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ABSTRACT 

In t his t hesis. the lowest-order gluon condensate contributioris to t lie QED vertes 

are calculated. The conclusions appear to be that t h  presencv o f  a gluon conderisate 

olirriiriatcs any possibility of an  anonialous rnagnetic. rIioriicnt. 

Siiiglc. ilistantori contributions to pseiido-scidar t i i i i i t h  tbiic8r;!- - I ~ I I I  1-r~l i ts  arcb c I t b r i i v c ' ( l  

Imt 11 asyniptot ically and t heoretically. The me-reso~i;iiicti finit c l  cbric.rgy suni riile kit 

i r i  the scalar channel is explored. in an effort to sec if siich siirri riiles support the 

t~sistencc of a very light (O) scalar resonance. 

Ci in~~l la t ion  of infrared singularities in two-g1iiim curichis;~tt~ i-o~irritmiorls r i )  

t i r i i t t b  t.ritlrg!- siim rules are deniuristrated riut ci, i ~ t b  ~ i i ~ . i i l i ; l i  r~ l i t 1  ( . i i i i i i r i t ~ i : ,  i i i  n.1iic.h 

rlic!- tir<. stuclied. The esplicit cancellation of quark-riiass siiigiilaritichs 1-ia optlr;itur 

rriising is also demonstrated for the channels in wliicli thcy riaiwly ucciir. 

TIie tiarcl photon spectrum in radiative leptonic r (icra~-s Ï - ~rli,,v,: is ana1yzt.d 

i r i  the presence of possible TT? anomalous couplirigs. The possit)ilit>- of urici~~iiiioiis 

--- , ,- . cuiiplirigs is also esaniiried in the ~iripularizid c i i f ; ~ i - i * i i r  i i i l  ( . i - t  + t 1 ( . r  i o r i  t i  JI. t I l i .  

scattering process e'e- + r'r- at both LEP 1 arid LEP I I  t~ic~i-gitbc;. 



To My ikfother and Father. 



1 rvoiild like to  express mu sincerest gratitude CO ni>- supervisor. Professur \-. Elias. 

for tiis support. guidance and encouragement throiiqtioiit rny PI!. D. sr utly. \Yi t tioiit 

t i i r l i  rliis t t i~s i s  would not have t~eeri possible. 

1 ~voiild cils0 like to tliank Dr. R. lleiiciel who lia(1 n-orkotl n - i t h  r i i v  i r i  thcl tl;irl?- 

stage of rhis research prior to Iiis tragic car accideiit. Ilii kiridricss. ~wliiisiasni. ibrictrgy 

tirid sharp intelligence will be rnissed by al1 who 1i;irl clic upportimic!- to work witti 

him. 

I airi i~idebted to those professors in the Departtiiclrit of ;\pplicd .\latheriiiitit.s. 

as wll1 as in the  Department of Physics anci -4strorioiiiy. frurli n-Iioiii 1 tiiî\-(l grc~atly 

!)criditrd for their espertise and knowledge. 

1 m i  grateful to the Ontario Slinistry of Collegrs iirid l'riiiwsitit1s Li. the fi riiirivi:il 

support (OGS) .  1 am also grateful to the Faculty of Grarliiate Stii(Ii(is t'or rhe Sptvial 

Cni\*vrsity Sdiolarship and for fi nancial support duririz t lie pr(il,iii.iit iori uf t tiis t livsis. 



TABLE OF CO3TESTS 

CERTIFICATE OF EXAMINATION 

DEDICATION 

TABLE OF CONTENTS 

LIST OF TABLES 

LIST OF FIGURES 

Chapter 1 Introduction 

. . . . . . . . . . . . . . . . . . . . .  1.1 Overview of the Standard llodel 

1 .'1 Two-Point Function Sum Rules in QCD aritl S o n -  

. . . . . . . . . . . . . . . .  P(~rrurbiitive Power Corrections i r i  QCD 

. . . . . . . . . . . . . . . . . . . . . . .  1.3 Bcyond the Standard Mode1 

. . . . . . . . . . . . . . . . . . . . . . . .  1.4 Content of the Thesis 

Chapter 2 Gluon Condensate (C2) Contributions to the Quarkk AnornaIous 

Magnetic Moment 

2.1 The Purely-Perturbative Electrorriagnetic \ ' ( h r t c . ? c  Coriiw ioii: -4 Nrthod- 

2.2  Gluon Conderisate (G') Contribution to thc Vvrrex Coi.rtw ioii . . . .  



2.3 Calculation of M:(py' p l )  . . . . . . . . . . . . . . . . .  2 3  

Chapter 3 Extracting the Instanton Contribution to Finite Energy Sum 

Rules 32 

32 3.1 Approsimate Instanton Contribution to Fiiiitv Energy S m i  Rules . . - 

. . . . . . . . . . . . . . . . . . . . . .  3.2  Esplicit Expressions for F,P(t) :JG 

Chapter 4 Finite Energy Sum Rules and Subcontinuum Resonances in the 

Scalar Channel 41 

4.1 Finite Energy Sum Rule Phenomenology . . . . . . . . . . . . . . . .  -! I 

4.1.1 The Correlation Functions and Disptwim Rt!lat ion-; . . . . . .  L L 

. . . . . . . . . . . . . . . . . . . . .  4.1.2 Finite Energy Sum Rules 12 

4 .  P t r t u r b a t i v e C o n t r i b ~ t i o n t o F ~ a n c l  F IScaIa rSu in -Rdcs  . . . . . .  -43 

4.3 5011-Perturbative Contribution to Fo and FI S d a r  Siirii-Riilvs . . . .  48 

. . . . . . . . . . . . . .  4.4 Orle Resonance Finite Energ. Surn Rule Fit 54 

Chapter 5 Cancellation of Gluon Condensate Mass Singulart ities in FESR's 

for the Scalar, Vector and Axial-Vector Correlation F'unct ions 5 7  

- - 5.1  Real and Imaginary Parts of Gluon-Loop Itirt~grals . . . . . . . . . . .  ., r 

5 . 2  Evaluation of the Gluori Corideiisüte Curit 1-il>iitiuii T C ,  k;', . . . . . . .  (j L 

3.3 Evüluation of the Gluon Condensate Coritrit>iitiun t u  F: . . . . . . .  Ci; 

-5.4 Gluon Condensate Contribution to FoWi in Scalar. h c t o r  aiid tlic Traris- 

wrse Component of the Axial-Léctor Chatiiirls . . . . . . . . . . . . -  69 

5.4.1 Scalar Channel . . . . . . . . . . . . . . . . . . . . . . . . . .  69 



. . . . . . . . . . . . . . . . . . . . . . . . . .  5 - 4 2  Vector Channel 71 

4 . 3  Transverse h i a l  Channel . . . . . . . . . . . . . . . . . . . .  13 

CIC Chapter 6 Search for Anomalous TT? Couplings i a 

-- 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.1 llotil-ation .) 

6.2 Four-Body Radiative D e c v  Process fI - j-: - f e r  - f i  - - . . . . . . .  i G  

6.3 The Radiative Leptonic T Decay with .-\norrialous Coiiplirigs . . . . .  J-l 

- 6.4 Anomalous Couplings in the e+e- -t T+Ï Smttering Pro<-t>ss . . . .  SY 

C hapter 7 Conclusions 93 

Appendix A Gluon Condensate ( r ~ , G 2 )  Contributions to Ki  il i from Self- 

Energy Diagrams 96 

REFERENCES 99 

VITA 102 

viii 



LIST OF TABLES 

- Ci. I Pewcntage deviatioii fion1 the SA1 I- -t - - . - ~ . I X J ~ Y  - ( ~ . t  I O I I  r ( ~ ~ u 1  t inp, 

frorri the non-SSI values of F2 and Fi listeci in [tic top ron.. Rt~s t i l t s  are 

clisplayed f ~ r  scat tering angles 0 and cent rc-of-riiass tw~rgics J; listed 

in the first two columns . . . . . . . . . . . . . . . . . . . . . . . . - 91 



LIST OF FICXRES 

The fermion-antifermiori-photon tiiree poirit Grceri's fiiii(.tiori . . . - -  

Tlie one loop purely perturbative contribut ioii to r hrh wrt  t b s  fiiricr iuri 

in c-onfiguration space . . . . . . . . . . .  

Tlie orle ioop purcl!- perturbative coritribiitiuii r i )  t liil  w i . t t 8 s  tlirictiuii 

in rrionienturn space. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

An example of fermion self-energ'. correct ions ro t lie Q E D w r t  e s  func- 

t i011P.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

.\il rsample of photori self-ericrgy :\-ort-c(-r io i i -  r ( 1 r l i t .  ( 2  I-: I) \ . I I I - r  i h s  fiiri(.- 

t io r i rU.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ari esample of bremrnstralung corrections r i )  r lir QED 1-chrttbs Functiori 

ru . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The leading gluon condensate contributioiis ro the O I W  loop wrtt ls  

fiiriction in configuration space witli thcl i i o ~ i ~ ) ~ b r t i i r l ) ; i r i ~ - i ~  ~ ) r ~ ~ ) a ~ i i r o r  

replacing the photori propagator. . . . . . . . . . . . . . . . . . . . .  

Rcpresentation of the comples s-plane. . . . . . . . . . . . . . . . . .  



4.2 Coritour of integration C'(.sol in thc cutripltbs . y - ~ ) l ; ~ t i c * .  . . . . . . . .  

4.:3 Distorted contour of integration in the  corriplvs q ~ l i l r i v .  . . . . . . . .  

4.4 Feynman diagram representation of quark (:uriderisate c - m t  ri butions . 

4 3  Feynman diagram representation of contributiuris froni r 1iv r i l i s c d  quark- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  gluon condensate 

4 Ftyunan diagrairi rvpresentat iuri of tn-u- glu^ , I L  ~ - 0 i i r 1 t ~ i i ~ ; t r  1 .  t t  , i i i  i - i l> i i  t i o i l -  

4.8 Fe~*riman diagram representation of cont rit~iir ions frorii r t i ~  li~iir-q~iark 

coridensate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- 3 .  Integration contour dong the rcal s-asis n-irli tlitl loc.;tr ioii of  t h 1  7 -  

. . . . . . . . . . . . . . . . . . .  si~igularities in the coriiplcs s-plaric 

2 Distortion of the integration contour of Fi:. i. i t u  iu~~~iiiiiii,<l;itc th<+ 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  r" + O limit 

3 Distortion of the C(so) contour [Fig. 4-21 fi)r (<\,G2) ~.i)ritril)iitions to 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  sum ruIes 

6.1 Fiyiiiiian diagrani ( a )  for the four bocl!. riidi;iti~rb ilec.;i\- ,/' - il - - 

II--< . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

6.2 Feynman diagram (b) for the four body radiatiw deca~.  f i  - f2 + f i  - 
f i + .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



Feynman diagram (c) for the four body radiütiw decay jI -+ f2 i h + 
- 
f., - -/ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1s 

f i  - : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The photon spectrurn for the process r - ~ u ~ , v , - . .  l ' l l ( 1  c -o~ i t i~ lu~us  

line corresponds to the Standard llodel. The tlashed lirw rorresponds 

. . . . . . . . . . . . . . . . . .  to the correction due to - ( O )  = O. 11. 37 

