and  Z=co®
T= T [ az[t o r E ﬂz]
e (el - e G

™

{ 8T <% fmr' ki _ 5 o
= 3 wm* ! .

2 k¢ k. .
F (i 2 L0 (Rho)) b

Pour Proobu»cllo”\, tk\r-ouj[r\, omnik)«(ﬁblofv\:‘.
Tuetcal situalion Umstirated Ly efe™—— (.
JP J e
Thas b o loemo\mmofk p o Cen) for cdlrdovs |, T

prs dce new tdﬂ’*” 43 fmr’bcm.

It w cleam , ok Cangervalion Lot are sim:y&z.
(ELQ,C/tY’bMa-ﬁV\.Q/C\:C. inCeraclien W needed .)




Tt & convenient & analyse e b, b,

bi+P,
S = (TJ‘+ }DZ) (L' ol EZ) - 4 ~'0QG.M

The Sca\bte,nv\é, waak % ei,e,muut A P —b2
. (;f'b = V. (ﬁz)( ceY )Ue,(ﬁ) G)‘ ]°z~ U (1’3 ("‘e'Yr) (1°4

Curremt Cmservealion folows  frem
\7(*/“';[°/7_>U =V (m-m)th =0.
The ,m,eunbtg F Scalbering B given by
Aoy = (2m)* 4 (4.t bambyts) Tl b, A,
(E/me) (E2/me) @ (Esfm,.) (P (Eafmy)
(

X

§lux

(Resx rormalisotion factere % V hove beem umc,el,(,u!,)

Tn thae CM frame , olMlsion w cllivaon.

Then  flux = an"Vzl" H?( l?( Ezlglgal?l
Y | =2




(Flux A wef [ovemts t,vwa.rto.v\i?)
5va|>Lex form :f(,w( = \KF' Pa)=m mEm;

E.E,

Note that d°t’°:_) "W‘nzmz. 2(5157_*‘1?“_[’:.\)%"’“\1”}
eres+ P IRl 288 L (R Rl — iy
E, (l‘p,_l+m,_)+ua\| (E;—m ) mom,

T ZE CL\\’I\ b2 | N
b PTES + ml (e S ) — i

+ 2B, \FZ,
= (EFi 1+ €L |l) =l
bk, = E.E,+IP1l-(P2]

2 -_n 2
= Epearm TP penm

Them (brbe)mim? = €+ 1)

o
—

—
—

g

Iw owr case

—=

= g%+ 284p| 4—&{4—“’\4
=€ [E +1\F’\2+l\°l—m:]
= 4€*F\*= 2€(}1)



Thew :

=i
—

bv\be,?radwa.zz ol Hhe g,wmw

YR
Mg me S(E+E,—E,-€;) '3 1’ dp,d O {_,_h'
47E EE, . E> Ex
™Me? m,f P L
4T b le”l A 2€,-2E,

=S

zqﬂ?l

1’_,« Jca,dbo’r arises frem ]akxuse,—sPace, {,y\j;eﬁ,ruj,)
o'itol, describeo the threshdd behaviowr,

——

For the u.vxystarwe,al, case ol
l"’ +m L—Me
(22_ Z,Til ——Z—'Tr( ’F -2y -—————)

S;,SJ,

2 2mg
< (’a’ "’5_**_"1:7 4‘4;:»)
™p

4‘%
g ( |°.3,~ hn) 3,»“’ )’.3 1’4"' *’3,, )’4

= gm0 ()
=S (i batbs- \’4)"’ S 4'-]



Py 4 <2
b Reb =[S s Em) ol
4
"{,\m 4m Sej; o \M\Yo(.ou‘lscpk CY‘DSS—-SQCJ;JOV\.

o .
:CE)M«L s3 \/S s —*S('“e*mr)""'“e(_'m")(:'m"ﬂ

S - 4.m
In the high emergy Limit (J's_>2mr,,>>m&),
Ao o* T [ §* 2 24 (S-- ")
(Ga anp, ¥ 57 (10 (£ +mps+ seo (Fp)
JS>>2m

2
—— 4%5_ ([-(— C,osze>
The tetal crvss-seckiom becomen

2

S ~ X | —EMp . 171(—554-?-"\ S-'———("““" ))
u,'I\Pd S& S P r‘

= 4’“‘Jt—4"‘ (1+2m)

52220 4w®
3S




Exooe,rime/\r\f/oﬂg , o efer ceMders | the anni hiloatrion
crogs_sechion nmereases every time 5 crvsses the
tlwveshold for cre alion «/k nes  £L 1=auim.
+,- ra - 2
Resy = S(ee = ¢F) _ o [amZ (14 2% )gfsam
e ) - A (1+ Fel-an)

CQ'SS\A.W\LV\? J?) me > ‘m'w)
There Com be extra {f—ac)tm w R v o thar o\,eﬁre,vs

Y freedom (e-q. 3 for ne. o’{s gmark. OoLWWS).

R(s) for ete— hadroms  shows steps for P"’WK
/t each ne WK fLavmr oA JS increases.

