b. @uw\t\m\ el,ectrodanwu‘cs (QED)
The Lagrangtan  for QED.
Lo -gFuf™ i@ evepord -miy

m'; ;,ﬁo:on propagator is represented with a squiggly line:

_i p#pua
W LT . 13]0

Unless we are explicitly checking gauge invariance, we will usually work in Feynman
gauge, & = 1, where the propagator is

AAAAAAAN = 2t e (Feynman gauge) . (13.11)
A spinor propagator is a solid line with an arrow:
(p+m

p? —m? -+ i€
The arrow points to the right for particles and to the left for antiparticles. For internal lines,

the arrow points with momentum flow.
External photon lines get polarization vectors:

~n~nn~n() = €u(p) (incoming), (13.13)
Orrnnana 5(p) (outgoing). (13.14)

Here the blob means the rest of the diagram.
External fermion lines get spinors, with u spinors for electrons and v spinors for

Il
m

positrons.
——C0 =v'(p), (13.15)
O—— =1u%(p), (13.16)
——0 =7°(p), (13.17)
O—=—— =2'(p). (13.18)

External spinors are on-shell (they are forced to be on-shell by LSZ). So, for external
spinors we can use the equations of motion:
(p —m)u’(p
(# +m)o°(p

which will simplify a number of calculations.
Expanding the Lagrangian,

= u*(p)(p - m) =0, (13.19)

)
) =0*(p)(p +m) =0, (13.20)
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We wsll owuu:,'«-s‘wz,') QED from the veguivement of Loce L VLD symmetry.

. . Tolex)
L s tvartent wader Y(x) 3 < Ycx)

K

geuge transformation "

Consider the dertvative a.\.onJ some odivectton nA

< Xt En) - )
e 3,‘\{-(3() = 2%0 I3

If we can votate Ycx+ En) ond ) -:ne(e—yenota-\tl:,, N3y dloes not have a  definte
Mt&'u’nj,

Introductng o new derivative  Du

Dupcry — ¢ ¥ 0, pex)

To do s , osSume we hawe an object Vey, x) that transforms  as

Tdeyd - Tolx)
Vey, xy — e J Uy, x) e

2 Y
¥ tronsport ? the 3Qu3e, transformation  from X - y x

Tocy) - TAlX)  AlueX)
Vey,x3 Yhex) — e Uy, x) e e Y(x)

Solcy)
= o 3 ch.x) Y(x)

transforming et w(yd
Yoyd  and  Vey,x %ix) Rave the same  transformation proferties

Yoy - ch,x) Yex) s well - def{nee(.

Now  take y= xtin , and define

" _Q- YUX+EM) = VXt ER, XD Y(X)
D, ) = 253 3
83 constyuction.
-Cdtni-\)m , Tol(XtEN) v )
m -, e Xten) - e CX+Em. X) R(x
v D,._\-HI) — 130 &
To(x)
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ﬁ\QV\ j:D\“ch s anvarvant aunder the So.ujq traws formation,

We now want to construct Uy, x> explicily.

< 1%, y)
Vig.x) = @ I a $pure phase.
BQS‘IT'\ {v\\f-?ﬁtes‘o‘nall:S ,
Uex+en, x) = 1 - v€nfe Aux) + oce)

)

@e: a congtant

Au: o veal vecter Field

Under the gauge trans for ma tvon

TACXEEN) Tdx)
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D 0 = 2535 3
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20 £

M ugix) + Te N ALY

> DMz 3+ ve Ay
We want Aux) to be a dynamtedl Field , and then we wvegwivre a kinetic term :

o gawge <nvarvent term thet olepends on A, ond ts olertvatives , but met on 1y



We note that DuCDu)  transforms as
D)g(ovq-) = (3/41' I‘Q,A)‘)(ag'r‘fQA,,)\{-
. . )
S e A, -7 C 3y + Te Ay -V ) e’ Px)
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1
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m

We heave that Fuu Y  tramsforms o5 % | so that F,, gauge Twvardant.
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A ~redaundanc n owy variables
Y