- - Feynman diagram for the escharige of pliotoii - i r i  t tio t - f - - r r 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  scat tering process SS 

- - Feynian diagram for the escilange uf ZU i i i  t lit. i - L. - - - - 
, . 5C'ilttt'r- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ing process $9 

The iinpolarized differential cross section wit li respect r O r l i i> writer of 

-- - - m u s  eiiergy fi in the  scattering proccss i - t  - - . . . . . . . .  92 

. . . . . . . . . .  . . .  t roniagnetic vertes function: diagram ( a ) .  .. !)7 

Gluon-condensate contributions to seIf-energ?. corrcctioris oF the elec- 

t rornametic vertex function: diamam ( b )  . . . . . . . . . . . . . . . .  97 



Chapter 1 

Introduction 

1.1 Overview of the Standard Model 

Ttie Standard .\Iode1 [Il describes the interactions 01' rlirctb gcri(~r;~tioris of qiiarks aiid 

l(1ptons clefined by a non-Ahelian gauge theory basecl on t lie groiip Sc -( a i  :3) 2 SCL ( 2 )  3 

Cl.( 1). Quaiirum Chromodynamics (QCD) is the tlicory of s t  rurig i i i r t w c . t  ions Ixiswi 

oii the cwlour SCC(3) group. This groiip acts on tlic qiinrks wliirli ;LIXI  r l i ~  i+nitw;ii-\- 

(.orist it wn t s  of mat ter and the interaction force is rritdiatcd 1)'- r Ili, qliicins (y i n*liidi 

; ~ i . t ~  tiic gaugc bosons of the group. Tlie quarks and rlio qIiioris i i n l  rx~lorclrl fieIds. Oiic 

coiisc1q~icritrt. of the non--Abt.liari nature of the culoiii 31-~tiitiett-1- ih t l i i b  t~sistr~iicti o f  w l f -  

~.i)iiplirigs of the gluons. The "Coupliiig" ( fine st ruct iinh cuiist aiit i t >or nr~t~r i  quarks ~ i r i d  

gluoris is denoted by a, which can be 2 1. Cricltlr wtric cori<litioiih. lion-e~t.r. ( 1 .  is 

I*txry sniall and perturbation theory applies [2]. Thc SC ; . (3)  coloiir si-riitiietrj- is tbsitcbt 

arici co~iseclucntly the gluons are massless. 

S( ( 2 )  3 L - \ - ( 1 )  is the gauge group of the iinifie(1 nwli and o l < v . t  ioriiagiiet ir. iiitvr- 

iict ioiis. wtierc SUL (2) is tlic weak isospin group. ac.1 iiig on Icft-1i;iiid Li~rriiioris. aiid 





from LEP data on hadronic r decay [3]. Inott ier  recent applicatiori iiscs w r y  gcrierai 

properties of QCD sum rules to set lower bounds 14. 5 .  61 or1 t lit. l i g h  quark rriassrs. 

Tlitl pliysical vacuum of QCD is not the vaciiiirii i r ; i t t B  trlii(.ii ~ r i i ~  IISVS i r l  ~ M T -  

r i i rht ioi i  tlicory Physical effects like spotitanwiis (-liird s i - r ~ i r ~ i i ~ r  rt- t)rviikirilt- ; L I I (  l 

/or corifiiieirient do not appear in an  order- b~--order pbrt iirt~at iw r r w t  irierit of QC'D. 

I-rifort iinately. most physical processes involve bot li lua c r i c r p  I, I;irgt4istancr~) arid 

tiigh energv (short-distance) aspects. Since it is ciifficiil t to separiit r. r lit. short-distalice 

from the long-distance effects. perturbatire QCD is riiodifiod In- 111 m-piw iirbar i l - ( .  + h i - -  

t ilc~s ;tt short-rlistznce. Tlie non-perturbatit .~ t!f£'~c.rs i i i  r \ \ x ~ p ~ i i i r  t ' i i i i ( - r  ions tl~.alii;irt~cl 

iit large Q' values appear as inverse power corrvctioiis iii (2'. Tlicy cari bo s>-s- 

tt~rnatically c\aluated by utilizing \JYlson's operator product cspaiisiori (OPE) [7j in 

the physical vacuum. Tlie power corrections then appear as i l10 procliict of \\Ïlsori 

cwcHicicnts. which are calculable perturbatively. ~ v i r l i  iiriivcrsiil riori-aclrc~ \.itciriIiii os- 

[wrtatiori values of gauge innr iünt  operator. tliv su ( . ; i l l ( ~ . l  QC'D-\-;tc-iiii~~i cu i i t l~~ i i~ i i r t .~  

ivliicli. irltliough escluded bj- definition in purel!- porriirl~~irivi. tii4iI rliwry. c-iiii lia\-e 

iioii-zero 1-dues in the physical vacuum. Typical t ~ ~ i i ~ i i p l t i ~  arc. t lit .  lowest tiinionsiori 

quark condensate ( ~ q )  and gluon condensate (asG2';. 

1.3 Beyond the Standard Mode1 

Di.spitc ;dl t hese successes. t here are tlieoret ical r i iu t  ii-iit ioits f u i -  <, Ji i ig ,  Iw>-oiicl t lit. 

S taridard llodel. First of d l ,  in the eiectro-weak syriirnet rj- twakirig sectoi.. the 

Higgs mechanism. which is invoked by the Standard Nodel to gciirrate the ZU aiid 

I IV= rriass. predicts the existence of a new scalar particIr. still to tw discovcred. From 

rlie t heoretical point of viem. if the Standard SLucicl is eiiit~t~(ltltd nitliin ii large 



%auge thcory b i ~ e d  upon ri uriifying symrrictrv. rhv Hicoc; riitbt.li;~riis~~i h i~f f~rs  frorii rlw 

';O-c;tllod liierarcliy [SI probleni: radiatii-il correcriu~ih \roiilci r t w  i I t ,  ~~~jiiilit~rar(b t lit> 

i-astly different eiectroweak ( m z )  and unification ni;iss sc-ales. Fiirt liim~iore. tilt. c-orri- 

plcsity of the fermionic and gauge structures rnakes t lie Standard .\[otlcl look likc a n  

improbable fundamental t heory. It provides no esplaiiat ion for r li(1 diiplicat ion of par- 

r iclc families. the elementary part iclc quant urn nuni t ~ . i i ;  i c-oloiii-. t 4 t b c - r  rowak is( q ) i  ri. 

iiypercharg-e ). and it contains many free paranictixrh i il.q. t i i(1 r i i i  ( & t b  ciiiigtb t x , ~ l ~ ) l i r i q  

co~ista~its.  t tie nine fermion masses arid t tie four C':it)i t ) h c ) - I i i ~ l ) i ~ ~ * i t ~ l i i - . \  Iilskan-a r i i i s -  

irig parameters): these correspond to important physical quarititiw. but can not t x  

coniputed in the context of the Standard llodel. Siriiplifyirig t tic. Standard Ilodel 

sr rirct lire arid predicting its f r e ~  parametcrs arc t horofurc. t )iihi(. t ;th ks OS ;i siicc+c.ss- 

fi11 tlicv,ry. Iri  fact. thertb tbsist niari? tiitborics I ) i b i . i , i i { i  r l i ( b  sr.1111 i i i i t  i \Io(lt11 - i i i . I i  .th 

Graritl Cnified Tlieories [9]. Siipersyimetry [IO]. Sii~~r~rs~-iririit~t ri<- C; C'T . : 1 1 . i . Ttdiiii- 

colour (171 etc. -4mong man- other possible -s to t~splure ricw pliysics beoritl tlie 

Standard .\Iode1 is to study the anomalous couplirig o f  ticavy Ha\-or ftwnions to tlie 

<-onl-rntional S.\I gauge bosons. i-e.. 2. I I - .  - and ! j .  \Vit11 tliil j t ~ i r i t  (1tiot-r of t q t 1 r . i -  

Iilc1it5 a11c.i ttieory. ive are likely co iixiravel tlic iiq-3rt.i \ t , t  i l i t .  i i i i i t  l . i i i i t b i i i  . i l  111 I I I < - i l i l ( -  

o f  pirt  icle iriteraccions lying beyond the S taritlard .\ 10( 101. 

1.4 Content of the Thesis 



In Cliapter 2 .  gluon condensate (a,G2) contributions to tlic qiiark's electroniag- 

netic F2 form factor are calculated. We find that the gluon contlmsatc dues not appcar 

t o  contribute to the anomalous magnetic moment of qiiarks. oric.cL T hi1 r.i~riorrnalimtion 

~)rocxxlurc foi- t he e1ectrorriagrier:ic vertes is suital~l\.  i , t + l  i i . t i r i t l ( l  r l )  , i ( - ( . ~ i i ~ i t  i;,r ( i i i . c b r . -  

gmt  orcler-unit?. condensate contributions. In =\ppcii(f is A. iw 11;11*t1 i i l ~ ~  s lion-ri t lia t 

t lie self-eiiergu contributions to the vertes iriwlving (ri,G2) (10 riot coritribute to the 

iirionialous magnetic moment of quarks. 

Iri Cliapter 3. rve derive the direct single-instarirori w n t r i h r  ims ru Briite-(~ii(~rq- 

surti riiles in the pseudo-scalar niesor1 chi~r~1101. l - ! l i . +  ( - (  111r rit  1 1 1 1  11 , I I  l >  I*(Y-I- i t ~ ~ i ~  , r -  

t mit for iinderstariding why isosinglet arid isovclcr oi- iiicw,~is iri  t)o t li r l io  xalar  ~iiid 

pseudo-scalar channels differ in mass. 

In chapter 4. a oneresonance finite energy suni riilc fit is coristriicted in the sralar 

i4ianriel in an effort to see if such suni rules support tlit1 r,sistvrw rjt' ii i-ctr!. liglit i r r )  

ci('iilii~. rt'SorlilriCe. 

Ili C'liaptcr 5 .  ive demonstrate espiicitly [lit! c;iii<~~llariuri of iriti.;ird siiigul;ti.itic~ 

of tn-O-gluori condensate contributions to finite enttrgy surrt riilvs in pscudo-.;caliir. 

sc-alar. i-ector and transverse component of the mial-vcc tor ctiaririt~ls. The esplicit 

c.aricelIatiori of quark-mass singularities via operator iiiising is ais( 1 (liwionst rat(.<l for 

t lic chanricls in which such singularities riai\*el>- o ( x - ~ i i - .  

I t i  Ctiaptcr 6. electroweak pliysics beyorid tl itl  Si ;iii<lard 1 i t i ( I i ~ 1  i.; irir-est igar i d .  

we calculate the hard photon spectrum in radiaci\-c. Icptoiiir. r (i(&<.ii?*s r -+ /ir2,,v7 -. 

in the presence of possible rTy  anomalous couplings. Ke  aii;ilyzcl tlit? unpolarizd 

differential cross section in the scattering process P - P -  :- 7 -  witli the possible 



ÿÿ no nia lotis cotiplings at LEP 200 encrzies. 

Finail!- C h p t e r  Ï presents a surnrriarv a r i d  ( - o r i ( . i i i i i i r i =  i-t'~ii;ii .Ii .* 1nbII iih i O i i l V  

possible directions for future research. 