Fer s close % threshdd for podar Pnabwd;‘bw,
Js g 2w (nen-redlalivistic muena )

OL() = < -2 = o< IF;’ . Isetrpre
IO wpel, 2 < 25 E,

[n thise Livut Fai.r—fvrul»cblom B m S-wove.



The mum currenwb Wy (B,) (—".e’(c)vr(’f’ct-) 4 nen-zero

WJ/J fw SP“G& uy'\’f‘?"‘f”\m‘ It hoas ro a.nW

Mrmobwvce,) OW\JL no O.ngv«la.\f Mo e nbum.

The congervolvon Kk tetal omgmi.a»r M rmembum "Wf(/\w

tL)J; .S'Pivvs O’t '\:J"M fw_ ort aL\‘M o Ul e:rowut,e;

elicitieo (ive. the collision direeliow).

Po[wriseol, C/V'DSS-SLM_'- These can be obtw lg

tnserbing afrvvf:rtaﬁ' factors o’t (H‘Z.S‘é vw th Dimc

traoce . Tt & coenveniend Lo oovk in the l'\f.l,tc,tf:j

ﬁa..s«:é) where The f:rOje.oU.ov\, qnexai'.o’r's are (ll\'—;&')_
|+ V¢ | =%

(et — > R omd 2_5' > L.

Tha currenk uw the ke.b\.c,q,'(':j basus Wy NeN-ZexD

sv\{zj when the $piners oure of the same bype .

V Y,*'U, = \/f YOY'AU con have [|£Y5

2

fauo‘to’r's tkout Commube ctth YO')/’:«\L}. e.g.
)




() (o bt V(Y (2o
The hcb\;cf'tb £ loosi‘bm W opposite L the cmru]aomuv
rro"')e.dxow qaorai‘/ﬂ' for . So the precess ocemys
oy whven, ef omd & have crt:fosi'te. halverties , o
the Same spuon W the CM rame .

;m anguwlar momentum os.lm\j direcdion o} collisron=1.
When the heliaatien ore o‘”onsi.be,)

(o) @ (01 8) = (4,%) - Voshr prssmiabor,
\WWhen the helicitien owe the some,

L£0) @ (£,0) = (0,0)® (1,0)

MaTss (r;r " (es. “’&'wfl@?wm)

These Lovent z growp Proputce/g WW\;PJQM& e
soonne Rf\.dj,c,'cta sedeclion rules.




The total precess hos [ terms (R and L for each
fevmim)' Oub o’k Vke/.w», o-vd,j Jﬁrrur ove nNnoM-Zexo.
RED olso olorups ,;awb'tj ) i.e. R« L 6xd\,ow\.5a€,
Thot Leods 1o the relofivons betweem owvvpL»'b\uLw
(LR — LR) = (RL—RL) and
(LR — RL) = (RL — LR) .
Explictt |y evolmating  the v‘bV‘a,c,e/a : i

- e
s (Y'”’(’*‘Ys') (Bme) v L(wro)(d22)

(’Y’&_L<I+Yg) ’1" ~? 2 )

zwxe,

[‘D lp - 3 f’: \°z+‘f’: }’z + "G-lwg(‘ptslbz‘}
— O (—%5_) © Dominonkt conkbri buliom.
Tr (YM}I:(“'YC) :’”’u"‘m";e, ’le(l-*y )*zz’:\‘:&»

¢ ™M Y m
— r('{ i"(l‘FY{) 2.Y:\ v 2.W\t,>

e

= (1) : Subdominant cowbribulien.



Moass term can %‘»f, kﬂ_hc;{rj RulL Msu{:\wessw
the awplitude by (omd Tr(---) by "r)

We neglect mass tuwvs (J_'>>W\ ) MLLAL
%I}'YX

- Cxp,\t———z(s S S ).
Then the PoLour‘LSCJL Oovxxrt,LuJJvov\,g oNe :

(45),, = 5[ lhh) (o) < 2(beb (b k)
pet
12(10 ) (b be) 72 i) Ch Ps) )

(|+c:ose) : LR— LR , RL—RL
(1—ces0)* * LR—>RL, RL—>LR
/"\ob!/w\ﬂ- o ‘ﬁo«,ur Possblp'uf?\:e/) omd., davide loj <L
v overage over v B ol keb\.u.t'te/)) given the
corbier resudt d‘—or

_4s

(oLO- u.hprt
More detailed calewlation sheows that the fadters
d (I£ce6s0) apperr n T, itselk .



