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ClUnD 1 

IJCTlIODUCTIOH 

The rell"rkable uperi •• nul ll\l~n. or thl '''"U,. thea!", or quantu. 

dectro6yn •• lc& (QED ) led In the 60's and •• r ly 70'. to the 14 .. or 

Utan41ng the 1'1.:" 'rll.,try principle [1] to the description or cUllr 

known Intlractlons. • •• ii,. th'O ~)' (s •• [2} tor. r,.I, .., ) I. 

construc te" by ,.Iqulrln, tlla L1Va/llian to be 101:11111 Invariant unda,. a 

Croup or Internal (,1111' ) 51, •• trl •• (I .•. IIY"'ltl"l .. th,u. do not 

Invol •• the SPI CI-tl •• coordlnat •• ). Thl$ nalurdly 1 .. 131 to ttl l 

Introduction o r " c tor rld"a (.au,1 bOlonl ) In I nUlblr Iqull t o the 

nueblr or ,lnl,.ltor, of til. " •• ,tI"1 croup. The structure or their 

sdt-co uplln,1I (It the ,roup Ie non-ablllan ) .. .,,11 •• that o r th,lr 

cOl/pUn., to •• tte ... r. thIn cOllplHl l y etttera l n,d, by the ,IUgl 

'7 •• ,try , 1n t ... ·IIS o t the ,euse coupllnss. 11"1 QED tor Inetane e, the 

lAsran,lan I" il"l"ariant unoe r a "et o t 10ea1 V( l ) trtnll t ora.tlone .... ho .. 

,enerator, C, III t he ,l'otrle ehllr" op,r,tor. ThUll, on l , one .. ector 

tl,10 III In1roducee thet corr.spOnO. to the Ilee troRlIgn,tlo pOt,ntlal Au 

ano the Clorrupondln, .. ector boson Is the photon. Th, quantum tl,ld 

theory o t the IItron, lnterae tlonl , qUlntue ehrollod,n,.lell (CeD ) , 1", 

111111' theory b&ll,d on the Irollp SUO ) ( It III up,rl.,nUll, r,qulr,d 

thllt lhlre b, thr .. -co lor- dl,r"l1 ot rre'Cloa Cll) . Thla Iroup has 

el.ht "n'rators, th,r, ror' '1lht "'etor beaons (eall,d , 1I1Ona) ..... t be 

Introduced. 

In the Gl&11h ow-W,lnb,rs-Sal&. (GWS ) theory C- l , the .. .. k and. 

,1,ctro'l,netlc In1er,cllonll are CI,scrlbed by , local ,au,e theor, based 
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on the ,roup SUU ) x 11 (1) . The a:roup has t our lanarator, (T, fl. I, 2, 

3) t o r SU ( 2') and T tor U( I » , t h", four .. teto r lIo aona aUlt b , 

I n t roc!ucecl: the phot on and t h e racantl1 deteo tad (5) charl.d "Ieto r 

boaons w:l and nlutral yector boaon Z. If the .IU" ay • • ,u', ",,., In 

.uet 'rlll.'try of the " 'O\IU8 , all tour "Ictor '00$0"1 lIoulel bl .,.slue, 

u ...... urI! tor th" In the L.avAna1a" "Ielatu tha "U,I Iy •• etT")'. 

HoWI",r , dua t o the short r an,_ nature of the "eak ln t,rlctlona, the Wi 

and Z BUll. b. nry heavy . t.hua the 1I)'1I.'try aust ba broken. A " 11'1 

sy,.,tr'y can be spontaneoulIly broke" by ,hluntary ,cal a ,. fillda 

, .,t,rC!dueed In ttla t...,.an&latl whi ch aCqUire non- ",I'o u~cUt1on "Ilu", 

In the .. a cuu. stat •• Vlth t his •• ch.n l •• [6) the I..I,ra"lhn r •• .t"a 

(ny.rtant unde" the ,au, • .II)'.IIU,. )' . wher eD t he &round n.t. do .. no ti 

th. r • • ult ot thl. I. th. lener.tl o n or •• aae. r o r .o.e o r th. vec tor 

bosona (tho .. th.t do not correspond t o th. len.rlttor. or th •• )' ••• trllta 

t h.t .r. l.rt unbroken ) .cco.p.nled b)' o ne o r . o r • • ••• I.e ph)'.lc.l 

ac.l.rs ( the .hor t r.n , e n.ture ot th. atron, Intere c tlona c.nno t b. 

poatul.ted In OCD thet th. Iluona .re •• ulaas .nd t hltt the lonl 

dlstenc •• non- per t urb. tlv. beh.vlor o r th. t heory la reapona l bl. ror th. 

H .lted r'nalt or the atl"OlII Inter.c:tlolls [7]). Thlt at.nd.rd .nllOlY Is 

r ltrr o.acnltt t •• , whltrlt t he Hamlltonl.11I has rot.tlonai Illvarlillclt, but the 

around a t aU (balow the critical te.per.ture) Clo .. not. 

In th. (liiS .ode! , ttl. SU(2) :II U( 11 sy •• nry I, .pontanltOu.ly brOken 

down to th. U( 1) •••• th.ory or d.ctro.'In.tI,., .nd tht W:l and the Z 

, cq\llr ..... a. 'e,. .. lolla .... included In th. lIodd as IItrt-hand.CI SU(2) 

doublata a!'ld (with th. po$:llble uceptl on o r th. neutrino.) r l ,ht-h.nded 
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slnc1n.. " •••• ,. tara ror thea In ~h. lAsrsnalan "lcLltes t he ,au,8 

.y ••• try. th. y . equlre •••••• t hrOlllh tl'la lr luke .. . COllpll n._ t o th. 

al ••• ntary 1Ie.1..... TIle ...... a, ..... 11 •• that or the ac.lara , art 

arbitrary n eapt (or Ualts to ba d l acllued In tills thesis. 

The Ualla t o be 0:I1801l ... ao:l co •• prl •• rl l y fro. cOll.oloal ell 

conU .. alntl on the SU(2) x U(l) .. U (~) ••• • ph .... t ... nalt lon. 0 .... the 

pall. d.".o:Il, II. h .... seen .. ,.ark.ble connections ..... ,. bat'''''an 

cOllloloU' and .,trophysl c s on the Dna hlne! and particle phyalca anel 

quantile rleld theory (QfT) on the o tha.. . The cOllblnad a~s and QeD 

theories ar. the aUnd&rd sodel or the nron, . 'oink .!'Id electro-agnltl e 

Int,ractl ona. The ,all,. sr oup Is SUO) Ir SU (2) x U(I) . wh i ch break' 

down to the low ener&7 SU(3) x U(ll •.•. at al:lll .. or order 100 CeV. All 

three In t er'otlons. howev.r, ean b. unified Into. ,.ule theorr b,sed on 

• slllpll group, with on. coupllna. whiCh br .. k, down t o SUO) ,. SU(2) • 

utI) .t sc.le. of order 10" aeV. Th ••• l o- o.ll.d ,r.nd unlr1ed 

theories (cu t ' s ) predict bar),on nUllber vl 01&t1 na proc.slul. th.t oan , In 

princi pIa , uplaln the observed baryon nUII'CMr to entrap), r.tio. These 

t heories h.ve dr ••• tlo consequ.ne •• f or the .¥olutlon of the unlw.r •• a' 

W.ll l ph.se tr.n,ltl on, occurrlna.t t •• p.r.tures of t he ord.r of t he 

1.Q.1& or the br.akdown IUd to a parled of upon.ntlal npan.tlon of the 

unlwer lll ( th •• o-c.lled I nO.t! on. r r unlwar,. [8) whi ch .oh .. two 

•• Jor co,.010glc.1 puzzle., the hor izon .nd fl.tnel' probl ••• (lee 

S.c t lon 2 .• ) , Ind IIllht b •• ble to npllin the origin of l.lax'. I. 11'1 

ttll'n, .t.nd.rd co.llolO8'), prO'lldu .'1'1), con.trl.lnts on ~rtlole phy.ICI 

lIodel •. fo r Inst.nce the .UII or the lI.ssel , .v • o r ll,hl , st.ble 

n.utrlno. has '1'1 upper bound [9]. I II " < ' 0 eV. obtaln14 fro ll tna 
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.. p,,.l.,ntal IIppa .. 1I.1t. on t he 611'131t7 o r the unl" ...... Ua o. the 

nqutrlllint t.hat the axlon trleraJ density be less than the upper- lIlIlt 

on the den,lty of the un 1".,." and that they do not carry too lIuoh 

.MrlY IWly (rOIl reO It.nU I.plln 10-' < III, / IV < 10-' ( the axlon [10] 

I, • UIl'lt pteudo,eall,. .",octet.d "I th the epontM'ous breakdown or • 

• , •• eu'), that 'ecce! and Quinn ( 11] postulated IS the explanation or thl 

.tIsanee or c , 1'lolatlol'l In CCO). 

In thla thetiS 'I' pr.unt I dlUlled cllaollulon o r till nittii'll 

bOu.ndl on the othervlse arbitrary lIuses or seal.,-. anll (erat ona In the 

ews lI odl1. 'a It tllrna Oll t, tha.e cons traints co •• prll1lr117 tr Oll 

00 •• 01017.04 the .dt-oolUlllat.lnc, o r per t urbathe ,r.nd unltlo.tlon. 

In SecUon II "I pr ... nt I brier .. ,..,IIW o r ,au,1 thaorln (2 .1) Ind 

,pcntlneous .)' ••• try br •• kln, (1.:;». 10'. th.n pru.nt the CIIS 1I0d.l 

(2.) .nd dl""" CUT's brl.tly (2. '). In Stlctlon III ... rnl ... the QFT 

tool. ne.d.d to dl"uss t he OliS ph.se tr.nsltlon In YerlOlis c.s.s. The 

effeotl v. po t.ntiel t. Int r oduced In 3.t to dlscllss sYllllltry brealcln, 

.. hln radiative eU.c tll beoolle IlIporUnt. Finite Ulptrltllr. r 1l1d 

th.orl I. Introduced In Seotlon 3.2 to di.,1cuss the CVS tr.nsltion.t 

r1nlt. tellperatur •. .I.a It turnll out , •• tastabll phasls can ocour and It 

bIOO.11I nlcea.ary to dl,cII" their declY to ener,etlo.l1y flvorld 

phlSu. The dec.y of felee Yeoua Is dlscuued In 3.3. In Stlctlon IV .... 

r.vl ... the renor.all~.tlon ,roup e qu.tl on (ROE) for the effeotl,. 

potentl.l, .. hlch allo .. s ani to detlrlline the errecthl potential over a 

... Id. r.nl' of sClles. flneUy , In SectiOns V Ind VI WI dlsouss In 

d.t.ll the th.or.tl cal and ""pert menttl bound. on .c.lar anCl ferllon 

.... u. 
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CHAPTER II 

QUI.NTUH fIt1.D TIfEORIES Of t1.EM[N TAl'IY PARTICLES 

".1 Gaul' Theorlea 

Sy .... et .. y prlnelples nave lana been an essential InlrltlHent or the 

physical d •• erlpUon or nature ,as well IS I powerful eonstralnt on the 

lIIath ••• tInl theories that .1" usad to describe It. In 1905 E1uul n 

IdentHled the ,roup or sYIIl.et rles o r apaee and till' under which 

;II'Iysleal laws lIat be Invariant. This ill • ,lobal 'YlIlDatry. (or which 

tn. 'Yllnt!')' tr~II\.ror".t1ofUI ..... the $a.' tor all points In 'Pf.ee-tilo.e . 

.I. IDor. po"'I"(ul kind or aYllllletry Is • local IY •• UI"'Y In Which o ne 

... qulr .. Invarlanee under transfor.atlons that vary (roID point to point 

In .p.e'.-tl .... Local ,p.ee-tl ... Invarlanee lad to Elnsuln', General 

"alltlvity. 

1.0,,&1 lnvar"lance IInder II IIroup o r Internal 'YIIII,trl" (1. •• 

symll,trle, that do not r .f.r to 3P1C. an~ tim.) l •• ~. to &tUI' t h.orles. 

A locil "Uie theory I. d.nned by requlrlnl thllt the L.srllnllan b. 

lnurliint under the loed Stt of tr.nsforlut loflS (U, (2] tor ,revl.w ) 

wh.r, • I. II colu.n v.ctor thllt r.pr •• ents .11 the .,lter rlelds 

(fermion line! bo.on). C· '(x ) . I 'I (X) L" wh.r. N Is the nUllber or 

,.n.r.lor., LI , or the "u,. group G (which Is .qulll lO the dl.enslon or 

C) and the a," .peetry .n IIrbllrllry .Iement of G lit .n IIrbltrary lpace­

Ume point x [with the restriction thn th.), be non-slnsular funcUol'l3 
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or x l . The ulnan!:. o r th i s local sY.lletry tep l lu t.he a.htanc. o r 

ve<::Lor (or lIaug.) boson" one t or 8&oh , .nerator or t he aY'lI!,ttry voup. 

we note that under, ,.uge tren, t or. et lon 

(2.2) 

I. •. ~~. doe, not trans forll co ... r lan~11 . theretor e , kln.tl ll enerlY terlll 

In tnll..a,ranglln WOlll11 no t be In .. . r l.nt. tt WI! rellulre a derlv.t l ve 

(2.)J 

then wa e r e torced to I ntroduce N vector I)oson$ A.~ ( 1 . 1 , ... • N) SO.lS to 

c.neel the ,xtr. ta .... bove. Thua one d,rl nes 

D • a - 1st • t , , , 

D'.'Mlnl D~ to tnnat or ll covar lantly n I n (2. 3) l lllpi les 

t . t • ul . Cu- ' -, , 

The , auae Inurl&t'lt kinetic ,nern terlls tor fe r ilions and co..pln 

~e'l.r fle l 45 are then 
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(2.6 ) 

between t.he 111.1', fleld$ and the ~.tter f Ields. Kowever. f or the i~ not 

to be JI.lIt ;II.lxllllry Udda, WI _lilt. add •• "1.1,1 Inurh.nt kIndle 

llast. terll In ruv III very Impo rtlnt.1 it IlIpllea the ,dat.enel of •• lr­

Interact lone bet"lttn the ,.1.1,' rlelds If C • C _ O. In the IMUen cue 

te • C _ 0) w. a •• that the vector boson ",ou not carry UI' cha rge It 

coupl •• to , whar, .. In the non.lbt'lian ca.e t hey do. 