Chapter 2 

Gluon Condensate (G" Contributions to the 

Quark's Anomalous Magnet ic Moment 

2.1 The Purely-Perturbat ive Elect romagnet ic Vert ex Cor- 

rection: A Methodological Review 

The purely-perturbative three-point Green's functiori Ci,, iis slic~wri i i i  Fiç. 2.1 cuririiiii- 

itig the rrtincated fermion-antifermion-photon vertes C;rwn's fitiirrioii - M - < ) T , , ( ~ ~ .  p i  j 

is espresseci in ternis of the vacuum espectation v d ~ i c s  uf tiiiitb-~i.(li~tvl prodiicts of 

tIc.isPiilx!rg fields Q.+ and -4; us follows: 

i C) is t lie cIectromagnetic fermion charge and a is tlic '  , + ~ ~ i g t ~  p i r i ~ ~ i i t ~ t  thr. The oriib-loop 

cx~rrcction to tliis vertes is obtained via a \\*ick-Dysoii ibspatisiori of' r h l  r irric-ur-tlvrcci 

product oE Heisenberg fields [13]. 

The Heisenberg-field vacuum espectation value i t i  Equatiori i 2.1 ) c a l  be writ tcn 



Figure 2 .2 :  The fermion-antifermion-ptiotori t l i r r ~ t ~  point C ; n ~ m  ' 5  t'iinctiori 

i r i  ternis of interaction-picture fields c. C and A, as 

n-itli a oric-luop( l L  j correctiori giveri b'- 

Piitting Equation (2.3) back into Equation (2.1 1. rhc' o n 4 ) o p  rot-rrctiori t o  r l i c  

C;reeri's function G , ( p 2 , p l )  is found t o  be [Fig. 2.21 





Perforniing the integrais over r' and y' before doinr, ;triv u t  lier i r i t t v & .  n.cl îiritl r liai: 

If one then i~itegrates over ql and q.~ variables. orle tiiitis t l i a t  AG,. ( p - .  p l )  can tw 



Figiirc '2.3: The ont. loup purel?- pcrt iirl>;tt 1\ -1+ (.(,tlt t-i1,11r l t 1 1 1  1 , )  r 11, '  i-lil.- 

ces funution in rrioriieritiini 5L)ill.I'. 

Equation ('2.11) shows the same factorization of the estcrnal l t y  as iri the intcrrtic- 

!iate lirie of (2.1). -4s is evident from the 6-functiori incegrals 1 '3.S i i t t id  (2.10 i .  tliis 

fa-torizat ion is a direct consequcnce of the esplici t t riirislac ion  i~i\-iiri;i~it.ti of ( 2 .  > i i ~ i i (  1 

( 2.G) ~vtiicli giiarantees the translational iri\-ariarlu, o f  ; i l1  ~.ac.iiiiiii tbspcv.tio~i \-aliitbs i r i  

( 2 .4 ) .  1 \ 1 1  ttcluate the curl!--bracketed ternis iri 1 ~ 0 t h  ~vliiatiu~ic; r t )  o l m i r i  rhrl iisii~tl 

prrtiirbati\-cl espression for the one-loop correction tc, the  \-erti's fiiiicciori. as sliowri 

in Fig. 2.3 : 

Tlie urircnormalized vertes correction ü(fi)-lu u(p1 ) ici ~ l ~ ' f i r i ~ c 1  ;ts 



o f  tlie renornialized vertex form factors F L  (q') and h'FL(q2)  via qqlyirig the Gordon 

(lecornposition of the current ü ( p 2 ) ~ P  u ( p l  ) 

Tlie rt'sralirig iri the  final line of (2.16) is accoriiplisiicvl t liroiigli r hi. roriuriii. CL 1- I L ~ ~ I O I L  

<-ondition tliat Fi ( O )  = 1. in which case the (divergeiit ) wristarit Z is %iveri to or(1i.i.-r ' 
t )y 

Z = 1 + e2<)' !R(O) i 4S10ii ( 2 -  17) 

To t lic Itwlirig order in e'. orle then fi rids t har 

Tlie q' + O Iirnit of Equation (2.19) gives tlie O(0 1 iiiioiiiaiuiis i i i ; iqi i<~t i r  nioiiiilrir o f  

QED 1141 via esplicit evaluation of the coefficient S(q2)  of ( / ) y  - &). as defincd II!. 

(2.14). n-ithin the vertex correction AI'" (2.12). The cwntual resiilt îirst obtairrrd b ~ .  





F i r  5 :  -\ri esarnple of photon self-erierg~- r-<~ri.t~(.tioiis t o  t I i c b  Q E D  

vertes fiinction ru. 

Figure 2.6: .-ln example of brenirnstralung cornvt iotis r O t 1 1 t h  QED 

vertes funetion ru. 



c-alciilation of S(q2) presented abo\*e is the replaceriicbrit o f  ttio iiiu~iit~iiturii-k photori 

i r n - i r e  in F i  2.3 with gluons. with appropriato culuiir Lictor-h Ar,,>'1 irt t w 4 i  

tcrrniiius of the gluon line Gu. The net effect in Ecliiiitiori (2.1 1 is to replace i rQ)' 

LI-it h (eQ)' + ( - ~ / 3 ) ~ , ' .  where g, is the SLe(3),  group-t lieorctical h . t u r  ( X:,X;',)/4. Sut-  

ing ttiat a ,  > ck a t  any soft niomentuni scale. ive s w  t h a t  tiiti  i~i i<,~iialoli~ magritltic- 

riiuiriont of a quark will naively be obtained b>- n1pl;icirig t l i c b  (.jfSD (.oiiplirig~ r i Q L  

\ v i t  ti t l i t '  QCD coupling (4/3 ) c l , .  t tiertltq- Icitcli~iq t o  r l i t .  fullo~viri- liii~xhl\--~)(~t i i ï l ) i i t  iw 

QCD contribution to the quark's anomalous niagritht ic- irionicnt : 

h i  imniediate problem arises when one atteniprs t o  cfiscii3h r i .  , L r  rcbr\- -;ot*r tiio- 

iiierita. Brcatise of asymptotic freedoni (71. c i ,  is kriua-ri r i )  i r i c - i . ( b ; i h t ~  i l s  riiuriicliitiiiii 

clccrrases iintil perturbative QCD is no longer valid. For (2.2(!) r i )  lii~vcb ariy rricariiiig 

iit all. the strong coupling h a s  to be assigned a riur-purci>--larai. ~)licl~ionicnological 

i-aloe appropriate for infrared region. Ilattingly alid Stcli-wson . 1 G '  . liai-c argucd tliat 

(L, slioiild tfeeze out to a value somewhat less tliaii r i r i i t ~  (0 .52  i i t  ~ ~ f r  rriorritbrltlirii 

- 
 calo os. Bahukhadia.  Elias aiid Scadron il 71 liavcl olir.riri<d ;i + i i i i i l ; i i -  o.;tiriiart~ i ii. '>! 

II? esploring the linlcage betweeri linear-sigma-rriuclcbl 1iiirlrorii~- ~)lit~rii~iiii~riology ii~id 

loir cnergy QCD. It has also been argued [IS] tliat i-iiliics of a ,  iiwr iiriity ( a ,  = 3 / r ; )  

iriduce the chiral symmetry breaking responsible for a t ra~isitioii hoiii a gaiige t liwrv 

of  quarks to a chiral-Lagrangian theory of mesoris. Fi riaIl>*. a rit1 I I I  hcr of aiit tiors liai-P 

argueci for the existence of a non-zero infrared fiscd [mirit wit l i i i i  r l i v  full Q<'D j- 

function [19. 201. although coritrary arguments bascd tipoti Padi h ~ i i i ~ ~ i i ~ t i ~ l i  nwt 110~1s 

have also been advanced [21]. 







v t i r  1 )  is the non-perturbative ~ a c u u m .  The gliiim-cundeiisarc. wriipoiicnts {J t' C 

\\'e dioose to work in the covariant gauge (as oppos<icl to Fo(*k-Sc4in-iri,~cr or i i ~ i d  

giiugcs) because only covariant gauge eshibits t l i t b  tbsplit-it îriiiic;l;itiot~al irii.itri~i~ic.th 

riquired for factorization of clle e s t e r r d  liries 

tritirig (2.24) in place of the internctl-photori- 

analogous to (2.4) and (2.9) that 

ivliere g, is the strong coupling constant. % and arc SL(3) (bolor niatrices. and (1 - 

arid 6 indices correspond to the gluon color States. S i  T r  - - = P b .  theii 



Figure 2.7: The leading gluon condensate u~iitributioiia to rlitl  orle 

loop vertex function in configuration spacc wit 11 t iic riuri- 

perturbat ive propagator replacirig the photori propaga- 

111 urder to cl-aluate integrals iri ( 2  

mat iori: 

imcl the inverse of this transforniation cari be fountf iis Lil lo~s 

The transformation between the integral elements arc) calcularcci t liroiigli the .lwol~i;m 

of t his transformation. 



Changing variables 2. g- and ; into .y. Y and 2 in t h e  last two 1irii.s o f  Eqiiation !1.'>9). 

orle theri can evaluate the configuration-space integrals iis folluiïs: 

tmiis of ferrnion niomentum p l  and p.'. 

Grceri's hnc t ion  to be 



\\k s u h t i t u t e  (2.31) into (2.36) to find that  

I t i  t he  above equation. X ; ( p 2 . p l )  is the gluon concl~~risiitc coritril)iitiim to the. t riiri- 

cwrrection (2.12). Therefore nre then see froni (2.38 i tliat 



-1s t~rforc. the  renornialization iniplicit in thth l u t  l i i i i ~  of i 2.4'1 i io, ; tuwr~iplislid 

rliroiigli tlir renormalization condition ttiat F:(O) = 1. i r i  whit-li ciisth rile (cliwrgcnt ) 

coristant 2, is given to ~ r d e r - ~ ;  by 

Tu the leading order in g:. one theri finds that 

-4s bofore. u-e would like to interpret the y' + O liriiii { i f  Eil~iaric,ii i 2 .43 )  as t t i c '  u,liiuri 

condensate contribution to the quark's anonialous iriiigiictic rriorrieilt. 



