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We bri efly rev iew the most popul ar supersymmetri c  extensions of the 
" standard" mode l , i nsi sti n g  on the arbi trari ness left i n  the phenomenol ogi cal 
effecti ve Langrangia n .  We a l so di scuss the possi bi l i ty of bui l di n g  
comp l e te ly fi n i te theories based o n  N=2 supersymmetry . 
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1 . Moti vation for Supersymmetry. 

The moti vation for supersymmetry rema i ns fai rly theoreti cal . The 

i n i ti a l  image of a new symmetry re lat ing  known fermi ons to known bosons does 

not wi thstand the analys i s .  

Whi le supersymmetry establ i shes some connecti ons between gauge bosons 

and sca l ars ,  thi s connection i s  re lati ve ly  l oose and rather acci denta l  in the 

N=l theorie s .  Indeed, whi l e  the masses of sca l ars a nd  gauge bosons are 

re l ated for unbroken susyl l , the cho i ce of the group representati on s  i s  l eft 

arbi trary (e . g. : in the " standard" mode l , supersymmetry does not exp l a i n  why 

scal ars shoul d l i e  in doublets rather than tri p lets ) .  Such re l ations become , 

however, much more compe l l i n g  i n  N>2 supersymmetri c theories .  

The most economi cal sol ution woul d  i dentify the sca lar partners e ,  v 

of the e and v wi th the scalars* respons ib le  for break i ng  SU ( 2 )  x U ( l ) .  

Thi s ,  however ,  wou l d  v io late l epton number conservati on . Al so, another 

"Hi ggs" doub let H1 i s  necessary in SUSY mode l s  to gi ve mass  to the charge 2/3 

quarks, and the cance l l ation of anoma l ies  then requi res a s imi lar parti cle H2 
wi th opposi te hypercharge - noth i ng  i s  saved i n  terms of parti cle content !  

( see be l ow for more di scuss i on of <v> ) .  

The moti vation whi ch may be con s idered cl osest to the preoccupations of 

� phenomenol ogi st i s  provi ded by � attempt at sol ving the "h ierarchy 

problem. " Th i s  problem ari ses very genera l ly from the assumpti on that the 

presently known i nteracti on s may be uni fied i n to a s ing le  gauge group at some 

scal e .  An estimate of the sca le  at whi ch thi s wou ld  happen i s  then provi ded 

by the study of the renorma l i zati on group equati ons ,  as establ i shed from the 

currently known parti cle spectrum (of from some assumed spectrum i f  SUSY i s  

cons i dered) . The uni f i cation o f  the e lectromagneti c and strong coup l i n g  then 

suggest a very h i gh mass  sca le  (> iol5 GeV ) .  

The simu l taneous presence of such a l a rge mass sca le  and of fundamenta l  

*Al so known as BEGH2K bosons or "Hi ggs "  bosons .  
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l i ght sca l ars l eads to some di ffi cul ties i n  perturbation theory , where 

quadrati c di vergences appear whi ch destroy the i n i ti a l l y  assumed potenti a l . 

Forma l l y  there i s  nothing here whi ch cannot be bl amed on the perturbati on 

expansion or cured by an appropri ate order by order renorma l i zati on .  

However, the very fact that the l ow energy theory i s  s o  sensi ti ve to 

mi nute fl uctuati on s of the coupl i n gs associ ated wi th the h i gh energy 

structure i s  di sturbi ng in i tse l f , and may prove a real problem when gravi ty 

i s  eventua l l y  coupled to the mode l . Thi s  i s  usual ly referred to as the 

" h ierarchy" probl em. Supersymme try can cure thi s di ffi cul ty :  addi n g  up 

fermi on i c  and boson i c  contri buti on s k i l l s  the troub l i n g  quadrati c 

di vergenci es .  I f  the effecti ve break i ng  o f  SUSY sppears at some sca le µ , one 

expects then the correcti ons to the Hi ggs masses squared to be of O{ aµ 2 ) .  

Ask ing that such correcti on s be no l arger than the typ i ca l  v . e . v .  ' s  then 

gi ves some estimate of the expected sca l e ,  µ - 300GeV//a - i n  other words, and 

depending upon whi ch amount of tun i n g  i s  judged acceptabl e ,  µ - severa l 

TeV '  s. 

There are other, more theoreti cal justi fi cations for the extens i on of 

the present mode l s to SUSY , such as the uni fi cation of gravi ty in the 

framework of supersymmetry, or the des i re to bui l d  a perturbati ve ly fi n i te 

mode l . These do not demand i n  any way that SUSY be broken at l ow energy , and 

the sca le  of the break i ng  i s  anybody ' s  guess .  

In practi ce , we must thus  a ccept that extendi n g  the "standard mode l " to 

supersymmetry i n vol ve s  the associ ation of at l east one unobserved 

SUSY-partner to each known parti c l e .  The separation in mass  between SUSY 

partners may be expected to be of the same order as the effecti ve 

SUSY-breaking sca l e  whi ch i s  on ly l i mi ted i n  practi ce by our des i re to avo i d  

the " h ierarchy " problem. The fol l ow i n g  abbreviations wi l l  b e  used. 
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Parti c le SUSY Partner 

Scalars 

s .  e lection el 
eR 

S .  neutri no vl 

w wi no 

S bi no 

Ii hi ggino 

g g l uino 

Al though the coupl i ngs of those SUSY partners are simi lar to the 

correspondi n g  verti ces i n  the standard mode l , they can escape detecti on , due 

to the i r  mass  and the fact that they need to be pai r  produced [thi s l a tter 

feature, whi l e  usua l l y  impl emented i n  mode l s  suffers some excepti ons ,  see 

bel ow ] .  

In the fol l owi ng  secti ons we wi l l  

- quickly rev iew the exi sti ng patterns of SUSY break ing ,  and some of 

the i r  phenomenol ogi ca l  imp l i cation s .  

- present the framework for fi ni te ,  N=2 , softly broken SUSY mode l s .  