Censervalion of MWG-Y M omenluwm, Cmf(/{e/) b
(LR—LR) Vamishes at @=T, amd (LR~ RL) vanishes ol &=o.
In @C?M‘:M@v\t-‘i, PO'LM'I:SO«LCOY\S are rot Pexfe.cil) ond.
JD‘)MMQ, C»V\LY'LB\J?LOM are Combivuu\_ w‘\ﬁz\, o.FPWf?L’odl
wulgwt Fackors (f)ow‘b\,'aL P(Larisaﬂm\,),

Bownd states : For efe™— ff  bound states
appesr belew the threshdd (s = sz‘

Mos € o/t theae bound stabes ore nen-reladivistic.
S, ivibiol relativistic ff prduction can be
combined with Suﬁsq/mt nen-redaliwstic evolulion
te oo~ reasonalde amemeaLCw. (WLW thua s(ntz.g};,
Leund states Ue oubside perturbolhve :frauy\wk,)




The f'F Sys bem w m L=o ., s=| state. f 7
(We still assume mMe >> Mg )

Thedt ore massive vechor bssom stabes.
Let the mass be M (% Z.Mf) ond. e et
the waz\fef{f\»wotvw Y(F) =v(r).

We hare ©F=1-Te , k=1L(h-Fh) and

)
YE ) = [ o’ et '\l’(r‘).
Weth mn—re,Laf/uviSb\.o narmalda s akiom
f& APE)T= L

TRU"; tTf¢(66~—>f3)= Ak N*(k) 'LT (ea_’ff)

sz)“
= Y (r‘:- ) LT:[;,'(?’&—";F:F)
lnol&[:mdxmfa "t E’
* JCW M"’Zmac
VYo) must be obtained frewv ven-relofitstic

ma,!dm O’t j"_:f'_ bound stoate. T S—wave, thas
A the only parameter needed for annihilalion Pmcu—&

'Y*




Theon the U\.hf;a[.a,r‘iseft vechor bsten fvxoobwd}u%
crnss-section WKW

a(efe— B) = (2r0)*s* (f+Py—bp) Tl Lp, |
EJme) (Ex/roa) & 50 @07 Flux
— (2w) (g, +E,-M) 2 EE 2
E, €, e ZzzTFﬁ—“;‘fl
— g?' 2
3 = &t 1Tl 8 (5 —m).

Assuming S =M x 2Mg >> Me

—_ . - _— unpolartses case.
(2—)5;,25_5_ 'T{:—L( zmé_mz | ¥ (o | ,‘u P

3 2
: + - _ 327 > _
-.ﬁnm[ee-—»ﬁ) = |'We)|” s (Js-M)

The octual bound stabe decays (back to €™ or %
soe othex staute,S) ) omd so the S-—%\kv»oblow 3vt3
kroaw‘,me), imbo a ressnance fe.qk. The owrea U\.hal,q«

the Pe,o.)« L Pre,se,rsrul, ho L3 enen .



QWV\J{/ stake OL&COVQL’. Assume m\,j A,Q,cag w % e

%k,& transctron m ol x elem ent f'o‘Y‘ D —ete tHa

CrmraL&)l CMJu.ﬁovtb of thal fm’ efe — 5, by time

reversol invoariomee.

The o!,e,cag robe (in the resb frame o R)

OU_(&—-) €z+e;) = (Ex)q. SQ’(PB"PF’"”%_) | T ’lz 0"3PL alsl’z
(Efme) (Bafme) 1 G Grp

= me,z'

@n’ E(E, §(M-E€;) by E 4B d (T
2
pd Me . [°| %
4x* 2E2 Tl 4

For \*"\P"L@HS?—A case . sSum over ele” spin direction
o d average over spin directions of -
D s a S=| vector Pmrbéotc, with 3 s,n'w staben -

2 4 2
- [ (B'—"efe;) o~ Me & [W(o)] L2 4x
) sl ~ Z o ZTwaZ

T T le T oL 1ve) |*
3 M2




The relafvon bebween o (ete” _
A indepemdent o mtf)e(’-e.’ —;;;L;:f;;,rma&)
(et =) = 2;55.31*(3—,@*5) S (f=-1).

This Ccan be %Perimwﬁauuq— Geat e .
Fov %ourkon.ia., (SP{,V\,::I bound gtabes 01‘ W@))
Loth Sides ore rv\ml/ttlpuﬁ)' loj BQ;.
Also I\I/CO)IZN (i.fm)—s cn e cane .
Recaunse o kebs}oil'g censenvalion , The decon
helbicitles o} 3 oure restricted o -
+| — RL , -l — LR, o — No olwogj-

A %m-zL Pow-a,me)br‘ismm o’t the Yressnance Pe.wk
S(ys—™) by the Lovenbzion
Br'eb’t-'[/\/tﬁv\,ur Jcmrm (E—M%/ixfﬂz;—
The singularity @ o pele o the c»vvv[:wx plone

,

2

bo&aj;da.t E:M—-——.

W rep la_ce memkt




TF\.Q.Pkake.CW u%%[:m.so tkz.,oe,wku}w

(efe=> B) hoa height 1=
Actuwal expe/rimw\ﬁak d_ata Sfﬁ

wowkd Shew  Severol peaks R | (T
before skowc',v\.z asy M,Ptthc ﬂ ]‘
Loka.vi,ouw‘. 1 JUt

4mg —~ S

Non-relotinvis fie Potuvbcal,s:

These com be extracbed from the relabivtstic
f‘PMO«MSM,) Ey Looki,v\ﬁ ol i twalbiions whoere

'B K Smoll omd e ‘aauLv- creaﬂon/mniuwm
VW .
scewrs. The Pa,rD\IoLw ore SQ)YMOJZQJL over dastances
wmunch L“rjvf thanw theavr CoW\fthL an¢LQ/n5W’
omnd So They beceme obtl&DGv\.Wsl/\,aiaLe,.