2.3 Calculation of X ' ; ( p 2 ,  pi)  

D [ ( P  + Q ) ~  - m2] [ ( P  - Q)' - rrr'] G L - \ -  

frorri the  quantities 



r o  firiti that 

Iii Equation (2.58). Terms (1). (2)  and (3) are calculatetl separatol?- as t'ollorvs: 



By substituting (2.59) .('2.60) and (2.61) into (%S 

1 1 1  ihtai~iirig (2.62) ive have used the following iderititios: 

\\il also use idcntit ies 

ii-liich follon- from the momentum-space Dirac equatio~is h r  u~i--;liihll .-;piiic,rs: 

Trrms (4).  (5) and (6) in Equation (2.62) are cülc~ilatctl  t>>- ilsiil=, Ecpatioris i ?.Gd- 

2.GS): 

Teml (4): 



Substiriiting (2.71). (2.72) and (2.73) into (2.62).  w r  tliori firitl r l i i i t  



in which case 

1 SC' - +-(20C + SE)  + - -; D D- 

SC' i l s ;  - --g 
DJ 4c D- 1 

\L-e see froni Equation (2.75) that  

Siibstitiiting (2.77) irito (2.75) and (2.76). wr.e obtairi 

furtlier t h  C = 1' = O or1 shell ive find that the gliiuii -coritlotisate correctio~is to 



the vertes function lead to divergent contributioris to twtli R(O) unrl S(O): 

2.4 Discussion 

Iri purely perturbatire QED. the anornaious niagiicitic rnoriitwt <-orit ribiit iori S(O) 

(.alculattd the anomalous niagnetic moment KF2(0  : i i i  Q E D  r O I w 

e ' 
- - -+O(& 

Sir' 

In the non-perturbative QCD. the gluon condensate contribut ioris to R ( ~ ' )  arisiiig 

horri the vertes diagram alone are even more divergciit. Tliil r(~iii;iiiiiiir, gliioii (-01i- 

ci~risiitc contributions to R(q" arisc froiii self-criclr!- iiiwrrioii~ r l i i t t  ;in1 < * i t l ~ i i I i i t t ' i l  



Tliv coridensates are supposed to be RG-irii-iiriiiiir striii.tiiribs. - rhu5  th t~  [ K I R )  

dinicaiision-4 gluon conderisütc shouid br ( . j (ck,  JC;' t t . 1 1  1 i 1 I I  ( . 5 i i i i -  

ilarly. the  triie dimension-4 quark conderisate is (r i l , , ( ir(;  i i is twil  o f  J i i n r  : q .  -L*o t i i t b  

loirest order. the QCD 3 function is proportional tu r , :  so th(' gl~ioii curiclensatc cari 

lw defined to be (cu,G2) (01 : gfGe,Gn'u : IO). Tliiis. two putvcbrs of coupling con- 

iitiiiit y, arc absorbed in the definition of the  coridriisattb. i r i  n-lii(.li c.;i.;cs 'Rg(ii' j i i i i t t  

S11(q2 \ iirr or-der.-ur~ity in t hl prrriirl>atiori ~ t ~ s i i ~ c .  I i i ( . l i i ~  i i i i -  1 ) .  1 1  i! - ! I I (  111 ( - 4  m & i i - ; i r o  

~witr ibutions in addition to o t h r  coritrib~itiurls ( p ( h r ~  1irI)iit l i - t b  - , r  1 1 t h ~  ~ . i ~ i i ( I ~ t i m t  tbs 1 

Ive firict that 

Tliwt!foro rhc lowest-order gluon-condensate coritrit)iirii)ri tu  r l i i b  ~11iiii.k'~ anoiii;iluils 

riiiigrit->tic iiiorrient is found via (2.86) to bc. 



A11 ot lier condensate and purely-perturbative contril~iitiori tu O i ;irc3 stipprc~sst~f 

In- or ?. 

Tliiis. it appears that  t lie presence of a QCD-v;i<.iiiirii qluo~i r . i i ~ i t  l i b i i s i t i .  prib(.Iiic l1.3 

t lie possibility of an anomalous magnetic momerit i~ïxxrririg ;it d l .  \\i% lia\-ch iilso 

i.alculated the gluon condensate contribution to self-tmilrgy diagxiiiis n-hich contribiite 

orily to R(0). and not to S(0) [for detailed calculati~~iis sec . \pp~i i<l i r  -4'. biir r h c  

(-ont ritirit ions do not alter Ecluatiori (2.86 \ .  Tht1 r i i i ~ i ~ i  c-oiistbc~iiorii-c. ~ , t '  r hi3 i q i i ; i r  ion.  

(.\-cm tliuiigh both R(0) and S(0) are clil-ergent. iil>pibiii.~ r , ,  Iw r l i t b  ~ - ~ i i i ~ ) l o t ~ ~  iil)st.iic-i. t ~ f  

;in ariotrialous magnetic moment. a direct c:onseclucricxb i ~ l  divcrgt.iir glliuri-coiitlcbiisiite 

contributions (which do not occur in purely-perturbat ive QED 1. This result siiggests 

that coristituent quarks act like massive Dirac ferrriions ( g  = 2 ) .  as iri thc  tiiiii-c 

c-orist it iierit quark model. 

TU siimriiarize. ire find for gluon-coriderisatc! i-i)iirriI)iitio~i~ r i )  t l i t t  (LEI) \-cli.tos 

t Iiat ru-o hctors  of g, are ahsorbed irito the coriclt.risnttb itsvlt'. n.1iic.h tias a kriowti  

niiiiierical value (0.045GeV4) even larger than that c-orrrsporitlirig t o  ;i (riori-coiipling- 

(unstant-suppressed) QCD scale (.14). Because two powers o f  (1. ;int at>sorbc(I irito 

rhc tlcfinitioti of the condensate. the coefficient of , r i , C ; " )  iii  r l i v  \ - t I i . r t b s  c o r r o h m  

'R arid S are order-unit-. Tlius the gluoii-cori~leiisnti~ i - ( , i i r i . i t > ~ i r  i o i i  r t ,  r l it. ~ i i i ~ i i i i t l ~ i i ~  

Because all other condensate and perturbative contributions ro 'R iiricl S iri1.01i.c two 

additional powers of g,' this relation will be perturhat iwly unalt vrid I)y iddiiig siir:li 



cwntribirtions to t he  gluon condensate contribution. Tliiis. if  r l i t h  qIii011 c*oricierisiitc~ is 

riori-zero. the quark's anomalous rriagnetic rrioriienr ; ~ ~ ~ ~ ) t ' ; i r s  I ) ( h  /tir(,' 

\\C have useci a single coristant quark n i a s  t hroiig tiout t htlsii (~;ilml;tr iutis. TliL is 

corisisterit with a dynamical. rather than just a Lagrarigiari. qi iark ~ ~ s s .  as is ;irgticd 

II!- Elias and Scadron ('241 on grounds of gauge inv:-;irimcr. Tliih F(wiiiiari riilc Q E D  

m c l  QCD vrrtices rernain unaffected b ~ .  the ilse of i i  -iiiglt> i I ~ - i i i i i i i i ( . i i l  iriass. ah long 

as t h t  mass is taken to be constant ratlier thari riioriiiliitiir~i-(1t~~)~~ii~t~~~it -?Si. This.  

tlic quark rriagnetic moment appears not to rliarigr i t r  al1 fruiii ir:. i i ; i i \-r Dirac- \ - : i l i i i~  

rQ/?rn. where m is about 300 Mel*.  



Chapter 3 

Extracting the Instanton Contribution to Finite 

Energy Sum Rules 

3.1 Approximate Instanton Contribution to Finite Energy 

Surn Rules 

[ri  the instanton liquid mode1 [29]. the direct single-iristariton wrirril)iitiori to Liipla(:(l 

siim rules based on the pseudo-scalar(p) current corrdat iori fi1ric.t iori is 

n-liercl p is the instanton size (- 1/600.\IelP). s is t l io  Borel pariiiiicbter ( s  1/-\I2 1. 

iirid (il are the modified Bessel furictions of tlio WC-oricl kiiid. 1-1''; q' i deiiutt~s tlie 

liquid rriodel the quantity n, parameterizes tlie irisri~iir~~ii densir!. ; i i i ( i  I I I .  is thc stblf- 

consistent dynamical m a s .  

The pseudoscalar correlation function is definerl as 



n*ticrc. j(r) = C ( X ) ~ ~ ~ U ( X )  is the pseudoscalar currcm witti c 4  Iwiri): tlic quark fitild. 

In Equation ( 3 . 1 )  ( I i P ( t ) ) , , , ,  is the portion of the p~t~iitlo~caliir t.orrcllation furict ion 

n-hicti arises purely from instantions. 

The finite energy sum rules (see Section 4.1.2) iv\.i. wish t u  i~l)tairi iirc 

To PI-aluate (3.3). ive see that Ro(s)  in (3.1) is irsvlf Laplacib trii~isfi)rni: 

Frorri (:3.3) and (3.5) ive see that 

L'pori takirig the Laplace transform of botb sii1t.s o f  i 3 . G )  

ttiat F k ( 0 )  = O. Ive obtain [30] 

cpressions for the inverse Laplaci. t ra~islorn 

riientar>- trigonometric functioris mq- be obtaincd ria asyrtipror ir t~sl);tiisiori i w r  liotls 

in the comples plane. \Ve begin with the ÿsymprotic osp;insiori 1 1 1  

Calcuiatirig Ii" and K1 from Equation (3.5). we cari firicl 



Given the inverse Laplace transform 

identities: 

Tlirougli the application of (3.11). (3 .1) .  (3.13).  (3.14). (3.15 1 i l i i d  13.16). wc cbari 

calculare Fl  as: 



Firially. ive tind that FU finite energy sum rule can bv ospresscd iri riwris of c1errii~iir:iry 

trigonomet ric functions: 

as .su increases p s t  1 Gel? goirig from positive tto nrgative as .s,, i~icreases past '1.9 

Ge \ - -  Since the purely-perturbative coiitribution is dso  posi r iul nrid quaciratic in 

ficitf-tlicoretic contributions for values of the coritiriiiiirii t lircsliold c.tiostjri tu bo i i I ~ o \ - ~  

2.9 Gel -'. The same methods as aboce leads to the folluwing iiistaritori contributiori 



Tlirough the application of equations from (3.11) to ( 3 .  IGL firiin. t b t i i b r ~ -  Fr siirli riile 

cari htl rcwritten as: 

.Again. ive find that Fr finite energy sum rule can be (~spressed ir i  tvrtiis of clenicwrary 

r rigononietric functions: 

Once again. the leading instanton contribution to  Fr is secri to I ) t a  Iowor-tlegrcr iii .sa 

t hari t lie purely-pert urbative corit ribut ion. 

3.2 Explicit Expressions for F [ ( t )  

111 tliis section we preserit the derivation of esplicit espressioiis for the  iristantun 

contributions to finite energv sum rules F[( t ) .  \\-O hcgin ttic clcrivation witli the 

icientit~ 1331 



\ \ - c h  clifferenriate both sides of (3.24) with respect t o  5. itriri :ippl!- Iï , ' , (  z )  = - 1;. i s ! 

Ecliiaririg ( 3 . 2 6 )  and ( 3 . 2 7 ) .  ttie follon-irig rclatiori ( - : ~ i i  I j i h  ( , l ) r i t i i i t ~ t l :  

and knowing that L[1] = 11s. ive find that  



Cornpariiig (3.28) with (3.1). ive see tha t  

tisirig t hc: rescüling relation 

\\-e fintl v ia  (3.7) and (3.32) that 

\\i! theri find from substitution of (3.31) into (3.35) tliat 

S tibstit iit ion of (3.36) into (3.34) yields a closed-forrii tlspressioti for thc iristaritori 

c-otit ribiitiori (3.3)  to finite energy surri rules: 

Appl~iiig a change of variables in (3.37). using the i&*iit ity 

kiiid pcrforming an integration bu parts resiiits in thch chsprcssiori 



Tlic integrand is easily seen to be srnaller than  the Icaciirig pcrr iirixit i l - c l  c:ontribiir ion. 

