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Scale dependence of the electromcuneh‘c coupfeag
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Renormalization at one KLoop

L= .Er'f -Ect

s - B2 A0 - AN 42 TF -2 Y, - BEV R C°

a ab
— 9ZaF™ (2, A%) AVF AT - A S ZaF Y AT AL

ch AC,_)A Ad,l))

Q - Q b -
+ 9§ Z A gy TN T ‘i-j + 9 Z.cjaccéﬂcq) A* ce

We will wovrk wn MS  scheme.

The VY - pole of a -n‘ntejra.l,

~

d%r ! J S AL
am?  R* ] oy-dio s €

2—‘?": fv\s:

Jluﬂn vacurum 'polqrfzqtion:
by

b, pv b v 23 v Ky 4
MQ ;S“(jﬂp_?ﬁ?){'—g’?[cl\a—&- -anF'gg]—(Zg-ﬂ.)}

| a
> £ -1-= -E-;E?[ %CA —é':'leF]

~
.

.
[

ke —i(":agﬂ-?"‘?u) Sd'('zs-i)

For Zi and Zm , one needs the guawk self emergy gvaghy.

1 ;a(#)=1+£3—)—3 y —r

-

A @ “n 2 d‘k M 'l..(x-"m) -1 .
- .. ¥
= % (T T dj0 (19 oot ¥ Romrit 2 Chpract t+T M ec.t,
T
4
color Joctor ;= Ce S{J‘ = Nz_N
$ 39 Y 2 y 4m
:;’<;}r>=s’°{,—6% Ce A + finite + (Za-DF - ( Zm 2;-1)w1}
> a
C _ 3Cr 3*
F 3 z"'\ -1= - T _'_63]?




For Zic one needs the jkost 3-$t  Function
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Summarize all the counterterms v GCD at one JLoos. [ arbitrary Ry geuge ]
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ete™ ~ hadrons
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The R-vatio provides o great llustration of asymptotic Freedom :

the hadronic

cross section at high energies <s well afproximated by the cross Section e%e”

to & pair of free guarks.

let us now KLook at ‘pevtuvbmtive corrections

At ocdg) , there are tweo types of corvections,
)] Vivtual covrections : m-ﬁw corrections to ete 3§
e" %
e -
12

2) Real emissions

%

«l

One _'f-ino(s that

R- Moy { v

At the next order | eoqluqt«‘nj e d«‘q\gmms gives

R = Ne %e&‘{ 14 —0(11‘53" (%)“[ c,+%°—(?' —.Qns_)]}

with Ca= (‘g'rs‘%)"f'*%‘“xg

99 - o ns ng

Heve o = df the bare cow $Ling :
Renovmalize ds = dscm) Z\;ﬁzs

a
os o
ason [ 1-g & ] o

n

O RNz {10 B (B [a-fFaX]]



T Re NeTo { () k) £ (2)} rody

= O(Olé)
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O?era‘tor »p-roa(.uct expansion WM ete”

The operator product expansion COPE) s a very useful tool with many

opglication ™ @FT . In our case , 7t will allow us to show

1°. Our calewlation of the cross Section  @n tarms of %uulu and Slu_ons can
be justified.

2°. What the nonfperturbative covrections to our result ave

General vdea: Considev froduct of +wo oferators  O,cxd Oico) . Now Looh at  Green

Fun ctions.
Gex, o, gynyad = € 0ix) Guco) Py Peym) >

In the fmit of yi » x*  C 4n Fuclidean space ) we showld be able to veplace

0,¢(xX) 0y(0) bﬂ Q QOCQL oferater times Of Qa ftmct-‘ovl of x*

. *J . AN )
GRS N I IS BN T
RS 'JS ARV °JB

Since this shewld hold. fov any) Green’s jun(‘t“oﬂ R the relation shouldl be an operator

'ro.l ation .

w-?lsw\ ?ro?oseo( 69
ven van

Y yen
Ocxy Ocoy = X Catx, k) Oq o)

X0 ~

There, ave s?njdqv?ﬁzs Tn the Bmt x-30

absorb nte Cn

Nete : The oferators On have th same guantum numbers as the product and Tt s

u.(ejv..]. to ovder the oferators bjj theiy dimengron .



For examsle :

¢ o> = C L+ Codeoy + Cqr % +  Coagy 3.9 2% +-
Since  ¢ex> has dlimansion of mass:

C o~ /3, Ce» ~ 1, Cgva X
The Lowest olimencional operators have the most s'tnju.l&\r Coefficlents ag X3 o
The )\\:j)\uf dimenston  operators are Suppressed .
We can  thug afproximate the operator Sproduct 53 the firrt few  operators
on the TRHS.
The naive dimensvonal 0.'\1[5.:1‘: s s-?s'Jlt-élJ modvfed by renormalrzetion, gince
Cv= Cocax, x) but as n the cege of the coupling constant , the m-dependence
can be controlled wusing @ RQ cguation . In perturbation theery h«‘J)uzr order

corrections will imvelve Ln¢ xX*u)  terms.



