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the conserved charye usSocreuted wíth spa ce-time 

trans lations, but has nothing to do wíth the 

onjusote mamea tum Tla of the Freld fo CX). 

dorent2 Irans fomtion s_(Netes Thesce) 

Vader a Lornta traos formatran x’ \ x 
4-vector trans fungs 

’ Scalar. felds. trarstarm as. 
the new el at the ne D9tnt the old treld a t neuw 3 at 

the old point. 

Meanwnier a 

A^ea) ’ N,ACA"x),since ields fatate into 
Gach other 

which we 

rec to feld trans fa Cms as 

We restrict ourselves to Sca lar 
’Cansiter a l -parameter subqroup of 
torentzpnsforma trons bs 

a 
fields. 

do 

7 A(a) fron 

- Deflne er: DA, hon under a 
dorent transfarmatl on an Aa: 

DAa / sinca DA : ^a)) 

Csince a hass no A degentee 



But it s easa to sha Ga is artigpmetiei 

1s/ec eabatae 

’ 

o 4sa (e a'b t a 

ant since is Korntb, 

Mep 

Calternatively, Consite x’ ¬Xyda, 

br) 

Locent 

Evu 

’ Eaa kas 6 Indogentent amponents (ukich 
there are 6 indep end et 

trznsfarmettansi 3 ratts t 3b oos ts. 

Ex: a-Earl, all ather camparents O 

(sinn 

J 

) 



at 

Tane 

A-0 .5ice a, a, Cas A - a sina 

J 

(acos 

lar 

Since 

io-Eio: t|.7hen 

-ansin 

Dai a' as shawn =a 

Equivalent to intnttesinal tarm at 
Coghn 

\sinh 

-asin -acos 

sình a 
Cash 

No We can cans truet the 6 conser ved 
Current of each tr ns tarmation: 

*Dufo) D A ax) 

ta l 



> Since L sa korent sclar, egents any H 
hrugu eperderce on frelt t ib 

dertvatves 

’ Sinee current must bo consered) far al 6 
CA mpanens o Eop, tue Part af thàt D 

anttsymmekrr in ßte must bee canserve 
of 

where N rA, 

J 

be 

Catismstrt edtior 

6 Canser 



’ We wil al quaatities conserved due to 
cotutions ungular Momatum Ceisd. For instance, 

iwartance of rotaton a bout x axis. 

Wat about boost5 2 

|'xl°T -x' To) 

’ This kas Cglicit time dagrateae Cx, 
Same thing ConserVafran laws. 

= t 
Jt 

From defin iton of 3, 

? 

velale nat encoun tered n 

conserved fra 

-0 traun mamentlm 
Canservat]an 

+ 
Jt 

Constat 

’ Tis is just Tied- theoretic t relat viste 
qenerall butan that Ceater of mus mores w casfet > 



velocity but no 

We say Iacent portner to 

he uaatly angul ar mamtun 

Latemal symmetries 

E xeple? 

w/ 

4 There ae ob scrved oo hseret quan titres 
Ceharge Baryon # ete) tet 0 come 
Fam space- ime trunsta rmat Tons. Such 
trenstormett os are interna L 

centr of eneg4 

w a Cammon 
’ his s a theary af 

3 

’ 1his is Just a 
jn Feld 

’icos (a) + a sinca) 

his agrang an is iwar Tant unte \War 
the talauyia trans tor matier. 

sgmmetries. 

a scalar- fieles, 
poterte l 

otytloa af J 



} Ccasl) tfsinC) )^+ (- SnCa) t frcosC ) 

i^cos 2 

term invaridnt 

(Similar 

invaridnt ner this nternal trans farmata. 

La matrìx farmy the trastor maton oan 
be red off 

l Cos Ca) sincal 
'sinca ) cos C) 

’ Tuis is Knawn as 

Chergo: 

Cun 

t has an So Ca) symnetry 

sa pa tential 

Corgponding conserved ohage! 

D/,-0 ’ F= cons tant 

SO) traastormaton, 

S0 we Ignar it 



This conseved quantity, hoer, s not 
veny interes ting on He lossiea l leve l, homeer 
upon second quenti aten, it hes a vey 

nie jwterpretution a terns of portreles 
and anti-parti dos. 

’ lets target about the poteatial termi 

creatn 
cperutars aiei, ap il,2: 

ak 10)=|K,), apl0;2 Ik,2) 

+ SubstitutTra the Free fielt erpans'on 

-jk-x 

Lare tokie 

(-iua)ane 

-i(k*plx 

-ik 

-aiagh) 



J'kde 

-i(krp)x 

taese will Cancel w terms in 

-(kp)x 

’ This I00 KS ke a nemer apera tr, escept the tems are atf- diugonal 

J 

> Can fix be redefiniha 
oqeraturs (Finding Cigen stde s af operatsr) 

creatn t annihila 

Cit turs but tuew ahen Cammtation relat hese 
far creattn anniilai on opera tors ) 



1, ters f b, 

a- i 

(b partice y momen tumm K) 

Sa N, - Ne is a glo ba lly-consene 
qusn tity due to intermel sym metry ! 