" .u. terll '1. I'I jj ,,! AIIJ f or the ,al.l,' bo",ons Is not g.ug, 

Invarllnt, thus It Is no t allowed. This we know I, the c ••• of QED (the 

UPPI,. 1Ililt on th, phot On's -" .... I. 6 II 10 ""y) . bilL trl' .. uk 

Interaction. are short-ran,.d , thus wa know that t he ,lug. bO$On$ of the 

color conflne.ant (pruu •• bly Que to the Incr ••• e In the color char" It. 

large lIIo.,ntal gives, short range lnlerectlon. The pO •• lbllHy of the 

.... 1< Inter-action. belns nr-01\ll h •• been dillcus .. d In the lIter-ltu.re by 

Thill brlnSIl Ull to the Idea of IIpontan.oull 5Ylllllletr-y bre. l<lns l •• b) 

.t o .. hlch .. e no .. tW"n for. qulcit revle ... 
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2.2 SponUneoua Symmetry aruklnl 

Th, oldest Idea ot ,sY llulll try brukl"l 1& that ot -approximate· 

aY"lIetrlea. One allppo.e. that the r e are terms In the 1.lgranl1.n that 

violate the sy ••• t,.y but that they are . In &011141 .1411'10$41 , ·, •• U", 

Hown,,. , br •• k ••• of ,&IIS. 1/'1.,.,. I./'Ic, In the equltlon, of lIotion 

com pletely spoilt the renor •• l1tabll1ty or the theory and ont! eould not 

Il.Ik ••• n •• out of the theory beyond til. tree-Ieyel appro xillation 

(&nOther pOsslbll1ty I. aooillaloue sy ••• try breaklna. but here "aln It 

the ,'lIge current he. an am".aly one cannot consistently bllild .. 

qUlntlle4 renor •• l1tabla .,u" theory. ) 

How . yer, It 1$ po,.lble that the s y •• etr l es or the equatlona ot 

mollon are no t respected by the i r stable aolutlona. The l owest enarlY 

at.bl. s oluti on , the vac llu., lIa), thu, be Inurlant \,Inel,r a ,.,11.1' 

!!ublrOUP II. or the Iroup c; or , ymlntrlu o r the Lalranl lan. Th.n on. 

sa)'s that G I, ,pontan.oualy brok.n do lin t o K. A slmpl •• xallpl. Is s 

rarromall1llt: the .quatione or lIo tion are rotationall), Inva r iant , )'.t 

the apln, In a r.a l t .rr ollasn.t are aligned In , definlt. dir.ctlon. In 

I.n.ral, If the va c uulI o f a 1,\,11' field theory has a non-z . r o 

dlatrll>utlon of the Chari' anoelateel 1I 1th a liven lenerator, th.n the 

UlOClltfcl laul ' balon .. Ill eon,Untly Intflract ... ah thl!! charp and 

11111 d.velop an . freeth. lIasa proportional to the npeeUtlon ulue ot 

the charI" 

A , I .plt •• eh'nl,. to Impl •• ent ,Sb is the Mlus aeehanls. (6) . 

On. Introdue.a apln-x.ro tielda Into t h. th.ory \lhl eh tr an sforll In a 

. non-trlv lal \lay und.r the 1.1.11' ,s)'II II. t ry. I r t he vaeuulII • • p.e tatlon 
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how thl' Uk" placII , consider II slcple U(1) .,ug' theory with II self· 

, ", 

V(,l .. ~'.' • ~. ' 

Therefore, 1 'S Invarl.nt unde,. 

(2.6 ) 

" .. 101' (2.9) 

Ir ,,' < 0 , the IIlnlaYIl or the potent\., Is at 1,1 ' - -11'/21 . thu. 

the f ield II hn II non-nrD "tv v" I<.,I ' .. -11' /21. As \/rltUrn. III not 

suitable to dO pert ..... batlon thfllry alnc. II, .. oul4 tit: tryi ng to calc1.llate 

quantu. nul;tuatlona .round .n unuablt ,olutlon. To do perturbation 

theory abOut the .t.~l. 1I01ution .. . tranll at. the tl.ld ., folio". 

l ' • i' f" r"" · 
" 

,(x) .. if (0 ' nIt) • txC..:)) 

, , , 
- U fll ' - - (210 ' ),, ' • - Ii 1)' 
2\1 2 211 

• (lnterlctlon ur •• ) 

(2. I n 

(2 ,12) 
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.I. and l' are of COI,I1'1I1 eoapl.tely equlv,uent if we can soh. thl 

problem e:tactly; hovever "I cannot do eo and while 1 lives perturbatlve 

110'0.1 U(l) Invarluce I.e. L .. Lo 

UI,). thin [' .. .1. 0 • Interu:t Ion 

terms. ane the 'yet'. consists or two Inter.ctlng acala .. s wi th ••• a ••• ~ 

• 2la ' and .; • 0 i lt I, the _peelru", WI 1101.1111 hue (ound lllarttni (1'0., 

~ I f we eould tIII"l lIolved lhe elyn •• lca ".cUr). The IIUSlHII .ella .. Ie 

• GQl<bLone 00.01'1 and I~ p,..,ence III quite BeneI'd, If .. field theory 

hall I .YDlletry of the LaVlIIlIhn whi ch' s not II tflllanry O f th. V'CUUIII , 

then Goldstone'. theor •• (13] asauru that there will b. at leut on. 

mUlIltn bOlIon. The nUlllber ot these bOlIon, Is the nl.llllblr of aen .... tor. 

or the ',"II,try ,roup or the "ICUI,IIII . Ho", .. ,,., this Is not trill ( 0 1" 

lIeale,.s . ~Ull • tot.l of ( I'll degreell of rree~om , while the orlllnil hll 

onlr ( our ( two lellar, .n~ a • ."lus "ee tor boson ). Sinel I 11.0111 

ehanle o( "Irlable, eannot erea te ne .. degrees or freed oll , t ' mUlt 

eontaln flel~ ... hleh do not eorreepona to phyeleal pilrtleln. To 

Ilhlblt thi, "I 10 blck to l (I n 2.8) and Go the ( ollo .. lng 

tr&llsroraatlon 

(2.1) 
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""0' • 2" B~. (2.1~J 

""y, t.herefor. L" 11 not invarl.nt under 8;11,1., transforllatlons. Thus . 

deVle' or ( rltdoll U w. 'taned "'!th . .u (2.13) 'uunu, the t (1ele 

~colle, the lonlltudln.l oo.ponlnt or th' lIualve vector (Illd 81,1' ThiS 

.. ethod or acqulr!n; II." due to sab 1. c.l1ed the Hlgas .. echanls". 

.J 1 I, Inv,u!.nt unde .. the ueu.l ,ilUS' transfo rillati o ns, but It 

qu.ntl~tlon (.Ine. on. "anta to do pert~b&tl on type th i ngs ) . 

bl l' I. stUl "I,IS' Inn. .. \ .nt , but the tran. r ormillio n hws .re lIor, 

co .. ~lleatld. It c .ln tie qUilntlUCI In. spac a con talnlng unphysicd 

dev ... or t,. .. dOIl (t ', In •• lIlt.ble "1,1'1, 11 "Llled (or &en,r'l proofs 

or nnonllUublllty ...... U ... practi cal cal culation, ) . 

c l t" 11 no lonl'" Invariallt under .ny kind or tr,na(orlll.tlOIUI , but it 

exhlblU clear l y the ~r tlc:l. Ilpe c trulII o r the theory. l " clln tt. 

obtilined rr oe l' by epe c Uyln, the ,.u,e o r the lIItUr (l" I, not 

renorellliuble by pOwer eountln, . but IIl nee It III 8l1u,e equivalent to 

We now turn t o t he eonstructlon or the CWS ~del. 
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2.3 The GWS Model 

The GWS lIodel [~] is. unified description ot the electrollagnetio 

Mel Wfllik Interac tions In terllls of • gauge t hea,-), bued on two I.nternal 

SYllllll8tl"itli or the l.agr-angl.n: ... eak ISDspin and weak hypercharle, 

described by the gr oups SII(2) an4IH' ) rup.clively. 5ab takU place 

vta the HIsg., =echanisli In such. way that the only symmetry or the 

VIlC1,\1I111 Is eleetrolll.gneUe sauge Invar!ance. The weak Interactions are 

then Identified as the Interacti ons .. edlated by the lIasslve vector 

bQsons associated w\th the br'"oken generators. 

The gr oup Sll(;~l hn three aener.tors TI • 1.1,2,3 and there tor-a 

there are three aslloclated sause bos.ons -.!: the coupling consunt Is ,. 

Y. 8\1 and g' Ire the generato r , sauge tteld and coupling o r \/(1) 

.-especlivell'. Tt:. couplings g and g' a re \nQependent thus, In that 

reapect, the model I. not lrllly a \,InHled .. odd of the electromagnetic 

ana \leak lnleractlona. Fermion. are IHlt In t o len-handed SU(2) dOllblets 

and rlg!lt -hilndad SU(2} singlet,. For In,tance the II ami d qllark, split .. 
{2 .1SJ 

\I!lere IIR ,L • jl 1 '5)\,1, and the electron lind electron ne\,ltr\no lire 

" {2 .16 1 
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(VR is ;JoblltnL s i ne. I t 1, not. ob.'I" .. OI note t hat one c;an equ.ll, 

f o r llulat.e tilt th.or y In ttr .. , or l.t t -h.nded n,le111 h'L " L) . nd eLl. 
The sroup (u ,d,.- ,v, l tor •• the rt r lt rUI11y , .. 1th tw o other ( .. mUI., 

kno wn: (C.II,u , .. ",) and h. , b,l,"',). UIO , .lnCI ll n - .nO rl s l'lt-handed 

( .. ,.Ions .... uelgneel to currerant repr-esenutlonll , par ity violation \t 

auto.uleal1y bu i lt Into the lIodal . Th' hyper-ell.,.·,. aslllan •• nu . r . 

chosen 110 that Q . 1 3 • T / 2 Is the electric ehar,' oper. Lor. S i nce t he 

th.OI"Y Ja chlnl (I.., lett- &tid rlght.-hJondld f l'lds couple dHferently, 

thus th"" w111 ~ I&US' couplln,. proportional to'5 and , tlle,., f ore , 

th,,., w111 be .1'10 •• 11 •• 1. one h., to •• ke lur. that the ano •• lle, or 

,aus' eurrllntll "anlsh , luellnl to the precHet.lon thAt there be II quark 

t or each observ.~ lepton. 

In t he mini mel mo~el one in tro~~c.s • r - 01, SU(l) do~blet of 

1I1 ggs scalars. (ntenslons of t he 11111.1 .lector .,111 ba ~isc~ .... ed In 

Seot ion 5.2). fo r Vhich the mo. t ,Inerel rlnormsll~abl. potlntlal I. 

(2 . 17) 

On. choosu \I' > O. so tha t the potantlll DtI minlalud.lt <,Tt) • \1'/21. 

Thus . the vacuum will contlln .I non-nr o upact.llion value <I>, or the 

1I111 S IIcII.r I.ab tlkes pllce e ve n r o r sll.ll. ,a,allvi \I ' , I t 1 Is 

,~rrlchntlJ' ,,,'11 . dUI to rldl.t l vl corrlct l on,. Thla wHI bl 

dllcu$IIld In Slction 3.1). Sinea thl potentia l depe:nlUl only on IT,. t/'U! 

or ientation or <I > II not dlterllJlnld. By convlntlon one choosu (t) -

O, g/ l:! ); Iny otlMr orientation can be broulht to the conventional one by 
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'1'1 appropr iate gl obal SU(2) tr.n.ro~tlon. 

S i nee T,(O) ~ ('I12)(t) f 0 ttl are the Pillill lIatrlcu ) , Y(t> • <') 

1 0 .nd Q<.) • ( T
3 

• Y/2)<I) • D, the .)' .... 101..1'1 ...... ocUted with the 

,.nfr.tors Tl , T2 .nd T) - T '1'10 .pontan"olla11 brok.n. Kowever , the 

subgroup ,enerated b, 0 - T3 • I12 'S unbr oken .nd It Ie to be 

Idfnt1rled wlt.h ttl, U( I ) •.• . g'ug. Ir ol,lp o f ,hctro.,gnell, ... 

Therefore, by choo.lnl ~" ) 0 , SU(Z) x U(l) bruk. dOlln to ue l) le .... ln. 

on. 1I •• alesa ,auge boaon (tilt photon) .nd thrlle 1I •• a,." .. ector boson, 

(th.t SUlll :r. U{I) bruke dOlln to U(\}e .... r or t il. entl,.. pert ... rbUlvt 

do •• ln of tht lIc.hr Interactlon Is not the c .... In 1II0de1., with lIore 

Hilla 'Calars. see Section 5.2). 

To vork 0111.. the partlel •• pect-rou .. of the lh.ory ... e Just h.ve t o 

f i nd the erreets o f <f) on til' ... ,.I olis cOllplin, •. rlrat note t.hat a 

IIUS tar III t or tha (aralons Ie not ,all,a inv.riant .nd It I. thll' 

(orbldd~n. Ho .. ~ver. Ulalr SU(2) .. U(l) InYa rtant 'I'lIka .. a eOllpl1nge to • 

.. Ill ,tve thell ...... cI .... t o <e>. For Inst&llca , th . lIost lenaral 'I'u~ .. a 

Int~r.etton or • ;roup o f 1eptone Ie 

Ly • -SyteR ' h.c. 

L • ( '. (2.lS ) 

• 
A.I w. clle! In tohe pre¥1oll' aaetlon, Wf wrlU e • ttP(1'I(l<xl/20HO, (o • 

1'1)1,1'1 . whe ... 0' /2 • <.'e>. An approprlau 51.1(2) "lIle t .. ~.ro"lIat1on • 

• • ttP(lt l "lex II2J e with ,,,(x) • (I(x )/o . leu rlcl ot the nelda (,hI , 

' alvlnilla.s t o thraa o f tha fOllr vector boaons, The Yllk,w, t.er. will 
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then be 

• h. e. • • fill (2,19) 

lellar eouplln&1I (no l~'.) and 'I . 12 IIl /~: III I •• rbltrll "Y exelpt ror 

upper lll1ltll t o be CllleuaHd In Stet.lot\ 6.1, The aellir I.8grlll6lan 

, , 

. ", . 2" (G • n) ' - Ii (0 • ti l ' 

{2.20} 

(2 . 21) 

thus , the acalar n hIS Illln llIi • 2u', It II arbitrary nelpt for 1I1111t5 

to be ClI.cussed In th.pt.r V. Deftnln, tn, r l.l~ 

,,' 

z • , 

" . , 

-&A' • ,'II , , 
1".,, 1 
, 

- (A ' 1. lA,') 
n ' 

(2. ':i!2l 

one ,etl I'Iv . ,a/2, I'll _ ,, ' • ,.I(a l2) lind Ii •• 0 from (2.21 ). ThUll, 

.~ II the phot on and fro. I~ couplln, to the electron one lets th.t e • 
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U'NI 1 • • " Is the po"ltron', char,., The \1 an~ thl Z ar. the chu,ed 

and neutral Ucla,. bosOM r esponalble for th' w"k Interactio nl sn(l hive 

been detecUd r ecenlly by expert •• nta at CERN [S]. By (laeparlnl the 

- -' model, t o th. experlmentll rUIiIt-, one .'tl 'I' - ( *<' Grl _ 

Conventionally, the ..... k laidnl .nlle la defined by " / 1 • tan • ..,. 

lllu. 1511'1&101 _ ,'coae ... t. Utln l the known experllllental vdue or " on. 

c an ahow that. (lnc:lucHng ,..dUtlv, correcti ons [_]1 "., - 311.5 

eeV/aln8.., (M.,, 1 and M; 1$ obtaIned troll 1'11; • H,/C088101 (l1 w) (p • H"/ Mzco"" 

• 1 U th' UtI levd In the evs . 0 el,1. St. Section 5 . 2). The 

currents. A six qIIlrk var.lon of the IIOdel provldn • nnW',1 .,chants. 

tor CP violation [16]. Tht rtnor •• llzlbility or the .od,1 w .. provln In 

rtr. {n). 