2 .  Softly Broken SUSY. 

S i nce the anti commutator of the SUSY charges is re lated to the 

4-momentum the supersymme tri c vacuum i f  i t  exi sts ,  has automati cal ly the 

l owest poss ib le  energy : 

{ Qa ' Q$} 
In order to break SUSY spontaneous ly one 

i s  led to l ook for si tuations where no 

poss i b l e  SUSY vacuum exi sts. Such 

mode l s ,  a l though somewhat di ffi cul t  to 

bui l d  are poss ib le2 l . They requi re 

( 1 )  
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ei ther the i n troduction o f  extra sca lar mul t ip lets or o f  a n  extra U ( l )  gauge 

group. The phenomenol ogi cal con sequence s  of earl ier version s  of these mode l s  

have been reviewed, e . g. , i n  ref . 3 ;  some s i gni f i cant progress has been made 

recently i n  mode l s  usi ng the extra U ( l ) 4 l .  The mai n  problem of that extra 

gauge symmetry cons i sted in the presen ce of anoma l ies ,  wh ich can be removed 

at the cost of pari ty doubl i n g ;  i t  i s  i n teresti n g  to note that thi s  

operati on can lead qui te natura l l y  to N=2 theories .  

An obvi ously easier sol ution con s i sts i n  the expl i ci t  break i ng  of 

supersymmetry . Of course , i n troduci n g  expl i ci t  breaki ngs by hand cannot be a 

fundamenta l  sol uti on to the probl em. A sui table set of breaking parameters 

whi ch do not rei n troduce quadrati c di vergences ,  coul d, however , consti tute a 

techn i ca l  sol ution to the "hi erarchy "  probl em. Such terms , usua l ly referred 

to as "soft break ing "  terms have been enumerated in ref . 5  -they i nvo l ve mass 

terms for the sca lar partners of quarks and l eptons ,  or even for the 

fermi oni c partners of gauge bosons ( gauginos ) .  

Thi s " techn i cal " sol ution happ i l y  rece i ved some comfort from the 

consi deration of l ocal SUSY mode l s ( i n cl udi ng gravi ty ) .  These mode l s are 

cons i dered at the l owest order in the grav i tational i n teracti on , and provi de 

an effe cti ve Lagrangi an for l ow-energy supersymmetry6 l . 

Of course , even i n  the presen ce of gravi ty, some SUSY-break i ng  

mechani sm i s  sti l l  needed, and  can be impl emented by the use of  a "hi dden 

sector , "  where one of the usua1 2 l spontaneous symmetry break i ng  schemes i s  

used. S i nce that " h i dden " sector i s  on ly coupled to ordi nary matter via 

gravi ty, the news of SUSY breaki ng is transferred to the vi s ib le  sector i n  a 

perfectly uni versal way ( i rrespecti ve of col our, f lavour • • •  ) 
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I Unobserved sector . , . Phys1 ca1 sector 
grav1 ty 1 su��o����taneous ly 1 ------------,����-

����)
--------------+ 

I I 
I 

+ 
Go l dstone fermi on goldsti no  

I 

expl i c i t  soft 
break ings .  

! ---------------------------------+ mass i ve gravi tino 

absorbed by gravi tino (mass = m3;2 l  

As a consequence of thi s  un i versal character o f  the rel ati on s between 

the hi dden and the observed sector , the effecti ve SUSY break i ng  parameters 

depend on ly upon the spin of the parti c les .  

As a typi cal exampl e ,  we have : 
I" I' 2 + 2 

o<. broken ="'-gl obal SUSY - m3/2 AiAi - Bm3/2 Emi jAiAj 

2 - Am3/2 Egi jkAiAjAk 
( 2 ) 

where Ai are the sca lar components of the vari ous superfie l ds (e . g. ,  hi ggs 

sca lar ,  sca lar neutri no, sca l ar quark s ) ,  whi le mi j  and gi jk are respecti ve ly 

the ordi nary mass terms and Yukawa coup l i ngs .  A and B are i n  pri ncip le 

ca l cu l able constants, but model dependent. Th i s  scheme , wi th the 

justi fi cation ari s i ng  from Supergravi ty i tse l f  seems both simple and 

predi cti ve ,  in view of the few parameters i nvol ved .  

At first si ght, it cou l d  be app l i ed as such ,  using the bi l i near coupl i n g  

t o  i nduce gauge symmetry break i ng  wi thout putti ng any mass sca le  by hand, 

m3/2 bei n g  then the on ly dimens ional parame ter .  It is not di ffi cu l t  

however to check that such a scheme , whi ch woul d i n deed break the gauge 

symmetry i s  unacceptable phenomenologi ca l ly , as i t  woul d  lead, e . g . , to the 

non-con servation of e lectri c charge7 l . Other less restri cti ve mode l s  are 

however poss ib le3 l . 

Al ternati ve mechani sms have been suggested, whi ch assume that the 



1 13 

coeffi cient of the tri l i near term i s  sma l l  enough that i t  does not p lay an 

i mportant rol e  i n  the symmetry break i n g  process . 

Whi l e  i t  woul d  be impossi b l e  to gi ve a negati ve mass to a l l the sca l ars 

wi thout mak ing  the potenti a l  unbounded from be l ow ,  i t  i t  conce i vable  that 

radi ati ve corrections push one of these masses down , thereby a l l owing  the 

fami l i ar gauge symmetry brea k i n g  mechan i sm to take pl a ce .  The leadi ng 

l ogari thm corrections to the n poi nt verti ces associ ated to (2)  can be 

eval uated by a renorma l i zati on group -i mproved cal cu lati on based on the 

rel e vant 1-l oop diagrams . 