Tnbteractions awe produced by exchange of vaerPmccw.




Jn coae O’b two d'\.owgw e, ond €

~ %) b /L P4
'{7}‘; = (";e’z JKBY u‘l)_:_bf_' ("ce'zu‘l-yrﬁuz) '\/\"’g"\"’"‘
g +L€
Jo the non-relatvvistic Uwut, b1 ’k b,

the lower components of U oxe O(%)
Ce oV\,Lj =0 term odeminabes the Pk,otm wd\,omﬁe,.
Also L7’ = E — L. Then we have:

\aRY%
. Z 1
A T';il’" [g=0(L), 9=014]
The potential U Frual V=—Tg = %el’—i-
Fourier trangforming , v (F) = f;te;_z

At higher order, thic gelic corrected by processes
oLe,/o\IctuL by the AJ\;WZ/}*A.MS ( all _1_.-(,00}, and 0[0(7‘));

e N e




La.ﬁv'ow»ﬁ/(owv ‘forw\.\ALoJ}f/m (t QED:
S = J,U*x L . In quanbum thesy, S has units &K

[ PR

Z = W(Ly—m)\y—z\:ﬁ,, , :DP_-——'B’,\,-l-&}e,:L\r,~

It v Loventz ond gauye (nvaryowl.

Tt adso has symmelries % P, C, T.

ECV\»W“’M o’k motlown oxrt o b tonved L’,)' varietionad

Culer- La.gmv\ge, Prbcutv\.r&, ’Ca&dv\j ’\P,'\T) ond A‘W

oA Cno\»bru\,o&u\b var (akleno .

\/oufj Vv . Dirac UI/MIA:MV Q,:ﬁ—-m)’\l)—_—_o

Vary Y C:'\]\Lg_m& o} Dirac egualion
"V(-L?——eﬂ(——m> =0

Vo.fj Ar,,‘. Moaxwell's e;t/waﬂev\.s (LﬂkeMojwwﬁA)
2, FI"= e¥v'v=17¢"




Selntions of these egualiions give the classieal
behayviowr, amd Wo’tumi)M orvund. Mv\,rrvvi&
the OVU—OJV\t'U«W\r correctionA.

For mal mam&fulaf/\bM sftem wae indegyration by
ports omd (grere boundary termas (o infunity) .
In to,acb%lc,d, e)[;te,c)ts , Pore C&r&%\»‘. trea munt

'L \omwol,a»ry terma  bhecomes r\e_c,e,:SQ\ry.(No’bn)wQ_E))
Given the La-gra»hgriom, sne Com clussse oo
{»crtwrbaﬂ,w{, vacuum (L-e- ne Par‘bu'ch), onrd
then e,x[»a.vu:L oround it o obtaim Jdesived
correloi sn %\Av\.cb&ms (i-e- Green's Jﬁ«ma\'ﬁlms).
The Fe/j?\mom rules Wm JCWM the Lacb«ffomgtlm
aon A J‘CV'MSL\L%DHAM& mannenr .

T cakecuboalien O’t ijnw\,o«.v\ dragrams o’t arbitmg
oro\.e/f, A/Lvexg . Ce) May aulp?mr w momentum i,n'te.ﬁml.s.

we need e a\ch,\/op a inahwc t, daal itle thod .



'Dt}\/e,rimowgi Theae appear either at k—aw(UV))
o ab k— o (IR) in theorier with massless particles.
Ultravioleld f iL_L behayviour as k — ed.
-4
D w colled g\,,f,e}rf(of.al, &@3@ o’k a&/b\re,rsmc,e/
D=0 W Lofjo"‘”i'ww"';" di verg emce -
D>0 W /f:owvrtaw divergence -
In QED with 34l dim, coupling w dLmemsionled
A @z\,\,-em, a(/\',a,jram, there are vertlcen \/, indbernad
fnlaaujwtmf Liwan I, external state Lines E , and.
cloged Lmrps (irre,olM—ci.HL and \’,v\ol.e,rw.&ywt) L. .
The total M&gram behaver o Lirn P .
(masses owre v\e,afblz'ilr(.q, m thow L&va"L’)




Counti the mu,,ww momenta tnvoelved . These
o c,onstrou}v\,ut [oj memenbum censexrvalivon ol
every vertex . (No free momenta Lt on deag»mmsf)

Undet er minid reo. of momento = No. of Levps L
Count tThe potsens o} momenta w dp\ropa,ﬁm.tvvs,
Lo‘b’k ok the S/tru.c;bu.m. o"— (:vxtufa.otﬁon vcrte/x }vv"*
V=2I,tE, , 2V =21 +E¢
Then clirvmnaling V, T, , I, :
D=4 -4V+2Ty+3L. = 4b-E, -3 E,
V+3V
lwo\'vybwi%i £ ivternal Lives omd verlvceo.
D only Aaponds on the tjpe. Y G reem’s {'\Lnot\iov\.