Sever II fee t urI a o r tht ells lIIode1 hay'll tleen oonrlrlll .d 

experl •• ntally. "lar,. nUIllt)er or dlrferent uperilllel'lU live yery oloee 

... 1,,'11' o t .11'18." the .,o rld avera,e tieing Sln ' S., (M.,) • 0.215 1 0.012 

( 1']. Th. experl.ents recently don •• t CERM [5] eol'lflrllled the •• llt.nee 

ot t h. 10' and ttl' Z with &;IIIUU "'w • Sl 12 G.V ano MI. . 93 I; 2 G,V, In 

lood .&Teelll.nt ., Ith th. th.orttlc&1 valliel [ 1'] H., • S3.0 1 Z. l GeV and 

HI. • 93.S 1 2.0 GeV (til' uncertalntlu art du. to til' uncertaln tle. in 

111'18.,) . 

Thll conclud .. o ur rev I • ., o r th. C1o'S lIIode1. Til. at.ndard lIIodl1 

(SH) or tha nrona , w,.k .nd ele ctr o lllllgnetic tnt.ractlons II JlIst th" 
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produot C •• 5U(3 ) x 5U ( 2) • Uel ) wlt.h couplln,,, II,! . II and " 

re!lp<llct I vel '/. The,.e are .eye ... l (,.lures or t he SK that are not 

underalood, .,ueh." the .bt,nce or "'R ' the n\.\llber of r •• lllea, tha value 

or sin,,, . loh. q\lantlu,tlon or electric charge and the arbitrl.ry IIUS .. 

or ( ... lIlona and ,calara. SOlAe or these can be: W'llIerstooa In the contut 

or vancl unirlad thl'OT"ln , to which .. e nOli turn t or .. (. 101 co ••• nt •. 

2. ' Grand Unified Thaorla. 

The Ida. or Irano ",nHled thaorln (GUTS; .see [18] tor .. thol"OUIII 

,." vla,, ) Is to "Wid lha '.1,1,' VOl,\p or the SK In .. alaph I;luga II"OUp au 
w1th ju'H on. eouplln, canatant IU' At "n'''alea -q' - M~ ("hue q' t. 

aom. typical 1I0liantuli trans!e,. .QU ..... d) w. dr-n.dy mentioned that the 

nrcl'l, . .... k Ind elec trocagnattc Interacttons ara deserl bed til' .. SUO) • 

SU(2) • Uel} .,I11 ... try with very 031'~ate co .. pllna,;thue co .. pllna' are 

scd,03epen03ent , however, a"03 one rlnlUl [19] that they 030 COOle toeether 

at -q' - 1'1: - (10" CeV)' with II,a(1)1:1 • 0 ,, (1'1.) • 1I'{H l ) • 0u - "'0 COl 

• IU"). The evolution or the couplings I, 03epleted III fll. ( 2.1). 

Th .. " 0u br .. k, do"n to SUe)~ • SUO?) • UtI J at _ql • H: And thle 

I n turn . bretk' do" n to sun»)I: U(1)e .= .• t _q l . M~. Another rU'oll to 

.. peat the GUT ey •• etry to break .t • very hrle sc,h III tha at.bUlty 

o r the proton. In OUTS, the electriC chari' oper;ltor, Q. I •• I,nerater 

or the Iroup •• nd In .o,t OUTS thls lIe;lna thllt Q 1$ tr.celeu. Th .. " It 

Ia not poulble to put the quark' .lone Into ;I ferilion represenUtion of 

the OUT IIlnce the lUll o r the qu.rk ch.rl's Ie not .ero In • liven 

r.1ll11y . Inlte.d , 1I0ile entlq ... rkll or leptons ... st 1:1. In the •••• 

representetlon as 1I0.e or the quarks. Thill .uns that ' 0 " or the pUI' 
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Or hptcn$ (thu. are 'alO ,thles ou l e d leptcqulOrk, and are lIenOUII b)' X 

;lnd Y In GU ~ SU(5) [20ll. TI'I1II gen . .. . lly l ea da t o b.ryon and lepton 

number vl olat \ n, pr-oeuau and , thUll , to prot.on deeay (the,.. , .. , 110(1,11 

I l l ] \11th .table prot ons !'lawen,.). A typi cal dlIlV . 1I I e l i ven In Fli. 

with .uon dee.y [22] , on. setl • r O\lJII u tillat, '01 - H./Q~ lip ( .... h. r. li p 

I. t fle proton •••• ) . Si nce t he cur rent .. .. arl ll .nt!, l lowe r 11. lt on 

prOlon d'cay I. 1p ( p · , ' ,OJ) 10 " yeara [23] , Hx ) 10 .. GaV. 

Ano t h. r urr I .por t an t. . t hct of t he ba r yon nUll be,. v lol.tln, 

r •• et l ona Ue. In t he "rl), un l ve .... at te.per. t u .... T - ".' 411 

o bs.rutten. Ind i cate tl'1. eb .. nC 8 o r . n t I IlUte .. In t he univar .. ( Z_}. 

Thus , the net baryon number denal t y I t non-~.ro .nd [25 ] 

-- (2.211 

Grand unified t heories , I ve 'N. r yon nUllber vl ol atlns reactiOns , as well 

equil i brium « hie t o the expl.nll io n of the lJnl ve rlltl l , it h poll8lble ro r 

the . t o , enerne a net baryo n nlJllbe r which Is 

-, -It Is Ilost typi cally nb/ s · 10 [26 ) >: II Is t he e nt ropy "'ensl t y h.re 

.n",.t the pr ... nt II • 7. 02 n y • .ts will be dlsc lJ.!Ised In Chapter V, i r 

there a r e no other pr ocell.ell that c a n ,..n.ra t . baryo n nlJllbe r at the 

pro ce ... . I t II Cal .. 0( 1 T.V)) , on . c a n set II lowe r lI lI lt o n the HI". 

"". by r.quirin , thllt the entropy pr o duced In t he SU(2)x U(ll .. 
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U(1) •• III. ~hQ' transition no t dIlute t he baryon to ent.I"OPY ,..tlo ~,I)n(l 

the .z~rllllent'l II_Its. 

Another con.equanea or hay Ina leptons and quarks In the •• 1118 

,.eprullntaUon Is that there are lIua "elaUoll$ allong them, lIkl alb • Ill, 

(th1$ Is at the CUT $cale ). When the 'PP"oprtate yuh .... eoupl1 ni' are 

aelled down to the low eners, •• etor , one ,Ita the vlry &1.I0cI.srul 

pI"edlction lib - 3-, ( t or the d and .. quirk. ttll mas ••• nnnOl "0. 

"ell.bly calculated because QeD bte~'1 atrona.) 

CUTS have hid • pl"o(ound !lIpa ot upo n co •• oloSY a1$o. Th. 

possibili ty of ph ... transitions In the .arly universe lid Ollth (28] to 

eVilest iI variant or the bta bill'll eOllllolo87 . the so-caned lnnatlonary 

UnIVI,.". [8]. In thll IIIOdl l. • period or ,u(flclent Ixpol'lentlll 

• • panalon of the unly ..... solves two •• jor eo •• olOileal puzuu. One II 

the hor izon probl .. u distant Itructl .. el In the vilible unIver .. ware 

no t In ceuIll contact It very aarly ll=a. i f the standard bl , ban, 

cOllllolOIr 11 COI"'rect. thu.s the oblerud hOllo,eneitt and Ilot ropy of the 

entire ... Islbh part of the unlver.e 1, a IIIYSUry. The othe r I. the 

flatneu proble., the 6eMlty of tn. unh.r.e , p, is 'IIIry clo'e to the 

crltlcil dlnalty Pc, Whi ch aepart .. an open (p ( pc ) ;lnd I cIa .. " (p > 

Pel univerae. Howaver , Pc Is an unstable flud point In an e"'pandlnl 

unl .... rse anC! any "aviation will Ir ow in t lllle. Tnl,. p hi. to be 

initially flna-tune" to Pc with an Incredible precialcn t o accoun t for 

the ,.all devl;ltion tod;lY. Durln,;I period of inrlatlon, a •• all . 

causally connected r egion expand, eXpOnentially t o encoaaPlo •• the enUre 

... lalble unl ... ersl and thl' r egion will be ."entlally nat , thu.s .sohlng 

both puzzles. 
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CI!J.PTER III 

F IELI) THEORY Kl:ntODS HI COSHOLOCT 

l.1 Th' Etrectlve PotenUal 

Our dltcu.sslon of the HillS cachan! •• ha3 been entirely elullee} 

10 tIl" . Howlvcr, I t l I" 3111.11 qUlntu. corrlct lons t o the clude.l 

potential ute) becollle crucial. One un CI.rll'll • fun cti on called 1.1'1' 

,rreetly. potentl.l , V( 'c)' .",e h th.t as 11111'11111. IJlve t.he t r ue V&OIlU. 

lUte' Of the theory enctl y, wltho..,t .Iny .pprOlllutlon, It can b. 

proveCl that thi" .frective pountlal I, the expectation val ue or tile 

eneriY Clenalty In a quantu. state t or Which the expectation value of the 

Ther,tore only the Ibsolute 1111'1 1 1111,1111 or V 

corresponds to the ~rue ground et.t. Of tht theory, the v.cu~. 

Spontaneous .sYlllllatr), bru.klnt oco",r. 1r the qUlln!.U. fteld • 

developI • non-:tero u:pectltlon value in the ¥<Icuum. One can aho .. tflat 

thl" I .. plle" that dV /d ,c · 0 for tc • <t>. O. Therllferll one can atudy 

Ub JulSt as In clu,lell field tfleory, but we replaee UltJ by Vlec)' 

Tflus . the KI". IIlIehlnll. dlseuulon gees throU lh Just as In the 

elaesleal neld theory ease. 

Of ee\lrse. one eannot ealeulate v(ee) e.aetln tflat would Imply 

" elVin, the QuantuE field t heory e .. etly. A very 1I'lIflll .pp~~lmatlon to 

V. however. Is the 50-c.lledloop expan:J1on DO], In the el l.gr •• aUe 

exp.nalon for VCae ) one '11'" rir.t aU dlasra." with no 100pI In the. 

(tree ,rapha) , thlln tho,e wi th one lOOp In thll .. , ete ... On. ean "how 

that thl" expansion In thll number e f loop, I, equivalent t o an '~Pln.lon 

In po wers of h [31] with the r .. ult that VCte ). UCte ) · O(l'Il . thu. the 
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tr •• -l ..... 1 potential Is just the elani"al poten t ial !JI,l. The 

UI.(uln ••• of lhe loop expansion r.sld •• In the r ac t ~t I t corrasponda 

to an .apanalon In I p.r.~.ter that lIultlpll •• th' tot.tl La ,r'",1 

daneB.r Ind , thus , it Is Independen t o f .hU t. of fIdds and of th, 

r.derlnltl Ons of t he d1vlslon of trt. end Interactln l parts of the 

Lalran l h'n that are U,ocllUd with auoh 'hitts, This calculational 

pr oc.dur e , t.her. f or . , tllo ... ue to '\lrv.)' aU lh. vacua at one. at .n)' 

,I .. " lewd or tpprodlut lon. 

TO illustrate the loop eJpan.lol'I 'I' now ctlculllLe the acalar loop 

contrlbut.lon to V('c) as , ... ple cOIlp!JUtIOtl (32). COrl$lder I theory 

dar In.d by 

o. \} 

The loop 11IpII",10I'I tor vet,,) I, 

d.plc:t.d In FIB. 3.1. EaCh uternal liS cIrri •• I r ector or 'c' Thu& , 

the (Iret graph ... 111 Mya a ractor- t~ IItIcau.sa o f tha roUl'" aIter-lId Itp. 

a ractor 11_ becalll!e or perllllUtlona or uurnal lep .nd a r.ctor 3! l 

ror tha quar ti c (sel r- interaction) tarfll {lit are consl !larlng tha f lrat 

two terall III 3.1 to tie t he rret L.agranllanl . Thllll, at the t r et lIVe! 

(I.aroth or~er III t ht loop Upllnslcml 

Then nth one-loop V aph hu a fl otor- t~ ~lIa t o eIter llal 1elll . a r actor­

{{)I 11/2 }n for the n ¥ertlees (the 1/2 III !lue to parlllltllti ona o f 

Inttrllal IInu 1.1'1 a vertex I • • r actor (k ' • 11 ' 1- 11 for thll n propllg.tors 
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and a combinator i al tactor 1/2n . The re.lllt or alllllllina .11 then graphs 

I, • lOlarlthm anti (roUtl ni to ( ",clld .. n ,,~<:: •• nd thrllwlnllw,y an 

1l .3) 

whe re I!'C,c) • • ~ •• 3}'~ Is the .",and IIASS In the ahlrted l.'v~lan 

C,· • - 'e ) ' Int'lratina o nr ko (d lsc,roeHI'II an Infinite piau whi ch 

tloes not dapend on K' C' ell .. . ,at 

, 
(r.J , j d 'I! ,r.,"C,,,,, TI lro,.o') C3.lj 

Thus, til, on.-loop , rhothe pountlal I, tha I\la or the clanlcel 

potent.ld and the nro-point gaelHatIona or 'c' FlnaUy. daUntn; tha 

renor",.ll~d "" and ~ IS 

,', tI,' o 
I 

" o 

w. can do the Integral and ,at 

C3.5) 

(3.6) 

r anor",al lzatl on •• SI us,d to de t lne 1; I t. III arblt.r.lry and dltrerent 
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In the GWS .ode1 one lets. &lml1&1' rU\,Ilt (or yector In~ ( or llion 

l oops but !'I'lecl Is now the vect.or (r.r&lon) 51J1ared • ." in the shUttd 

Lavane's" 11~ ( .c J .. U~" and H~{.e) • (e' • I · · l.~" (for. ferili on 11; 

(oc:) • 1;.~ /2 . where At is th e 'hk . ... couplinC to the IIl"a ,CAl ar), 

Therefore 1 

YI,l • 1 -.., II '.' 1 -" • >0' 
W. 

H' •• , 

<3.7) 

I I'll n.8) 
hpt o /lS 

,nd the coupl1n8' .... eululted at tht .. enQ .... llutlon po ll'll "R' 

IHnllll2;!1'I1 V(fl . li e can wr i te t he . rr eeth. pot.ntlsl In tarillt of Ita 

.lnlll~2 . ' • Z<.t.>: 

V{ . ) .. 
1 -- ,,'.' , 1 --• • • (1!1 1, ' • Bt ' Un ~ • • 

1 ) , (3 • 9 ) 

The flrllt. lIIurp .. 138 .. e encounte .. II that as u ' .. O. "sb relllains In 

the t.h1'Or1 (tMs po" l bll1t.y v as first .. eallzed by Colellan and Weinberg 

(32). Th •• rfeclbe po t ential ot 0.9) I, o.plettd In Us. 3.2 (or 

var ious uluea of ,,' < 0: II •••• that the,.e I. an asYllmetrlc: IIl nlllua or 

v t vtn for nt,atlvt \/'. Tht Klns mass Is calculable In the II ' · 0 

llllit and ( If there are no heavy rarllions) 
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,', 
cit i I 

" 
• ellg' • e..., . ( 10.' GeV ) ' e-G .. (].10 ) 

Thls man will twon o ut to be aouclal In the dlaeuasJon or lover lImlls 

to the Hilla ~.,:s. 