The explicit form of  Ucy, x) chosse a path & from x +o y

L Paskin 1533

Split  the path T dnto  infimTtesimal segments:

Ux Y, xX) = U(\j,IV\) DCxn, Xn-ed - Ve X, x)

Stnce Ve xi,x) & exp [-1e Ay cx-x)* ]
) Us(Y,xd = exp [ -7e L A, x3 dxst ]
Note : Ur(y,.X) s mot necessqﬁl\\f $ath~ tnalependent Vs, ¢¥,x) # Uy, (3. %)
] ¥,
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% x T, s o paths From x to 3

U-z—acj.x) Ua-(cg,x) [ Wilson Loop ]

let Up(I.x)

exp [ -7e § A),_(IJO(X‘“_]
P

exp L -f%j; Faoixy desv ] Steke’s theorem

I s a surface that spans the Loop

det s an area clement on tis suvface

The Wilson Loop is assoctated with phenomenx such as the

Aharonov - Bohm effect |, and Bevrj's phase.



The anteractvon Ciont = -2 ¥RLA,

WA—< = —1e¥M

The ¥* = Zfﬁs will q].woﬁs sandwiched between Sinors

If there, 1S an  <ntevnal Jermion Line, , then

M
. Tu > T‘b = (-ve)y Acy) %A;T:-?ﬁ_:\ TP Eaqd £,080) Lglt= 242
P, 2= - P ]

add " the Spinor Ondnces :

B 71 g+ mI T WP = Raify) By U+ Mgy ¥es Usth)

I§ we tve the onds of the diagram above together , we have a Leop.

p+k

In the Loop, any possible <ntermediate states are allowed, , ve must ntegvate ove
the momenta as well as  Swum over their possible spins,
Wg Ro gets replaced 53 a propagater : (fa+mIgq = T W wy i
So twe Rep evaluates to
dk. gn ZHRAmr o 13<X+M38u]

4 e
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Covwractx‘nj oll Spinov anduces,

LR p R o )
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A

o trace of spimor indices.

The Shinor matrices ave “Lm:j‘ maLtop Lied together in the divection ofpesite to the Harticle

jLow .



Constder Moller sao:tter-inj (€ — e<) at tree Level.
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T (-Ted) Wi #{" RVek) C-Te ¥ UVCK)

To compute the cCross section, one needs l,}klx = M M*
¢ Terwd¥ 2wttty = Wty = W@ty = Rary
P = - x e - =
D M= ‘;‘ Trruw uw, v, w5 drdy Ta,w
® hd — -— Iy) Lond ) - U .
S x| o= g‘* [ Tt a2 uep wepy 7 ueds ] [ Tk g, weky Ve 7, k]

Let’s consvder e, &, s sCare ungolavvzed , the cvoss sectiom s an average over e, e”
spin S, s ond a swm over the muon spin v and v’
Then we want o compute

lx x> = 5| <ss’—)»rr’[1

= < T S vy M , LY

T)\Q S'}x‘n Sum

S =S S =S
%uc?) Weh) = F+m ; T UCPI VP = H-m,

<
° s%’ E:)L‘p’) .744 \al:(‘p) Efcy) a;jq?}’; = (O T (pmdne w2
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o
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For n ¥ - matrices , one gets c-13"  as we move ¥ all the way to vight.

So the trace vanrshes 1j: n s odd.

For two ¥ matvices.

Te Ca2a%) = TeC agh’ 4, ¥7%)

83""- Trcx°a®)

83"‘7 - Trc¢ v*a%)

"

D Ty ¥*¥) = A,,J.uu
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tr(yHy"yPy7) = 4(g"" "7 — 9" 9" + g7 g"*)
tr(7°) = 0
tr(v*7"7°) = 0
tr(y*y¥yPy7°) = —4ie*P?