T)\Q op tfcmL theorem,

The optical theovem allows us to rewrite the total cross section as the
{mmjfnevj part of the foruard scm't‘tzn‘nj amplitude, In this Form, we will
then a?ylj the OPE.

It follows From the um‘tnrj of the S-matrax , S§ts= 1.

Write S= 1+ T,

+
o CIl-TT)CI+7T) = 1
(WY -t C(T-TY) = T'T
L——_r———’
2 1m

Rewrite the RHS:
<P pal TET IR RS> = T <t %l T 125¢2] TR R
S 2Im McBRap B = § MECPh 3R MR RS Pgy Go* 5% % +h- P2)

TO 3(’.1: the Stw\OLOJ‘i form set 'hl = 'Pl , Ra = ?-I

Ll

o2 Im MR Bipa) = T ACH 5.9 7)) G §cp - Pr)

4 s Y- my &=t

— lm M = lEcm 'Pcm. Q_'tOt
I R
P-icton‘cmuj :
2 X = ’ >\/\Q~
For e*e™ | nejlect?nj me, we hwe

Gote- = \S_l' Im A 22" = 2te7)



O4evator Qna.l:,sis of ete”

T')\Q diagrams For e'e” = ete” whose imaginar art qives e'e = hadrons
3 Jrnary 3

LRSS} e
M )

+
C+(?n) e <‘Pl>

The amp L5 tude <s

~ ~

-1 o h -1

B R

TM = (=7e) Tepd ¥4 wep) weh) TR
W};\u is the hadrontc Ppart Oj the S‘el_f energy and. has  the Form
T ¢ $ = C g9 -g48Y) Theg

B 6c¢te = hadrons) = __47;_0( Im Th(S)

As o check, we should now qualuate the photon  self energy:
%.
Vad : Y]
one f:nds TCcsy = -2 N Top [——l'fn(—s—a‘s)_]
3 "3 & T

Im TC(s+7e) = ——;—(-Nc%?%
= + - b _ “l"'[,"lA a
3 ST(ee> %) = _33 Nc %Q&

So we now get the cross section From a Loop calculation alone .

At ocdg)

«\rv@wof/v\@—m‘ﬂ»/\,\»@yw«



The IR oltv. cancellation between veal and virtusl s manifest ;

L] o

vivtye L vivtual
yeal veal

n

Tl\e_ Gnajinwj $art arises whaen pavticles n the Loop ge on the mass shell.
The elQ(tromQJn.Qh‘c coupliag of guavks has the Form
R N
So the self energy:
< T §) = m‘e)‘fol"x "B T g% e} i

In the &mit x50, wWe can expand the fProduct of curvents:

I

1 3% - ¢ a
'jﬁ(x) I = Cupexd + C,m“’ mg 3% + C},\;(x) [ G,
1 - Y - ¢’ -2
with Cov ~ ¢ Cpy ~ (XD *, Cv ~ ¢x)

Ij the Fourter transform s dominated L:s X'~ o , we get

TR gy = -T€ C FIV-9"8D [ ¢ + c.“cg‘) mgg + clegy ¢ (o y ]
Cl ~ C%’)" , Cs3 ~ '/&1 , CG‘. ~ /ﬁl
— .

Su??nSSeeL at k—ijh energy

Since  the OPE s an oferator velation, we can take an wbitrary  matrix
clement to obtain the Wilsen coefficients, In ?artfculav, we can  wovk,

with  guark and gluon states.



f\/\vi\ —  clegy
’\/\J—L\f\/- —  cdf, 8

T)\en . with the coefficients oletermmed From —pertuvbo.t-‘ue celcul ations

take  the -phjsfcml, vaccum matrix element,
4me
) 6 (ete” = hadrons) = - [ Im C’(s‘)
+ In ¢ Begy crim gy s
—

~ (0.3 MQV)A’
guark condengate
' kY
+ Im CY¢gh <su ¢ G WL

~ Gluon condensate

We have, seperated the perturbative part ( Wilson coefficrent) Ffrom

non- perturbative part (  oferator matrix element).

So , wp to covrections of order

cvoss Section. S quql to  the Partonr’c cross section frn»\ —per‘tmrbq-tcom

, wWe

CogGevd¥

the

Aaco /8" from #he condensates , the haoren

'tthOYJ.