3.2 Fini te Teap'rature Field tn.ory 

I.t, very ,,,-ly tlllllS the un l "lrse .. . s very ho t It .. t ;USUlit t.he 

.tr ects II,. .... try lilportant . Finite temperatura tltld the ory h •• been 

axLe""i"'l), d. I K...sted in the lIter.ture (33). To Ukl into aceount the 

(J . n) 

the T. 0 thlory but .. 111 all Cr'.n' s (uncti o ns peri Odi c In [ueli d • • n 

time with period 8.3 

but the bOundar y conditi o ... I mply that. ko is now discrete. ko • 2mT (n 

• D, *'. ~2 •... 1. Ther,forl, one lutlatltutu /d ' x· Jell/d ' ; Ind ! d ' k " 

t 2. nT/d ' l!. W. c;ln now rind the .rtect. ot tlnlte T In oW" ed e u.lttl on 

of the str,ctlvI potent i al by lolnl back to equaUon ( ].31 .n(l radoln. 
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VC • • T) • ve,l • 'rCe,f) (3.12) 

" ,r.J' I 01 x' In{\·'Kp_~r.."·rc.c:,"71~.7)7"". ) (3.13) 

I.e. ' r l • • T) Is Juet the tree en,r&)' or. nonlnt",.a.:.tlna Boa. I'S [3e]. 

It should b. no ted that Vr(, . f l t. finite without any need o f 

r,n orlllalintlon , thus the couplings that ent.r 'r(,.fl are the 

I"'cnoraallud COupll", •• Addl11, the contr-ibutlons froll all particles one 

Jeta. 

. , ,. 
(2.) ' I", I xl ell In(l '" up - (x' • "rl' )/TI1~ 

where "I Is the n .. ",btl' or spin dlven of frted OIl or the pt.rtlcl. I , It t 

It Its ",1.$' In the background field. and the upper !loller) .Ign rerere 

to boson. (rer.lona). 

enerlY , one can ,xpand VT tor "'(,lIT ' « 1. On. then gets 

" ' .. " "T ' • fIi I "t Mj Cel- ... (3.15) 

wh.re ., . t 'I, • 718 .£- 'II' Th. s.cond terlll Ie usu.lly positive -
rUeth. to tht.· 0 aUte and , there f o r e , at hllh ,noulh te.,perature 

the ny.cUry I. restored .Ino, , • 0 I! the only IIlnlcUIl or the 
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) Yo ( ol ) . then this IIIlnlll ... 1I will first appear OIl OJ n earby point. ( 0 at 

• tellperllture T - Te ~ Te ' whera Til - 0 Is the temperatW'1 at whi ch the 

Into the true MYllllletrle il"01Jl1(1 lUte. Since tha unive .. s. Is upancllna . 

It bacollea cruc l.l to c:alcul.U tha decay rlu par I,In lt yolu ••• ( , to 

• T' , 
d'Vo/d ,' te - OJ an c! the trana1tlon .ust be co.platl el at • nul' 

temperature , but If cI'Vo/dc' (, . O) I ..... ry n" ... I), ~.ro or positive . the 

over colle the upanslon of tb ' unl verse. 

3.) 0.1:', of the raIse Vacuum 

All .. e ( ound In Sectlonl ).1 and 3_2 , lhe .rrectlve potantl.-t c an 

ao •• tl •• a haye 110". than one IIlnlllUIII at T • 0 o r lIay do aD at hllh 

anou8h tamperature,. 4ltllou&h cl •• slcally both IIlnl •• ar. stable 

oontl&uraUons, Quantull tuM_lin, or therlllal fluctuauo ... rancler sUbh 

only the absolute IIIlnllll~ Of th t pOtentl'l , the true vleua-. 

At ur-o telllp.r-.tur. , the d.e.y or the fl l ae ncuulIl (36) pr-oc .. dl 

vi. qu.ntu," t unne Unl whleh eeusea the nucle.ti on of bUbbl l S o r tr-ue 

no .. u.. After bell'll cr •• teO, the bubble. expanO 1n t hl f.lIt V'CUUlll It 

• speld that very raplll ly approaches that of l1Bht , th ... conve rtlnB 
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per un l t vol .... Un the a_Iclaulcal ... proo.lllatlon ) I. 

r.Anp-S (). 161 

wh.r. J. - To' and T is presUII.d t o Ia 0(1). B Is the [lIo11dun action 

that the hut .etton solution lIust Ia o{e) - ar .... tric (37)) to the 

.~t.lon 

. .l~ .. , " -T.' 

• • 0 , .. 

p-/t'·.' (].1 7) 

D.18 ) 

The f irst condition ensurea the (Inlteneaa or the a c tion (.ttl,. 

Lunnel l nl tne tldel has uro klnetle en.ru) .nd t he :uoono:l Lnu t ar 

r .. o. tne sl t a or nucle.tlon the universe rella ln In the r.lf1. ".lCUUII. 

0.19 ) 

to be O(Jl-sYIl.,etrlc only alnce tn •• clutl on .ust be JH!rlodlc In 

- , 
Euc ll du.n t t •• wi th jl.rlOI! T ,.nil the r ull telliperature-dependent 
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~rreetl"e pot.,nthl should be I,Ia4Id In Cj:17) ~d (3.19) blnce the d.CII1 

.. ate Is slven by thl 11:8slnar), pilrt of the t r ee enerlY at flnit, 

te.perature ). At hllh naper.tures t h aetion 1. of the tore 8 • 

E(f)/T, .. here E(Tl h the tree ane" " ot. bubble ot critical a lu U 

leeper.tura T. At vary 10v teeperaturea 01'1 the other hand, qUlIntue 

tunneUng dOlllnJtn and B • Bet. O). One then Uncia OS] that unless the 

bilr"la .. dlaapP' ... I , B(T) ... 111 reach a .lnleue (car r-upond lngly . thl 

tunneling rat. a ••• I.lIe ) .t. " tellpe .. atu:rl! yo and th t It the t ransition 

I,. not coo pl_tea by then It. >lUI be cOilpleted only at exceedll'l&lr .. Iall 

tetilperatW"H. 

To dtte .. alnft tha temper.ture 11 at which t he tranai li on I, 

completed , on. oalcull tu the fr action or apace reBlainln, In tht 

•• t aatable phl.e as .. function of leaper-.tur • .lind TI IS th.n th. 

lelllper.IItlre .I t II hiCh this fraet! on baco.es n.lll llbh. ThiS fraction , 

L! • function of Hille , Is llven by (J8l 

p(t ) . axil - felt' r(t')R'(t' ) V( t' , t ) 13.20) 

IIhere V(t' ,t ) • ~.[1 cit" R-'(t~) 1'/ 3 Is th. eoordlnate volu ... at tillS t 

of. bub bls for lied .lit t ' .lind R Is th. "e.l. faetor o f the unlv.r"s, AS 

t he unlwerse eools cOli n In the sylllllstrie pha". RT • Clo ns t ant. f r o ll' 

Elnst.ln ' •• quatlons th.n' 

(3.211 
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n.22) 

where Hp - 1. 2 x 10 " GaV Is the PlanCk IIIISI , ~ Is the enerl1 density or 

the S)'Qllltrlc: phue 

3,' 
W ~T ' .. "0 ,' ( T) <3.2) 

, 
110 I., the sy •• etrlc vacuulII ' s Ian,,.,)' density and X .. (8,po / 3lipJ I 

Therefore [)8] 

) " p{T l .. up - b - dT' , 
,-II( T' ) T ' dT~ 

[) - - ) ' 
a {T' ) T " T a(T" ) 

for T ~ Te' , tT} .. , and B(T) ,.fl ah •• a IIIlnlll;,,1II at T .. TO, til"" the 

111.11" eontrlbutlons to peT ) In ( ) . 2t) wil l Clome fr OIll T .. T" aM f- O. 

Approxllllately the Intllval by t he lUll or these eontrlb"tJona Slves (tor 

T ( TO ) 

pel ) ... up .. 
, 

.. , -8 (1.0) ln ~ ) , 
We see that Ir B(T " ) ) In b .. 110, th.rlll.tl rJ uetuIUont ."e never 

but. sl nee this .rreet Inereases only logarl thlll lc.lly \11th T, t il. 

trlraltlon 11 111 be cOIIple tecl at exc.ad1lllly sliall tetilpentlll"u. On the 
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other hand, 1r B{T O) < In II, then peT) becolles n'all ,lbt. .3 .oon .3 T 

drops bel g il TO, and therefore Tl .. T O, 

$1 .. -clV (O , 1)/d1 (1 .. T 1 J .. '0' 
W (3.26J 

where " 1 Is the n\l.~r or lIuBleas boson dlveu or fr.eao. pl~ 1/8 or 

phase. $I-ularl y. the entropy density right. .tt~ th' t l'.nlltl on 1. 

Sf ...... 1'I(1r/90 13.271 

wMre "r I ... "I but t or the part.lcles \lUh .... u < ft. Theretore the 

dlcay or thl (al,' V'CUUI! Increases the entrop, dln.lty III • r.ctor 

(3.28) 

Typically ("t l l'lil" 1. Tr Ie found by rlqulrln, the enern denllty . 

pC,.T) .. V(d ,T) .. TelV / dT , to be thl Ulill betar •• nd .tter the transition 

( the unlv.ra. r.h •• ta to Tr dUI t o the lat.ant he.t r,l"s'd In the 

t ... nall1on ) , thIn p( O,T I ) .. gfe , T t ) . 

ole will be dlscu, .. d In Cr..pter V. ,.lql.llrln& the "Uta O.Z8) not 

to" too 1.1'" In the SU ( 2 ) lit U( l ) .. U(l l •.•. tr.n.ltton, 50 that the 

baryon to .ntropy rltio not be ~llute~ bto)'Ond Its c",rrenUy IcnO>ln value 

(nb/a - 10 ·" · ' [25)1. will be a powerrul c:onatrllnt on the Kilia •• aa 

In the (;WS IIIOde1. 
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CKAPTER IV 

RtNOR.'Ut.lZAnow CROUP £QUATIOH FOil THE EFFECTIVE POTENTUI. 

As ve 'llV In Section 3-1, the nplldt exprulon tor the .rr ectlve 

pOtentIal Involves I renor.,Hutlon acllle "11 which I, arbltr.r)'~ Its 

only purpose 1B to deftna the rtnor .. al1ud COllpll"S' throop aquatlon, 

111<e O.S). Tt'lltr,rora , tha tull .rrectlve potlntlal utl,rlu tha 

roll~ln. RGE [32] 

(ly t ull 
Hfi :ft> • "0, • . "r. 

thl physics bt Inv.rUnt unde,. eh.tn,u In thl renor •• l1ution •• n HII . 

Thus, .. s.,ll chan,1 In Mil eln ahay. t.. cOllpen"tld tor by an 

appr ol»"latl $111.11 chan,. In tht o:oupl1n" .nd I •• ,11 rnull", of tha 

rhld,. 11.,.1 a l • 1'111 (111/41111 and T II tha '''OlDaiOU' dl.enllon o r tha 

nlld •• 'U (HRIZ)dZldMR (1 I. th. wava tW\ctlon r al'lOl'"a.l1utlon factor). 

To explorl the IlIIpl l ett l oll. or .quttlon (_.ll "'. ,It rid or 1'1 11 

3/ 3HR usl", dlllan,JoNlI an'l)"I': Olrin. t • In . / I1 R and con..lder, ror 

simplicity , Just dll11enslonlen coupUn&s 'I. Then we let 

(·h - " ,-, 1.. 

'" 
JV - 0 

As Is well known ,on. can construct the ,.ner al solution to (~.2) by 

r lnd! n, tha solutions to 
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lIi1 ItCi t ) 
( •• 3) • 

" 1-T(i t ) 

IIU"Oj.Clt. to th. bOundary condl t lont th.t il(o.ll l • al(llft,ll l l. ttll 

1,111,1.1 rlmnln! eoupllnl ). n'llln , tne 'liner. 1 ,olutlon to (_.l) ( Or II 

pur,ly quartiC potential III 

T(I,(l' , Bl 1) 

' -Y(si ft ' oIll)) 

wherll r II an IIrbltr'lIry fu.netlon. Not. that (1._) Ie tne n .. "t solution 

tor tne (ull .rrec:t1vII! potential. The loop upanslon Dee ... , liMn " II un 

tnt locp expansion ( or 8 and T. 

Th. ""'(ulM'" or (~.Jl til that It .'Y IIUOV ua to .pproxl.au Y 

our II ll1r'lIl" rangll o r t. The \I~II ... 1 loop u:p.n,lon, liS In .quatlon 

n.7) , requires both that 1 and the "ouplln" be s .. all. How . v, .. , It the 

solution to { ~.3 1 rll"lIlns slidl oVlr II 1"". rfongl' or t, tll,1'I .. . can 

lrullt. the ."prod.atlcn o"e .. th.t entire .. lIn," o r t , thus glvln8 UII II 

aood IIpprOXllllltlon to V over .. hr,. "'nail or l. 

As. sllDpls enlDpls or the useruln", or the R.CE-Illpr"oved potentl.l 

consider the ease or • sassl.ss •• It-Inter.ctln, sc.lar. so th't 

The one-loop pot.ntl.l will be (s .. S'etlon 3.1 ) 
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Ou')' 

6h' 
,,,, 

11'17 , 
Derlnln, U R cl "Y/d,"(,. Kfl l end IIb.orbln, Inl~ In the derlnl tlon of 

the I. coetrlclent. of the quartic tl!r'lI In (_.5 ) , we get 

" '"... " [In K' , ", -, (' • 7 ) 

It " owe! t tl". UI!1I that t.h. IIlnlllull at t.he or ilin hu been turned Into II 

Howe ... e,. , U both points Ine/ l'lll » 1 anc! the appr oximat ion cannot. b, 

truated. 

At the one-loop level , 11 • 91' / 8 .' .nd 'I • 0 , theretore the 

ilpproxl •• te equation t or the runnln, coupilns Is 

! . i-91t./8. ' (11.8) 

This avees with the Dna- loop pOtential In the ,.eglon 1 « I, lal « 1. 

KowlY.r , t or lal", ' ne,atlu t, I [{t l l « 1 and th e ilpproxl •• t1on (11 . 9 ) 

oa n bt trlleted. 

8u:III"." W, unno t '0)'1" the pI"obl •• of the 1I11I1 .. u," a wa y trOll,. 0 

sine. for' large t I becolle. larl' .nd .. e cannot tf1.l't. the Aca:-lllpr'o ... ed 
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peltnU.l tl ther. 