S}e,ciﬁ'l;c 0(/»0«»64'%\"\4 ol i—(,ﬂrf Me’(jD 20)1

E'{:' ) Ee=0 ’VV\”O ) Ey:l)Ee:‘_’o ’V\NOVW

T""A'P‘u» Vocuum P«Lari.sodxow
EY‘—-)' EG=D y EY:4- ,6650
—rréa,v\,?/te, LLSL\L«By-—US[«F scollering

Ey=°) Ee=2 /T ) E‘Y’:'I;Eef‘z ?W
Wowe $\m(/t»o w/ mos S

. Vexrtex correchthion
correction

Ownece vse take care o’i— theoe abivwgmu/) ok
l-lovp, ne Surther divergemceo ot highon~ orders
0 boc'ps need. T be tackled .

Symw»e)l’,rtlen of the ’Ckurj cam reduce the value
F D from the superficial valuwa obove .



The Prvceaeﬁh{“e»"tv abe,ad, i th tese abl?vtrz}om,cw
Ve,cl/w'w-b mvv(ﬂh"/“}b"""’ 7} the momentum Cv\be,armlzs.
Thus mba(j,%t'c,aﬁow it called re,gzvd,a.rl}.?wbo%.
Memenbum Space cuboff - Chowge tha wpper Limib
& inbegrals from oo As AL It is amalegous
to Gm)bmabhofmg, abormic structureovw meokmczs}

cshore Momenbo %«JJ rectyicted To the Bt hotnin 2ong .
, v ] ~n ’ '\I—(—
I prsibion space, Spacing ~a guwves Aw—.

There oxt other re,?\(w(,a,rdsw\:o«, procediwes an
well Pa,ubi,—\/iu,ourzs, 'g— %uvxot{pv\,' oblwxzm.sioml,
kVQ_%/\I\-LMl;SO\x\’;QV\, ete.

Ga,u.ca»b 5 Mmefb’j has € be Mmuaul Care/j'uug, shwle
vre,ﬁ«w\oﬁ\'\ﬁ the wementum vate,amh- Gauge tiransJermadions
ey Spau.c,e,-»t«)m o\loymo\,mb, ond go change the valaus
A\ memenka . So gamge invarionk cut-tis have & (e
Sbvre duced in tHhe thesvy.




Pof)u\l,af O(At’(% PY‘QLQ)MJ"C I au,w\,e,hﬁ.onal, ijuLariszd}Jm
SThort o Meemb um l;vxte_ﬁv'&v‘/s ave evalwated wn d=4-¢€ '
Aovaensions, and the resulbs expanded ab Laurent
SeriedA in €., Divergunmces opperr os Fde/.s o €
Tt » ojvgcbrod,uﬂg simf'fla, bub F‘r\gs’icoi meaning (A
ot ‘UV‘O/Y\,SPMA .

L\,%rowej/ . jf%'— ore Mge/v\.t w\t}rbb\ﬂxms as \~o.
Ts tackle 4}17? we need oanother re.aul,art:sot(m.
The SCMPLest ene b Lo 7”"{' the Pk,,hm SoML WARSS
(.e- (<.?'——> kz——'kz‘ Thuws W ot 30\.&5&*’1“\\10&Y\.’ow\t)
Lol it & wsed n cases whoe it verks.
Dimensional re,zmlarésai}éow also works un cade of
\‘vdﬁrouru\, djvevg omces .

erig&b(,m tsolabesr The dmre,rau:h :Faufts (.k
a celculation (/\,->t>4 ;A= o)) omd kwrs tha
ok hewvaduce ol e,xpve,ssiem,& obdk-—o\,vkim.cl,-



To obtain physically meaningful results , the
Corefunll 4 vSolated divergemces wwist be_ cancelled
o e wuinobed From o bsenvable Wni}i’t‘dez&.
R&mrmab)-ﬁwtﬁmg',

(1 Aﬁw 0*«0('0‘/‘3'\5« several, conbribuliend 1o a
pkjsiwL in:s, the ae./('vtrgwuce/.) cameel . It
com. olao L\,o\,f,[,u\, thot the reauwll cam be binken
up v nho drstinct Sefafax% doservab\e ra.fts,
ond the [aaurt o’{r inberealt waw be ﬁn&f;e_,.
E_,(a,m,‘,,u,; Tha vertex correcdiew W (Ajaritﬁ»ww'o\u:)
Mv*crguut . Pput T has two Par'[:'S, )’r\Ar omd
JI Fruf Former daverges Lakbesr w fivabe.
/‘\v\.ovv\.ad'ou/b W\A—ﬁ rnetic moment 0% tf«\n.ela,cﬂ;m\,
ok L-losp w: G—2= 0’7%‘ (SCL\(’JLV\GW)