When i t  comes to wri ti ng the correspondi ng renorma l i zed Langrangi a n ,  one 

i s  obvi ously free to choose the most convenient renorma l i zati on poi nt  -the 

one whi ch mi n i mi zes  further radi ati ve correcti ons .  S i n ce we want  to use a 

grand uni fied theory, i t  i s  natural to use the "grand uni fi cati on sca l e "  as a 

substracti on poi nt ,  and to impose the va l ues  of the soft brea k i n g  terms at 

that sca l e .  Thi s defines the theory once and for a l l .  

Thi s choi ce of renorma l i za ti on constants guaranti es  that, e. g . , the 

3-poi nt functi on associated to eRHeL has va l ue m312 . A . ge when eval uated at a 
2 2 

momentum transfer -p = µGUT "  Thi s ,  however ,  does not tel l  u s  directly what 

the va l ue of that functi on i s  for l ow energy scatteri ng !  Thi s va l ue can be 

computed by summi ng the perturbati on series,  accordi n g  to the renorma l i zati on 

procedure presented above . Al ternati ve ly,  one may fi nd  i t  convenient to 

rewri te the Lagrangi an i n  terms of another substracti on poi nt ,  usi ng the 

renorma l i zation group equati on s ,  so as to mi n i mi ze the va l ue of further 

radi ati ve correcti ons eval uated at l ow energy . The same i s  true for 

the coeffi cient of, say , H+H in ( 2 ) .  Whi le  i ts val ue i s  f ixed to +m�12 when 

the theory is renorma l i zed at the GUT sca l e ,  thi s does not imply that the 

vacuum is stabl e .  One possi ble  test for the stabi l i ty of the vacuum is the 

presence of Tachyons :  the l ow-energy behavi or o f  the 2 poi nt  functi on 

associated to H+H must,  therefore , be ca l cul ated by summi ng the corresponding  

diagrams at l ow energy . I n  other terms , the renorma l i zed Lagrangi an does not 

te l l  us the whole story wi thout cal cul ation , and what matters is in fact 
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the effecti ve potenti a l . Whi l e  the two substracti on poi n ts lead to stri ctly 

equi va l ent  theories ,  accordi ng to a re-parameteri zation associated to the 

renorma l i zation group equati ons ,  one mi n imi zes the radi ati ve corrections at 

h igh  energi es  and i s ,  therefore , useful i n  establ i sh ing symmetri cal boundary 

condi ti on s ,  whi l e  the other, whi ch mi n imi zes the radi ative correcti on s at l ow 

energy ,  i s  cl oser to the effecti ve potenti a l , and therefore i n di cati ve of the 

( i n )  stabi l i ty of the tri vi a l  vacuum. 

The renorma l i zation group equations for the various parameters appearing 

in (2 )  are at present we l l -known . We l i st the most re levant ones ,  

fol l owi n g  the notati ons of ref .9b )  ( G  i s  the Hi ggs doub let coupled to uR , H 

i s  coup led to dR ) 

dM2 
4112 __ 

Q 
= 2 (_!_{:1. t:I. dtnA 2 u u 

t M2} + :l.o:l.o , Q 

+ M
2 t 
H Tr:1.0 :1.0 + 

t t l + nunu+ nono 

:l.tM2:1. t 2 
u u u + :l.OMO:l.O 

- 8 i:: c ( Q l/ 
a=l , 2 , 3  a a 

+ M
2 
G Tr>. u:I.� 

2 g(l 

2 dnu t t t w 2 ] 411 dtnA = nu [ S:l.u:l.u + 3Tr:l.u:l.u+ :1.0:1.0 - 2Caga 

+ 2\u [ 2:1.�nu + 3Trnu:I.� + :1.6110 + 2C�µag!J 

d:I. 
4112 

dt�A Au [ 3 ( :1.�Au + Tr:l.u:I.� ) + :1.6:1.0- 2C�g�J 

( 3 . a )  

( 3 . b )  

( 3 . c )  

( 3 . d )  

( 3 . e )  
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where Q , L represent quarks and lepton doublets, Au • AD are the Yukawa 

coupl i ngs  whi ch provi de the quark masses and mi xi n g  angl e s ,  nu i s  the 

coeffi cient of the tri l i near coupl i n g  uR G ql ' and obeys nu = Am312Au at  the 

G . U .  sca l e .  Ca ( X )  are the Cas imir coeff i cients for the representati on X of 

the gauge subgroup SU ( a )  ( the charges squared for a=l ) ;  G i s  the "Hi ggs" 
2 f ie ld  coupled to the up quarks. [M0 , Au • • • •  are matri ces i n  generati on 

space ] .  c2 = C ( Q )  + C ( U )  + C ( G ) ;  Cd= C ( Q )  + C ( D )  + C ( H ) .  a a a a a a  a a 
I t  i s  easy to check from eq . ( 3 )  that the mass of the scalar fie lds  i s  

"pushed" down by the Yukawa coup l i ngs when A decreases .  On the 

other hand, gaugi no masses µ seem to i ncrease M� . As a resul t we expect that 

the parti c le  wi th the l argest Yukawa coup l i ngs and the sma l lest gauge 

coupl i ngs wi l l  be the first to deve l op a negati ve "mass"  term. Thi s  poi n ts 

i mmedi a te ly to the Hi ggs f ie ld  coupled to the top quark, whose Yukawa 

coup l i ngs are further enhanced by a color factor whi ch the top s-quark does 

not enjoy . Furthermore , the top squark i s  protected by i ts gauge i n teracti on 

i f  the gaug i no masses turn out to be l arge . 

Thi s far the model seems to rema i n  qui te predi cti ve , s i nce eq . ( 3 )  only 

depends on the phys i ca l  Yukawa coup l i ngs and on the parameters A, B, m3/2 
appeari n g  i n  ( 2 ) .  ( no gaug1 no mass i s  present i n  ( 2 ) . )  Several mode l s  have 

been suggested a l on g  thi s l i ne ,  usua l ly requesting a fai rly heavy top quark . 