IA])\QV\ two ¥ matrices anstde a trace are odotted {:oﬂe-rker
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a RM= CE, i) 3
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Then the cross section:

ds”
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Figure 5.2. The ratio o(ete™ — 7777)/o(ete™ — putpu™) of measured
cross sections near the threshold for 7F7~ pair-production, as measured
by the DELCO collaboration, W. Bacino, et. al., Phys. Rev. Lett. 41, 13
(1978). Only a fraction of 7 decays are included, hence the small overall
scale. The curve shows a fit to the theoretical formula (5.13), with a small
energy-independent background added. The fit yields m, = 1782f$ MeV.

. Draw the diagram(s) for the desired process.
. Use the Feynman rules to write down the amplitude M.
. Square the amplitude and average or sum over spins, using the complete-

ness relations (5.3). (For processes involving photons in the final state
there is an analogous completeness relation, derived in Section 5.5.)

. Evaluate traces using the trace theorems (5.5); collect terms and simplify

the answer as much as possible.

. Specialize to a particular frame of reference, and draw a picture of the

kinematic variables in that frame. Express all 4-momentum vectors in
terms of a suitably chosen set of variables such as E and 6.

. Plug the resulting expression for |M|? into the cross-section formula

(4.79), and integrate over phase-space variables that are not measured
to obtain a differential cross section in the desired form. (In our case
these integrations were over the constrained momenta k' and |k|, and
were performed in the derivation of Eq. (4.84).)



6.2 Compton Scattaring € ¥ o &7 [ Peshin 3.5]
R b

N ﬂ k) 2 k)

? ’P'P,L ?) ? ?J
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S = By (-TeTRY EXCR)

- - 2 " -
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R WP _ | ¥ arekem) VA - bermdy M ®
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(prhy-m = 242 (p-RO- = -2
The nwmerators
(F+rO ¥ uep) = 2P~ 278+ ¥V uch)
v v
= APTuh) - T CF-mI W)
= 2P uepd
Then % 200 2 B Y Caw AN 20 2 PRV ot S
TM= ~1Te e»au Sock) u@) [ TRy + S J U

The sum of photon -polavvzation vecters :

?OEL 8;: €& — ~J v [ valid n a QED omplrtucle ]

Consider on orbttqrj QED processes 'anolvhﬁ on exteral Photon with R*

M = TMMR E:(k,&)
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For s?M?lc‘c.‘-tj = ¢k, 0, 0. k)
€4¢k,1) =¢o,1,0 o0) Yeh.2) = ¢ o, 6 L o)

2 * 2 ' 2 a 2
D T [ & chadxumy]l = Tl + I
N Cad
can be vidlated 53
The matrix  element ARy = yi'*x e"‘k'* <F 1 gHexs [x> j 901-.-.-.

Since  the Current congevoatiow dQuJ’=o0 2 RpMm* =0

M= U ELER wvantsher ac LR = R, " Ward e tity !
In owr cage. R Mze © RSk - Rl = o, 3 M= L
Then

*%*
£ & ok iy M%h = 11T 0

(1]
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L0 e a0y 18- IM"I1

'",j.p.u PIiale B MY *Ck)

The wiphysical timefrke  and ,Qonj:tudca.l_, photons can be omitted .

So \-s:o‘\’ the Comspton Scattering

a N . N I I 1
% M| = 1@*[—%+%+JM(;—L-7{F)+W(?@ - 5% d

sr-‘n
I“ '9\1- 'eﬂb :fTQMQ :
k' = (W ,w'sinf,0,w cosf)

Before: After:
\ 0
/

\

k= (w7wz) p= (m,O)
\ P =(E,p)

o
QY

7S



The d-tﬁexe.v\tm‘ql, CYOSS SeCtion : L Rlen - Nishina jovmu.la 19293

de’ T [ W’ 1[ w’ w (8 w
= - w o -
decoreg ~ M ( w ) w ¢ Tw sme] w = Ty ¢ ose)
2
In the Lmit wae |, W/w 21 6 = i’:; A TS L Ye=%’ J

classical electvon radtus
3.7, Thomson

6.3 Crossfnj Sﬁmmztfj [ Peshtn &.4]

Electvon- Muon S'co,ttefinj eX se M
. <, P

o~
= "%'i WCP) a2 uep)d RORD T wihy)