We .. 111 us. apln t.1le FlC[- hproyeo:\ pount1l1 In Cllapter \'I to nudy 

the t V potentlel 0 •• . the pOtenUal In the y' · 0 lI_tt. Se. Sec:tlon 

() .l » when heavy fermion' are pre.ent. 
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CHAPTER V 

BOUNDS ON HI GGS MASSES 

5. 1 The Klnial e ws HOd,1 

(5. 1 J 

Is l1Sht H .• . 1I"a' « 1 01" , .~h·.lent l)'. 1 « 1} . lI"antul!l c:orreetlO1\3 

(see Sect.l on 3. 1> 

V( a l • 
, 

-- II', ' , , " • - ( ~ }t' • • • 
• 

lIa ' (1n -;, (5.21 

• • an~ the scalar" • ." 1, II~ • d'V / d,' (. - 0) .. 2\1' • • Cy. Vht,.IIICW 

880' • ( l O.~ O.V)' II the Col . . .. n ·II . ln 'o.,.1 •• ss: lI,. ICIlar' ••••• In 

the II' .. 0 11111t.. Thl. pottntUl I I 'I".phed In rl,. 3. 2. W •••• thlt 

tn n r o r ntll tlvl II' the,.e cln be ub . !:Iut ( o r II ' ( 0 the,., will tit • 

barrie,. be t.w nn the .ymllletrio and urll.lt-rlc IIlnl,.. A.s dlKuased In 

5Y.II.t rl e UC;:UUII exlsta. As the t.elllpt,.atIH'. lowers, the asy •• etrl o 



• 

• 

• 

" 
first lower lIlIa on the MI!Ba •• u was clue to \..Inde and Wei nberG (39) 

,,1'10 noted that If the U),II.'\. I" )(: UCUUII hu a hJlher enerl), than the 

asYllllletl"i c V'CUUID et T • 0, then the t,.ansltlon cannot occur. rr_ rl,. 

3-2 w. a .. that t hla occUI"a tor 1I~.s 'tS .c~ and , therefore , IIH ~ -Cw/-.'1 

- 7 CitY. Howne,., on. can r ule out evan h i gher musu becau.se tOl" .e'll 2 

11K 1: -Cw,Il • barrier betw,en the two ucua !'"ecaina at all tuper atu,. .. 

and the only w., the treneltlon can ,0 Is via tunnellna. Linde [ao) 

round th,t the transition would be un.acepUbl)' slow (ceualna t.oo lIuch 

bilcksrouncl) It .H~ 0.99 .cw' Howne " , Guth and Welnbel", (38) pot nne! 

ou t that one should !"equlre that the tran.sltlon not. lenerate t oO IIwell 

after the tr.nllt.1on h known and , th!,! •• I f too 11"'01'1 entropy II 

I IHlerated In the ll"ana1tlon It. would wipe out the baryon t o .ntrop), 

rat i o. which I, known to be n tl&y • 10· ' , t o today (no •• ctt.nlall la known 

ttt.t can produc •• bar yon .. ceu density a t 1101"' than 10 
. ' 

th' ,nt .. opy d,n,ity . tlteretore '1'1 en t .. opy Increue rat i o o r .bout 10 ' · ' 

I, 'bollt at II110h at c.n be toler.ted). To stlldy t he entropy production 

In the tr.n.ltloll on' cslculatu the e t tec t lye po t'IIt1'l at T · 0 (.ee 

Stctlon 3.21. With this potential we can calclllate the ,ntr opy Incr.ne 

In the lI.nn.,. dllc uued In S.ctlon 3.3: the ruult I, plot t ed In riS. 

5. 1. Th. aene1tI"lty o f the ent .. opy p .. odllctlon to th' Hlgg. IIU. la 

.uy to IIndCI,.,tar.d. Fo,. 11K ~ meW ( 101' ) 0 ) the 'Ylilletric " "CIIII II beCOllea 

uneUble .. t T' . " , •• d'VC T • OI/dt'C • • 01 • ~' ) 0 .. nd the 

t,.an.ltlon lIuet be cOllpl.t.d. t e ne.r t.ape,..tll ... . theretO,.. TI - 1.1 • 

• Th. r.hUtlnl t •• pe ... t",,. •• Tt • I, tal,.l)' In,.neltl ... to tl .nd f r - 10 
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CaV, thus S f 'SI • (T rIT 1) ' - no C,V / ,, )' < 10' It " ) 0.1 OtV. II. can 

upect the entropy Increase not to be uce"tve then, for IIIH:t 1.01 lDe w' 

However, as IIIH approache, lIIew (u' • o*) the 'YIIIDnrle YilCuu.. elln atey t o 

mu ch lower te.per.ture, and It IIIK • lDew_ CUlh and Welnbers f ound, 

tunneling I, the onl}, "'" out of the sYllllllltrle ph .. e and the nucleation 

.. ate over co ••• the u;par.."lon or the unlver •• onl y It ellce'dlnsly l ow 

temper.turl. , 11 - 1 keY. The situation for II' < 0 I. , or eour •• , ., ueh 

wor •• slncI In that cas. the barrier bet",.n the v.cu. nevlr disappeara, 

Ttlie ".sult. would: Incllcate, then . , lo"e" 1I1111t on 11K ellght.ly sreater 

than -CWo 

It wu hur pointe<! out by Wlt.ten ["] that "ery near Cil (,,' • 0) 

chll".1 IYllzetry brUklng h3b) driY" the tran,ltion .ueh before quar:tull 

tunnel 11'11 can play .ny slgnl(lcant r ole. The ~sranalan cont ain' !ukawa 

tar.III , i •• , wh leh add a linear ter. to the potential when chlral 

eyllllttry breaks down (I.e. <ii.> ~ 0) . Thla linear ter. erases the 

barrier between the vacue and the transiti on occure. Thus, the 

trane1tlon UliperallU"' Tl Ie near the critical tempereture To ( 200 ~ 

_00 KeY [_2)) or the lsb transition. nlererore tha entropy Increu. due 

to the SU(2 ) 11 U(1) 4 V(1) ..... tran.!lltlon (the l,b trln,ltlen doe, not 

produce a sllPllrtcant HOunt o( .ntropy ['3]) I, s('SI ~ (TrlTo) ' 

~ 10 '-'. Th. entropy production aa a (unction o r the Higgs .. ass 

Inoludln l the effecta of lab Is plotted as the full line In FI,. 5.1. 

It thua aeella that 11M • lie ... Is IcceptabIe , but I t would requira a very 

erflclent baryo,enas\s In the early I.Inlver, •. It wa, later noted In 

rer . [ ~4 ) however , tna t the pre,ance or heavy (erIlJon, significantly 

. ,lte r the e ntropy prodl.lctlon In the CW SUU) l Ull ) 4 U( ll •.•. 
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transition. As .... ahown thlfre (see Sect.lon 6:2) , the presence or he-v)' 

I GeV J trOta which the 

transition to our "ICI.IUIII tod.y (i.e. thl v,cuum with uro ".CUIIII energy 

6ene1ty) would ,.nerau an ucusl VI &llount or entropy H the IIUI of, 

s.Y . the top qUirk IIt:t 65 CIV, thus 1'11111'11 out ID H • lIe w In thllt cae • . 

W. conclude t hat. 10".1' 1111lt on 11K o r 'pproxillately .ell nhta lind 

that 11K - lie'll II .lccepUble only t or. Jlllited "anae or fe,.alon .usu. 

In centrllt to the C"I or low.r 11.l ta, whi ch ilre 

pheno •• nologlclIlly nee •• sary, the,.. Ira no phenomenological upper IllItU 

on the HlalS IIUS. HowI,,!!r, the HI"I .. 1 r·coupll ng grows III ttl anera)' 

(unless there .,. • .err heavy fer_Ions present (.ne Seo:t.lon 6.2» IIntH 

It becomes sllnlrlc.nUy Vuter tt..n one ami per turbUlon th.ory br •• ks 

DOlin. Thll r,ct 1110\/1 one t o dlrtne a dlff .... nt trill! or -uppe .. U.it-. 

Th .. a li"ita are aU baaed on the aasllllption that. pe .. tlrbtltlon theorJ btl 

valJd (elth ... at the eleet .. olleak scale or up to the GUT sealel; thla Is 

of eourn d.sl ... ble but at no point n.e .... ry (i t llilS sholln In r.f. (~5) 

t hl.t. nonp.rturbatl ... Higgs ,.eto .. Iloul d h ....... ry Uttl. IIII~ o t on 

e trr.nt ph.no"enolosy) and their .. Iolltion Ilould Illiply n," phyalcs at 

the ae.le or the breakdolln. Once the HIglS beooa .. eonsld.rably ... sl¥e 

<'"II » "CW ) 1111\ - 210 ', thu.e an upper 111111t on I beoo .... n upper lIliit 

on .K" 

The flrat upper 11.lt on." was dl5Cusa.d In r.r. (~6) " here It Woll3 

noted that the requl re.en t tha t two bodJ re;l c t lone or ,au,. boaone 

re.peel partial Ilay. unltarlty places an upper 111111t or (8...7/ 3G, ) '1,. - I 

TeY on 111M" It the Higgs lIIa.s l.s .slllht.ly below thla value , hO Il .... r. 

higher ord ... eorreetlona may be •• t .. ee.Iy lillportant. 
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The one-loop RCE tor 1 11 or t hl ro~ (see Seet lon 6.2): 

u:;' . al·'bl.e (5. J) 

.. he .. ", a, b llnd c are Independent or 1 {but 11;117 d.~nd on the S ....... nO 

gr o .. " w1th enerlY until I t (Ilv.rses at so •• J ealt: it 1( 1'1 .. ) Is la .. ,e 

enou&h . this scale .. 111 be s •• ll.,. th." the GUT scal.. It Ie not char 

whethe r one II'I0U}(I r.qo.lire .I (M. } to be lesa than I , _., . t c ...• but the 

exis t ence or. lingulaI'll), cl e . .. l , aho wl a bre. kdown or perturbation 

theory. ThIA , t hl uppe r 11111H beCOlles [~71 !11K { 175 ".V H all f e"1I1on 

. asl., a r a billow 150 G'V'S A 1;l r.l .. HISII .,au lIould ruh ou t any 

There are no • • p ... i.ental constra lnt a , .' ,et . on t he •• ,a of tho 

HIli' ... on s i ne. It. coupll n l t o ft r .lons I . 0(11 ( 1250 CeV ) and, 

therefor'e, $0 ..... k that It" uperl "ent a l IInactlo n Is ext r aord inari ly 

HI"e a r e deeey& o f Victor ataue or qu . .. konlull (V • H • Tland 2. 

b .. ehlll s t.-.l una. Howeye ... t.he b .. anch1ns ...tloe t o .. the l.tte .. -' .... 0( 10 

-, 
- 10 1. l hue one wi l l hay. t o w'lt. until. Z f.ctory Is buil t .t. SLC 

.nd/or LtP to 113. thl. detection lIethod. n.e b ... nchlna .. Ulo t o .. V • H 

• T II 

" , (5 . ~ 1 

" '", 
The IIU: IIIIU Ii brlnchlnl r lUo t or. ec or 6b ,taU to 10 t. o H • Y II -1 0 

which IIISht be d.tec t .ble . untortun.t.aly, unless th.r. are wery h .. yy 

hrll i ona, t he HI li' I ' h,ul, .. thin t he up,llon (r) and . t.hul . 'I. lIIust 

• 
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... ,It for h decays; here the branchIng ,.atlOIl can be r aIn! ¥.ly lara' 

pclnlbUltY,ro r' a Colelllln-We1nbera Hissa, that It .. Ill be In the III~dle 

of t.he T ,peel-r ul! (depan dln, on t. ha value o f a 1n'8 .. ) , In wh Ich case 

there \/11 1 be substantial .hlnl (ua (50] t or detalla). It thus 

appeara that the detac t lon o f the atandu'd Hi". lIust . ... It abundant 

production o f Z' S ilnd [t'. It leu t (I t It Is 1lghte ,. than the Z o r Et l . 

Al pointed out by Veltlltn [51 J. t or a Jilgss or 1I •• a IreaLer lhan 

200 Gil'" It alght be t ha t til l only ... y to detect It. \lould be through 

ra41aUve correctlona. unto!"tllllately. the ertects or han), scalara onl y 

¥f.r)' •• In IIIK ' and so ,a,-y high precisIon I s osadad; 8,aln , a ,.ctor 

bolon t.ctor y IIISh!. be the only w.y to detect it. 

5 . 2 Two Hi ggs Modals 

( tlla Illnleal lIodell: ho w. "r, this sector o r the theory 1.\5 

e:rperl.entaUy poorly kno .. n and , unf ortunately, It has a lot or rooc r or 

and Indirectly; r or Ins tance, the e rrectlve neut ra l current Interact\on.s 

' r . --, 
If 

11 '/ 11' . , 
(5.5) 

COS"8 .. . 

The ourrent upu\.enhl value o r p Is 0.992 10.050 (52]. In the 

Introduce II Hlsss .ultlpllte e\ thet t r ans ror . like r epr .. entiltlon RI 



• under SU(Z) , then 

(5.6) 

repre.entat.lon RI , .... 5ee that ~ lit -n;lturally" (Le. Without. 

doublets under SUeZ) . The,.1 Is no .... trlctlon on thlt nUlllber or ,ueh 

6oubltta , howe ... I'. 

In addition to t.lle .tand.lre! HIIlIII, otht .. no n-sUnd.rel 1118111 

IIcalara ar. l:tptrl •• ntally allolild and ther are theoretically .. eleo.,,, 

"lyle"). at llast tllO doubleta with opposite hyper-charSI. art needed to 

lin 1111311e.11 to thl cha .. ,. 213 an(l -1 / ) quarks. Additional doublets havI • 
ayst,. [ 5 _) and , In • dlrt,rent oontu:t , I. an .:tpla"atlon tor tilt 

Ibunee or CP v\olatlon In QeD [11]. An lelcHtlonal triplet hu .lao 

betn IIUiielUc! as II "Iy or 81vlns II ..... to t he neutrino. (55] without 

alterlna till (.rlllion eontent or the theory. I n tl'll., section WI dlse"", 

bounds on the IUIlIlIea or HillS lealara In two-HII'. and .,ult l-Hlsss 

.,odeh. A ;;OI"e detalhd dlscWlslon of the constrllint. on .. ". ••• In t he .. 

1104,,111 lOll well lOll supersJlllletrlc llooe1ll I. el .... n In. ref. (56]. 

The siliplest e~tenslon of the 1111'1.111111 llooel II the Incl usion of an 

eddltlonill 1\1"S doubht. We IntrO(\uce two COlll.plell doublets of HI ... 

BCil lus, 8 1 an.d 82 , with h1percharsea 1 1 .12 • I. One can Ualln thell 

hrOHlrchllrgu 11 • -1 2 • I, but a r epl.eulfnt of - 2 by ~ 

• • ( where 12 U th" PaulJ lIatrlx) sho .. a the equln.hnc. of the twO cholcea 
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There ere .. tot.l o t .Lallt tl.1~I. th .. e. of which beeo •• the 

(reNC) , wllieh ere 1'I11111y :5l,1pprusad rel.U." to ,,1\"",ld current 

proceSS"5 (tor Inlt"nel BRUt" • • • ••• -) • (2.7 1 -' 0.51 11 10 • 

BROC · • • 0.-". ) • <_.82 1 0.05)1). .... we shOlin by Glullo .. and iI . lnber, 

(Ph),s. lin. ill. 19'58 ( 1977» , th" only w'Y to .".t ..... llr- lIuppreu f'tMC 

r utrlc:tlon DCC"-!! automatically). 