I t  shoul d be remarked, however ,  that the hypothesi s of van i sh ing  gaugi no 

masses i s  not justi fied. I t  is i ndeed simp le to check that (2 )  generates 

such masses at the one-l oop l evel ; furthermore , they become l ogari thmi ca l ly 

di vergent at the 2-l oop l eve1 , 7 l  whi ch imposes some renorma l i zati on .  I t  i s  

therefore fai r to say that the gaugi no masses µa appeari n g  i n  ( 3 ) s hou ld  be 

treated a s  arbi trary parameters ; the number of those parameters bei n g  only 

reduced by the requi rement of grand uni fi ca ti on . ( see ref . 10 )  



1 16 

As a consequence .Q.!_ thi s ,  the vari ous mode l s  become a lmost 

unconstrai ned, wi th predi cted gl uino and _!£P. masses varying between 0 and 200 

GeV ( see e . g . , ref . 1 1 ) .  The reason why the sol uti on of eq . ( 3 )  i s  so 

sensi ti ve to gaugi no masses ( more speci fi ca l l y  gl uino masse s )  i s  somewhat 

i ndi rect: whi l e  µ3 does not appear in ( 3 . a ) ,  i t  enters in ( 3 , 6 ) where i t  
2 pushes up the s-quark masses, whi ch i n  turn enter ( 3 . a )  to push down MG . 

Lepton Number V io l ation 

We wi l l  have more to extract from equation s  ( 3 ) ,  speci a l ly when we wi l l  

dea l wi th quark mi xi ngs .  One i ntri guing possibi l i ty deserves to be exami ned; 

namely, the questi on of l epton number conservation . 

As is wel l -known the sca lar partners of the lepton doublets have the 

same quantum numbers under S U ( 3 )  x SU ( 2 )  x SU ( l )  or SU ( 5 )  as the " h i ggs "  

boson s .  For thi s reason , some di screte symmetry i s  used to avoi d exp l i ci t  

non-conservation of l epton number a t  the Lagrangian l eve l (one can e . g .  

requi re i n variance under a transformation where a l l  lepton fie l ds change 

s i gn ,  whi l e  "hi ggses "  stay unchanged ) .  Such a symmetry i s  usua l ly 

inp lemented as part of the susy R. symmetry [i t i s  i nteresti n g  to note that 

such precautions are unnecessary in other gauge groups, l i ke SO ( lO )  where 

Hi ggses and leptons occur in di fferent representati on s ] .  

Even i f  the bare Lagrangian conserves l epton n umber, the possi bi l i ty 

sti l l  exi sts that spontaneous symmetry breakdown viol ates i t. Thi s  can 

i ndeed be the case in the present approach : there i s  a zero di rection of the 

quadrati c term of the potential corresponding to <[0>2 = <G0>2 - <H0>2 ; the 

i ssue of spontaneous l epton number v io lati on then depends on the evol uti on of 

the sca lar  masses, accord ing  to eq . ( 3 ) . The si tuati on has been studied i n  

detai l i n  ref . 12 ,  whi ch showed that a necessary condi ti on woul d  be mt > 5m1 . 

In view of the present l i mi ts on mi thi s seems un l i ke ly ;  i t  shoul d 

neverthe less ,  be kept i n  mi nd that most l i mi ts are sti l l  condi ti onal , and 

that, on the other hand, the presence of a 4th generati on cou l d  sati sfy these 
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bounds. I t  is i nteresting to mention some of the parti cular consequences of 

such lepton number vio lations .  

Fi rst, i f  the vio lati on i s  i n deed spontaneous, a Gol dstone boson - the 

Majoron - i s  expected to appearl3 l . Thi s causes some trouble wi th the 

stabi l i ty of red giant stars ,  but can be a voi ded at the cost of an expl i ci t  

break i ng  of l epton numbers , whi ch i s  eas i l y  rea l i zed  by i n troducing ri ght­

handed neutrinos and Majorana masses ( the phenomenol ogi cal consequences of 

such break ing  can be mi n i mi zed by the use of l arge Majorana masses and sma l l  

coupl i n gs between left and r ight  handed neutri nos ) .  More i n tere sti ngly, 

<v,> wou l d  mi x wi no ' s  and l epton s ,  leadi n g  to neutr i no masses ,  departures 

from l epton uni versa l i ty and, last but not least, production of odd numbers 

of supersymmetri c partnersl4 l . 

Look ing for Sypersymmetry . 

W i th the exception of an ( un l i ke l y )  v io lati on of lepton number ,  the yet 

unseen spectrum of the above model s con si sts at least, i n  heavy sca lar 

l eptons and quarks ( left and r ight handed partners sl i ghtly mi xed ) ,  heavy 

gl uinos ,  two Di ra c  Fermi on s made out of the 4 Weyl spi nors (w+, -; , h+, h ) ,  

and 4 Majorana spinors whi ch are l i near combi nati on s of (W0,  b0, h0, h0 ) .  We 

wi l l  use h1 • • •  y4 J to l abe l those neutra l mass e i genstate s .  In any case , 

there � no fundamenta l  � why any of these parti c les shou l d  be l i ght; 

the i r  masses are rel ated to the effecti ve sca le  of SUSY breaki ng ,  whi ch can 

be severa l TeV ' s . Thi s i s  essential to keep in mi nd when experimenta l  data 

are exami ned, as shou l d  be remembered that on ly corre l ated l i mi ts can be 

gi ven ( see an example be l ow ) .  

Not only can the masses be l arge , but the actual e i genstates depend 

strongly on the type of model chose n .  For a di scussion of the gaugi no masses 

and mi xi ng ,  see e . g . ,  ref . 15 .  In two extreme case s ,  we may form Di rac 

spinors out of (w-w+ l and ( h:h+ l on one hand ,  or (w- , n+ l and ( fi- , w+l on the 

other hand. The first case provi des for a vectorl i ke theory (no 

forward-backward asymmetry i n  the producti on ) ,  wi th the first fermi on more 
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strongly coupled  to W and Z than the second, whi l e  the other case provi des  

for 2 parti cles  wi th simi lar  coupl i ngs to  W ,  Z and a forward-backward 

asymmetry in e+e-production somewhat sma l l er than a standard lepton pai r .  