’ Conserd charge N-Ne mears hat 

each b partTce has tl ge c- perteles ha conservet charge, but l. 50 
anlg vany by chaqe, antiparticdes l 

’ call b purtidei anti perti cder 

3 a qeal, the eststence of a Partice 
Canserves charge lplles ektstece 
art-pastTle wl goosite cowsered charge 

af 



We corstructed 
Qriginal Particlcs 
wth this reeoli tat Ton, We caa 

b's t c's becanse 
co nstitutyt a 

Complcx (Non- Hsrmtaa) FelJ! 

and then Yey-t 

J(ae 
(oue-ikn 

ata en is 

+ 

the 

’ This field annlklates b'' t create c's 

Cdertray s particle ereates anti- pazrticles ) 

’ The internel Sy mnety 

’Y alwaas reduces charge by l, inereases oluag' chane by 1 

Fro m now on, chaged frelds will be 
descri bet by camples helds. 

ae ) 

in tems af 

y Ceostisinla) ) 



(h"ee 

(4e 
(1R (aet e) 



t subtractina eg uatans recovers 

’ Con alss quantize the thearg bg inposiang 
COmmuuton 

Naw 

re lationsi 

4Can be soun ta ytd coreet cirmrtetan 
iattas 

by 

obvi auslg nnt indepntent, 
why treat them os such in EL? It warks 

becuuse there are 
real DoF \n ? which may 

independetl� varied Consiter the ELequati 
a goneral thearg o a comgler freld 

Cambinig 

be 

Then imaginey, imaginang, Cquely 

whee A is sore functtorn of thue fielts. 

ans 

To, obtain EOM, First peform S, which is 

A:rg:S-S A-A*=o 



Jns tead magine Yt Arelcuted 4t s0 we 
First teke Sy= Can vary indoqenten Hy 

A-. Similarly 
So AA-), so we gct same equat tons 

motlon, 

ReFer to cammplen frelts chaget 
telbs..Relds charget in thet teg cary 

Symmety (Ua) consened quagtum t) U) 

Noa- Abelian Intema Supmmetrtes 
’ orter ,enlike Va), oF treaastorma th 

mettes 

onus SO3) symmetry, 
tielts nto each other) 

hare n fiulds w 

Lcan notete 

In qenr , can 
Symmety ymY gp at nrotatios ( sQca)) w 

nlo) indcqentent rotati ons. (a chaie far axrs, 
n4 r ngt, aaid double count...) 

g onerators. 

na canserved chanes chages. 



nanabedTanes chage operts, wan't 
/ie ste tes cannot be eigenstutes af Cammute 

all charges. 

Free ield theony w a soree 

Source term 

Soures are 
which move 

(Free tielt theny 

gonea atding term to liacar in 
teld wil gie Soue tern w factor 

buck reet, since 
chages whieb atteot cheges 
cueges. .. 

Iatrodce casst cal srce, e souree 
independet of feld induced 

Jayaagm 

fr 

Cho 

quemem dri en harmanie oscatr) 

phatons) 

dyramics) 



? e also assume pco) s turnetafF 
ia tar fust t far fuhue, ie 3 urce 
Finite extent n spacetne. We wan f o 
find the stute af the System. 
EQm: 

Claimi f)= f t 

to 

( Jtp)f): -PUw neet to solr tlis 

KG salwton 

hs 

DCX) py 



fo 

as desied 

e 

Warkh in momentum spacei 
4 To find Da Cx, it is covenient 

integral vanisles for x°-) 
(laok ad particular spacetime coorinate x=Cx?*) 

satisfie dU) o Cx) as x° -00 is 
+ Dacay*0,x°<4 sa boundary conitìor 

(aso ti)i,Dasy p 

De Cxy)-0, y Dotu) Dcsg)-i5xy) 

continued 

ond 

where k Cx-y) satistlec 

w saurce Pree theay 



Plys into deiiaitn: 

an hene? 

’(0p) D, CKy): CDt) 

(Dae 

(-K'ta)klsy) 

t 

JCan) 

be posif 

k e 

-j Kyy 

Kp lkux)kukug 

-7k<y) - K'e 

A.ik-) 

’ 



(-'tp')eKg) 

intesate 9ver spaetime: 

-ikCry)7 

Lnat very luarous but arks) 
definitely ask.) Vory 

Dacry)? 

’K interand bas pales ad K°: tWk 

(K-(X'+p') 

Uky w 

as 

To tefine His integral we must perform 
untaur nteg ruton araynd the poles: ’ 

-jkliy 



7Rete ne intearul in tems of 
procedrc ( Variaus ways 

Gausality) 
the Greyns tunc to Vaaish to p reserve 

lange 

to do 

For 

uox° whch we 

We Cang ider ato ing thc contaw of a 

Semircl rele, eb will vaish, so we 

Can close the contour aut aftectlny Dala-gl 
+ aqhy Cauchy's Thn'(snce co a kaur conkins 

y°<x 

limitng 

Co 
ne siagalarities) 

closc in battom 
lat cont Qur cantains 2 poles. 

half plamesnee 
top keolA) 



Ng: Da K-y)= 

-We 

Ku 

Residue Thearem fca)dz= 

(K°-w) 

RC-wni lim (ktu) 

e 

-iK"Ck-g ) 

(k-uJK'u) 

-ikCx y) 
e 

-ik-c*-y) 
e 

-k-CK-s) 



'K 

J'K 

ti 

e 

t(-eo 
why does 

iky) 

Jla's 

&nt just an 
x°y° Companent 

free iels) 

E valuatat ln the Smit ° so that 

al of poots ia the past. 

ik( 



VeFinng the Fourter trans arm af ply)! 

t 

py) 
(e Bure 

-ikx iK4. 

+ Hhis almos t loaks |ikc the espressran 
far the Free feld gsca) but wd a functon o 

Cxpanentrls 

+ 

’ Since all observa b les are canstrueted 

Fnding the Hamiltan+an: 

H- 'T|x(n - d),7= 

(0r slmgly replace du tan t 

+hc. 

(ptwp) 

e tother ) 

Pte) 

From fhelds, aur theory s Salved! 



KolH107 

(0l:H:10}= <ol |kwa(a 

+ Notice that the anls contrib lting term 
il be prabuct af py cas thees 

always a annhilatio opértor acting arn 
Vacuum b ruket 

Cacyn eMyy epectata 
Volue 

Ther onlg wag to atd energy to 
+ree thear sd particles, so e ha partì do produetoh! How many 

from 

a 

'k integrant w measure is 
total" ener1 Gon tribubia 

puricles ot 
Wa, so divide by We 

lartleles 
to 



Each aurier camo nent of p puee s 

Expectation Value tor tatal #af partes 

More on- Gren Funtans 

+ We s tudied He retarded Green tunctio 
/ puth of utegratten pasina above 

poles K space, but we hare o Hher 4 
for other borendary ondifons: GP 

* advoncd Green tunctorn, G Ciy)0 far x'y 
Logpos ed ta 

+ Usehul for knowl na Value of field in 
te tar Future t intrested in walue ot fied 

befoe the squree is swituhed 

below -wa, abere Wn (heyaman prapogatr) 
Far x'y' pefam K° ntegral by clesing y'ipefarm 

Contour below. ar x°< y ,lose aboe 

DeCx-y) 



Jhich tels s to pluce the operatos that 
o l ln arder w/ latest on the lept eu 

note tuaht tone ateria s bell defnet 

6S poles 

He 

B. 