KR Py

Then the SEuo.‘redL Q.m—pln‘fuo(.e. s Q.UQYQSM(« and summed  over sprn

2 & v
%SPI-‘J\IM' = "’%‘ Tl cftemad o4 prema 7] Tol e+ Mo T+ m) %

This s exactly the same a5  the vesult for et & > 4", with the reflacement.
P24, Po2-3 . R K-

In the kfgh energy Limit  E > My Mg the differential cross section

de” _ o
oL~ 2Egm cl-cse)

[ 4 + (l+ USG‘JLJ

OL?,' as 80

Such, sfv\lea’(f‘t3 arises From the ma.rlj am-shell vivtual photon (' o).

Cross ing S'\\jmnetwrj

M (C ¢c1>)+-.. 9. ) = ML - :{:(h))

ai\tf—po.rt{clc. of ¢ with R--$

Either amgplitude can be obtatned from the other by om.l\\!t\‘c continuation,

For cach crossed :fe.rmm‘on, one needs to cancel one minus s b\‘j hand .



6.4 The electron wvertex Function: [ Pesktn 6.2 & 63]

We consvder the corvection to ¢ scattering from an  vivtual photen

|
%:.

M= v [ weph P4c$’, $) m?)] [ Rek 3, ucky]
let’s constder a classtml potential Ai'cx) without guantizing the EM freld
A, The <nteractvon.  Hamiltoniam

Hr = fo{gx Q 1?%"""-[- A;l:

=Y
Ij Aj'c 6, X) s time <ndependent.

n

o~
.= L
-Te W TP AL (- P)
T
Fourser trangformation
oj Aﬁcx)

F1iTI$> = M UISC E-E)

Ij we consider the vertex covrections

. ) N - J M NCL J

TM QM SCE-E) = -ve uef) X, y uepy AL cp-9)
In ganeral, [ 4c some expression wmvolving 94 2% and m, e .
L QED : pardey conSQ\’\)t‘nj tkeor\\jj

Then
PH = 22X A + 42+ 9#38 + cpr-prrC

b Y

A,B.C must be Functions of m, e, ¢

B\\j Q??lg g Ward 't‘o(tznts‘{ij gul =0 [ do not veguire  @'=o]
gl = A + (gPrEPB+ FC =0

j \

N a
vanish , stace WP g wepy vantsh ¢ ¢ PPy = (PI-P = o

L) (F-3) uep)

R (m—-m) i) = o

n



Se C:=a , o-n)J A, B survive.

B\‘j Q??lﬁ 'fnj thq C oy OlQ’\ ‘I:O(Qv\'h‘-tj :

WY T4 Up) = wep) [V&”’# w"" 8“’] UCPI (c#": % [a~ 5] )
We have

PXcp, 9> = o Fugh + ;;\”5" Fatgh
F. and F. ore called Fovrm factors. To QLowest order F =1 , Fi=o

the electvic ci\qrse:

We Compute the elastre scqtten‘-nj oj a nonvelattvistic electron jrom Q re31‘°n

L ~
of electrostatic  potental : A; (xy = (¢, 3) ’A;ch) = (anscg® ¢, d)

Then
TM = ~Te XA PP, up) $e

Ij the electvo statrc —potev\tz‘qL s s&wol:‘ varying then ¢ 9 o,

In the nonrel«tfw'sh‘c Lt ¢ E>» -3—5) )
T

Weh) = dm (;

S

) + O(l?l)

then
Xy 70U = WHED wp = am hy

the QM’plt‘fuo(e,
TM = -ve Fieey am3'x
This 4s the Bern appoximation for scattering From a potential,

V() = e Fto) (%)

F te) s the electric er\’c oj‘ the electron .  Since Fto) = 1 at the Lo,

correctons should vanish at g":o,

radtative



the electyic magnetic moment.