These parti cles  wi l l  decay i nto standard l eptons or  quarks ,  p l us some 

neutra l "photi no"  (,Y1 , . . . .Y4 l . Si nce the neutra l parti cle i s  massive ,  less 

energy wi l l  be avai lab le  for the outgoing  l eptons ( hadron s )  than in  a typi ca l  

l epton sequenti a l  decay, whi ch may hamper thei r detecti on . 

Flavour Changi ng Transi ti ons  and CP Vi o lati on 

S ince susy parti cles  are assumed to be produced i n  pai rs,  the simplest  

process  where to l ook for them i s  where 0 pai rs are produced.  I t  is  

readi ly apparent from (2 )  and (3 )  that the sca lar  quarks wi l l  not be  mass 

degenerate ; therefore , they can medi ate flavor changi ng trans i ti ons . 16 ) . 

Contri buti ons to the K0i(o mass di fferences  and CP violation parameters ari se , 

e . g . , from the graphs  

d 

d 

The sca lar  quarks and the quarks themse l ves cannot in general be 

di agonal i zed simul taneously, and more mi xi ng parameters shou l d  thus be 

i n troduced.  Ref . 9  has shown that on ly mi l d  constra i n ts on the squark masses 

can be extracted from the KK mass difference . 

As far as the CP vi o lati on parameters are concerned, only simp l i fied 

cases have been con sidered so far ,  where the squark mi xing  was i denti fied to 

the usual Kobayashi -Mashkawa matrix,  and the extra phases associ ated wi th 

susy18)  have been neglected .  I t  i s  noteworthy that al ready i n  thi s 

approxi mati on 1 9 ) 20 l , the squarks/g l ui no contri bution can fl i p  the si gn of 

£ 0 /£ wi th respect to the standard mode l ; sma l l  or negati ve va l ues  can be 

fi tted.  The l ow experimenta l  va l ue quoted for £ 0 /£ ( these proceedi ngs )  
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cou l d  be the only experimenta l  hi nt  i n  favor of supersymmetry . However,  the 

un certai ni ti e s  associated with the predi cti on of e ' le i n  the standard model 

do not al l ow such a concl usi on ; a l so ,  several other schemes cou l d  account for 

the va l ue of e ' / e  {e . g . , L . R . mode l s ) .  

SUSY Pai r Producti on 

Thi s has certain ly  been the most i n vesti gated top i c  in SUSY searches .  

For a general review, see e . g .  ref . 2 1 .  The associ ated producti on o f  glui nos 

and/or squarks wi l l  be dea l t  wi th in great detai l by M .  Barnett { these 

proceedi ngs ) , in order to i l l ustrate the di ffi cul ty to gi ve mode l -i ndependent 

l i mi ts I wi l l  focus on the s imp l est poss ib le  system of SUSY parti cles,  and 

dea l wi th sca l ar e lectrons el , eR and neutra l i nos Y1 · · · Y4 {a l l  neutra l SUSY 

fermi ons are denoted y be l ow ;  the i n dex refers to the mass, yl be i n g  the 

l i ghest;  whi l e  yl i s  often assumed to be "the " photi no,  there i s  no 

compul sory reason for thi s ) .  Several processes have been suggested to 

observe those parti cles2 2 l . The fol l owing  graphs summari ze them : 

"Tagged"  Producti on Heavy Photi no  Producti on 

2 D. :.- - - -- -"Y,, � 
. o.. f! ,L+ Lt" -

- - - - - - r!I. 

Se l ectron Producti on 

e �  e � e-t-
3.a. 

3 . b  : i' . 

'i .  
Whi ch o f  these processes i s  most favorable  for observation depends strongly 

on the mode l . I n  the case of photi no  producti on , e exchange ( 1 ,  a , 2 ,  a) i s  

i mportant;  i f  y1 i s  a hi ggi no these graphs are negl i gi bl e .  On the other hand 

lb van i shes  for a pure photi no  but not for a h i ggino .  The processes 

descri bed in 1 are further suppressed by the e lectromagneti c coup l i n g ;  
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therefore , the processes i n  ( 2 )  (where y1+r2 + quark s ,  or l epton s and r1 
escapes ,  whi ch gi ves a "one s i ded event" ) can be competi ti ve i f  my l  + my2 < Is 

and the mi xing i s  not negl i gi bl e ,  or i f  2m- < IS. The re l ati ve i nterest of 
Y2 

( 3 )  and ( 4 )  depends upon the rati o m- /m- ,  but a l so on the nature of the 
Y e 

i n vol ved photi no, s ince a h i gg i no wou l d  be very l i ghtly coup led. 

Experimenta l  bounds wi l l  be presented by severa l groups at thi s  meeti ng 

( see e . g . , ta l k s  by Bohn ,  Ho l l ebee k ,  Prepost ) .  Whi le the experimental 

resu l ts are usual ly formu lated i n  terms of mass less photi nos, degenerate 

sca lar el ectrons ,  and assume no mixi ng ,  thi s shou l d  be con s i dered a 

conven ient way of presenting the data rather than a real di scussion of the 

excl uded regi on in parameter space .  Such an enterpri se , as we have tri ed to 

show, woul d  i n vol ve dea l i ng wi th at l east a 4 or 5 parameter space and seems 

somewhat premature at the present stage . 

More subtle di fferences may ari se ; e . g . , i n  the "one-si ded" process (2 ) ,  

the threshol d for r2 r2 i s  a l ways P-wave whi l e ,  i f  r1 r2 are produced, the 

nature of the threshol d behavi or depends upon the re l ati ve s i gn of the ir  

Majorana masse s .  Intermedi ary si tuations are possib le i f  CP i s  vi o l ated23 ) . 