(ootes say k°:s(wei)...) 
prapagatar om 



Neors couoled to dywmie 

Yrwhous Kagrangan has a ixee swre 
but in the eal lworld the curent itslf 
interats w the eld, resultne in ng 
Campllcated dynamtes. lek cauple 2 Fiebs 

’ note interactan term does not break V4) 

Sumimetry eo, s0 inteect na theory wil 
conserve charge 

+. 

’ Ln aralqy w sourec problem, this 
theoy desiribes the creaton of ¢ fiel3s 
Cohotons) by Prelds lelectr ans) 

Equatians of Mation: 

wbere 



de 

he-(Ke te)t-(;sde*ooe) 

de 

(460e 

(e 



Salution w'll be a power series in 9 50 wed 

per tur bativelg in 

hes dimensions. expension Ia 
g/E, where E 

charactestse enezy of the problem. here, 
q<p sh0uld e uFelent) 
tems 

+ 

Lnteracton Pictue 

+ 

VS. Heisenbeg 

TS 

Recalling Schridinger t Heisenbe pichuns i 

SO me 

time-deqdence? tie-Ag picture , Stutes carry 

Solit Henlonian \nto 

lo.ct))= [Cnct), H) 

wher H, is the free 
Hamiltana 



+F ZI Contalns ng devati ves af 
hields so it daesnt change onjugote 

mamenta ot Free tueory then Weget! 

Hez -LI, Sinee 

H= Het Ho = 

(f has deriai ves of t, then conjuguteP 

+La nucleon- mesan 

’t 

H eree 
thery shee 

theary, we hae 

which is preeisely the Heiseaberg piotare! 



’0nstaìn eguaUity ot 

Hat 
Þ1Cb)=e' 

So oqeratars in the luteractior pletur wole as 

iHot 
Þ, C0)= e 

of matrìx elemen ts 

i,u=[¡t, H 

-iHot 

-iHat 

-i Hot 

-iHot 

But this is the solutton fto the Heisen beg Lon! 

(using 4lgarnent at tro) 

This is useful as now Fields n te interactn 
prcture ewolve ist like free Fields in the 

KesensergPictue so we can use Or esults 
From tree eld theary. 

(sinee iras rehes to Hesoa berg 

Fram Schigdinqer byuati on 

all tine dependency n stutes themselies are onode 
n the tuteathas!) 

-itot 



Ho e-iHot, 

where 

iHot 
H,Co) e 

(Hac0) >Ho deto enenyy con sevutta 

Hzlo)e-itot 

Dysant Famula 

iCt), =, so 'eld n Ie. are thme 

-indgendet 'shau frelds Say stutes ') 

as espected. when 

Lets quantfy finite extent into sca tterng: 

7 

were Pt)-0 for lage ltl, fcE)=l fo t ear O. 

4 When the nteractton caes not qenerate 
baund states C of wach tami longa?),aiy 

Fcc) to the intefact ar won't chanye 
Scatteing amplitute. 
> atter long tlme scatteriana, inteaet 'an tumed 

slouy qver perlad D St mple states.in the 
real theay 'ill tun Inta ciapnsttes ot the 
Rree theay: (1- corrsQandenee between sigle 
ciyenstutes and treeeigentutes) 



i We went to solre 

vith the bountaru candtron ay =STY-) FSI 

’ we want to connect the deseritron in the 
tur past to that in the fer tutere b 
dening e scatterng operatur' 

dt 

14coo)= sl-)) = Sli) 
4 the then the amglitute ta Find 

Sub in o)) 

We can 
+ this is the S-wmatrix e lement, which 

sqle for iteratiely: 

t 

te system. in 

(te 

i(NcE))- I4(-)>)*ji Cce) -i) 

t 

t) 

t 



Variable 5) 
Pt Crelabel of Sntoyattae 

opositglan ) 

C) 

tia 

t oo! 

dta HyC ta). .. H, Ctn) 

+This integ fattan is over the region 

00 We can nerite ) 

ti 

dta Hacb,) HaCt) 

Kooking at n= teni 

ti indeiniely 

S= 

Beqeatng 



Lhus we can rerrike the n=l term 

rti 

4 Ln the First term, ta , and in the second tn 7 tem, ti7t,so the Hy's are alwags artered 
with earler on 

tme-ordored produot: 
the rght. We define the 

7 We can reurite the second ten n terms at 

dta T( He lt) HECta)) 

(IF we fix a tuy the tt intgral up te t, fram -o9 is tme-ortered | HCt) an the caht, ent wy igbt, the ateal fram t to oo is orteres wite HCt) 
the right. Exparting tae ntey tel as 
ruoer the arigtnal esprs in at the top) 

denitlon. 

’ To qeneralie tor n operators we deFine 
such tat calest on, g bt t latest en 
Lett, Since Hi COMmutes wl ifselt ut egal wí 

am biguity , the. 

on 

the tme- ardered pro duct: 



term can be written a 

Lb, dt T(H, CA)... H Con )) H, 

or slickly 

Wicks hcore 

dti dtn T(Hs CG, ).- H, Ct, )) 

+Qur whole problem raw 
to evabuate S. 

’ Ea: Elestie nuclegn -N 

NUR)+Ck.) ’ N) +NCR,) 

Then li) NOa), NKa)) 
Wunt: PISI:> 

formla! 