5o a . \ )
S«mlavlgj, Cons'no(en‘ng @ Stqtic vector '}otQV\‘t')’u.l, Aﬁ'cx) = (o, A‘Lci’))

Then the amplitude

~ 1\)
<M = +ve Ly Cx¥F o+ lm%" Fowepa] A L(ﬁ)

Since  the Fourter transform °f magmetic j--;‘ela( %s
R = -7 “’hi} A3
We need care \full\\j extract Q contribution Linear 2w g—‘.

The monvelativistic expansion of the Spimors UcH)

-

JFS) (1-3-CAm)S .

W) = = Jm + 0CP)
‘4 ((Jp‘E 3 i P-Phm)s

Then the F, term

Wy 3% uep)
o |1 o et
wWep) ( l o)(-w“ ) ) uep
-6% o
weys ( . Sf) ucp)
? _gu? _¢{ [ (l—?'?AM)S
+ . ~
m(Fa-LD  Foe IS )(o s“) 1+ P8An3
fj-s . =
am S+( 1: ¢+ G"—:E:)S

> o= o 1 “(8‘°+z£°‘h¢) v (894 gy S ]2

TP T U

n

R

3+ [ 'Ph{'l‘ ?j —'Z:Sijh(?’a —?O)G'RJ 3
N \F_W_’_’_J
spin <ndepeadent spin dependeat terms

majnetw‘c moment -mteraction
R + 1 -1 -;;,h. kR
> amz" (5 §96") 3
Forx the Fa term

TV

wep) = 2amy’t ﬁ g"l’ik&a’o-h);_

WP



Then the complete term Linexr n g s

-7
am

am ¥t ( gik g36h [ Foy + Fa(oal)x
the amplitudle
T = -Tam) e 3t [ﬁ R ¢ Fuod+ F;(O))JS gh(?)
Then the poten tral
Vi) = —,z?- BcR)

1\
\ ) 2
ntun.&’c:c momant M = -’r%f L Fcod+ Ratosr] S""% 3

In the standard form : = 3 (<) ?
T A electron spin

land& g- Factor
3: a L Fco) ¢+ Fa.(o-).] = 2+ lFA(°)

At the Lo, 3: 2, QED 'pred-fctc NE 2+ ocCo) a.nomo.lou.c mjnetv‘c moment

One - .Qooy calmlom‘on to the el.ectrov\ vertex functfon

To order o, [7*= M4+ SP*

Wy 877, $o uch>

d.q'h —1\393 - ,) . v 1‘()(’-“-\) 'f(k-t-m) - ¥
—— W(p) (-27e3") FHr == (-1e T HUD)
JA(J'"')" (h-p> 43¢ L2 RLm+g R-m+ 7€ YU

n

ave J‘ dth wep) I e dC e —am R R *] uep)

*
o¥ [ ch-prtie] [ Prhmare] [ REm'ene] ()

ar = 2y N oy

Here ¢ terms cannot be dvopped 7n the Loop momemtum -integral.



Fe:jnma.n —pcrrqmeters

[
l ' I
_B = J: de: d,'j Sc x-l-\‘-i— 1) W [ x,\sj : Fejnmqn -qumeters]

e.g.
J J" dy S l
ch-py*ck-mty T s dxdy ocxey- L xch-$2"+ yek=rr]?

! |
= Scxey-
J‘o dx d\j (X'I'\\’ () r h‘-;xh.‘? + x?l—\\jrdl_l];

et L=z R-xp then A= d*e

K-axhp s+ x‘p"—j’f

Ch=-x$3 - XPp+ xp-y'm
27 - ps xpt-ytad

]

(n—1)!

1
1
— = [dzy---dz, 6 i—1 =. (6.41
ArAy - Ay 0/561 w0l )[I1A1+$2A2+"-$n14n] (041

The proof of this identity is by induction. The case n = 2 is just Eq. (6.39);
the induction step is not difficult and involves the use of (6.40).