(2) The cuwb-offs may ha ve p'ﬂg clcel relevomce 4w
tie problem . This meant that the theory i valid
o by Letiween Certasm energy scoley (re. 4t W
o, effecive tkwrj)’ ond wWe need oy the
corr&SPov\AUﬂ'\j' Cﬁntr'f,)o\»\b\"ﬁ’w T the O'DS'?X‘V'O&L'LQ/.
Them the Feadb with physical vedues o cut-sff
v W\,e,owviv»%ul/ L Cew\fourism w by %Fe,ri.mu\t«.
Exa.m,fL&: Lamb shijt ovises trom 1-losp QED
cgrre,c/bcovvi, Mac. Se«yaxadtw 2.3—-—2'9 QINRN G-\
(evels U’t HJJJFOZ@V\, obom . facuum qﬂmc‘tuﬂipM
d electromagneatie jield cowse this eftent .
The stater mest affected are e oney that
experience Lorge Cowlomb field o ucleus (i-e R=s) .
The dhvergent tnbegral apperring W fd(f"_
For La/rgz, waArbLLnﬁztfks, the Size o/t the abom

acts o4 a cwt-o’ﬂ-. For swalb wwekanaﬂus(c»m{:aw(
to Comptom wavelensth), the nen-relativistic



nalk wre 0% o Iarou.bwu makes mc* oo cub-sff -
The ivbetween contribubion matches mc_a}_y ositle
&"CPCJI'LMQ/V\L@Q, otz . ( Q)e/ﬂ»e,)

(3) The !almjsical, statesr oppearing mm The
colcuwl,aban Cam be Pe,a(L%‘\;V\,QJL. Thia & necessary
tw Carlde in%’mrz), Obwe.ra,e,m,uw T Swm ovesr
rkjsécdka LV\MSt\;WWSW stokes oy comcel.
M,\,-e,r‘ﬁ«e,vx,c,w_ A C,Mrg»e_at rarb\}cl,?. Cam wale.yﬁfo
skt Rremsstrahlung amd the seft phstvnd om -
Le wnobservab e by o« Pb\gsicd., datectsr csithe oo
Sre,oi.%fc Horeshold . The toted cantribulion 4—
(NP cMrﬁz,O\, Pwt‘t\:C/Lb ond t3 cofb fketm clsund
to the physicak proceasr W finibe (deyundand
0 A, obvbe,dbor ﬁ»r&sfr\»u ‘)Ild) CV\.ALP-LY\:M f\% ?\).
QED cohcwhafion : Yennie, Frautsduw , Suura .



(4) :DI;V&Y‘?M\:CX/.) remom v the rdnts o A — o0
T obsence o’{r vﬁcd}{m& o(,e,scrdptdow) we hoane
Cnvenb oo new Prnoe..a(ﬂ»re—. There W a .s‘obutx'nwfu-r
tleories thet are colled  rerwormalisoble .

.. these thesrver, The divergent cortribuions
[ove The Some aLg—&(a'fM &Jtrwcztwrt o the terms
akre,o,oe/a_ PPCS%JC w thae L_aﬁray\g\,'aw\,.

The Oouﬁl,'c/\lemﬁs 4’ terms v the Lograngron art
censidered unobservable. The Condort bubion Frem
w»oob\',égioai}\?m of thear coeffichents comcels the
o(/\',v’e,r‘ﬁaezvv%S a,rdstwﬁ« %ﬂmw\, FQJJV\MOW\ ob.a.i\f“&ms .
m\&\"&mrmwsoﬂw" 1,6 i w\,al':‘x,e.w\,ostmuﬂfj
VL3°"M, but ¢t woerks m d:ra,c:bic‘,e»

1t (caves behind obgervalde Slltowvaitwe,, L.e.
hous the coekft cAemls w the Lagrangrom AW
o The c,bd,—o’ﬂ— ceade /L . This relolen « K{jtw\,
c»cPre,SSe,oL cus“ mvwrmaUScJ}(oh. SWWP W‘A”



le. —/\f‘ACC/V‘*‘[’u“ﬁ) = Power Se..rée/) w c‘,oufUnd/s.
It dees ret w‘onitl/j reder to/\.Y\NO'(N'Q. oy
An vergence) omd, m\ru observoble eftectn .
Ex,fcrb'\m.%tau/a. , SC/aJJZ,- ol,e,[au\,al,c,wu_, ({k @u@ b\,y\ﬁs

Com be o(ose/r\rf.al.,e,.g, o(';:.[-é—i ob scale o/k Me.

Lok N%TQL} ot scole of ™M .

RG %W"M@»b’ﬂ'k . Gell-Monn omd Low, \I\/C L&m

-

jmme)(:riw o the ﬁkurj Com. rw&ﬂ&#w)}wﬂo
compored Lo the Su.fexftc/ul, valwt glvem by D.
(;ka,rg,e, Congw golion oma Furry's theerem :

When there ore fermion Loops (closed) i the diagrm,
He arrow on the Une can be PL“—UL either Wy,
ond e muat 341? the Same resuwlt.