These pecul i ari ti es of Majorana parti c les ,  

whi l e  a potenti a l  cha l lenge for 

experimenta l i sts, woul d be very 

i n teresti n g  to observe . 

As a concl usion for thi s secti on , 

possi ble SUSY s ignatures are many, but 

no one can be poi nted at � the cruci a l  

test; due to the hi gh va l ue � the 

permi tted SUSY effective breaking sca l e ,  +---.......1.....c ______ __: __ _ 

negati ve searches even conducted at  

the next generati on of acce lerators woul d not 

comp lete ly excl ude the exi stence � SUSY partners .  

But � posi ti ve evi dence for SUSY may appear every day . 



121 

3 .  Fi n i te Mode l st 

The i nfi n i ties  re lated to the perturbati ve expansion of gauge theories  

are adequately  dea l t  wi th by the renorma l i zation procedure . As we have seen 

when deal i ng wi th the "h ierarchy" probl em thi s ,  however ,  mi xes  the vari ous 

sca l e s  of the model and often resul ts in the i n troduction of more 

phenomenol ogi cal parameters.  

It  has been shown recently24)  that a l arge class of fi n i te theories  

cou l d  be  bui l t. They rest on  the N = 2 exten sion of supersymmetry 25)  

( hypersymmetry ) ,  and are fai r ly restri cti ve i n  terms of the parti cle contents 

and coupl i ngs .  The basi c structure of such a theory conta i n s  the fol l owing 

physi cal fie l d s :  
group 

vectors spin  ors scalars  re pre sen ta ti on 

gauge mul ti p let  vµ  Al  M adjoi nt 

)..2 

sca lar  mul tip let  �1 Ai 
1 r 

( i ) �� Ai r 2 

W ith respect to N = 1 SUSY , the number of fermi on s for each mul tip let  i s  

doub led ;  for each sca l ar mu l ti p l et, �1 and �� are left handed fermi ons 

transformi ng  respecti vely under the representation r and r of the gauge groupJ 
The "gauge sca l ar"  M transforms according  to the adjoi nt  representation of� . 

The Lagrangian of such theories i s  severe ly constra i ned .  Let us first 

menti on the fi n i teness condi tion whi ch states the vani shi ng of the 1-l oop $ 
functi on :  

( 4 ) 

tThi s work was done i n  col l aborati on wi th Y . -P.  Yao 
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where n and c2 respecti ve ly stand for the di mensi on and Casimi r coefficient 

of the representati on . As we wi l l  see be l ow ,  thi s  condi tion strongly l i mi ts 

the number of poss ib le  matter representati ons for a gi ven group (SU ( S )  i s  

excl uded ) .  

The only Yukawa coupl i ngs permi tted are determined by the gauge 

i nteraction2 6 )  and read 

( noti ce that Al  acts di agonal ly on the i ndi ces  1 , 2 ,  whi l e  M and A2 mi x 

( 5 )  

fermi ons carryi ng the i n dex 1 wi th thei r "mi rror partner" carrying  i ndex 2 . ) 

An exp l i ci t  mass term for the matter fie l ds i s  a l so a l l owed for each 

mul ti p let  i :  

Thi s far we have on ly dea l t  wi th unbroken N : 2 SUSY . As was the case 

wi th N :  1, we may now ask what are thi s  time the "soft breaking terms , "  

whi ch,  whi l e  breaking  SUSY , preserve f i n i tene ss.  

Thi s questi on has  been dea l t  wi th for vari ous groups27 ) ,28 l . Are these 

soft break ing  terms suffi ciently general to a l l ow a rea l i sti c break ing  

pattern for the gauge group? Can they a l so he l p  us get ri d of the unobserved 

mi rror symmetry impl ied  by N 2? 

We wi l l  con s ider here the special  case where the soft breaki ngs are 

di agonal in the matter representations ( ful l expressions can be found i n  

ref . 28 ) .  In  addi tion to N : terms, we may i n troduce : 

12 M2 + h m M . c . 

.:!_ oP - . A +iMA j 
2 1 J m n 

mn 

1 i j - - m - -A A + h . c . 
2 1 J 

( 7 . a )  

( 7 . b )  

( 7 . c ) 

( 7 . d )  
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where Ai UAj is on ly  permi tted for rea l or pseudoreal  representati on s ,  and U 

i s  the matri x whi ch projects out the singlet  out of A A (e . g . , E kt i n  

the case o f  SU ( 2 ) ) .  The Majorana-l i ke terms ( 7 . b )  and ( 7 . c )  appear tota l ly 

unrestri cted by perturbati ve fi ni teness,  whi l e  the terms ( 4 . a ) and ( 4 . d )  have 

to obey : 

oPi j  
= - 2./'l mi jgomn 

mn 

( 8 . a )  

( 8 . b )  

( 8 . c )  

where n i s  the number o f  matter representati ons .  A s  appears readi ly  from ( 7 )  

and  ( 8 ) , the mirror symmetry whi ch rel ates Ai a n d  A2 i n  J:. can be eas i ly 

broken by choosing  omi * om� , si nce on ly the sum of those quanti ti es  i s  fixed  

for each matter representation by ( 8 . a ) . 

Thi s break i n g  of the 1 + 2 symmetry only  app l i es thi s far to the boson i c  

sector, and the rea l  concern we have i s  about the fermi oni c  sector. Before 

dea l i n g  wi th thi s we shoul d attract attenti on to the fact that, whi l e  

condi ti ons ( 8 )  guarantee the perturbati ve fi n i teness o f  the theory, they say 

noth ing  of the stabi l i ty of the vacuum. I ntroduci ng  negati ve mass terms , as  

i s  customary i n  spontaneously broken gauge theories may prove dangerous . The 

danger i s  qui te general in view of the exi stence of n umerous f lat  di recti ons 

i n  the quadrati c part of the potenti a l , l eadi ng  to unboundedness from bel ow. 