By repeated differentiation of (6.41), you can derive the even more general
identity

Hml-”i_l Limy+---+my)
[ Z‘iAi]Eml L(mi)---T(my)
(6.42)

This formula is true even when the m; are not integers; in Section 10.5 we
will apply it in such a case.

1

1
/dxl cedrn, 6O xi—1)
0

T)le.\'\ the denominator n (%)

| | N
2 = dx dy dz 3¢ X+vy+3-1)
Lch-prete] L Whmere] [R-meTe] .E x Y % J+3 )

the denominatoy D <%

D= xch-meied + J('h”- mo+E) 4 3l ch-?f-n‘g_]

R+ 2k cyg-apd r g+ 3P - (xepm e

A
¢

X+y+3 =1, = ht %



Lot L=z Rryg-3p
then D= €-4a+1¢ A=z -xy &+ CI-a)wa

%z<o 2 A»>o0

For the numerator

o:(d Function of £ +f i;uw vanishes
To check : Juo 22° = g 3.0 e
£ =2

Numevator = wepy [ K ¥R + mC o - 2mck+ K% ] uch)
5w [-1 el 4 ]
= W) [ o# -1+ a0y g+ U-23-30 ) + (P ) mag-1)
t § mg-naeydd wep)

T
vanishes [ Ward 1‘o(e4t:-¢Jj

odd xey

l)s'tnj the Govdon 1‘0(2-4%&5

¢ ! 2
WPy ST, > uepd = Qfe“r:é, J:dx dy &y Sexeyry-1) —

xxey [ a7 TP -0 gte cmsgrzdmt

with D= L-A+7E ; A= -Xxy ¢+ t-33m” >0



Wack votation
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Figure 6.1. The contour of the £ integration can be rotated as shown.

Define a Euclidean 4- momeatum varvable £ :
L'z v 8 2= is

Then we can evaluate the "L‘n.'tesnl. n 4-dim s?ke.r-z.‘ca.l, coordeonates

c d*e ! .1 | fd42 —l
3 Gro¥ [£-aJ" © on Gm¥ Ered+an

_ i)™ e ,?é
T Qo «rm Jj: AL L% +aI™

jwdﬁq, = y stv(\w oY) d:f de dw = am*
.Zé“= f.:_ ( sinw §in8 oy, s?nw.s?nesc‘v\4> , SMwecose, cosw)

T)\e,v\ we  have

42 I <" [ I
Qm¥ LL%-aI™ 7 (4x)* (m-O(m-2) AT

Then +the Jorm  Factor Fac 3‘)
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a
M&C"j)x—%;x\‘j } + ocd)

Fa(g‘) = 3;% fdx JJ d3 Scxty+z-4) [

> ( ¥
2 & d
FA(%;o) :%‘J’;d&‘[dj % S ap R 0,00(/614 £ Sd\w\"naex 1948]

GE‘P = 0.001159%
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6.5 Freld - Strength  Renovmalvzatyon [ Pesken F.11 " Nen- perturbative
We will Tnvestigate the Qno.lﬁt't‘c structure oj the two potnt correlation j:unc‘h‘ov\_

|l T ¢ ¢eyd IR

-

tvy to insert a complete set of states.

~

e-z‘ﬂenstmtes of the jv.ll, interactfnj

Hamiltonion , H or mementum ?
[LH, P lJ=o0

2
let 12> be an evgenstate of H with momaeutum zevo Pine> = o

Then any evgenstate of H can be written as the boost of 12>

The, em‘gen value oj the 4- momentum oferatey P# = CH, [3)

multiparticle
H continuum

/

one particle
in motion

one particle at rest

S— — > P

Figure 7.1. The eigenvalues of the 4-momentum operator P* = (H,P) oc-
cupy a set of hyperboloids in energy-momentum space. For a typical theory
the states consist of one or more particles of mass m. Thus there is a hyper-
boloid of one-particle states and a continuum of hyperboloids of two-particle
states, three-particle states, and so on. There may also be one or more bound-
state hyperboloids below the threshold for creation of two free particles.