4<5li) z0 since 
Cie in 0*h order perturbatran, n0- scaHering as 

ree fièl theang? 

s tates ure 

(Since 

What abaut Kfl H)? This is also O. Why? 
Note that Felbs that fielbs are sugurpasittos af creattan 

t annibilation operatars, and Fhe creatio 
will onnihi ate bra to 

as 

arthg onel 

t.eanihilatron 
the stutes houe 

mesons prusent, Can we 

(FITCHec) , telan)}). Wel) the creati 
piece af H CAa) can create aa mesa an li? hie 

the anaiilatian Pieee af he Gy,) Can annhilake 
tfented a meson on f. Foa nucleans 

'a) Ux) annihilate N(K,) 
creut N¬s) 

Gonnihilate Nck) 
’create Nky) 

wil annikilete Ret to o 



time- orderet produet yuck. 
wee Wicks hearem comes in 

Conton 

to stieK elds jto 
But whaot is eaay 

+Obvi ous ly it Know the ditFerence, wer 
Can find but what do we Know about cotetians ! 

wel it uns ut te contruct ton is NUMBER, not 
an opeator . 

IF g°, Lecsges kfosg) 

’only term not nornal arderet 
Lsince WO has crecto on let) 

=:o fuy):+Lf),# iy)] sin ce 

,50 tems caCel. 

7 Lu yy] is iusta' num ber t s the 
contruon. 

Jalues! 
cqual to their awn epeetator 



’K0 |:Aw Buyy 10) Van isles as .anäilbilat ar 
operetar are placed on the ight and 
annihi la te :the Vacum. 

-K01:AcK) Boyji 10) 

’ Enpee tafnn value of con tract ton is just 
the expetten a, bue af the time- ordered 

pro duct': 

But <0l T CAows Buy) 10) is the Feyamen 
propogator! 

Dr CKy) <0| Tg1dylo) 

Far chared frelos 

Car 

e 

Why ?. 



tijafs..faitihpfs.. gai ti.i 

’ better to ouil contrns aut nam~l ane, 
(al! possible feld contnactians) 

fon n=3 frelds: 

4Te 

af 

qet onuihilabion 
invo ke the Various comet atars of tields, 
and when done for other time ordenlng5 

produes Fuyaman prpogators. 



+ lets agp bu this For the n=2 perhurbatn 
ter: 

H -:: 

+ Since TC¢, .-on :,-.. gn: +: oll passible coatnaetiaas: 
we, an y care. -. a bout the contracti on piece since 

oy lmight onlq be tre sine ) is 

O we term is gìven 

( 

praduet 

VacN,n 

4 This benm cancontnibate ta nucleon nucbean 

0. 
(Nate that run thaugh we hee 
theSmtrtx. lcment, does nat ventsh, as 

aure not Waohln a va cwun neesn 

iprateet, 

the expwtutron value af the normal ondeid 

Scatterin� due to te i: tern ;ic 



’othe comvbtnotans Con tribube to 
h nere 

there s no combInatror that cun contribebe 

to N+NN+N os this Voubd reaire 
ta annihilate d eceans and d are 

to creche aati, but ae presert.. but 

ve alread s hew this, os the therry has 

a conseved VU) chare which s not 
a 

’ Another term )n Sa isgìven by' 

’ Thls tem can contribute to the processes 

To see Nt + Nt4, wee consleer the 
tpnsition ampli tude, fram, the. stute 
Tk,(9, k, (4)) to k-4), K,C)> 

creatron t annilattor'. 

Conserved in such a procesS. 



I, annihilates pantcle an ight, banhilates 04 Left,ult mately 2+3 cantaibute 

3 

’ the other cantrectrarns in the 2 orer 
berm cantribute ta the Vaous scattey 

the prgcess N+N ’ N + N is only possi ble through 4 operatr, but Sa bas o 
Such no (mal ~ordered stoing of aperators. This s qood, as Qur teractng theory 

obeys dos nat consere chare. cage 
4 We can co Wk n the torm 

process 

show each contrectlon 

Uiagram 

processes 



nth term In the expasian 

Ex* 

has 

w cantractiars connectadl 

+ con responds to the diagram 

tar the 

the dlagrum 

2 
(second-erder diaya 

,modee) 
here we have an qpestatar , 2i 

What we werk b ackwasl Thut s 
qiven a diagra Conatruct te wiel 

erpansTon termi cOnsiter the nst dagm 
second arder slace, 2-vertices euch vertex contri Dutec a tetar ot -y) t2. a t 
d',d stace2 erticcs 

r ca ntrectan due to 
aemalneer carresp erds, ta go rmelade 

praduct ot idds, :4, 4,: 



The Wick diarams are in IH corspaadence I-l 
vith terms n the wek espanson 

and so Hhe entre Wok espanstar 
nay be represented by asenm es Cal h g h 

c instence, Si? diarans Cansrst ot 
dayrams aaging trapm ? of l735| felds 
Cnalines connectina dot) The second term 

af an i Canststs o al ing le rontract+ons, and so 

ar 

In. first - order perturbatton thesry, e ’ 
hae: 

7 
1 Hhink they 
A vanish, hae to verty 

possi sible 
contratians p.lbl, 

Co leman) 4 |st tem Vauishes as it is narma lly arderd 
t ig lewes cleon stete invariant , Sime With contractToL. Cdant unders tund Calemns 

argument ia energy mnamen tum Canservatan ) 
Cwhy Cuwka can't g: Cantriute to a pcess ljke IN IN,? other than enegy. vialatrsn, ie how to 

Se jwst thrugh matrtk olement?) 

’ Some tems hce no erternl nes, ie all 0perata rs are cortracted 

SOme nay evelua te bo 



conslde 

; This cartesponds to the wick diggremi 

+ Note thot altemati Mucleon cantruetarns 
ktanes digcam invar Tant, as sutig gvs Same dbiag ram lro tetran 

diugrums are, eauíialenty ie gield 
Via aw permututron at adre 

SCO): # af permutati ons 4it 
dlagram lwariant 

2 

Putten 

cAqunstan, and 

distinut djaaans 
permutaktoa 

no)!DCDs': 

a diagram canti butes OCOi to perturbetne 

aA80) 

Leve 

ncD)! 