Whi l e  a general study seems extremely di ffi cul t, a few i n teresting no-go 

theorems can be found in ref . 28 .  There i s ,  however,  a break i n g  mechani sm 

whi ch i s  safe wi th respect to those flat  di recti ons .  Indeed ,  the quarti c 

potenti a l  has no flat  di recti on where <MA> i s  van i shi ng ,  whi ch i s  a l so the 

condi tion for a ( negati ve ) contri bution to ari se from the tri l i near terms . 

I t  i s  easy to check ( 2 7 )  that such a break i n g  i s  i ndeed both safe and 

possi b l e .  
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Which  Group? 

A general review of the poss i b l e  grand uni fi cation groups can be found 

i n  ref . 29 .  An i n teresting mechan i sm for the break ing  of mi rror symmetry has 

been suggested recently30 )  but unfortunately  not i n  the framework of a grand 

uni fied theory-and such a theory is essenti a l  to ensure fi ni teness, si nce 

sma l l  groups and a forti ori U ( l )  factors cannot sati sfy eq. ( 4 ) , whi ch has to 

be true for each factor group. 

Thi s is a bi ased review of groups sui table  for the constructi on of a 

grand uni fi ed fi n i te mode l .  The bias comes from the fact that we gi ve 

specia l  i mportance to the break i n g  scheme i n  whi ch the tri l i near coup l i n g  

p l ays a centra l rol e ,  as  exemp l i fied  i n  the previ ous secti on . I n  general , 

both the adjo int  and at l east one matter representation wi l l  then deve l op 

v . e . v .  ' s  <M> and <A1R.> respecti ve l y .  

As a consequence of the presence o f  the on ly a l l owed Yakawa coup l i ng,  

gip2R.Mip1R. , "Di rac" mass terms wi l l  be  induced,  l i n k i n g  o/1R.a and ip2R.a, where a 

i s  an i n dex  i n  group space . S i n ce under the unbroken l i ttle group g1 <M> 

nece ssari ly transforms as a s ing let  whi le  o/1 and o/2 transform under reduci ble 

con jugate representati ons R1 and R1 we woul d get massi ve Dirac  fermi ons 

i n teracti ng in a vector-l i ke way wi th the gauge boson representing g1 . (Thi s 

pi cture woul d be modi fied for the "generation"  directly l i n ked to <A1R. > ,  

s i nce we have the further entry ip2R.A2<A1R.> + o/1A<A1+2 > ,  b u t  woul d  sti l l  

obta i n  for most of the fermi on s i nvol ved ) . 

As a typi cal  examp l e ,  let  us imagine a toy mode l based on S U ( S )  [a 

rea l i sti c model i s  i mposs i b l e ,  s i n ce a l l  observed parti cles  cannot be 

i n cl uded] . The usual breaking  a l ong  the adjo int  (24 )  l eaves  SU ( J ) XS U (2 ) XU ( l )  

i nvariant;  however ,  i t  joi ns the 10 + TO, 5 + 5 i n to Dirac fermi ons ;  

i n  the 5 representati on we have : 



125 

2 d 
2 d 

�2�1 <M> - ( d  d d e v-i 2 d 
-3 e 

-3 v 

Thi s may prove a major drawback in the way to construct mode l s . There are , 

of course , several ways aroun d .  W e  wi l l  l i st them briefly,  a n d  concentrate 

on the direction whi ch seems most promi s i n g .  

- I f  the group G i s  l arge enough that the physi ca l l y  i n teresti ng  parti cles are 

not affected by <M> ,  one may avoi d the above troubl e .  However, the 

di ffi cul ty wi l l  pop up aga i n  at the l eve l of the unbroken subgroup g1 . The 

breakdown of that group wi l l  then have to proceed via the matter 

representati on a l one . Such break ing  schemes are usua l l y  not very promi sing ,  

however ,  because the defi n ing  representati on above breaks SU ( S )  i n to SU ( 4 ) , 

SU ( 3 ) , SU ( 2 )  • • •  assumi ng  that enough i ndependent sets of sca l ars are 

avai l a b l e .  

Noti ce , however, that for each matter representati on , one subset o f  the 

parti cles  appearing  in ( 9 )  can be made massless  by i n troducing  suitable mass 

for the matter mul ti p l e t, resul ti ng here i n  a cance l l ati on betwen (6)  and ( 9 )  

for ei ther the "quarks" o r  " l epton s " .  Thi s means that i n  such a scheme , 

physi ca l leptons and quarks cannot be found i n  the same mul ti pl e t  (as a very 

l ong shot, thi s can be seen as an argument  for an extended proton l i fetime ) .  

-By adjusti ng  mi , m� , 6m2 i n  eq .  ( 1 . 4 )  one can tune the rati o <M > / <A> ; i f  <M> 

i s  made negl i bi bl e ,  one finds directly the above si tuati on , where the matter 

representations above are to be he l d  respons ib le  for the whole breaking  

pattern . We  must keep i n  mi nd,  however ,  that on ly a very l i mi ted set of 

matter representations i s  ava i l ab l e  due to the fi n i teness condi ti on s .  

-A more expedient way woul d  con s ist  i n  gi ving  ab i n i ti o  a l arge (Majorana ) 

mass to the fermi ons correspondi ng  to , say �2t · The presence of <M> woul d 

then only i nduce a s l i ght perturbati on i n  the di agonal i zati on of the mass 
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matri x of (w1t , w2t , Al • A2 ) ,  and l eave a state close to w1 e ssenti a l ly 

massless .  Such a Majorana mass µ w2t w2t i s  usua l ly forbi dden , for i t  wou l d  

break the gauge symmetry. The necessary condi ti on to a l l ow i t  i s  obvi ously 

that RxR ::>11 , name ly  that the representation R be rea l or pseudoreal . Such a 

mass term i s  a l ways a l l owed i f  i ncl uded i n  an N = 1 soft term 

�itU�tm, where �1 stands for the superfi e l d (A1 , Wl•  Fi l .  Thi s sol uti on 

seems to be l eading from bad to worse ! Instead of havi ng  a "rea l i ty"  problem 

associ ated  to the presence of R +"""R for any representation R in use , we 

further deman d  that R i tse l f  be (pseudo ) rea l ! 