In the free -B\eorj , the cam-plete.nesS velatvon For one - particle  state

3
o [k o

Let 125> be the beost of 17> with F and B E/jl-ﬁ’l’+w\i i the energy



Then the COM'S)I,QtQJ’leSS relation s

Lo

|
(n!'t‘)’ 1EP(A)

L= 1<+ 3,{-_{‘ [2p><2p|
+
|

sum over all 20>

Agssume thet X°> y , tngert L Tato two- pont  functiom

3
- <Lp
<l gep > = T 'rm

5 i <2 ¢0 1 2p><Ap 1 19> 10> L drep <R|¢p 1> ]

Then the wmatrix element

> P.x -TP-x
R d [ 2p> = <R AR YN | Ap>

-vPx
<R oy (2> e

n

$°= Ep & .QssUme Vaccum 1§ wnvartant wnoer

).oro.ntz, tij‘cvmﬂ‘ovl and trqv\slqt;‘ov\

- -t$-x
(] UV UV Inp> e o $° Ep
a

1

lorenty boost from ? to 3

-vPx
Rl oy (20> @77

-1
p=fp = UL = $co) 5 ViR>= 10D

[

Then For X°>5

oLp < 3 Thex-Y)

R $o0 gy IN> = §JE o | <] ¢312e3| o Preed
F"Mu\\j , the twe point function

® dm 2 N [ Rallgn - Lehmann gPectval,
W TE ¢ (}(\\133 (> = J: ECER AR De cx-y 5 M)

representation J

a2 2
where spectral dm:ﬂ.- Jem'y = T AT Tm-my) | <R $odlne>| [ positive]
p(M?) &
1-particle
states
bound
states
2-particle
states
|
‘m? (2m)? M2

Figure 7.2. The spectral function p(M?2) for a typical interacting field the-
ory. The one-particle states contribute a delta function at m? (the square of
the particle’s mass). Multiparticle states have a continuous spectrum begin-
ning at (2m)2. There may also be bound states.



The. one- P«vh‘c[c, state contvibutes an solated deli j‘unCt\‘m\

jo(M*) = AT S(M=m) -2 + -
] A

) .
|

J, 2. -fc‘o.l ol-s trensth renormalv2ation

. determined by | <R $lod]| Ae> Y probability for

(0) to create @
m 15 the exact mass oj as-‘usle 'yqr't-'clz, 4’

state Med from |5
dﬁj:fe\@'lt onm mass Tn L (Mo)

0g ¢
Mo : bare mass N0 : S?VSIQ ‘}Q?'E-‘Cle stete
with 0- momentum

m 'P}ljsfcccl, mass [ observable ]

In the momentum space :

)
R R
P-X dM a t
fd‘*x X dal T ¢ b | = o A IM oS
<2 J""" dm’ 3 T
2 — % M) —/——
pmere S T Pp-mee

[
m? (2m)?
L
isolated poles from branch cut
pole bound
states

Figure 7.3. Analytic structure in the complex p?-plane of the Fourier trans-
form of the two-point function for a typical theory. The one-particle states
contribute an isolated pole at the square of the particle mass. States of two
or more free particles give a branch cut, while bound states give additional
poles.

The twe poiat junct-x‘on oj Divac j-x‘a_lols,

fol“x P dal Ty oy [y = 22U
P-m'+ g

with <Ry [p.s> = d2 wWieps

1\
one ?qvh‘cl,e, cgenstqte with ? , S



The electron self - energy

The electron twe- petnt functven :

+ + ﬁ_ + cce

< T e oy [0S = z 3 : 3

The frivst d—;‘ajmm S

= TCE+ Mo)
$ P-mo +1TE

n

) a a
write Mo instead of M, M= Mo+ o(d)

The secend d’l.‘Qj\' am

e Pk
/’M""\ 3 Crema) . <A+ ma)
< < <« = [-*Xap] ——=
D P e

dth TCHrmo) -1

with -13(09) = c-fe‘f »

’ >0 Yt U Wmiere b e ve
A

Photon mass , veqularize the IR duv.