SD) 
nco is the nummben 

goded ba \ndes 



Cannee ted diagcen - diagramm 
ne piece? all par ts af diag 

Cantigoes to at least gne o fHuer Part at 

Naw fur 

fist-order 

a thearem: 

)all wick dingiam 

50 me 
D,co. 

fourth order discannected. 

=iexpl. 

Considen the graph 

coM nected 

D ,, ...o. be a ’ et 
set af connected didgrems tar a 
each pattern n general, a diaqcam D l he 

inteaer o components F the patterns af 

3 

aanected wehdlag fms) 

Camplete 

theery 

a| has integral oyer dt% di v:th anly 
Functans o t ta in the iwteqrand 

Siilar 

gtam s0 \ks \t9 3 Fatas 

kegrund only a tunion ot sy they and sunae 
epAS0an for the 



’ fhe diagrum yields an an operatorf 
product f operatars Cmod 

cQnbinatar ic ctor) 
that is a 

’ Ln Ts gencrali this Is a ch¡cterstic af 
discáanec ted dgrans their bpereters 
are nomal arcdee procducts af aperatu 
asslci dted w the Sndivideal connected 

iocog): 

note thet thjs holds not anly for disconn beted 
diaaramg De bud tor a general djagram 

ar Slo), we ca permu te the inlrces 
of each iadivicbuol, connected aig rany 

cOntri buttng oIn additary 
2 jdeatical camganents, we can 

exchange nd'ces between D,s IF there If 
3 identical diayrems ve have 

there re 

are 
3! diay cams,so 

SCO) 

O0 IoCD,co") 

+Thi's puts, us in 
epressio tor SuLm 

by notmg 

a 

far oll diug rer 
af 

d 

a partwlur 
puttern 

00sittun t find an 
dingrams, ie S. 

S is the sum aver al pa ttems! 

COmponents! 



s- Sall Wick diagrome 

Since 

M 

is 

tue contribu tan 
S(D) 

teom one pattern t Summing over the 
COmplete set af 3et af connec ted ciagrans / 
unt toc distinct chaces ofF n; 
a dist nt pe tterm, 

SCOc) 

but this is sust l exp( :II 

Sos) 

oc0,)) 
IsC0,) 

to ’ We can use this ta sobve 

We qet 

): 

the theory 
gpag 

where p qoes to in all directians 

prim itive yertex is just a single 
Pine ith a ertex sin eei only I ¢ freld 

present Gie our n| fer in S Ts To) 



’a second diagram looks like this: 

’a pttern of vertices such tlyat on ly 
One Line can come Ot af vertex 

yields on s connected iags, D t 
Di (since 2 con frectias Ca nrot be 
performeod on the same freld operter) 

’ Now, D, is oala l ver tex, so triviahy 
SUD):1, s0 al diagrams of 9, carroepondl 
to the qperutor: 

For Da scD)= 2, sine permutTng lt 
leave the diagraminverrat, 

Qa 

There 

2 

We 

arder 

al diams: 
S: iexpl 

no connected diaprams 
ecluate 

Now On =ratib ,a0 : 
-atil) 

the sum 



Free field, we 
(apeiri tace'Px) 

and define the Furien transtorm af pa: 

po) 

the ma ss 

shedl (pos p), then nothny hegpens! Cbut 
hy bitguish 
here hen pis nat ree and es trctel 

to p w?'we oaly ntograte Oler d'... ) 

Back to NN seottering: 

Ve want to, campute <p: (N),p.'UM)l (S-t) pLNfc)) 
wl s tate relatvistlcalls narmzeo 



aik) : Car)aaue'at 

’ Comidlertm� the saar free fiele espens ton: 

faK)ekak)ek 

t alk')|k)= a CK')atck) lo 

s 

= LacK'),atik)] lo) Csince acklann'Lilates) 
: (2r)2wa s CK- k') l0) 

d'k Slk-k) l0 l0)elarti vibtie na rmali tat 
fo qround s ta teil 

Smilar relatlons hold tor nuceon t 
at nucean sfutes t gperatars. 

insert the ucleonic campbeton elation: 
make suro this is Whas happerg 



’ the con tribu tiors prom the nor- Vacn 
prajceto rs is O, as or the prgectar 

IRYCRI Hhe annikilathue prece on li? gies lo>, 
and the creafion prece on lR> gies 3 patreles, 

cOntri butron 

Jan 

d'e 

(sine creation treles anuihi late <o| ) 

<ole 

(bue 

.qusre ots shou hol be ane 
S(nce we are ma nkrn elaraly 
tharmcal zed s ttes t apetars 

d'pcabks, 

’fom relatiis tie narmali tetron, we 



Jaa) 

d'k d'p 

’But 

.we 

but 

<0le 

JanjGdsup) 
ow the tynna 

by assuin\ng bu acte an 

haee the piece of tleter 

te 

So 

we can eusiLy do te neerse This con tribote k-ia*| do we Know oon tai butha rs But hous da 
add..?) 

symmericaly 
terms 

( delta fFaaetiags) 

te 

bit- we got thot part 

So ja tofal, we 

bu the Cust 2vìa inteohanye o txy 
Si we we are ategrting 

1e 

t since is is Syrmetle, he 
qie identi cal cantibutions 



’ 

t Cie)) 

+ikC�r) e 

2! 

te 

Cquol c0ntibuons cancel) 

1 

tK) X til i( 
(4m)1 Kutie 

) 

te 

Cig) 

Substituting our Free treld g 

order term espl re itly, is 

e' 