On. can enforce thl Cllsho w-W ,lnberl condi tion by t.poalng .. 

(5.7 ) 

(model II ) (5.8) 

TlIe phenoll>enoll!81 or model 1 hn been uten,lveI, dlaCU3I1t1d In [57] and 

th.t of lode! 11 In [58]. Eltlllr or thue IJ ••• trles lea~ t o the su. 

potential &nil. t o th" "a"e limits on .eal"" .,USei to be cll$Cusaed below, 

TIM lost Beneral renora"llgbl" pot.enUIl consistent wi th the sY'latrl .. 
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(5.9) 

(5.10) 

~2 - 0 111111t will be ,Hacl,l,.tOlihor tly) ami 1, ) 0 , J 2 ) 0 to h.ne. 

boun4eO pOtential. Aha , .... chao •• 15 < 0 so that t ha VlV'S o r ., and 

'Z are .. ebtl .. l,. 1',.1 (th,lut terll In (5 . 10) can be wrItten.., 

'lil tat. ) •• ; , , ." til II 

corrnpOndlnl .. ed.rlnl tlon or quark phues , can then be WlecI to .aka 15 

.. u.l .. Hh the chosen s ign) . Unlike the IIIlnllllal lIIode1, how,ver , .. . tine 

two .. . " to bruk SU{Z) It uel). It 1, Ie nll.atlve (poslt.IVI It 12 • -

I) , than II pl.rallel allan.al'll or " and 'Z III r.voreO and t.h' rnalnln, 

syllllatry I, U(ll •. III,; It 1, is po.ltlv, (nl,UIv, It T2 • - I). then. 

perpendicular aU sn.,nt Is ravored and the SUeZ) il V( I) sy •• atr), I, 

&lid .. e cen " .. It •• 

, • .' , 
.- t 1 ( '"U,) ' " - ) 

I> • ('. - 'llol / ,l2) 

, • " , 
'2'<'2) ' " -- ( ) - ( ) (5.11) 

12 , (" • 110 )//2 

whe .. e 11' • y' • ,,' - (2a7 CeV)', The .... ell.appe ... via the HIli' 
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mechanism and the masses of the HI&&5 scalars can be round t o be 

• II • ·~5 '· '. 
The to and no are not mass eigenstate •. The mas. ~trl~ IS 

wi th el ael'wal us 

(l3 . :r.._ . :r..; lX'Y] 

212)" 

(5.12) 

(;.13) 

(S. 1 k) 

As In the .11'11=.1 model , the" are free parUiet-era. However . s ince l~ < 

0&nd15 <0 

(5.15) 

In lII ooe15 with II l 3 doublets. the re are II - 1 c h,rl t d scalars, 11- 1 

p,el,ldoac.la .. s and II neut ral ,calar,. Although (501 S) Is not valld am<ong 

scalars of •• etl multiplet , one can show [56) that 

• I IIX ' • • 

Note dao thn 

, 
, - 1 

2 , 
• . ,' , , 

-, " 2 -
• • • " 

(5 .16 ) 

(5.17) 
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Ttl!, It .. pilrtleula,.. CUiI o r .. very '.n ..... l upper bound ( 59] on the 

III.UII or t.h, 111hteat nonalnalet. nautl";ll ,cala,.. In the GWS IIOelel vlth 

arbitrary IUn' sector «5. 17) b.collflt In uppe .. bO'lnel If one ,.equlres 

tnat no •• U -coupllni be (llver,ent between M., and MI , See dlsclluion 

below ). 

An Inter-•• tln. apeclilll cu. Dr the lIodel Is lS • 0 (this 11$ lltabh 

under rad l u .! ve correctlona ) , In whi c h cue (5.7) or (5.8) beCOIilU • 

continuous .y .... lr)' '2 .. . Ie .... : such. sYII •• try III an enllpl. or .. 

Pilcc. I- Qulnn U( l )PO 'Y .. llnry . wh!ch,..., first pO$tulated. In [11] .. an 

explanation or the tbaanc. or CP vlol.tlon In qeD. It such • '111l1atry I. 

present . I ta 'pOntaneou, br .. kdown b)' <t2 > leu" ... p.eudo-Goldston. 

boa on . nll •• l ,/ 10 , callad ttlil ulon. Althoulh It I' 11a,.l e., at tlla 

t r •• level C", : •• -lSG' • 0), 10 lets e s&all lIass 4u e to non­

pertlll'bHlve InSUl'lton erreets ['0]. 

In o rder to dlseuBS the lower bounds on the Hl88S IIIUseS, it II 

Vo","2)' Just all In the IIIM!:!II IIOdll. lIowlver, In lIodtIlt w1th lIorl 

than onl pl'\ysiul H18,1 fllld, thl question of quantull corrlctions Ire 

IliporUnt. only ,lIonS tho" dlreetlon, In f l11 d space (or whleh V_ ( . 

fljkL'IIJ"'t In ilnerall Is very (l,lt. In the .lnl.al lIIodel, quantl.l. 

corrections arl lilportent If 1I'/a' • l « , ,Ind the potential Is then 

... ry U,It. I n thl CW eue (II' • 0) , one e,ln ehoose MR sueh that l (I1 A) • 

o ( In the II ' · 0 11.lt, I" 0 (IBSull l na there 15 ssb , so th,lt G Is hald 

find as II' • O) Ind thlre .ust t.. • renorlllall:.atlon lIaIIS "'II SUCh thlt 

HHI'II - 0) and V. (In that e,lse h''' l .. ani shes for all <ralul. o f I . 

. Th. entire one-l oop potential Is t.hen B, - 11'1 ,' / HR, whl eh cln be 
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• • lIulU-Hlgp <::ue ( w!th 1.IIJ = 0, whtre V2:-IIIJ81I1J)' one Clan 1:1100 .. t he 

renor lial l utlOn point IIUl:h thllt 

• 0 (5.1 8 ) .l'., 
II her. if Is. uni t. vector In ai-apace. xr no Is . solution t o (5. 18), 

than V. van lshe. along the ent ire ran,. 81 • <nolla. The antln one­

loop pottnU.l alonl!!U.! ray 11 then Ba ' In "/M~, which brUks the 

1I)'II.Ury alonl thla direction. In contrut to the IIlnlll&1 1I000e l , only 

the parUc:ular C:OIIt1lnaUon Of coupllnl. oCIlIrr-lng i n (5. 18) needs to be 

...... 11 for quantum c:orreeUona to be I_portant. 

In the t wo-HIW lIodel, If ~'13'1"15. I « " th.n II~/G' « 

anel the potential Ie ve r y flat 111011& the . -dlrectlon. Ir lIi _ ,,~ . 0 , 

then v~ vani,hes a10n8 lhl • direction Ir f (HR' • O. Th. e ntire one­

loop correction Is then (nelllclins ferlllon,) 

• • • • • , .. , • III • lin • 6Kw • 3H~1 x 

• (1n .·/H~ - 25/6) <5 . 19) 

whara tha lIusn ilra the tr .. -level IIUSes tOW'l(l b)' shirting tilt flelc1s 

II' • -'. 
A5~'''~ • 2II"jTz o· ud II, . O. Note thH V, Ct) is the potential onll 

alonai!!.! .-dlreeLlon. One ean get r id ot MR by mlnlllllzing V,: til ls 

turns the round braeket Into (In " Ill ' - \.oS), where o· <.>. 

The lIesslessn~s or • at tha tree-lavi l Cli ke tile ausleuneu ot 
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the HIUS at th t t r.,-le ... d In tht IIIlnll .. l tV cas. l 18 4U8 to acale 

or scal e InVIr!anc8. Ita .aas Is calculable at the one-loop level anc! 

It I s the CU'-VILli!". o r VI ' alons the. dIrectIon , . t tht .,l1lle tI"Y 

breaklns point G. There t or e 

.' , '" • ---21 ", ,-, 
, 

• (Z- ' • III ' • • -
e,,',' X 1 1'1 

• ill'l" • ~"' ) , ", (5.20) 

lo. see that In contrast to tha IIIlnl •• l 1I0del , m. Is not tot ally 

calculable because or tha ,,-bltra,.lnen or t he other acall,. lI.ne." but 

II. ~ lIew - 10.~ CaV (sInce the extr. terlU I n 5.20 .. ,., positive). In .. 

1II0d8 1 with K doublets, " •• (6~ • 3H~ • [ C2=i , .' • ) • [ III ' )/8,,',', , 
We c.n no w cons ld,,. th . bOund. on IIISi' • • ", •• In the two ' and 

lIultI-ll lggs .o4eh. A3 r e vle .. ed In Sectlon 5.1 , ther e \s .. lower 1IIIIIt 

to IIIH ' 1111/' Acw • 10.11 GtY, In ttl' IIIlnl ... 1 lIIodel. 1I0"8ver, In the two­

doubht .odd II, Just foune thU CW ,,1:1 (,,~ - ll~ - 0) Ilvell only a 

slnlle eonstra!nt. on tfa IIU' of ona ot tha neut.ral seda,-s (see 

.~Ulon (5.20) above ). Since tha lowe,. U a lta discussed !n SectIo n 5.1 

wa,.a "e,.y close t.o .CW ' one upaeLi thU the only lowe,- lillit. !n t.he 

pr .. ent. .odd will be on the lIasS or that slnlle seah,., I n t act 

· H· -III· ' ~(6M ·" M·' h·' III ·'.:'J' " ,'c.-G- w z. I I ., <. cw ( lo.t GeV) ' (5.21) 

The fi,.st inaquall t y !, due to tha taot. t.ha t. If we ltt u: and U2 beeoae 

sl1&hUy negat.!v, (which would lower II,) • lIe,- .. le .. develope !letween t ha 
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then be produced In the ews tranlltion which .... ould .... Ipe Ollt the baryon 

the seallr •• 11 •• 'x , ' lin and III' The qu .. tlon or 

whethlr CV SYIIII.t r )' brnklna IUd! 1a .cceptat>h v as .ddresud In lI,f . 

• orl ,frlclent and dr\vu the transition earlier thin lIb It (roupl),; 

.u (61] t o r' CIulla) ( I 
, .s) . ~ 180 (;eV , which algnlrlclntly 

SUPPI'''''. the entrop), production. Th, rtsulU In 11104111 with lIore 

~ubl.t. Ire ~.ry ,t.llar lower IIIJt. (eee [56) tor det.ll.). 

unitarlty be ,.""pected by tr., graph. In Hlssa. HI" •• Hilla' II1Sla 

senterlna at large enerllea [62:] then, 1'01' Instance, the upper 11111ta 

to the charged and PI_udoleaiar Hissa .I.ae. II'I round to be 

-(321'11;/1 " '6 - 1.1 TeV. S11111ar Ill1ltl apply to the neutral ICIlars 

(62]. Hare atrlnsent 11,lt, 11'1 •• , howey,r, It one requires 

per-tW"bf.tlon theory to be ,..lId .t til' GUT 'C&l.. ,Ju.at &!I O..,crlbed In 

the pr.~loU,l aeetlon . on. can r ollow the chanae of the scal.r eoupl1nas. 

&a the eneray sc.le Incr ....... . u.ln, t he RGE's ( t h. RGE ' s r o r the two-

doublet mooel c .. n be round In (6)lh the tuk becomes cUlltlerson bec .. us. 

of the nUliber- of coupling.. Ir no huvy f er-ilion, .. re pr- .... nt , th.u 

coupl1nls will In ,.ner .. l Irow. though they will do.o at dlrfu.nt 

rat.,. Th.refore . If w. w.nt to believe perturb.tlv, oaloulatlons In 

. GUTS ( .. hlch live exc.ll.nt pr.dlctlona for SIn" .. and II t/.,) , w • • u.at 
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eonslatently .. eat.rlct t he lO ll ene .. sy value. (Initial ViI} ,U!. tor th e 

ReE'.) o r thus couplings, so tN.t nona of t.helll blows up before ..... nell 

the CUT ecale. ThltSi uppu limits to the l ) ea" then b40 turned Into 

uppe .. 1 11111 t a to the • • s'lta, whi ch are sUIIIIII ... l nd In Figs . 5.2 and 5. 3 

(a.a (56] t or detail.). It t urn. out that lh' antlra hype r,u.-f • .::. 

ddlna" by the uppe .. 1 1.lt, t o m' , Ill ' ,Ill! sn6 Ill ,' can be ane l os.d 11'1 II 
I 1. ., 

hypersphere, so that one can stau th.lt ( , .sl'/. { 260 CaY, W. 

11IIJ)huln Ulat til .. , u.n, ar e not phenO Ill'lnolog lellly .. eCJo.ll r.d, but 1f 

1M)' 111"'11 not satistled, no QIIlnttutive GUT pred i ction I s relIable. The 

s l llllar to the t wo doublet cue. See [56 ) ( Of' "aull •. 

In tl,. lwo-dol,lble t 1Il0del, the plla"ollllnolo" 1& lIueh I" lel'le r, The 

phano •• nology o f eharlf d HilI" bo.o na hn bUill dl,c l.I.ud u tellohe11 

[51 ,6-J. Xl can be pr odl.lced In e'e- annihilation, Ol.lt onl y .. lth -'I. 

1.I~l t or R and .. I t hol.l t a sharp thraahold; I t I, not clear t hat they oOl.Lld 

bot Wlalllblgl.lOU$ly ... n. Unfortunately the Z will no t bot a lood place to 

lOOk f or char , a d HilS' particles; the coupllns o r t he z to c h, r.' d 

.calars I . ,,,,111, while the hadr oll l C cross s.c tlon Incr.ue. oy aoollt 

10 ' I t the Z (ral&t\ve to e · ,- point crOte sectlon). pair prDCIuct lon or 

chars . d Hili' pntlch •• I ner ...... oy { 10 [65). It I. now kIIown tha t 1''' 

.ust oe hea v l. r than the 0 Qlliric ( 66], o r .la. the 0 " ol.lld d.cay 

selll lw,akly thrOl.Lgh It. Illus coupllnl (0 • l-ii . t or ..... ple). The K1. -

I(S . ass dlrr,r.nc. abo slv .. constraint. , II not.d oJ Abbott, Slklv1e 

and WI.e [ 61]. It .. .., noted t hlre t ha t Xl .. ill IIIldlate (lavor chan, l ns 

n.ut r al currents It onl- l 00p; I t on. requires tll.t til l 11 con t ribution 
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to KO : RO 11111I!n& be 1 ... than the Ii c:ontrlbutl on (which agr ... t.lrly 

weU with the caul, t hen OM rtnda Un alther .odd 1 or II ) 

(5.22 ) 

(the .ct,..l bound I, 8l1ghtly stroll,.,, ), The bOlinc can be auel'! nrleur 

In the ala- quark &odel , but It depende on unknown all.ln& '1I,Jl." (tee the 

cMrited Higgs eontrlbution to K ~ 2,.~ Mr. the II eontrlbutlon doa ln.tee 

the ,1 c:ontrlbYtion r OI" at ~ 25 CeV. These lIlilts are prlurlly or usa 

If )' / 7. ) I; I t .. /y ) I , then tn. only bOllnc eOllea rroll the DL - DS .... 