The advantage , however, i s  that such a doubl i ng a l l ows us to compl ete ly 

e l i mi nate R from the observab l e  spectrum, and l i berates us from the 

uni que but unwanted Yukawa coup l i n g  w1Mo/2 · A corol l ary of thi s  is that the 

l i ght fermi on masses wi l l  have to be generated beyond the tree leve l . The 

l oop di agrams i nvol ved may prove cons i derably less transparent  to eval uate ; 

on the other hand ,  they consti tute very " soft" effecti ve mass terms for the 

fermi ons,  which may be an i n teresti ng  property .  

W i th the above moti vati on i n  mi nd,  we now turn to a l i st o f  the groups 

suitable  for grand uni fi cati o n ,  payi ng speci a l  attenti on to the rea l or 

pseudoreal representations.  

For each group ,  the tables  be l ow l i st the representati ons whi ch are 

permi tted by the fi n i teness condi tion ( 1 . 2 ) ,  the i r  real / complex  character,  
"R • 

Cz ( R )  
their  i ndi ces  ( - ) .  We have exami ned successive ly  the groups* 

"adj 
S U ( N ) ,  S0 ( 2N ) ,  S0 ( 2N=l ) and the exceptiona l groups E7 ,  E8 . 

Whi l e  S0 ( 9 )  comes cl ose to the correct parti c le  content, using  the 16 

representati on , i t  i s  known not to have the correct charge assi gnments ( the 
... 

ri ght'.handed l eptons transform l i ke doubl e ts under the SU ( 2 lweak group ) .  We 

therefore do not con s i der i t  here . 



S0 { 9 )  1 16 
{ B4 )  9 

I 36 
SO( 11) 32 

{ B 5 )  I 11 

I 55 som 64 
{ B 6 )  I 13 

Rea l  
Pseudo­
Complex 

R 
R 
adj p 
R 
adj p 
R 
adj 

Max 
Number 

Index Al l owed 

4 
2 

14 
8 
2 

18 16 
2 

22 

3 * 

2 

so ( 10 )  
{ D5 )  

0 
{ D6 I 

S0(14) I 
{ D 7 )  I 

16 
10 
45 

12 
66 64 
14 
91 

Rea l  
Pseudo­
Complex 

c 
R 
adj 

R 
adj 
c 
R 
adj 

Max 
Number 

Index  Al l owed 

4 
2 

16 
8 
2 

20 16 
2 

24 

4 

2 
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I 78 
R 32 

2 
26 

NO ��gs' I 128 
16 

120 

R 32 
2 

28 

forbidden 
R 
adj 

E7 56 R 
133 adj £8 248 

*wrong parti cle content 

12 
36 
60 

3 
(N-4) 

50(5) 

50(6) 
{ A5 )  $0(8) 
(A7 ) 

5 
10 
24 20 
35 70 
63 

R 
adj 

c 
c 
adj 
R 
adj 
R 
adj 

I 
3 

10 
4 

12 20 
16 

3 * 

NO. 

I f  we i ns ist  on havi ng  l equivalent "generati ons"  i ncl uded wi thi n  the 

matter fiel ds we see that none of the SU or SO groups can sati s fy the 

fin i teness condi ti on s ,  whi l e  reta i n i ng an acceptable parti cle content.  ( We 

excl ude a pri ori the real N representati ons of SO { N ) ,  i n  view of the fami l i ar 

probl ems associ ated wi th charge-2 exchanges and have not con sidered here the 

symplecti c group s . ) The only groups accepti ng  a tri p l i cate matter generati on 

structure with real or pseudoreal representati on are E7 and E3 . For E7 , 

tak i n g  3 time s the spinori a l  representati on 56 exactly sati sfies  the 

fi ni teness condi ti on : thi s  group , therefore , appears as a very strong 

candi date . Es i s  a speci a l  exampl e ; si nce one cannot di sti ngui sh  between the 

gauge and matter fermi on s,  i ts more natura l framework i s  N=4 supersymmetri c 

theory . 
The constra i n t  to have equi va lent  tri p l i cati on of the matter generati ons 

as  a uni que sol uti on is obvi ously very attracti ve . We may nonethe l ess thi nk 

of rel axi ng i t, and take i n to account the gauge fermi on s as was done for the 

*Same addi ti onal soluti on s can be found i n  the case of ps3�ctoreal 
representati on s for a di fferent rea l i zati on of N = 2 SUSY l . 
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case of E9 . The sma l lest  group then turns out to ge gi ven by SO ( ll )  [as the 

_!i representati on of SO ( lO )  i s  not rea l ] .  ( Of course , l arger groups than 

SO ( l l )  may al so sati sfy our cri ter i a ,  but we shou l d  note that the i ndex of 

the spi n o i da l  representation grows geormetr i ca l ly,  whi l e  that of the adjo i n t  

on ly l i nearly.  Therefore , groups l arger than SO ( l6 )  must be excl uded from 

our analysi s . ) Focusing on SO ( l l ) ,  we may sati sfy the van i shing  beta 

functi on cri teria ( 1 . 2 )  by i nc l ud ing  2 ( 3 2 )  + 1 ( 1 1 )  as matter representation s .  

When decomposed under S U ( 5 ) ,  thi s  gi ve s :  

32 = '5" + 10 + 1 + 1 + TU" + 5 

11 = -;- + 5 + 1 

55 = 24 + 1 + 10 + TU" + 5 + 5 

and we , therefore , obta i n  the requi red 3 (5+10 )  fermi on i c  content. We have 

checked that a sati sfactory break i n g  patterm down to S U ( 5 )  was i n deed 

poss i b l e ;  in view of the many parameters sti l l  present, study of the further 

break ing  steps proves di ffi cu l t. 
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