’since 
d'xil K-k')x 

Per furm ing iutegral over del t tuncti ons 

(To sec Hhts, note that to satlety citler pradet 
deltu 

Then, iguess yoe cen just choo5 e o del t 
tunctron mm eaca praduct h nteg ra te) nsk if this is tlae case 
i fe dela tunctian Ts just energy-mamer tam conservat tor,W (r) tacton. Asa, we can 
actualy drap the ie term, To see, çansiler 

about long's reasnning belend ngeng ie) t hy Eao ) 
pe), Ptlpttnp�) 
pe'), 

Ca-:)=2elet(0,p(&-)) 

>p°ll-2e-¬' +1):-2p(l-12-) 
:-apsl 1- cose) 



apCl-case) t 

vhere A is the matrix elementwithat 
Cin(Po -p) (Fey mart Amepli tude 

Now, it_turns out 
Jysons Farmila 

we lon 't nee 
ar Wicka Theorem as there 

is a nlce diagranmetie agp roach with 
all farmalism buitt in. These are 

’ At nt arden pertur atian thearg, tle 
interactTan Haat ltonian Wacs 
we.hire in teracton Vertices, with elds 

in the interactan lamitonTen are.lines 
eminatrng fram the vertex. 

contrautions are 
between yertce5, and thrss ntce 

nt aice lnes q've O contributron, 

slmpby consectons 

So 

s Ince all 
e 



NN scattering has 

Since incoma nuclei are 
to aay whtch caries Pi 

irhiel meso. 

4 

(ask about connectron between 
diagrams) 

2 Feynman Dragremm 

s0 amplifuee swns. ove bote. Cshseldn'r thas 

Say p t pn Why cauldn't We ist meas re 
inital mrnenb?) 

" 

write 

Ddentreol,Hs bomopos sible 

te 

P 

We Kng eles to evaluate ite:, the 

Feunmun Ruler' (ar u theary) 

whrc carres 

apprapriahe prap1g ator 

" At a vertex, write (-ig) C2r)°Sk) (sum of 
momento towiag into 

Verten) 

Wok t Fegnrnan 

ia;, 

" or each, nternal Line / momentum K, 
'k Dk) , w here DlK) is the 

Divide final result by ovemll Ep 
atsering 



alternati vely, en farce E- P cnser vatnut 

propogotor. 

Consider the matnis elent given by 

contracted line vrlfe the 

diagr am Looks like 

P ptk 

ienfareing, E-P conservoton does not Tir 
the rmametum Ky as it is not cons trainee bg w 
Krwn exi tt]na mamentum, S9 we musr ree 
the fecter 

’Smilere, tre term <ol:Yysg bx) gus)il0) 
has the diagrem 

neithe p nar kis constrln ed. Th 
inspires2n.additrana l reynman ule: 

for each internal Loap w! 
bu tP cansenvation, write a factorK 

W monentum, K uncons traln cod 

Jan' 



Consider NN’ NNscattening w/ 2 
Feqnman Dingrams: 

From Feynogn ules we get ( g) each 
eynman ppogator .an diag ar dia ra Vente 

’ 

Cig)* (20)B 8(p'-p)5LA-p) d 

diugrn 

hynm 

eah ane 

(a)p p) 

Prat shuts. Funmt diajrais hca here 
-l coares pondene to teras in wiee epoansan, but L thoug t tais was tnue to wok 

diug ms. -. tae aribubTen t is trm 
Whük dlege cor ruspondbs to 



Agplying Feyaman nules i 

Gig)an)"5"(A-Ax)-ig) ar)"s"l-p'*) 
diag 

l-ig) Can) 

t 

diagram 2. 

se4:)5LA-pi'rk) 

’ can porfarm jnteg ral in either delte fenctian 
in each tern Cwl do Dst) 

s"9(p.-p' +k) 

(K-pi-p) 

Aooluing 3 rule whick soys to divide by 

t 

")(p.p-p:-p') 



’': impor tant bo note tht the 
Same gim ai ugran Can hve barous 
Qrientwtans. r ins tance: 

K 

’ We, Coen also tind the Feunmen anp/ ihede 
tor Nucleon ant) nue leon anni ilaton wi the 
Foynman ules. To sho that this praess can 
e vem occur at seconel àrderi 

’the normal orelering wil destroy both pertide 
Statea ts |l crecafe a mesons, 

(a: Whe normal odered 

P' 

mattor wt actror 

produots of Fielbs 

an stotes?) A: Itk t 

Potentialo t Rosonance! 

dos, but anl� meni fests in expectut nn valucs 

lets ok at un-nelatvistie mit of 
NN scattering t wnderstnt it in 



Kecal Bara appraxi mati on at tirst orden 
perturbat an, amplitude for incomiaq state 
wl momentum K do scatte att 
Vc w 

iA: -ig 

J 

to 

’ We can Imaqine non -reetivisc 

scatteriag is Hhe incamm tng pertice scatterng 
of Hhe potetal o the secord partele: 

lë-1 

VCi): -

-

af 

hay dos -p t? 

(aince inte q rand omy 

we also must divida the ne la tivistre anpli hude 
by Cam)2 to accoun t tor ditferene in 
normalitutan: 

La vertin4 the Founr trans trm: 
e 

(siace tn con frame, 
eoergies of initiol t 

Sca tteed 

ony pra 

potential 
po tental: 

fo. 

nucless is sse) 

4g-itu de ot k) 



Sattr some nes iclue shutt: 

’The slqrn of the Yuknsa term far 
proceeses mediated bu 
is alwa gs 

What a baut 

Sialar meson 
- the toree is attrective! 

a d 

Syuka Potontial 

N aanihilattan? 

(-iq)* 
(prpp?tiebut su poressed ba p 

Campured to srtuol 

pureby nelativis trc. 

excbange, as eape cto ad 
since Purticle cieafronlannteilatan is 

Ih the nelativistie limit, annihilation 

2M+a(¢i+mt2 (since 

Can Gccur 

ym's4ric 
How doeu this behane? lhere are 



A<am ’ 
? am ’ meson Mi virtuol pole.' 

mgreVËrtual 
probab:ili by dops with j as becomes 

Ex: 2 Bosan, 

denom, pas ik ive ,ie particle 

eson satisYies dis pers lor re laton) 
esQurimentally, farmattan of ral perticle 
is a esananee. (this is how pertices ar 
Searched far) 

et 

nevero) 

Co sattering' 

Cross 
-Seuttcn, 

ntinite. 