<lltre,..n.:. ' 1'103, ",ung cur-rut Ii_Itt, It I. r ound that II l l0ant 1.51. 

10- ' ( . 11)', Also, contrltlut.lona to (1-2)\1 were C<\n.ldared by Touualnl 

[68] and can be la,.,. I t • » y. 

J. .. aJor dlfte,.ence bet\leen the IIlnl •• 1 lIocel and the two Hls,a 

aodal Ie the stranst-h or the 1uk'''& coupHn;. or the neutral .c"l.,.". 

coupling 13 fIlt/lJ. In lIodd J or the two-(joubht 110"'11 , .0 couples to 

quarks and laptons with atrlnlth IIr/ y <'0 and '10 can thIn ba rotated to 

rInd thl physical al'ln!tat.e.~ the coupl!n,s are listed In (5 6]). In 

model II, '0 coupll. to all ferliions with strensth II r / x. Thus , alnee 

11 1 0 < lind y l o < I, the branchln, rltlo ror V · H . T, r or exallple , cln 

HllIas Ire not ¥ery r utrictlve; tr , t or exallple , II. ~ 3 CeY, the 
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r.!llre to ObNU· .... 1I OIonochr o.etlll photon In ct\ar llltcl decays only Ulh 

U$ thU , nt l leetlng 1111:.:11'11 . x l ), { 10 [58}. It naa been note<l In r .r. 

[69 ] th&t. the Z IIlan: be .1'1 nc.lllnt ph"e to l ook f or n.utr.l (8()&1ar 

and PHudolcIo}ar) non-sand. r el Hlwu or th.y are light enough ) slnc. 

th.lr product.lon oon!l1/ler.bly uaMdl th.t of Charged KIIIUS nea,. the 

The ,rreeU of I peeudose.lar all FeNe 'oIer. duc~sed In [10}. For 

In.tance the transition, ~ ello l •• ds to K' ~ 

KeY ) l •• ds to " . • • • ... . . , • 
W la, 

rutr-lct1vI COl\4tral:l t. The b .. 110 transition Is very "endttn to the 

top qUirk IU S . If. f o r en..pl., at" 50 Ci,V , "'t - "Iv .nd" - '}. then 

the br.nahln l raU o Is-51 In both lIodel •• A puucloae ,ahl' lllhll .. than 

th,! •• )' be observlble In T .. 10 " (.lthouan I t ),/:1;» I , this .'Y be 

111.11 even If b .. 10' 1t r .lrly lar'l: He (70] t or detail, ) . 

The phenolll~noloin' or Hi lla boaona I. thua much rlchlr In thl tw o 

higas 111 01311. The lilllit. are not very r lHrlctiVe t od.y . but wil l 
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CHAPTER YI 

BOUNDS ON rtRKlOH IUSSES 

6.1 Upper Bounds 

As 1fa.!J mentioned earlier, "rllion ... sea are arbitrary In t.he GIIS 

heavy (charled) fermion trom 

rl 1 ]. There are soot phenollienolOiled upper lim its to rerllion lIIasses 

based 01'1 the I) par'lIIete,. [n} ( ... Section 5.2) or on the KL - KS lIasS 

ditterenee [73 1. but they are eithe r very we .. , or very unslt.1ve to 

unknown lIatrh .Ieltent,. We nov consld.r ttl'oretIeal up.,.,. lI.n, to 

r'l"lIIlon mUIU aaslllllina. for the 1II000ent , that the top quark Is the only 

undl.covered heavy farlllion. w. will dlscWlS the sener.Hu.tlon or the 

r en as • ttl,. end. 

bo"lIld to the top quark .. eu , lit . obtained by eonslder1ns one-loop 

oorreetlon, to the Illna potentia). The one-loop potentl .l was 

( 6.1) 

whe,.e ze t •• " and:: - _B/.~ • (6M~ • 3M; • MH - 12mi >II6 .. 'IIIH, He,.e 

"He ' • -II' • 310', The potential Is plotted ror' va.r'lo~" vdun or ! In 

Fl •. 6.1. It I" easy loo ... that tr lit I" e~rt1clently 1,,/".e , then:: ( 
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o and t he ~untld 1s WllXl1.l:'lded. 

In r.t. (7'] It ... as ,rgu,d th.t t he " Inlllllil . t 0 ",list be an 

absolute IIln! III1& , thus ::: lIust tie poUtLve. Thl, .. ads to ,n upper 1I1111t. 

on lit ,Iven by the:::. 0 lln. or fig. 6.2. However , tor I.r". v.lun or 

• lhe potentl.l beCOIIU nes.tln at' . ' 1 • exp{-l/ e:::h In ret [15J It 

"'u noted thet I f thlll value 115 outside the r.c lon of validity of 

pertl.Ll'blltlon t.heor y, then one cennot Illy tne potentl.l Is unbounded. 1t 

can b. sholln [78] th.t pertur b.tion thlory I. v.lle! liP t o the PI.nek 

.elle; ., ~ Hp corr-uponds to;:) - 0.006. In re t . (76 ] . It lin POlnUd 

out thlt the SU(~):I Ull) potenthl is v.lId only up to the unlrleatlon 

.ed'; I, ~ 10 " GeY Ilvu ::: > - 0.008. A. elIn be ... n In FI,. 6. 2, all 

or thue lh'lU live ,,111111..- upper bOund.5 to lilt . lit { 100 Ci,V. 

In ret. [11 ] It wu noted t hllt there ,,.e two err-eu IIhleh 

slsnific,ntlr wealeen t.hese upper !lOum1s. Firat , IS discussed In Chapter 

IY, the one-loop ?Otentid requires Iln,'l « , for it to "tit: nUd. The 

RGt- I.proVld pot.entlal can then "tit: used to I.tend the rei Ion of validity 

of the one- loop potential as l ong aa thl runnlnl coupl inga re.ain a.all. 

Thl .aln errlct of using the RCE-I.provld potlntlal cln be taleen Into 

account by usin, runnln, coupl ings In thl one-loop potentl.l , this Is 

the leading t wo-loop efreCt [18). Thus, for l.r,1 viluea of e , the 

scali depend-ante or thl couplln,. beCOlllas ","ucillo Thl 8 runctlon for 

thl Yukl"l coupling It Is (neglecting =hinl). 

(6.2) 
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and this has the ,,((ec:t of reversing the slsn at":;: at largl! seal.." It 

:;: changcs sign before t he potential tvrns over, then our vacuum Is 

absolutely nable. Thus, there Is a larger range or ,.uses t or which 

our v_euum is .b,clutely stable. The lower sOUd curve In Fig. 6.3 

gives the upper Illllit to the reg ion of absolute stability: one can "HI 

that the bo1,lllds are alr .. dy such weeke .. tilan thou or refs. (7_~76). 

Second , there Is no phenolllenologlcd requlrellent that we live In an 

absolute vacuum. A ghen potential Is acceptable If al during. say, t he 

OUT phase transition, the universe go.., Into the correct SUn) x SU(2) x 

UtI) vacuum , b) it stays there until the elec:troweak transition, c) 

dur i ng the eleetroweak t r anilltlon , the ul"\!vuse goes Into the SU(3) x 

U(I) vacuum , and d) It stays there for at least 10" yeilrs. As ..... 

sho ... n In ref. (77J. t hlslul conlltr.lnt gives the strongest bOund on 

" . 
!f lit 1a .bove the upper bound o r abSOlute .t.bility. then the 

potentl.l does turn over and becollles nes.tlve berore:;: chanS.1I slsn. 

Howllver. at larse enoush ~. ;: chanses sign and the po t entl.l turns 

around .nd becolllell positive. Our vaCUUIIl I. thus .. et •• t.ble with. 

barrier "PlIratins It rrOll the 'table nCUUI>. We nave to require then. 

thH the llfetlllle or our unlver.e be greater than 10" ye.r •• '" 

dlacussed In Section 3.3 . the nuclea t ion r.te of stable ph.se per unit 

volume . f . Is - exp (-B). where B Is the ilctlon el f the bubble solution . 

The rr.ct1on or space rilled w1th new ph .... e lit time t Is ,pprodlllately , 

- e xp(- f t · ). Since. In Ol,lr unl t, . thll age or the unl verse I. e '0' , thll 

fraction ot 'pa"e rlUlId wi th .t&blll ph .... e tod.y Is 1 - exp(-lIXp(~O~ -

·B) . Requ.lrlng this fr.ctlon to btl negligible Is the $4l11e as requlrlns 
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that Bl .O~; thill , In turn, becoaes iUl uPIlt:" lIdt to lilt, It tlll"nll out 

that 8 It •• lf I ••• t .. elle1y sensi t ive t o the tOP quark .... , ttlu. the 

unca rtalntl ••• IUDcl_ted with the preol •• axp.nllon rate, bubbl. 

overlap, the pretactor In the nucleation .. ate, atc! ...• a .. e uttarl}' 

neglls1bl11 In dater-lIIlnl n, the uppe .. bound. The ... s .. l1.. 1a plotted In 

ri •. 6.3 · the upptr .oltOllna corresponds to the B · ~O ~ line ,n41s 

an upper bound on lilt. 

Altllou&h the 1I1IIt on lilt. t or which OUl" vacuu," III ablloluttly "UbI' 

is senSitive to uncalculateCi two-loo p effects , the upper bollJld to lit dUll 

to tht lit,ttll. or the unlvarn 1. very Insens i tive to two-loop .thcta; 

elropplnl the runnl n , o r coupling. enti rely c han,II' the 111111.. b)' {51. 

Thu.. lilt { 200 GaV, II lllOCh .... k ... U.1t. lr there a .. e .ClClltlonil quark., 

one replace, li t by I IIq; the lIalts on (olrth ,en4ll".t1on II ..... ar. tlKn 

lI ore aev4Ir •• Ir t .... r. '1"' additional HI " , se.l ar, ('41' S4Ietlon 5.2) . 

the abael .. a I n 1'11. 6.3 re f ers to one af th. ne\ltr.l . ealara and tha 

ordin.t. " I"eplac.d by (lilt _ ( 1/12lt 11;)'..(. 

6.2 Th. c v rran.!tlon 

AI d! ,er.luad at the .nd o r Sect! on 3. \ , the II'" ar the Hi", 

aealar la ealel.!labl. !n the CW lIodel . 11K - 880 ' . Sinc. II IIl.!at be 

po.ltlv., CV .,lIa.try br •• k!nlla r ul.d out 1r th41 IUla' o r . eolor4ld 

hralon a q ~ 81 G.v ([ a q ~ (8_ GeV) ' • (11\2)t.S Ir there '1'41 ,uny 

,eal.r , and cOlor.d r .rlllans). For '1I11141r linus, Wltt.n noUd [II] 

thn l.b drlv., th. transltlon In the c v lIode1. Whlh th41 unlv4lrse Is 
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drope. t.hls c:hirl l ayclllt,.)' Is broken In iI prUllmlbly (lrs l orc er phue 

t. .. . nslt\on at To· 200 HeV and i. geu .. VIV. h aoon., thll h.pp.n., 

the 'tuke". COuplings of t he Higgs aeal_,. to t.he qu.arka 

(6.3) 

add an txtr. lin • .,. tarll t o the .ttective potential lind v(el ~ Vewt el -

b., wher. to • {til < tjtj»)/ffand Veil III the e ll potential (lie. Sect i on 

5.1). Till. 1 •• ,(I\.t.l)' dUUblll:r.ea t.lle " )le.atrl a vaCUlI1I lind _Ithauah , 

, .p.ratln, it tr o ll tn, tl"UI vaeuuII will d lsapp<lla .. It T not ."ell len 

than To and, ther.rore, 1 1 • To " 200 "aVo Thu' S f /S J - ' O ~-·. whi ch 'e 

acceptatole but ,..qulr •• ury .ttlcient ba ryO,lIn •• I_ In tn ..... l y 

unlversa. 

It "U noUd later ( U ] that since t or. ,Iun quark 11., t he Yuka ... 

COIIPUnl satlaflee the liCE o r ilQuation (6. 2) . t or IIq So 250 CaV III Ie 

ny_plottedl)' t n • • "d thIn In c r easell ., the 'cal. de ere .. n. f or a 

aurrlelently helYY quark, thla eauaes quark loops t o clofll Jnlte ;It a.aU 

lealn and alnee they t~d to atabUI:e the ay.&etrlo neuulI (beeauiMI B 

In (3.8) beoo.ea nesatl .. e at .. Ill aellul. bul eannot pre .. ent 1t1ll deeay 

aa loon II < •• > * 0). on. flndlll tha t a nearly ay •• etrle .. etUUbl • 

.. aculi. f or.1 (< I > a 0(1) CeV) v1th a blrr1er that aepa.rltea It fro. Ole 

true "101.11.1. (<I > a 2~7 c;eV) even at Ta O. Thus, one hal t o vorry lbout 

the Intropy pI"'Odlleed In the t ransitio n to the true .. aeuu. . TO .n.1y .. 

t h l. e ff ect lI ore e.refull y ve use the liCE ( o r the erfeetl .. e potent11l 

{.ee Chapter IV). 
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The t lill ,ffeet.lve potential •• Uaflllll tile RCt o f equation (a. ll . 

At T • 0 (or T < Tol. chlrd .YIII.,try I I broken ~"\,, <it) l ine an 

.rreet lYe lIn.ar ta,. a In vee). The aCH , eneral ,olutlon t o (_.2) Is 

then ["1 

Whe r e t • In(4' "R> and "R I •• r.nor~'ll~tlon ••••• rand h .r • 

• ro1tnry f un otlons &nO the t rt lctlve coupl l n" 't tL) are t he aolutiol\S 

o f the RCt', 

,, (O> ·'I 

16.6 ) 

Chaoslns tha nor •• ll~tlon ooncllt lon f or. Ind Sq I. 

, 
lr " 

(6. n 

aquatlon ( 6._> becOIr,es 

(6.8 ) 
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Th1a .olutlon to the RCf: Is iIIn .:act .... ,.,}t.. The loop upl.nSlon occurs 

, .n~ I' . whe .. 8 functions .,.. w"ll laIown , i q , "no.. , tlA'letlon Is that 

of "qultlon (6.2) . Ind ~ . whose one-loop' (unction II li".n bJ 

, 
T (3"w • 0' )) • 8B (6. ~) 

Is the expression o r (3. 8) (8 

T ' -0," • • ,"" • 3,')/16.' , 

- 3(20"(0 • • • 

(6.10) 

The rlault. tOl" vttl. tor .everal ,.lulla of II q • I. plotted In Fi,. 6.Q. 

We Ut that for. QUark of IIUS areaur t~n 65 elv , tht,., Is :I barrl ... 

betw.en the tliO Vill cua and , as. r.ault , the !,Inlver,. 11111 r aU Into:l 

n, .... ly ')'II.,ute IIttastable phase when xsb tak .. pile. (the K1us fl"ld 

will not "1"011 ove r- t he 1'1111 lIince th t blrrU,. I, 111",1 1" ilt T • Tol. 