Cenbribwlons with, spposite arrvds c,orv-e.s?mpl Lo
reversing the facbors o the Lw-P troce .




_l'_ra.v\.S‘oose» OTawabcow Peﬂ’%\ﬂ'hﬂd the sesitda-
Thol coam be accomplished by the charge u:j‘*jm
speratvon, which gives cylels (oM

TRe extra ‘~"sign gives " foo n_verbices,
omd. odse c/l\.a-n.ﬁ,e/) ,F‘—w\, ) éqa’am)T&wi‘uwvion
f’m‘bouﬁautb‘h{. Sl;%/\r\, c)/\,awvz{, o% j{ A NRCRSSAry v
revevse the arrcw on the fermwon Losp bub
-y For verbicen W extra.

ITn thesrien tith (‘J\ﬂwﬁ& mdmso.lxw Sy mmehtiny
therefsre, O'V\Id nzeven conbribwliens an ke nemzere.
At L-lsop , this makes taﬂ(fo’tt omd triangle

A agrramms vorish ow QED. The contribukion
0‘062’4 e -¢e Symme)t'rj (*rerC(L—av\T&far%JL),



Gmwgfb Y mmeld ry W»A,\Wam(ﬂ-rakd»ask{, tdentities -
The owplitwdes have To be gawge - covouriomt
anw terma (t external 'ﬁ"w (to,rmion and letm).

(1) The vechor {ﬂexlﬁ" AI"” U rwt gainge tnvariomb.
Co wrhew external ‘alrwtons are Ibm.sw\t, Af"'muSt
e Farf? O’t Fouge Lnva rioumb comb t nations.
Owne [oossiloL'U,tv o that AI’ A Combined p\r(,tff\,
other drwurjei Par&}ou, kte/u,s m the f\wm ZIAA'“
Current comservalion fhen ensures gange .Symme)hfy,
W hen neo ciwwg&n‘. Pa.rb\',o\,w e our'outh, tom
AP’" musl oppeor o ‘oour't o’t FIM) . Each ij\&th
kWN\'Ar,. 1o FIJ\’\) redamces fha S%WJL\MRLW
o/k obb\re,ra,e,wc,e, D \oj one ,

For {-loop divergemces, thas mMakes Vacutm
roLa’r\:Sa\x/{,ow have D =0 omAd. [Aa,{,\t,—(,v,u%,f,\j;

)
scottering have D=—4 . (e finike)




LLW*L‘\)-Scaﬁbexiv\ﬁ LS O(o<4'), omd 4 not
'\dd', e/xpe,ri,me,wtaﬂxaa o bserved. (Large EM %’leAAA
r%uird have wob been achweved m l,asmb
(2,} Currenk conservation n om exack relstion,
rot restricted To Sfec»iﬁc dragroams or qaextwr\od}(w
cepamsion . In general, G, Ufp) [T u(p) =0 o
the Complete theary. At leading order, P2 9

U= (=)= ) =S h)-57 ()
N Ren extended 1o oxloo't'ro«.ry order, e have

4.5 = [S5t) - St

rew,

Ohen reneFmalisation reapechs gowge symmetry.
-1

EWVWL“‘};‘O ) rr[::/w = %{:SF("’)}V% r

(A(l\/bdr\t Y@L&te/) V‘e,rte/x. oond. r@qv%u,\/\,cj}\:w C,OV'V'Q,CJ‘;\;QWS-

Vertex dhagram has D=0, amd wo the cavefundion



Al agrom odso wunsh harve D=o0. (Both Llog drivergent; )
T, terms 04{- rensrmalaigalion %—aotm , e have Z,= Zz.
Thas ol six dhagrams with Dz o, only
three oxre o!/CverM ) oL o’b Heom Loiamt(,\,mu\ud
QED as rby Loy divergemcen tn 3+l dimmensiont
(3) The gomge thnme/th com be brken by
F‘vasic,ad, .S)jste/m,s Sloovvtav\.wu..s%, In such a
S{{;wof/&av», Louafranan’aw\. A 9Au.3,e_ in\/o\,m'whi?,
Lot the ?/rou,v\.at, stade Cvaamu.m) & et -

This breskdeown 6§ Symmetry has physical signabure .
Go.u-ge symmelry can be broken by comdensates

£y oln,awﬂfel 1oowb\',0be,s. (Vacuum & net the
pe.rt\»r(oodz\'»\re onl, bul has nwmzen charge o(msitg)

ThaA bccursS wm Sufe/roomlwc)bm due Cmpw
fwiv‘ivvg— (’6 electbvrong.