Ge 

never an-s hel 

M9l.2 GeVlanglagois to mes on) 

Calways virbuat) 

resonance! 

Hour iat does this peak go7 Surely its nat 



be 
peopaqete forever, but it decys (Hinite QNFetime 
'Cs wt higher -order g raphs are 
Connections to the propogchor)s toes an-sluel ) 

oo if 2 cold 

Interactron tems : Relevunty Maginol, t Ilovant 
Öperatars. 

How do we We qeneralite Feynmen rules to oten 
iterctons!Consider the fa llourinq intectioa: 

’ ’ The eymen rule hus 4 Fields per vertex. 

’ The 4! diF ference isattributed to 
te act thet there are y! ways fo choose 
whrch fie lds criete t annihilote each 
Line. Explieitly, cans ider A) seattering: 

+there are ways for the g to act. 

We can have arbitrary compliented Lagrangiansi 

lgi: 



3 We can, however divide interctns iato 
3 distinct cateqorles 

"[]: 4, Co]=l taEj 

53 al«sscs 
I) [a,]= 4-3-| has units, so to 
Say if it's bta ar 'all, the natro M 

tells us e tFec ts of strany 
amall 
nteractra 

at lou energies 
( since LE]-, con 
’ sucha term is 

Super- renomal iab le (as lona as 2, < messes) 
is 

M 

So 

+ weak at high energies 
conmpare as dimenstonless ) 
a' ce levant opera tor 

1) [3 a0 lmargi nal/ nenarma li tee ble aperatar ) 
4 Doesn't care abaut energy slnco y is 
dimenstenless , theary perturba tive i el indeyereat 

of energ3 

3) lmost apeta ry): Lao for n5, Vhof 
is dimesion less? 

where Cân]:o 

is dimens 'onbess Smal at low eneges, ’ 
strong at high energes (.Cirecevant operators/ non- renarmlitete) 



lerturba for theory will be expasion af 
Powers of (E/M) where E is characterstic 

so the eects af such a term will be sml 
at low eneg as. (at sufFiclently ou energles, 

'g nore aperatars ) 

> At lov Bnergies,.onby relvant ad mgiaa l 
heptl 

For encgies EM, ol opene fars are 
-tant,wkieh s bad as nelther Pertrba tian 

theony or expns on of ot t 
o are wel behere so here are 
nee phystcs at tais scale, tht 

Ex. strang 

in 

We will stick to weck coup Lng.. 

powers 

ar 4 FT loads 
r8 the Ads/CFT correspondlence. 

+Prom NN scutterlg 

probiy 
los 

Decay widths, Cos Sectas, t 

WTF is this. .. scary-

4 Wee leamed hw to calulate apliudes 
wont to 'aoly tefo meas ure mants... 

Phoe 



manitestl nan sense.. 
because wete Scattert ng 
plane-wae eigcns tates! Sauaring 

delt fuctTort. (< KIR'): 8"-)) 

Weve s tates 

vhy does this happen ? I's 

Plane nat pertieles coll57oas 
are happuing eveyuhere anytine, we shoulot 

localie tie states... sattr Wae lacket! 

a 

care 

non- norma li tu6 le 

’ALso, we cadt actud iy measure outgoing 
are meusuring So we monenta precisely 

a range f momen tal in tegrete oven. range). 

them 
) 

achualy 

Flow mans sthutes are in ne Cop) 3? Lafinite! 
We nedl a ible Sinifing pracdure: 

K 

Back to the bax! (10 quantize momen ta) 

+ Sys tem in boy of volemel tateractn 
tlme t lfree ia past t futeLre w acdie batie 

chenge) 
, Ve calulate truncrtion proba bility perunrt tme t teke VT’.oo,. 

+ Bax quanti zetran: Kgt tMayt 

aseikx 

Tatearul aver moea tum for Held expasions 
hecomes 5um ver disirte nnamen ta 

L 

at eik* 



+ is needed to thct Frelds satis fy 
equol ime com mutatror reltons. 

IF We Mesure sfutes her c 
Aps s CaL detetor res oletra) 

af stetes i We can Fd He 

94 stutes (() 

’ Tae s mpar tent 
cu les wl hve is extre tctor. 

(2n) Sn 9) = 

because egaman 

What abowt the EP delta functian? We'l define 

’this turns eut to be something we 
Square. 

linl(ar)": 



-L toal, we qet: 

’ I} there are 
hen in momenhem space, taere are 

N 

part dles in the tinal state 

AFter squariag', summirg 

Wes 

f 

Wdoc stotes in the regton of ie d - d'pu 

Sum avs armoliudes ach 

Car)8 

over all tinal stetes t 

dh 

d ask abat how to get turs 
CColeman, p,24 

Explticit squarin� the box- normmalTaedd odelta! 

|dt' 
-

so |8"pl 

frrel stes te? 

delt 



+subs tittrg the lwit iat the 
probobility 

Decays' 
So we 

luttl; 

sing le- partele intlel stete: 
Look for w 

(4) 

(TA1* VDT 
Mital 
Partdes, 

+Ln purtheles nest trame, define d[ as Hhe 
&tternial decay prabobiliy /unit time: 

dI:A:lD TD T 
all i 

stutes 
+ Yrobabilitg partice does ot atter tiees dat decay 



Cross Seetionsi 

We now consider Smushing beams of porticles 
and measuring # af inddent pertides ar 
a detetor. We Consider încident flug F: 

F # ot partTolej uit frrne un it area 

dN= Fdoditferntialcross ectan 

4/unit time 

At 

AF: 
4É,EV flux 

but colisrom 

: do dN 

# do A 2., 

F lól/y + far 
pertide i in 

Ca 

9: 

D 
4E,E,V l-.l 

A 

2 

d'y by normai tutt on 

differetial probability 
uait tme n unit hex 

N= 13|Atd 
,d partde deaity 

beem, probu bila 
wait olame, 

|A:* D 
a1 ln 

States 



2- Docly finel s totes: Dady 

>For a partde final tates, ve wwst o 
6 inteqrals, d'Ù, dpa, but 4 variables 
Constratned by te EM delta, S"p. opa-P) ! 