To thOIl that the ulsten", or t.hls blrrllr III Ind.td r atd. It Is 

n.c .... r' to cI lcuhte the n\,Lele,tlon rat t (UI Sect ion ).)) f - ~o 

u:p(-I(T»), Whl,.1 Go - 0(1) GeV and Bf T) la tha Euclld .. n actlon of t he 

laaat aetJon solution . All dtseuuad Jn S,etl on 3,3 , B(T) r •• ehn .. 

IIIlnlau ... If a barrl,r ""laU at ZAlro tlilperatwoe . at T • TO and If BfTo) 

) In b • In(O~Hp/,ol • 150, t hen t ar too lIIuch entropy l.s "nvatad. One 

flnda that thU la the eue Jr a .. 1 65 G,v . rullnl out CW " •• etr, 

br .. ~lnl In that o .. e ffor a dlscua,l on of t he aansltlwlt, oC the 1I.lt 

, to the va r iOUS Input paraaetars, darlnltlona of coupllnl s , gauge 



• 

• 

• 

" 
... , au [ ~~) . 

Add itional f .,..,lone .. ak. the limit 11101"' sever •• Inelu4ln" r ow-t tl 

sen.ratlon one finds t hat th, .. , 111 • lI.tutebl. v,cuum H ( t IIlq) ''<' t 5_ 

C.V. Thua, the,.e I •• vlry IIIel1 "Indo w In whi ch one could put the 

:liUS., of additional qIIUkl. If there en .ddlt.lonal SCI lars on. f inds 

!..Ni!.. f or. w,o. rani' of ~r ••• t.r. t he '-.. rl e .. will exist It [ IIIq t (65 

eeV) " • (65/81) " (1112) [ • "., whleh 'e SOluwha t stronge .. ttl." t he lhll t. 

required by the positivity o f 8. 

ULhouCh it 111&111.. aeell tJlat the barrier vanishes r OI" IIq { 65 OeV, a 

b ... a k(lo .. ,. o f p.rturbllt1on th.ory prlclude. any definitive ,tat.ell'nt. 

about. t h i s n.ll,' or ... ses. It 1I'lIht ba the cu. t ha t the barrie,. still 

study the potential In the .. e l lon .. her . the 3tronl Interilctlon are non 

p,,.tIlI" III Llve (Ir IIq t 65 GeV then Iq atops r unnln s at. · <,> . 0(1) C.V 

s i nc. th ' qU ' l"k h., ••••• • I CaY in t". nUl"l,. ,,..lIetI"Jc VICUU •• 

Thu. , the potential oln ~ oont1nl.l,~.ll the ... . ,. t o the 01"1g lnh IIln,. 

t,.pe. o( blt..ylOI" ~o Slv, •• ellStable v.cuu • • but SOllIe ~o not (se' [~.l 

( 01" deU.II,). I( tueh • VICUI.lII , xlllt , 1I ( 01" IIg ~ 65 CeY .180 . CW s,b 

would bI ruled ou t entlrll,. 1n the lI ! nl ... al .odel; hO .... v.l" . the breakdo ... n 

ot p'l"tul"b.Uon theol"Y d o •• not .Uow us to .... ke .ny ~etl nl tin 
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CIUPTER V 1 I 

SUKHARY AN D CONCUUSIONS 

The electrOwuk theory of 01..,1'1011, Salall and Welnbera III basel:! on 

the principle o r local ,au,e In.,e,.lenee (l.fI . Inurlance under loea.l 

phue transfor •• tlons or t.he •• tt.,. tlelda ) as the r unda •• nUI link o r a 

unified underllUndlna of the \leak and eleclI"OIl&p1aUc Interactions. The 

,.u,. In .. ,.lancII I.pllea the •• Iat.erlce or .,ector bosons In II nUliber 

equal to the RI, .. IIt>e,. o f ,enerlte,.a or the group of ,.u,e aYlDmetrles 

wh ich , tor the !; \lS lIod,l , 1& rOllr , the photon and the 1I&!1l11U vector 

bosons Wl and Z. Thus , with the recent detection of t he \I anel the Z. 

the lenese •• photon 1a now lIeUd as II putne .. or the II and the Z under 

the n ... t ntry or ,IIU,. bOllona In the llt.at Re.,I . .. or "article 

Propertln [79). If the (u.ll 1&111 •• , ••• try or the ~gr.lI&lan .. ere an 

exact .Yllllllltry of th' V'CUUII. thin th' V ilnd the Z should be lIilsslus, 

Just lIke the photon! th' IIYIIIIII,tr y lIust, theref ore, be lrOken. In the 

ews lIodel , iI lIet o f 1I 111S sClllilrii I ii Introduct d II hlch iIocqu!re vev ' II, 

lrililklnl thil ilYIl.etr1 to thil obililrvtd U(1l ilYllllletry or eleetroailJrletlslll. 

Ka •• e. art thtn ,.n,r.ttd f or th. W .nd the Z In a "Ult i nvarI ant 

rutl lon. Fer .lon .u. t.r •• are not alloll td In the Lasran,llln by tha 

SU(2) • U(1) ,llu,. ay •• ttrn Inatilild, qUilrk .nd leptor!-' set thetr IIIUse. 

viii their JUkllllii c:ouplln,s to the KillS seillarll. The g.uge sector or 

the theory ill both t .perl.tnt.Uy .. eU uplored ilnd theoretlca1l1 very 

eonstr.lntd. Ttl, structurt of ttl, selr-coupl!nss .nd couplinss to 

•• tur or tht V .nd tht Z .rt coap1ete1r dtterilined by t he S"USt 
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~truc tl.>r. of t he t,heo"r. Several •• pertlll.nt. live si .. llar uilies of 

sln.w' thWl rrOCll ,Inl" and the eleotron' s chars_ one can det.erlDlne I.nd 

I'. The Icale of 'Jlllllet.ry breakdown, ~ . Is fixed by tha .uon UraUII. , 

thUS HOI ~ 10/2 and 1'1", • 'I i • " I al2. are pt'edlcted t o be M ... - 83,.0 :t 

2 .• "'V and 11,. _ 93.8 J, 2.0 GaV, In 10«1 Israellllnt lO al'l lhe uperlllenUl 

.. alues 1'1" _ 81 :t 2 e.v and Hz • 93 i 2 GltV. Tha atructure o f the 

C>Quplins of tht W to terID lons h in good .V ..... nt. ,,1\.h enVIed ow-rent 

.... k Interac ti on. end the SLC w11 1 be ,bill to nplo,.. in dauB the 

COI.Ipllngll or the Z to fe"lIIlons. In eont,.ut to this, the •• cl\~ml •• of 

.,b Is II poorly understood allpect o f the lIIodal. The II.'S •• o r both 

re,.IDl of\.l and HI .. , Icalars are eoIDplatal}, arbitrary In the lIodel. thus 

the •• s ••• of the known leptons and quarks ha .. e to be set to th.l~ 

np.~lm.ntelly kno"n y.lu... Wh.th.~ the HI li" .. echenl.m \s t he 

.'ch.nla. or .y ••• t~y b~ •• kd o"n hae y.t to be tlSted .ltpe~llIlentelly . 

thus Undlnlll • HI ,a' BCl.l ar o~ r-ulln l It out Is Ye~y CMlchl. ro~ th ••• 

~ ".IIon •• Il1ass pI'lY'IClS lIill undoubtedly b. Ye~y laportant In the nea~ 

rutlll"e . thus it I s Im po~tant to hey. lIalts on tl'l'" .~bl tritl'y .anes In 

orde~ to test the sab or t he ao~el. 

In thl. thesis "e hay. dtecusaed In d.tall t he con.tra l nta on the 

• ., ••• or HI IP bosons and fermi on. In the e lls lIod.l . In order to . ak. 

the diacu.ulon seU-eontalnl'd, ... Inclll<'l.d S.ctIO!l5 U-lV. In Section 

11 " . b~l.tl)' d •• crlbed ,.1,1,. theo~les and then dl.ClUs •• d ho". Ir 

.. a nt.d . the ,'110,. ')'II.ft~J c.n be spontan.ously b~oken yia the IHUI 

... Clh.nla .. , .0 th.t ....... can be lIenerat.d ro~ the pu.lle boaon.ll .. Ithout 

b~ .. klnll "1,1,. Invsrlane-e. II. then duerl bed the speclrlc structlll". or 

the ells aodel or the el.ct~o" .. k InU~.ctlons. W. then dlscuSS.d the 
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arbHrarl nn" or the SH and how CUTS el11111 naU sOllie o r the . .. blt .. ..,.!nus 

,)'lIlIetry br'nklng phe.,. transition, In the uri), un!verst. Sect ions V 

concluded that . In the IIlnllld 1I0del , t her e Is .. 10w.r l1aa to the 

Kl ap III U . or r(>l.lghly " e w - 10 . • C.V. and that "K - SCw Is aUo" .d only 

( or a limited .. ange Dr quark lIIasses. Uso an upper bound or rouply 200 

G,V .. I.te on t he IIUS or • heu)' qu ark (or -If x 200 elv t o r .. he-v)' 

• • .nd, tr ia •• annlhllatlon uperillents . t he carrent low'r liliit to t he 

•• Iat , be"ed on the assuillpti on t ha t pe rturbat ion theory 1. "alld at 

Pf. r tla l .. , ve unlu.r l ty , 11K { 1 r tv. Ho ... "er , t or pertur~t1on theory to 

be ullo ell the way up to the CUT seale ".' 10 K { 115 Ca"l otherwise all 

GUTS' predlcticm, are not .. elhblt. 11'1 lIultl-flIU' IIDdtls. the,.. I s • 

luh .. _) . " hteh Is at 1 ... ,t -Cw I t no heavy (er llllo1\8 art pI" ... nt, but It 

tht ot her f erllllon$ (ue 5.2). The upper bOund$ on the ..ar I Ou$ Hili" 

.ec.lar$' lII&5$e$ .lire very $llIIllar t.o tho$e or the .Inl .. al !lode!. There 

are experimental oorultr .slntll on the lIasllts ot 10111. ot the acalar$i (Of' 

.xallpl •• the II;.IS o r ch.rl.d $c.l$r III); > III) or 111$11 the I)- ql,l 'rk could 

d.eay IItIIIl wukly U b ... -u. The ph.no.enology IS lIueh rleh.r than In 

t he .Int •• l model, but t.her. are .any .ore paramet.r •. 
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n "I).orb!n& lo,arlU\las or 001.1;>111\1& In the definition of IR ' 

f2 Note th.l t the s calar l oop eontrlbutlon 1& Ott' - ~ ' ) ' In{)la' 

\oI' )/ H~ .Ind. ther,tO,.e, lI;u an 1 •• 'ln ... ·,. p,art ror )lt' < 101', 

Ho .. ,ver, 310 ' - u' > 280' > 0 'nd , thu" V( el Is ,. •• 1 It Ita 

f'3 A heurl.Uc arau •• nt tor this la the f oUowlnl. Tlla the rllill .... r.'. 
at tillie t I' 

TrI,-.lIl<Ot > .. <.I-It II 0 .Iut) 

.. Tr ee- tll.- llH 0 .ltH) • Tr(.ltH.-III. l tH OJ 

We drop the k/ R' ter • .lIne. lIT .. consUnt and, therefore, tM_ ter.l 

111 OtT'), but at 111&11 tellperatures pCf) - T' and at low 

temperature, a I, dominated b1 the y.cu~ anarl1. 

FS A .tronger upper bound can be obt alnad It on •••• 1.1." that thl 

Uleory will t>eeo •• trlvld unleu y(t)'O 1(t)/II ' (tlJ' III driven to 

an ultraviolet stabla fl •• !! point. Se. ret'. ('IIJ. 
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rIGURE CAPTIONS 

fia. 2.1 Evolution ot coupl1nis (alpha) as funetions of Q • r-q' , "h,,., 

q' Is. t)'plcal 1I0II.ntuII transfe r ,qua,.,d. The eur~e 1,lI,led all"onl 

(" uk,81eetrOilacnetlc ) correaponda to the evolution ot (13 • ,:1-. (02 • 

,' / a., ", • (5 / 31 "" .. ) \ "here" (8 ." ) h ttl, . auI' coupl l n& or the 

,roup Sut ]) (SUI2 ) , U( I» or the 51'! (au Section 2.)}. The f.ctor 5/ 3 

In the definition of III 1. Ineluded so that flo '! Is ttl, approprlat.tly 

norlll_lInd lenarnor or the U(i} aubi1"OUP of Cu • SUeS). 

Fla. 2.2 TypIcal ,H"r ••• that contribute to proto n dec&)' due to 

nellan,e of sup.erh .. vy "1.1,,,, bosons X and T. The q'Jark- antlquark p,IIl,. 

can t hen tora neutral ••• ons auah as ... . p· , a . n. ete_. 

Fla. 3.1 The loop ,xp.nalon t or the effectlye potential. Thl first 1"'0" 

It lhe tr •• -le 'ul app r oXllllatlon , the "cond I, the one-loop 

epproll1 •• t I on , e te ... 

FJI.3. 2 The er r eetlye potenLhl, a, a rune tl on o f • • In the al1nllul 

1I04el. The potential IIIIrephe4 for Yar lo", ulun of ,,' ( 0 and the 

eorrupon41n, value of the mUll or the HIBSI leelar , liS ( , ,Iun In .. ell 

eue. 

FI,. 3-3 The tellperature-4ependent effeetIYe potentJal , .. a funetIon 

or t . for nrloull u.peraturea. A, ttle tellperature f all II . an ny •• etrlc 
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"&C\lII. atartll t o develop ( at T · Til l: I t be comes clagenerata wltll the , 
sy ••• trlo V&CII\I. at T • Te' At T • tel' the laU.ltr "llnlllhu. 

Fig. 5. 1 Entropy production In till alnl •• 1 aodel &. " (unction Of 

IIIS ' &CW ' IIhera. S Is the •• sa ot tha HI". scalar . The d •• lled I1n, 1s 

thl entropy produced It tunnellnl alon. driW'lla the transition. The (ull 

1"1,. 5.2 ·Upper l1alU· o r Kills •• uu plotted I n tlla ( It'_ ol phne 

tor ".1"'1011$ .. dues or a • • &fI' The strallht Una repre:ulnta the III ~ 

-x , flll.lt. 
o 

the thr •• lin •• III not 1"' .. 1. 

P'li. 6.1 Tht ona-loop ethoU .... potentlal II ( In units In whi ch II - 1) 

tor •• rloull .... Iues o r :: ( ... SeoHon &. 11. Here V -.~ 1/ 8. 

P'la. 6 . 2 Tlla vslue o r ! t o r I'nn .. dues or 11K and at ( ••• Section 

6. , 1 . 

FI,. 6.) Upper bound on lit , Ttl. 10"." ( lIpper ) duhe!! curve III the 

pr .. lou& lIalt or ret. ( 71l] ([15]). 8elow the lower tull cur ... . the 
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pruent UCIIUII I'll ablloluUly $tlblt (rellon A). I n re810n B OUl' v,culle 

Is unat..ble, but wl t.h ;I I lt,tI •• , ) 10" yr. In res Ion C, t ( 10" yro; 

thus res Ion C Is disallowed. 

FiC. 6.11 The ~e"o~te.peratur •• tr,otl .. potential V, as • (lUIotlon or 

eo tor dltterent values or the t op quark mass lit, Rt Is slvan In CaY' s. 
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