W hen vacnum 1w nsb 8»0u~5£e,—£wvarimi,, e have

fo wse new %’LDULS Lo oescribe tha thesry.
These ore called e/“e,ob(,ve. %Le/u/s / Order porarne
The vﬂ;cybﬂv& Lﬁ—ﬁ*a—w?/fm Hoan, describes tha
ConSegubnces of theory cbounb tha ijs[@l_ VRCAUM.
In Su«pe/rc,mo(,wcztm , T e/{gﬁu')tvm %Ldpl' b tha
Covper poAv el typically chesen ou the scalor
Feld £e"7. (f s gorge olopendant )
The e/“'e,d}\'/\re Laﬁra.v\ﬁ/im can have new terms
thob oure ﬁawafe.—i,mvmda‘wt i"*nctxbvus & Ar,,—-Byfﬁ.
Ta (DMUO‘ALW, (A,h_,'br_?g)z Pho\Mcw oL AAL
tor the Fbwt'm, The wmassive Phttm mauvi(fwts
E.tSQ/Lt' LW S%ermnd»o’bm s MeassSnar Uﬁte,d?
No electric o d. wwuavwhfc, %fd,o\s cam ‘amei',wxb
_ Supercondmctiors.




?_Fjom\;m o’\r Pu'tu.t'\naﬁm theotry ;

Nabtuval, o@anfsat(m. W o powers 646 ﬁwoou.f}mv\é
For ny Green's %unoh‘cm, Power % cowph:vg W the nwo.
Vertices tn the Feynmaw ob'?a.ﬁmm
Commmplwb t describe the accuraey tn trrms sy the
No- (‘B' L”’PS* These tws descripiions are related .

L= Te+T,~V ¢ , VE 2T +E, 2Vv= 2T+ Eg .
These give V= E +E,+2L-2.
For ov specijte Green’s junetion , E, and By are fixed,
Each extra Loa”» mereoses ywoo Kb— vertices ﬂ:v t wo.

Transitlen probabilitles become power serves tn o,

Note : 1 Valial ;f""' Ow\y QF T with o S""-ﬂ le Courﬁfna constant.

Some moraauv: safrion neesded Jhem Lackgreund frelds
or wmuwltlhhle coupUng constonbs are present .,




(2) L.osoxiﬂ\mfc A/CV‘U'SM\C—Z—S m QED conbirtbube terms tnve lviing
Lo%a,riﬂvms & ralios o erergy scales. These Legarithwms

ore eSfectively cummed wp using R& teehniques and runnivg
wf.uv\%s- Non-relativistre bound states on QED have

E o °<9.) and so their perturbative onalysis conbains

mc?

terms with powor & Inoc .

Anrsther reasem $‘h" expressing perturbalive resudls on
torms o o & lLesps  is the relation of wo- § leops Lo the
po Lyers o§ Planckls constant.

Fundamenbol scale of Wum effects W the commubati-

6f o canonically ownjugate pair sf Varlablesa, eg. [x,p]=lk.
Withh L= Pi/-'H ) bothh L and H have diwensions % “"V/t'imx..
The actiomn S = [ L db omd evolution phase [H b are. nabwrally
measured tn units § K b 7 quontity qpuantum efffeats.

Potiv vwhegrals wee e':s/'k' as trojectery ~ue,i3kb , omd

tiwe evoluktion rPWaJJa-v- W U= e“PE“ﬁ&j‘f‘H Lt 7 .



- w
Each prepagater & properlimal & .
Cordri butvons o the Green's Junctions scale as C*V)L-V:G»;)L-1,
The number 6§ Leops  represents the order % Fuandt oo -
te the classical resudb. ‘
Classical result s represented as o' Set/w
£ the tree diagrams wilbl, L=o.

, and. covregponds

Precision tests & QED : Seme & the most precise
experimentally wmeasured and, theorebically colewlsted quantitiet are
- Anemalous magnelic momemlis o e, M.
2. Atomte recoils h elecbromagnetic transitions.
3. Energy S‘fe—otm st k‘yolraae/\’ pesttronium, mwoniuwm.
4 . Quonbum Hall effect , Ac J'ose,’ﬁ\.s«n\ etfect.
The best measurements have an accura less Yhan

one part nh o biJlon. The best calecwhotons hoavt bees,
ca.rv—C;L b L *mr boo-P ovrder (ive. o* terms ) .




TRe esperimentol and thestelical resudts amree to thiz
(evel of accuracy. This B a spectacular success |

Succ,e,&ur‘s t Q,Eib" QED s o provotype & qmantum
gange T\'.d.k theory. It has been jrllored by

i Yam&—'ManS theory . Replaces akelian gauge group
UC‘) I"U a r\m—a.bd/\'aw gqauge SW-

2. ELc_otnoouk ﬁ\g,ory Gra.u,se, 3?’00.13 ¢S SUC‘?’)L®UC,)Y’
which @& spontanesusly brekem Lo UlDgy, - The resultant
wmasses for W amd Z wmake weak tnbteractimms t eak.

3. QRCDY : Gawyge g Kk sUw) , whidh describes
e .StV‘bhj %aym.

Putb to3¢#vu’, these moke up the Standard Madel of Pambte,pkusia.
Tt hat wany paramelers : Masses , Couplings , Mixing angles.
Griven the wpe,l‘CW\.uJ‘/&L v odey 6§ U paramelVers, predietions
oX stomdord model ogree wilth experiments

Tt 4 highly succesefull effectinve §radd theory .