D= (an)' 
(eahy J9, but call it D) 

(Sine 

+In the cOM Frame, P,=0 and Er Er: 

ae 

So")(p. tfa-p)= E-X. +Ea-: -E) 

(ar) SLE,tE- E) 

delta, 

-de,dar) 
SEtEra 



where We 

E) 2(Btr: 2p 

PcEitE) 

e SE, + Ex- E) : E, Ea Slp- A 

Pde 

2 2 P tm 

shandd be &60-n 



’ We hare So Far only had thearies of interucting 
Sca lur Felds, and under karenta trenstarmatans 

IH ¢. iastead 

Way 

campr ised comgonents afa cter 

tield transtarms n a. weldetine 
under the Karentt gaup 

nkn mat-ik 

’ The ma trices DCA) harm an ndmeastonal 
representattan of the Karente qoup' 

DasC A,) D..(A.) DaclA, A) 
DA): DCA)! ( }oreate trrsto rwvs rep inecge s inese 

+ \We watt to desribe partcles af spln s, which 
Me Klow how thea traisturder naeetons. 

Aor a Particle with no orbital anguler manentum, 
given by n aperatas. 



uader a tutons about 
state |> traasforms 

e 

a stute totl auatar momenhem a: anqular 

the ottan gap. 

’There IS 

ro tetrons 

buf the dos not spect fy transtarmeton under 
Lante, 

Loente group 
a 

form a 

te 

Borsts' 

torm the spinon rep resentat)an at 
So the mtrices 

Facti Graup af dad matrices 
aD epresen tutron af the 

(ne Kriow subgro up for natot 

lapidity 

20 eyosen tut)or of he 
whieh �es spin a rep tor 

’ NOT unitary 
. cosh(4)= 

gra 

but Hemitan,det a l. 



I's onveaicnt ta thin kK abot ink the 

nequivlency of epresentu traas as 
by a chunqe of bass of sttes: 

matrik T st 

then given 

2 reps. 

I3) ’ QC), Per forming 
bas : ): TI ?2 transtorms 

ratutions 

s tate l, i trans torms 

under a chenge of basis! 

’ There 
the Lorente qroup 

baosts 

aca): T ÖcA) T A, 

a. 

the 

are 

eps. re latecl nelated 

Some 

Bt F no such T extsts, then nepres enta tiaas 

are ineguiva Lent (iKe sca lars Vs. 4-vectars . 

change 

-,ßôN a 

as 

So 

ne trnstareti 

2 inegulvalert represen taetons of 
far spin particles , eira. numely 

How do we choose We choose both! (2 sein a feds) 

+ Urca) ill traas form undler a and U- cx) as 

sobgrp 



Les koK at Ut and wrte a ey ruag le with desia ble prop do produets a 
properties,; trunstams but lu )a ? How do 

fields tasform ? 

We 

a notetamal Scalar, but not wnder bo tsi 
( since aQt tor booste) 

ußu, 

under notatans, since 

Sine w's kawe d camponents, there are 4 incarly- incdeqendet bi L'ncars: 

st: show these forn corponnts of a H-eotr! (p.395, Caemon) 
jie, VA (u,u, utß,ur) , which allous constructian ot 

koren ta- mvarient quantt7es. (W^(u'u, - U y u-) sialerly) 

. Bilnear in fields 
Real cction 

What is the difference between the splnor fields? 
First we deseri lbe a desired }agrargian ! 

.ULI) sy mnotry 

0niy a to maintain to maintutn bilinearlty 's cantraçtrad 
with purtials! 

aintgrattn big put 
neeshar Par eveas 

el aettan 



dv dousdt av: u, u 4,' du(4).u 

Similaly, 

hut. the new inleyrand is the egatie corplex 
canjuyate af the aryinel, ie z's-z, je the intyruat 

i2 gields 

Lquat lans of matn: 

T 
-A 

-(gu)-öu. 

•u 

- 0 l deriveties ot on lr ) 

(matrix equation ) 

Is Hhis free Be theony ? We hae hean'? 
quadrutie Lugungian and want kG: 

(do- ß)(oto.3) - (a-[Õ.) 



COo- ) U co)Ths is Klen 
Ut ticlds are trre Fieldsl tor mz0), ie a 
massless spin a partrcle. 

4This won't be a theary r n electran, 
Lahih has mass, but ne press 

Plane Wue Solutos 

U, Cx):u. e-ikx 
Comstunt 2tmp spidor 

+Sub Eon: 

Gorlon! So 

K°0 

a-ik°ti@-k)u-o 

en 

(Do -ß-) u-ca)= (D- ß-�)ureik (-ikotiß) i 

to aol in 
rerece trame wher K =' (sie mo) 



() )-(): (0)uro 
weind, this says only spla up 
e boys Eo M, but we 

particles to hae d spin stotes! 

Defiaitely not an electran. 

(IF K-K°2, U, = ) pln yp n the directjor afP (0) 
mottor, weid. 

+ The q ianta wl be masless partieles w/ 
hebieity t'a, antipartrler keliz ity -a 

(helicity is NOT Loreafe lnvar ant far massive 
parfrcles VKc, as tor Frame wVt¬, the 

spin is wachangedy but directan of matlan flps) 

T lo sce the quanta explicitly, constder lk> w/ 
k=0,0,Ka ), ko?0' 

=<03a9 

<olur C)lk) aeik) 

this s tate turas out to be n eryenstate 
2- angular mameaturn Ja: 

|k) e |K) 

(stuce Vaem otafivaly avaraa) 



aekioo 

and e -bio 

KoleJe U-cO)e 

(since Gz4pup 

a: helicity ta 
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