Froni cornparison of (3.39) and (3.3) it is also possit)ltl tu rriakrl t l i t k  itftxtitificatiu~i 

For k = O and k = 1 we can find Fo ( su )  and Fl (.su 

Prrforrriing the definite integration over z wc find 

The follon-ing ident ity is ernployed above: 

Csing Equatiori (3.44) and 

n e  integrate by parts to derive the following identity: 



Therefore. ive finci that 

Substituting 2 = p f i  back into (3.43) and (3.47). F;) aiid Fr arc. 11spressed as fi~liows 

\\i! c:;m stiow in (3.48) and (3.49) thar  



Chapter 4 

Finite Energy Sum Rules and Subcontinuum 

Resonances in the Scalar Channel 

4.1 Finite Energy Sum Rule Phenomenology 

4.1.1 The Correlation Functions and Dispersion Relations 

The correlation functions of local operators are defincd as t h  E;;)iiiier trarisforrris of 

t lie vaciiitm ospectation value of the time ortlerecl pri)(iiicr of i i  li ~i.i i1 ciii-reiit .JI, i> -1- 1 

r iriivs its h r n i i t  ian conjugate. i.c. 

where the current J,(x) is one of the Soether currvnts associatihrl n-itli global #auge 

transforniations of flavor degrees of freedom. like a rtbc-tor tmtirrorit ( 1  - , i L  ri. or aii axial- 

\-chctor ciirrent qntP  a,s q. It Lias been shoivn by KiiIl~'11 :md L ( ~ ~ I I ~ ~ L I ~ I I  :34. 33. (luri~iq 

-. 
l950'c; tliat two-point correlation functions obey dispi>rsiuri rtbl;itit,iih. 1 lit1 d isp( i rs io~~ 

rrlariori follows from the analyticity properties of i2 ( q' ) ils a iui~iplos fiinct ion uf 

cl< the oiily energy-momenturn invariant which appears in a tn-o-point correlation 

fiinctions. In general II(¶') is an analytic function iii t tic coriiplrx </'-plane biit for 

a cut iri the real a i s  O 5 q' 5 x. as illustratcd i r i  Fig. 4.1. \ i * i t I i  .JI, ( x )  a cxrrmt  

\vit  h sptvific quantum numbers. the irriagiriary p i r i  ( )t' t l i t 1  ( . i i i . i . cb l ;~r  ici11 t'iiiic-t i o r i  ih 



Physical Region 
-- -- 

Complex ~-P lane  

Figure 4.1: Representation of the corilples s-plaric. 

then directly related to the total cross section for the productioii hori1 the vaciiiirti of 

tiarlroriic states with those quantum numbers. For E ~ S ; L I I I ~ ~ C ' .  \vit11 r t l ( *  c ' l t > ~ * t ~ - ~ [ ~ l i l g ~ i ~ t i ~ '  

Iiatlro~iic. currcnt light quarks. 

the rrllation to the total e'e- annihilation cross-sectiori irito Iiadroris is 

4.1.2 Finite Energy Sum Rules 

The finite energ'. sum rules are defined to be the intcgrals [32! 

u-ith k = 0. 1. 2. - - -. The contoirr C ( s o )  is ;in opthn ( ' i i - i - l i *  of' r ; i t l i i i ?  - , ,  i i i  t t ic '  c o i i i l i l [ ~  

s-plane chat does not cross the reüi s-asis as shuwi i ~ i  Fis. 4.2. L:or 1 l i t *  Iiatlruriic (.oii- 

tribution to the FESR's F," (so)  . the contour C(so) caii 1)c distortcvl irito a linc riiririiiig 

below and above the physical singularities on the positive ~ C H L  s-asis (Fig. 4.3): 



Figure -1.2: Contour of integration C'(su) i i i  tlic coriip1f.s s-l>li i~i~.  

Figure 4.3: Distorted contour of integration ir i  the coitiplcs s-plane. 



Finire energv sum rules are calculable quantities iii QCD. provi(ltl(l tliat the iipprr 

lirnit .so is sufficiently large. In general non- perturtxit ive! l / q L  p o u - ~ r  corrections iirid 

iristaritori corrections can also contribute to this itit(yrai. .A'; outb iric:rcuses thc. k- 

pow'ir ir i  the tiriite energ'- surn ruie. one becorries riiorix aritf 111oc-c' s tu i t ive  io the 

cletaileci high energy behavior of the haclronic spwt rd  ftirictio~i. 

One of the successful esarnple of finite energ!. suri1 üpplimt ioris is t iic t l v r  crrrii- 

nation of the QCD coupling constant from the hadroriic tau tltlc*ays. Frorri the phe- 

rmrneriological point of view. the quanticy whicli cari bc ~ricasilrrd il!- cspcrirwrits 

is t h  tiadronic tau decü>- braricliirig ratio R,. I t  i3 i.ii1i~tt.d r C J  t l i c .  writributiuli of 

RT l i i i ~  bcen calculated esplicitly by Diberder and Picli : 3 G !  - .  iis L ~ l l o ~ ~ s :  

~ d i e r e  Se, = 1.0194 and PL,, = 0.0010 arc the coiitributiuris hoiii t l i t b  leadirig iiiicl 

riest- to-leading electroweak corrections. and where 

ib thci result of the perturbative QLD calculatiori i ~ i  the 1.1iii.iil lir~iits. Tlic rc- 

iiiaining factor d,, G -0.016 k 0.005 includes the (1st iriiatcd t ~ f f i ~ ~ i i  o f  siiiall q~iark  

rriass-corrections and non-perturbative power correcciuris. Tlic tq)cririientaI valii~i of' 

n,(rn;) = 0.370 f 0.033 [3] is in good agreement a i t h  the tlieorrtiral valuc. 



4.2 Perturbative Contribution to Fu and FI Scalar Sum-Rules 

Iri chis section ive estract  l l (d ) ' )  of scalar correlatioii f ~ ~ : i c * t i i > i i  ti.i,iii t tir thrw-loup 

ordcr QCD radiative corrections of the V functiori . -31:. . This .D fiitictioii is relatcd to 

the total hadronic decay width of a scatar Higgs bosou whicli is cletermined ~ I J -  t h e  

irriaginary part of the correlation function of the  quark s cda r  c-iiircrits. 

Th rri~rtlit.rnatica1 forni of the V is givcn as 

ivlicre nJ(Q2) is the correlation function of the scnliii- viirrerit 

with t hc scalar current as follows: 

ivkiere (1, = u. d. S .  c. b. t are quarks. m, are tlieir corr(!sponcling iiiiLiscs. Iii r d .  '371 

t lie general expression obtained from the V function lias the t;)t-rii 

where { L  the renormalization subtraction point. arid t l i c b  ailal!-t i d  t~spr~ss ions  hi. t lie 

coefficients d l j  are as follows: 



In Equation (4.13) the Casimir operators for the adjiiitit and dcîiiiirig represeritat iuris 

to tlic norrriülization condition Ta of SC(S) via t h  rvlatioii Tri TUT"!  = TP" for 

tlir grrierators of SL(X) group. and -VI is the nurriht!r uf Harors. For the staricliird 

representation of SC(3) group. one has d ( R )  = 3. C',, = 3. aiid CI.. = 4/13. Thcrcfurc 

t lie coefficients in (4.13) take the followirig fornis: 

106 11 I O  1 
d2L = -- + --Yf. = - - - -Yf 

3 9 4 Ci 

\\é solre t lie differential equation (4.9) bu muhipl!-irii, ;\ri intr,qr:i t i i i ~  factor 

- J'(ic." -$ 1 
e 4 - Therefore the scalar correlatiori fuiic.rioii lias [ l i t .  f i~i .111 

Csirig the expression of the 2, function (1.12) and rlic iritcgratiuii rcsiilts t hat 



n-here t he  coefficients of eij can be rvritten in terms of d,, 

D t h i r i g  -Q2 s and using mu = rnd = m. ive oiitairi the sciiliir sptxtral futiction 

via t lie follon-ing relations 

in which case. the scaiar spectral function is 

l I l -  

Substituting Equation (4.23) into the definition of r l i c  finitc ciiilrg:y surit rule. wX lise 

the following integration relations 



to firici that t he  perturbative contributions to Fo arid FI art! 

4.3 Non-Perturbative Contribution to Fo and FI Scalar Sum- 

Rules 

\\7t hin the trame work of perturbative QCD. the ptirt iirt)ativr QC'D ws~ilts art3 t~ioci- 

ifictl II)- norr-per-turbative effects at short distaiict~s. 1 1 1  t 1 1 t h  /AI y.-, i l 1  I . ; L ( . I ~ I I I I I  \rih { . ; L I I  

cwluate t hcse non-perturbative effects in the corrc1;itiori t'iirlct ioris i A - d ~ t r e c l  2ir L i ry  

(2'-values. Those values appear as inverse power correct ions in (1' II!- iising \\-ilsori's 

Operator Product Espansion (OPE) in the physical viicuiirn. Ttic p o w r  corrections 

appear as the product of \\:ilson coefficients timcs t l i ~  iinivt1rsal riori-zeru vacwiini 

clspc~tut ion value of gauge iiivaria~it opvrator:, (.;i11, Y 1 ( . (  , i t i l ~ , i i - , i  t i - .  1-11t~r t~f01 .~~ r 11th 

correiation function cari be esprcssed as t fic suni of twt t i  t tic p~i.tiit-txicit-(~ i i 1 1 ~ 1  11011- 



perturbative contribution 

(lerisates are defined as  follows: 

Tliese qiiaiitities are respectively cailcd the quark curitlcrisare. r l i t .  q i i ; i i . l i  qluori i i i i s t v l  

Fig. 4.8. Our focus in this chapter in on the scrilar cot-r~latiori  fi t~icrio~i.  for whicli ttic 

rctlcvant coefficients in (4.30) have been calculated as tello~vs iri  r d .  :3S]: 





Figure 4.7: Feynniari diagrani represenrat ioii o f  t lircc-gl iiuii wriclrn- 

sate contributions 



Figure 4.8: Feynman diagrani represerit at iori o f  c-ont ri hii t iuris frorn 

the four-quark condensate 

n-here for q' < 0. 

Siiice ttie liglit quark niass is ver? small. ari espansiu~i i i i  poux~rs o f  liglit quark Iiiass 

!vil1 be appropriate. The espansions of (4.36). (4.3;). (4.38) i i r i i l  i4 .391 i r i  p u w i h  uf 

liglit quark iiiass are obtained as folloivs: 

rn' 111.' n l t j  !,,. I I I  i i J  

c4=3 - - ' > -T3 -  - 6 -  - ~9 - 1 

Q2 Q Q6 (2' 0 



For two and three gluon coiidensates. the  correct codficicmts C;;: m ( 1  C;;s arc obt;iiiiod 

froni the naive coefficients EGz and EC3 in ref. [35!:  

Finally ive have 

Csirig the relations 

\\-e then firid that [O' = -s !  



liglit quark rriüss. the leading order non-perturbariw <writril>titiuri is g i w n  hy 

rrr- s o  I I I  - 1 
+-ln( ( a s G 2 )  - - ( ( k , , ~ ~ ' )  - 

L7i2 11- - d l  -1 - .-O 

176~ +- (a. (qq)') 
2 1  

- - 1 Ï 6 r  
- (CI, (<7<1) ') + 0 ( rri ) 

27 

4.4 One Resonance Finite Energy Suin Rule Fit 

Hadrori propcrries cari be extracted by relatirig plierio~iiiltiulogic;~i ; i i i ( I  fiolcl tlieortlt icül 

espression for integrals over the scalar current corrclat iori funct ioiis. 111 t lie prwiuiis 

two sections nre presented the field t heory contribut ioris to Firiitr Eiirrgj- Siim Riilcs. 