Introdwe a Fexnmm pavametr

( | ] (

[ Y b SRS . RS = f dx a ™ a a 2
R*~-motie  p-Ry- Ceit o [R-2xkp+xp—xu{--x)mi+7E]

Ret L= h-x9 , then

! 4
. 2 1 d.e “AX F + 4dmo 2 a a
- ('ﬁ = - = - - -
ThL e odx l (amO* L[ oL a+veET Le XU+ XM+ =00 ]

Using Paxlt ~ Villars $rocedure  and \’eplo.cfnj the photon progagator

1 I (
——————————— -——9 -
($-hy - r7E Cp-ho-pleve  (p-RF-A%vE

Now Wack-votate and suwbstitwte the Ewclidean wvartable L = -xL°

a

4 { . >
fd—z., —_— & onlf; ( ';QE - ;Qe -
)t Le-a] (C2.9 N S L2 +a]° L4 +44]

1 Aa
= e %92
A3 Ao “Ax

with Ap = —xCI-xJ‘p*+ ::c/\l + C1-X) m:



The final result s

I b
. O _r - A x A
2‘2(1’) T oam odx (a2m, I?’) 'eJ l- (-x) m: + X)&l" X(l-'X)?”' ]
To fiadk the smple at $'=m

deftme a one-particle <rreductble CAPI) dimgram

_.%_ ¢ 4PI 5 m‘, Nt s not A4PL

defime -TScpy  ar the swm of all 4PL

-T3P)

;

T

to Qead\"j order Tn  we Ssee that X=X,

D
—— D o )

T]\Qn the two - point jvmct-n‘on

fdf’x U T yex) oy 1> ef?'x

T F +Mo) TCFEMS) | TCH+mo)
s | prm P
< < I < ( P+ J) )’
< -+ +
F-mMo F-mo F-m, F-rmo \ F-mo
- 7
;p‘ - Mo - I(?r)

Then e —pk3s1‘ca'. mas§ m is the solution of
L F-me —I(,y)],/?_m= o

Clese to the pole , the demomznator has the Fovm of

dX a
CH-m) - ( | - W,,‘P’:r\.) + OC cf-m3)

Then the full electron profagator has a single- particle gole  with

X

2 = 4- W’;V:m



Then dm= m-my: Lif=m) 2 T(fF=ms)

Thus \ R
a f xA
= — Mo | dx (2-x) - Y N
om s e ° ( ‘eoj O-x)*me + xu
Adw 39 A .
~o -:Tr. mo 203 - L .QoJ ds vergent 1

The. \)o.l-‘ol?g of perturbation theory would be more plausible 7 we could  compute

~ .

\ . T D 3
Feﬂv\mam ohajrams 'uswij /?—_m nstead of Foro




LS Z reduction ‘fo'rhw,lq,:

H/d4515i e"pi"in/d“yj eV (QT{p(1) - d(zn)d(y1) -+~ Slym) } 1)
1 1

~ (ﬁ%)(ﬁﬁ‘/—i)<p1---pn|S|k1---km>_

each p? —+Ep,;
each k?-—>+Ekj

(7.42)
Eg.  the scaler  freld  four- point Function  in A$* dheory.
The exact four—poiht function
2 ] 2 ]
(IT ftmem= ) (IT fatme s ) @ T{oten)stenotmotm)} )
1 1
Sum wup the corrections to each extermal I.eJ
—iM2(p2) — O + 8 + O 4+ -0 = __Q@i
The ju.u. propagator 1S :
. —~ NS
-—+ @@
R AT AT R
i
= T i) (7.43)

Expand  veswmmed propagator about the physical particle fole

) 435 )
Tem o ueﬂ"“l”)
Then j'-ov jov.r 2er
17 VA VA VA
p? —m? p3 —m? k? — m? k3 —m?

Amputated
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