The phenonienological espressions arc generally est r;i<-t<hd t liri~iicji r l i t .  riarron- r t w -  

~iarice approsirnat ion. 

En the narrow resonance approsirnation. hadronic co~ i c r i bu t i r , ~~  t o  th r~  irriagiriary 

part of current-current correlation functions are proportional to ij- hinct ion a t  t hc 



arc co~isisterit with the choice of currents in the currttrit corrclatii~~i f ' t i r i ~ r  ioni rititrll t liat 

r , i z  is less that s0. *Above this hadron-continuum thrcstioiti. thc tiiidroiiic contribut ion 

nh(.s) ro the  correlation function is assurned to be tliv sanie as t l i t1  corirributiori IlP( s )  

fr-om pertiirbative QCD. 

Substituting the narrow resonance approsiinatiori I 4..X 1 i i i t o  F;>'i .$,, i. oiit1 tiri(is 

t tiat 

L 
i 3 ( r n q q )  - - (ci, G2 j 

S r  



Corresporiding espressions for the resonance contribritioris to 6, m d  FI are obtitirld 

Csing (4.38) and (4.59). the upper bound on the a riiass can ho {it)t;iiiicd: 

This upper bound can be identified with the (T tiiiiss icsthlt'. i f  t l i o  cr is rhc' OILI!. 

rcsoriarice coritributing to the sums (4.38) arid (4 .>(3~ the a..;siii[iptiori iriiplicir iri  i i  

one-resonarice fit. Such a fit has been O btained fro t i i  t lie ficlci- t t i t v r t ~ t  i r d  t q m w i c ~ ~ i s  

(4.36) arid (4.57) in unpublished work by K.B. Spraguc. His calciiiiitio~i iridicatcs tiiat 



Chapter 5 

Cancellation of Gluon Condensate Mass 

Singulartities in FESR's for the Scalar, Vector and 

Axial-Vector Correlation Funct ions 

5.1 Real and Imaginary Parts of Gluon-Loop Integrals 

The axial-vec tor correlation funct ion is defined as 

coritributioii to the longitudinal coniponent nL of t t i t ~  ; i s i d - w c r o r  (.oi.nblatiori l'uiiit ioii 

ciln be obtained from ref. [38i 

For p' < O. we follow Bagan et al [38] in defining the followirig fiiiiction characterizirig 

gluon loup contributions to correlatiori functioris 





Figure 5.1: Integration contour dong  t Lie re:d i-asis iritli t l i t 1  Io(-atioti 

of the r= singularities in the  corriples s-plarw 

Performing some integration by parts. one firids tha t  

(7-  - if") is belon- the real r üsis. perniitting the cqiiivalciit writoiirs of Fig. 5.2 

obrained from Fig. 5.1 to run below r, and above r-. Csing t licl corirours of Fig.J.2. 

n-ith CT arid C- assumed to be semi-circles of ratliiis d about .r = 7 ,  and r-.  re- 



arid 

Figure 5.2: Distortion of the integration coritotir of Fi?. i . 1  t o  ac- 

comrnodate the s" i O lirnit 

1 - 
= ln- + in 

-r 1 -  

This restilt (5.14) for p' > 4m2 implies that t he  r(hid arid i~iiiigirittr~ parts are 21s 

follows: 

Equation (5.15) and (5.16) will be utilized throughout tlic calculiitiuii in tliis chaptcr 



5.2 Evaluation o f the  Gluon Condensate Contribution to  F,$ 

The %wy-quark" (h.q. ) two-gluon coriderisatr w i i t  r i l m  iori t t 1  I I  ,. . iia < Ii.tiiicd i i i  

(5.1 ). is obtained from Appendk B.3 of ref. [35] as t t i ~  surn o f  ~.ot+ficients [C'!,;:;,,,,. 

[ and [GC-]h.q. for the axial-vector current function -3. G p 2 .  r = 1 - 4,n2/.s : 7 

n- here 

iitid w-<' tind that pure-pole contribut ions arid br;iii(.li-.siiigi1i~iri t 1- i x ~ i i r  ri biit i i m h  art. 

rc3spect ively given by 

Tlie gliiori rondensate contribution to t h e  finite ericrg!- siirii riiltbs ;11i(i F: 



. $  

Figure 5.3: Distortion of the C(.so) contour :Fi.:. 4.2! 1;)r ' f i . ( ; ' !  ( . o r i -  

tributions to Fu.* surn rul ts  

(-an be ohtained from the direct evaluation of t h  i i i t  t,:i-als 

Eqiiatiori (.3.20) and (5.25). one finds thar 



where the contours Co and C4,2 are clockwise circlea of radius : iit>i~ut .s = O ;iiid 

.S = 4 r r i 2  rcspec t i~e l .  We ssee from (3.21) tha t  

The reniaining three integrals in (5.27) are evaluatc(1 iis fullows. C'siiig the esprossiur 

for C, i r i  (3.22). we find t h  

where 

Bot li iritcgrals can be evaluated via t hc trigononict ri t-  siil~st i t  i i  t i o i i  . = -h& (-'O. 

One theri firids that 

wlirrc. using the pararneterization of ( 5 . 5 ) .  we find t l i a t  



and t h  

Siibstituting (3.35) and (5.36) into (3 .33 )  arid (3 .34 ) .  a . ~  tiiitl tioiii i i>.30) that 

Tlie iritt,gr;ti aroi~nd the origin is straighrforwarcl to u l j t i ~ i ~ i  t'rorr! i 4 . 2 2 )  i ~ i i c l  (5 .4  j .  Tlit* 

lias a sirriple pole at s = O because I ( 0 )  = O as discusstd in prcb\-i~ris scwiori: 

r lie contour of Fig. 5.3. 

This caricellation is not peculiar to the channel wv arc in. \ \ i b  Ii;i\-(1 t.c>rifitcI ttiar i t t i  

idcritical caricellation occurs in the scalar. vector. aricl traii~\.cii.st~-iisiitI r - l i i t i i r i c ~ l ~  Iw- 

ment ioned channeIs. 

;is giwii in (5.35): over the contour C.l,nz around ri = -1r11' .  a ~~iirii.c~!Iiitioii wtiicli i i h  



(1. \\-ticri s > 4m2. the correct(negatire) sign of ttii. iiriagiriary par t  2lIrrcIi .5)  G 

I ( s  + iidl) - I ( s  - ild'l)] is obtained by requiring tliar 

The factor -7i12-1 is just -?ri timcs the üggregiit(i rcsidiio ; i t  5 = -111i' o l ) t i i i ~ i ~ ~ l  

frorri niultiplication of (5.40)'s integer pun-cr o f  I4irj' - .y 1 i i i r t ,  X .  Tlii- p01v 

contribut ion csplicitly cancels the pole coritriburioii I .>.29). T tic. i-(waiiiiiig iiit<.grals 

ir i  (5.43) result from multiplying the leading ~ r [ ( - h i '  - .s)/s] '  ' ' r i  of ( 4  iiito 



( 3  These integrals are easily evaluated around the clockwise contour C.,,,,1 ria 

tisplicitly cüiiceling the divergences in (5.37).  Siricil d l  thc s = 0 and s = -&rr12 

pole terms contributing to Go are eqi;::: to the uppvr-liound coiitrihiition of th<. first 

iritegrul on the right-hand side of ( .5.27).  we find tliiit 

To obtain the full contribution of (a,G2) to the Fo surri rule. ive siilistitiite ( 5 . X  ) i ~ i t o  

(5.23) and use the following condensate mising ecliiiitiuri i33i . . 

where the qiiark and quark-gluon conclensate Wilsui i  ~odficicrits l i i i~o ttic folluwirig 

cspressions: 



Since (clSG2) is chiral invariant. its contribution to 6, iii  tlic loiiritii<ii~iiil axial-i-wror 

5.3 Evaluation of the Gluon Condensate Contribution to F: 

Consider first the integral Gl  (5.26).  which can be ewlrrated \.ia t i i c  ti)llou-irig intejirals 

arising from the distortion of Cs, indicated in Fig. X 3 :  

Orie sees frorn (5.21) that 

Csitig tlic expression for C, iii  (.5.22). Ive tirid t h  

wherc t lie iritegrals I3 and I., are evaluated using ( 5 . 3 5 )  iiiid (3.36 1. as ir i  t l i ~  proi-ious 

wc t  ion: 



Siibstituting (5.59) and (5.60) into (5.58) we find tliat 

L*sing 13-38). WC find tha t  C , S ( r ) s  has rio poles at . = O - i i u t i .  r h t  2 - I i O )  = 2:. i i i  

n.11 ich case 

Once again. ive note that the origin can be escised critirel?. frorii tlic corituiir uf 

Fig. 5.3. \\é have verified esplicitly that integrals (3.56) aiid (-5.62 i ;ire zero iri  t hc 

SC-Air. vcçtor. and transverse asiai channels as ~ 1 1 .  

1)- iritegration of C ,S (c ) s  around the contour C.,,,LL. Frorii (5 .3s  I nx. t i i id  tha t  

the c-drpendent terms in (5.61) canceled by the final lirie of (S.64). I ~ i i t  tlic piirc-pole 



co~icribiitiori (5.57) also cüncels against the pole terni i l i  (5.64 I. T h i s  t\.tb fiiid cliar G ,  

is equal to the upper-bound contribution of the first iritcgral uii r 11th right-li;iii(l hi( l t1  

o f  (5.26): 

To obtairi the full contribution of (a,G" to the Fi siim rule. \\-ta i igiii~i siibsrit~itc~ 

Eqiiation ( 5 . 6 5 )  into (5.24) and utilize the identity (3.31). F:- is r t i t ~ i i  tU111id t u  1>11 

5.4 Gluon Condensate Contribution to fiii i n  Scalar. Vec- 

tor and the Transverse Component of the Axial-Vector 

C hannels 

C'tilizirig the notation and conventioris of Sectioii 2 ;iiid Sectioti 3. nec obraiii tlic 

hllowirig rcsiilts from scalar. vector and the  trarisvei.stb i~)inporic.iir OS tfic asid-1-tbctor 

c-orrelat ion fiinctions. 

5.4.1 Scalar Channel 

From -4ppendis B.1 of ref. [BI. ive quote the contlciisatc. ci~tbtfi<-io~itc, of 



u-here Epui, and C, have the following expressions 

Referririg to the contours of Fig. 5.3. ive find that 

Go = 

Iiitegrating Cqq (5.68) and C.\[ (5.69) over the contour C'(sa). tt-O f i r i c i  rhat 

which implics via (5.51) and (5.24) that 

Lnlike the case of Foy the finite energ'. sum ruie FI requirils t lit1 ~ I S C  of (.3..3 1 i t o 

tbliniinate a logarithrnic mass siiigularity in GI  ot>t;iiiitd 1 ) ~ -  siiiiiiiiiiig r l i t .  tUlIo\vi  tig 

five iritegrals: 

r 



Jc,, C., S ( i - )  .s dis = O 

u-hich is riot analytic in nl a t  nt = O. Hon-tver the rrlsults 

iised ir i  conjunction with (5.31) and (3.24) climinatil the quark-miss koni  r h o  luga- 

rit h i :  

5.4.2 Vector Channel 

Frorri Equütion (11.19) of ref. [38]. we find that 

(11.13) arid Equation (11.17) in ref. [35]. 



WC then find Fo (3.23) from Go (5.25). using (5.51) ; i r d  rlie îiilloii-iriq vqiiatiuris: 

Currespoiiding results for F, are listed beluii-: 



5 A. 3 Transverse Axial Channel 

Frorn Xppendis B.3 of ref. (381. ive have 

[CLC?]h.y. arlEG? = as (Epolc - C;.Y(rH 

\lé also quote the quark and quark-gluon condensatcb cocfiritwt s fui. t tic t rarisi-rlrse 

axial-ciment : 

l \ e  then find that 



Csing the expressions for C,, (5.116) and CL,! (5 .1  16) orle finds t lit! lollowing results 

over iritegration contour C(so): 

\Ve find via (5.51) and (5.23) that 

Correspondirig results for FI are listed belon.: 





sensitive to the existence of this new high m a s  scale pliysics. Bcv~iiisc. nian- of t hcse 

piirticles have been around for quite some time and ~iiiicli data I i ; i \ . ~  1iev.ii accuniulated 

;rl)oiit t tieir propertics. it seems quite nat ural cu ask i f  r lit. I>vt w- kiion-ri li<!üvy H i i ~ ~ ï  

kmiioris possess anomalous coupiings or. at the vw!- Itliist. t o  ;thk n - l ~ t t  tlifl liriiits 

are on sucfi couplings from esisting data. If such coiil)lirigs w n h  tbi.or to tw foiiri(l s.rb 

~vould certainlu need to investigate and understand lion. t hc?- iirustl. Oiir approadi to 

arialyzing the effects of such hypothetical couplings is piirely p l i t ~ ~ i o i i i < ~ ~ i l i l ~ g i c i i l .  \\-cl 

(10 riot stbek Iiere to address the possible origiri of tli(~so ariurii;iloiiz timiiiori c-otil)liri#s 

should t hey esist . 

Ir1 fact. the r leptons have received some attentiuii i r i  t h  asp5cr :A'>. 43. 44. 4.3. 

46. 47. 48. 30. 511. especially in regard to a possible C'P i-iolat ioii iis~ociiltetl wi t  li  ari 

olrct ri(. di pole moment interaction with the Z. In o i i i .  s t  iitl!.. \nb c x ~ i i ~ ~ ~ n t  ratcl 0 1 1  t lit. 

possiblc iirionialous coupiings of the .r Icptori to r lie1 photori 

6.2 Four-Body Radiative Decay Process f i  4 j> i:? ji:., + f. /;ji : 

Iri t his section ive derive t lie squared mat rix elerrivri t i i i  a fuiir-hi 1.1- clwaj- prowss 

f -+ f- +- /.{ + /.( + 1, where f I .  f2: f3 and f 4  are ferxliiuris. \\-O t lit111 appl>- this rtbsult 

to the radiative leptonic r decay r + p ü p , ? .  

Thc Fe>-nman diagrams in momentum space for t l i c b  four-tmcl!- d(v.a,i- process fi i 

f2 + + JI + are shown in Fig. (6.1-6.4). 

The Lorentz invariant mat ris elements correspondirig to Figs. 6.1 ( a ) .  (3.2 ( I I ) .  6 . 3  (. j 

arid 6.4(tl) with the standard mode1 couplings c m  hl ivritteii i ls t;,llun*s h!. ap~)l>-i~ig 



Figure 6.1: Feynman diagrani (a)  for the fimr I)ocl>- r i t ,  l i i i i  i ix .  ~ I ~ V . ; L \ ~  

f l  ' j 2  -k f:{ + f* + -, 

Figure 6.2: Feynman diagram ( b )  for the h i i r  tmdy riidiiiri\-r dcmy 

f i  ' fi + f 3  + f, + ?  



Figure 6.3: Feynman diagram (c) for the four body ra(li;itiix! der-- 

f i  ' fi + f3 + f l  + ? 

Figure 6.4: Feynman diagram (d) for the four body r;idiati\-c decay 

f i  ' / r + f 3 + L  + 4  



rdevarit Feynman Rules in the Apperidis F of [32]: 

n-hcre the four-rnomenta p i .  p2, p3, p, and k corresporitl respect i ~ - o l > -  t o  the decayirig 

ji fermion. tlie f2 fermion. the j3 fermion. the f, aiit i-fflrriii~ii i i r i t l  t l i i h  ~ ~ l i ~ i o i i  - . 

Tiic ql's art. t lie corresponcling ferrnion ci(~cti.i(. i-li;ii.:i.- i i i  i i i i i r  - t +I t . 1 :, ; L ~ X &  r 1 1 t h  

Cabibbo-Iiobcic.aslii-~Iaska~vii~ (CKJI) matris elerrieilts. 

Since tlie \;\' boson is heavy (:LILv FZ 80GeCV) conipared to thv riiass of r leptori. we 

can assume t hat q2 « Mg. The fermion propagators are simplifiecl in Equatioris ( 6 .  I- 



1 

(Pi - B !  -rn1 
1 

S~ibstitt i t inq Equations (6.6-6.8) into Eqiiatiuris I t j .  1-1;. 1 i .  T t l ( b 1 1  lrtb ( . ; t r i  t irl(l  t h t b  F t b \ - 1 1 -  

riiari amplitude: 

n-ticre G F  is the Fermi coupling constant: 

The inomcntum variable B appearing in term -4 is iidiiicd as fidlotvs: 



Ili. list iiere the foHowirig trace and -. rriat r is  i ( l ( ~ i i [  i t ics w l i i ( - i l  ; i n h  i i s t ~ i  t o  (.;11(*i1- 

Late the squared matris element. Those identities arft derived f i o r i i  the basic r r w c  

tkieorems and matrix identities in Xppendis A of r d  [ 13 ] :  

P i .  $2. . - . #.,: 

ivhere rl = 1.2.3. - . S .  The trace identities in terrris of C r .  ii. -4. c x i  bc clerii-td as 

fo1lon.s: 



Iri order to calculate the spin-averaged matris eleriierit sqiiiirtd. n-th rtiust avclriye 

over initial T states for unpolarized T leptons. and siirii over rhc firiil1 ~iiiiori and pliotori 

polarizatiori states. For the neutrinos t here is rio ai-itragiiig oi3.r iiii  rial nitlit ririo 

assiinic Liere that  rn, = O ) .  Similarly. there is no sii~ii w.er final ~it~iitririo he1ic.itic.s. 

However. for convenience of calcuiation. ive can in h c t  siini ovtbi- t i o t l i  lielicity ?;rates 

avrraging arid summations rnentioned above. ürid r lic spiri-a\x~r;iqi~i1 rilatris ïliuoiir 

squareci cari be written as the products of traces: 



S o t  ice t hat ive have aeglected al1 ferniion müss cf f t ~  t s  siiiw t l i t b i < ~  oiil~. cuiit ribu te  

l-ery sriiall corrections at high energies. The squarerl niatris clcriicwt whid i  n.th ob- 

tained agrees ivith Equation (3)  in [33]. 

K i t  h the  charges of neutrinos being zero. we find frorri Equat  ion ( 6.2; )  t  lie sq~iaretl 



rriatris dement  for the radiative leptonic r decay r - pü:,u- -. : 

6.3 The Radiative Leptonic r Decay with  Anomalous Cou- 

plings 

Corisicltir t hp radiative leptonic r dec- r -t pfi,,vr - \ v i t  li ; i r i u i i i ; i l ~ i i ~  ~ . o ~ t p l i ~ i +  ,t. r 1111 

: l c p m  to the on shell photon. Iri gerieral a p l i m ) i i  I I -  p l  O t t m i  1q)roii 

tlirougli its electric charge. rnagnetic dipole niorrierit. or t h w i c  &pulia riioiiierir. WC 

paranieterize this coupling with the folloming matris clcirierit: 

Thil iiiosr gencral Lorentz-in\-ariant forni of t lie \-(art ( b s  T,, wti id~ t 1tw.i.il)tis t tic irir tlr- 

xt io r i  t~era-eeri r lie r lepton and on-shell photon is 

wliere Fl ( q 2 )  corresponds to the electriç charge nitli F! ( 0 )  = 1. F? ( r i 2  i ( i is t lit) 

;~~ioliialoiis niagnetic (electric) dipole moment. rri: r(q~r(~sc~iit s t 110 iiiass o f  t hc. 7 I t~pt oii 

tirid q is the (out  going) moment of the ptioton. 



Il-ith tiie electric charges of neutrinos being zero (fi.) = ( / . I  = O )   CI qt = (13 = - 1 

iri Equüt ion (6.9), the C and E terms vanish. We replace the coiiplirigs of the photon 

with the (ShI + anomalous ) couplings (6.31). i.c.. 

-4gairi iising t lie trace and 7 mat r is  identitics i n  prcvioiis ' i chc-r  i w .  arid awrag- 

irig over initial spin States and summing over the filial spiri s t a t ~ s .  ive o b t a i ~ i  the 

monialous contribution to squared rnatris elemerit : 



The expression for the photon spectrum in the radiiitivi. r ihv- i i i .  r - p q . ~  - i ih i i i g  

r d .  I.531 cari be writteri as follo~vs: 

~ f ( x . ~ : z )  = (x" yy '+z -  - Zxy- 21.2 - -y$ 

T lie above photon spectrum is reliable for " hard" photons only ( E-, > O. 1 rn,) bwause 

ive are ignoring the one loop contributions needed tu  canccl t h  relevarit infrarcd di- 

vergence. In ref [54] the same radiative dec- process \vas stiiciid iii  cinlor t u  c-oiist rai11 

electrori spectrum as opposed to the hard photon sprhctriirn s t i id icd  l i c w .  



6.1 (GcVj 

Figure 6.5: The photon spectrum for the proccss ; -+ i i Ü , , v , -  . Thc 

continuous line corresponds to tlic Standard .\lodcl. The 

dashed line corresponds to the correction c l i i ~  to - ( O )  = 

0.11. 

nithin the SA1 as well as the corrections due to - ( O )  + O if' this tiad a valiic of 

0.11 (present upper limits). Fig. 6.5 s h o w  that  the rffects of n piire niagnetic riio- 

riieiit (-(O) = 0.11. F3(0) = 0) are roughly two ordc r s  of rtiayriitii(l~~ ariiallcr tliiiii 

FL(0) = 0.11 [jj] . we obtain the folloiving ratio of iiiregrartvl iwrvvt iur i  raw i i i i t i  



Figure 6.6: Feynman diagram for the eschangc of pliotori -. in the 

e'e- + 7'-T- scattering process 

iritcgrateci SU rate in the hard photon region froni I - t u  O.MA I ': 

Tlie branching ratio of the integrated SSI rate for rliis regioii is 6.1 x IO-! 111 q ~ i w  

o f  the sniall branching ratio. F2 effects nia? be rriargirially iriipro\ïd 11' measiiring 

t liese ciecays a t  ci tau factory. 

6.4 Anomalous Couplings in the eie- - 7 - 7 -  Scattering Pro- 

cess 

- - t r i  the lowest order of eiectroweak theory the amplitilde for e'e- i i : is esprcssc.ci 

as the sum of the electromagnetic and the weak aniplitiide as xliuwti iii Figs.6.6 iirid 

6.7. Tlic scattering amplitude can be written accordirig tu  F~LJ-iiiiiaii riiles [ X i  iis 

follo~vs : 



Figiire 6.7: Feynnian diagram for t hc eschailno o f  ZU in t f ich  < ' (  - -+ 
-7--- 
r 1 scat tering process 

.Ilz is the niass of 2'. and CI- and CI denote t h e  \-rctor arid ;isial \-[.rtor coiiplitig 

constants of the Zo to the electron and the final statcb r curscikts. Tlitt defiriitiori of 



In the present calculation we assume that only t lie plioton lias iirioniiilo~s: coupliiigs 

to t he  r .  Crider this assumption and ignoring tcrms of orcicr rn?/q2. I ~ I !  l-\I:. oI)tairi 

r lie folloning expression of the unpolarized differeritial ( - r u s  stw i o r i  i r i  (.ilrit.ckr-of-riiiiss 

\\-c eshibit representative numerical results in Table 6.1. Fri , 1 1 1  E q i i ~ t  ion ! b.4;3) 

\w c.;iri see t hat the differeritial cross section car1 I i ( 1  i i s t ~ l  t u  ( ILt iriqiii. .;li  I ~ ~ t i ~ x v l ~ i  ;i 

C'P iuiiserl-ing F2(y2) and a CP violation Fj(,r l2) ci,rnv.tii>ii. Tliis iz < l u t h  t u  thth Lict 

t liat tliere are no linear terms in F3. Tilble 6.1 shows i Iiar ar Ion. wcrgics(S < JI;). 

the F2 linear terms dominate while F3 has only qua(1ratic terrns. Thv prcsent lirriits 

of F2 < 0.0'2 and F3 < 0.023 corne from this regiori at  PETR.4 - 4  3 . -4t LEP-L 

( J; = .\IZ). tliere are no useful limits on F2 and Fi iiiidi~r oui. i i ~ ~ i i i t i l ~ t  iuri diitb t u  i l i t .  

tioriiiriarice of the 2 intermediate state. t-sefui lirriitc; ('an t)tl o l j t  i i i~ l t> ( f  11y assl~tnirig 

correlated TF? and rTZ anomalous couplings [45]. At Iiigher eiicigirs (LEP 900). tlic 

F2 and F3 effects are most noticeable. LL-e espect tlint esperinicwts will be scrisitii-e 

to F2 and F3 = 0.006 or even 0.003. 



- - - - Table 6.1: Percentage deviation from the S N  r'e- - cross 

section resulting from the non-SlI values uf F2 iiricl F3 

listed in the top row. Results are displayci for swttcr ing 

angles 8 and centre-of-mass cneryitls ,,G listivl i i i  r Iiv tirsr 

tu-O columns 



dcos fj . 
\ 

1 0 ' ~  - - - - . - - - - - . - 

0.0 50.0 100.0 150.0 200.0 

, S (GeV) 

Figure 6.8: The unpolarized differential cross section ivi t l i  rcspect t o  

the center of mass energy fi i r i  the scattrririg, process 

ei-e- + T+T- 

Tu suriiriiürize. the cross section can be useful t u  I list iriguisli Ixwvwri  F2 (q' ) iirid 

F l ( i 2 )  effects. The anomalous couplings effects of F2 alid Fi shoiild hc riiost noticcable 

at LEP 200 energies and cos6 << 1. 



Chapter 7 

Conclusions 

[ri  this thesis we have investigated both non perturt~ati ïe  QC'D as \ d l  as t h  

t roweak physics beyond the Standard Nodel. \\-e iwgari t tic irircis t igat ion wir 

trülculat ion of the trvo-gluon condensate's cont ritlut i o i i  tu t t i c .  ({iii~rk t 4 ~ c . t  r im iq~ i r r  ic 

1 '  o r  F .  \ L é  fourid that the gluon coricleiisar~~ : i t ) ~ n >  i i o r  ; i l ) l ~ . ; i i -  [ O  wrirril)iir c b  

[lie arionialoiis niagnetic niornent of quarks. orice tlic i.(~iiurriializ;ir.iiiii prucechii-ci fur 

t lie elect roniagnetic vertes is suit ably redefined to accoiirit for (livcrgent ordcr-uni t>- 

coridensate contributions. In -\ppendix -4. ive haw also stioivri tliat t lie self-eiiergy 

ihont ributions to the vertes inl-olving (ûSG2)  do riot <.orit ribiitib r O t lie iiiioiiiiiloii~ 

~iiiigiicr ic rrwnierit of qliarks. 

\\tl obt,airied instanton co~itribiitioris to tiriite or i t l i .~! -  c;iliri rii l i ls  C, ; i r i c l  ET: t-iii  r l i v  

i i ~ y ~ ~ i p t o t i c  espansions in Chapter 3. The results (3.19 ) iirid ( 3 . 2 3 )  ;inb iiot riieariirigful 

unless 2pJ;o > 1. Since s a  has to  be sufficientl. largo for finitc ctiicrg?. surn riilcs to 

ht? applied. the asynptotic espansions are appropriar t1 iiiitl i i w l i i l .  I l i  t lic h rgc  

liinit. tlic leading perturbatiïe contribution to 6, i -I.'>S) ; i i i ( l  I.: L . 3 ,  ( l o i i i i i i ; t r t . ~  

the i~istantori contribution. However. for the  valuil 01' ..,,, r i t w  1 C;i  I -'. t l ir '  i ~ l s ~ ; i ~ i t o ~ i  

contribution is shown to be larger than the perturbarive contrihilt iori. Siiice pur t~ l~- -  

pcrtiirbative and QCD-vacuum condensate contributions to scaliir-ciirrcnt corrclat ion 



funct ions c m  no t distinguish between isoscalar and isovector cliarinels. the instariton 

romporient of the QCD vacuum is necessary to distirigiiish t h c w  ( l tyw-wtc  s t a t ~ s .  

\\-e (-alculated the perturbative alid rion-prrtiirl);iriw i (.!('LI ~ ~ o i i ~ l i ~ r i . ; ; i i ~ ~  i i i i ( 1  iii- 

stariton) contributions to finite energ>- sum riilos i r i  t l i ( b  s(-;iI;ir (.Ii;iiiiiol. FI-0111 ~ J I ~ O -  

resunaiice fit to the first two finite energ'- sum rules . n.cl foii~ld t i i i î t  t tic light sigiiia 

rcsonarice can esist only if the continuum thresholtl r,, is sniallor tliari l.Ï2Gtl-'. a 

1-;due likely to be too low for convergence of the purcly pcrturhat iw (.oritribiitioris to 

!lie siirri riilc [21]. 

The two gluon condensate cont ribut ioris tu r tic. fiiiitt~-<~rit~i.-- -11111 rii1c.h E ,  ! iLrtl 

respectivel?- calculated for the longitudinal cornpoiicrit i~1 '  t tic i i ~ i i i l  voct or c o r i t h t  iuri 

functions. This contribution is shown to arise entireb- froni a r i t k t  \)ranch singularity 

n-lien s 2 4rnz. The cancellation of net pole contribiitions at i = O. as ive11 as the 

c-aricellation of infrarcd singuIarities arising t'r-orn i~itc~crariori 01' r 1 1 t h  i a s ; i c + r  t~sprt~ssiori 

alorig tlie bruricti cut agairist those arisiriq frurii iriri..:i.;itiuri ; i r o i i i i i i  rlw I)l-; ir i~.l i  (.ut 

torriiiiiiis a t  .s = 4rn2 is also demonstrated esplilitl!-. \\;. er1ipli;ihim r liat al1 ut' t l i c w  

results including the singularity structure described 21 t)ow are ;ipplic;i blc t o t tie qliiuri 

condensate contributions to the finite energ' sum riiles in sc-alar. vcctor. arid t h e  

r ransverse component of the asial-vector channels. TIic. tlsplirit (.itii~t~lliit ion uf cliiürk- 

rriass siiigulürities via operator mising is also derriorisr riir t ~ l  for i . i i i i i i i i t ~ l s  i r i  n-liicli siicli 

sirigularit ics riaivelu occur. 

Finallx ive addressed deviations from the Standard llotlel iri  piirel? perturhiitivc 

clect roweak physics. We analyzed the hard photon spcct riini iri ratliat ive lcptoiiic Ï 

d e c o s  r + püPvTa~ in the presence of the possible ;t-. anorriitloiis <-oiiplirigs. \\-c 



fountl t hac the present limits on the r anomalous iii;iyiet ic irioriiorit F: < 0 )  (roiilcl t ~ e  

rriarginally improved by measuring those decays. \ \ - t h  tirid as wcll h t t  rlie iiripol;iriz(d 

differential cross section in the scattering process e-t l -  - 7 - 7 -  is qiiitr sensi t iw ri )  

hoth - (O)  and F3(0). especially at LEP II energies. 



Appendix A 

Gluon Condensate ( a , ~ ' )  Contributions to R(O) 

from Self-Energy Diagrams 

The Feyrinian amplitude of self-energu diagrani corir ri but ion r O r l ich \ïbrtt!s fuiict ion 

ru corresponding to Fig. -1.1 and Fig. -4.2 is 

lt-licrc T(p, ) and X ( p )  are the lowest-order gluon wiicloiisatc> w i r  rilmtiuns r O r tic. 

([liark sclf-eriergy. 

Iri fact the esplicit covariant-gauge gluon-iurid<liisir<' corit ril~iit i o i i  to t h  (iii;irk 

self-cnerg. have been calculated by Bagan et a1 [?Tl: 

\\-c define the gluonic condensate portion of tlitl ~1iiiii.k ' i c l f -m(~r~? .  X ( p )  as 

and compare (-4.2) and (A.3): 



Figure -4.1: Gluon-condensate corit ribut ioris ro self-twoiq- r-urrw- 

tions of the electroniagrietic w r t i L s  t'iiiictiori: &igi'arii ( a) .  

Figiirc -4.2: Gluon-coridensate contributiuris r i ,  wlf-(~ii(~r:!- iurrvc- 

tions of the electromagnetic w r t m  t'unct ion: (liagram ( b  j . 



Siibstitiiting (.1.4) and (-4.5) into (A.  1). we obtaiii r lir aniplit il&) A,: 

2 rrr 

Corriparing the last two iines in the abm-e ec1ii;it ioii i ;\.ci i .  n-tb ( . ; i r i  firicl t l i a i  r l i v  

gliion conderisate contribution to the R,(y') is as fol10n.s: 

Csirig the following on-shell conditions 

the Rs ( O )  becomes 

F r i ~ i ~ i  the above calculations ive c m  coriclutitl t L i t  r l i t 1  gli~ori I . ,  , i i i i i ~ i i s i t t l  ( i i l t b . ?  i i o t  

(.ontribute to S , ( O )  but onl>- to R,(O). The suni of (.A. 11) arid (2.SOi is rIic ~ i c t  giuiiii- 

condensatc contribution to 72. mhich remains sufficieiicly tlivergcnt ori-sheli to rrisiirc 

t hat (2.86) remains valid. 
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