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SUPER SVPif’lETRV AND MODEL BUILDING

Stuart Rabg

Theoretical Division
Los Alamos National Laborator
Los Aldt’tIOS, New Hexico 8754 #

ABSTRACT

We presen! an introductory review of su ersymmetry
dnd supersymmetric model buildin ,

f
F he topics

discussed include, a brief Introduction o the formalism
of supersymmetry, the gauge hierarchg problem, the
minimal

f
su ersgmmetrlc standard model and

supersymmetr c grand unified theories.

1. INTRODUCTION TO wERMMHETRV [SUWI

The extended rigid Polncar6 SUSV algebra Ir, eludes the

folloulng genwators

(1,1?

where Q are the supersymmetrg charges, P and M are Poinc~r~

generators and G are generators of an Internal s~mmetry grollp II;.

The indices w,&,=l,2; M,v=0,,,,,3; a,b=l,..,,dadJ (where d~d, 1S the

dlmenslon of the adjolnt representation of G) a,ld l= I,,,,,N, Q ,NId fi

,lre anti-commuting Wegl spinors with ~&l= (C)wl)t. For d ~G9et”dl

I“”CVIGW of SUSV, including more detdllS of topics dlscussad III tll(?:?~

lt?ctIIres, see refs. [1-5] anct the orlg!nal papers ,’eferenc~d thnf”nlll,

(1.uo II::(+ [he splnor not,ltlon of Hdber and Kdlle[4]).

“III(!generators of (1,1) satlsfg the SUSV algebra

( 1,.’,1)



( Qw’ , Qpj ) = 2 Eap Z’J

[PM, PJ=O

[ Ga ,Gb != 1 fabc G=

[ Ga , QWi l=(Ta)’J QaJ

(1.2b)

[Our conventions are qy~ = (1,-1,-1,-1); PP=(E,~); =p&P= (l,-;),

(#=p =(1, 6) where ~ are the standard Pdull matrices given by

[1CT’+ ,cr2=[!-w ~3=[L1’1The Lorentz generators in this

spinor representation are given bg (UMU)~P - } (crB@ - cr”~y ) and

(~w)~p . (@ ~~ .~~ CM ) ,]

The first equa[lon of (l,2a) Indicates that the SUSV charaes are

conset-ved and indeed this requires that the Lagrangian be Inv,wan[

under SUSV transformations which take bosons into fermlons dnd

vice versa, In the third equation of (1.2a) the central charge Z only

exists for N > 1, Equations (1.2b) define the internal symmetry

i:: ,~ebra G, The maximal symmetrg group !s G-U(N). For N = 1 this

U(1) symmetry 1s commonly referred to as R Invariance, Finally

e~ui]tlor,s (I,2c) define the LoYentz properties C! the generators,

Prlot- to SUSV it had been shown lhal the maximal s!jmmolf!~

!jt(](.ip of the S-matrix containing the Polncare group P dnd 1]

t:i>mpact Ll~ group G Idas the direct product group IPxG, This IS 111(!

[;t)lcman.-rlafl[jula thoor~m which considered the posslblllt!l 01 (III

~]lgcbrr~ of commutation reldtlons only. SUbsequell l!!/ II II Ii!],

l.oplls~dnskl dnd Sohnlus generalized the ~~lqebr”r~ (o 111(:111(1(!

,N1!! -(;~lnlln!.it(llot-:; (Is WCII md shouad that the Polncilt(! :;lif)~!t,lll](lllt,l

1~1 t 1,.:) l:; 1.110 rnfixlmal symmetrg algebra of tlm 2 4HIII I IS (III :1~111



dimensions, of course).



The algebra (1.2) already exhibits one of the remarkable

features of SUSY, i.e. the vacuum energy in a theory of rigid (or

gl~bdl) SUSY 1s an order parameter for spontaneous SUSY breaking.

Consider the second eqUdtlOn of (1.2a), we infer the following result

2 Es Tr(crM PB)=&=ll Q-i 12 ~ O (1.3)

Taking the vacuum expectation value of (1.3) we obtain

E“a==(OO=~Z_l Q-i 10>12~0 (1.4)

Thus Eva= = O iff Qwi 10> =0 V i . Note that for rigid SUSY lf

?Ile (of N) supersymmetrles are broken, they all are broken. For
:7-3!.“U. SUSY, on the otherhdnd, It IS possible to break an N extended

~;;5’TI to any N’< N,

Let us now find the massless irreducible representations of N

SUSV. Consider a massless particle moving in the -z direction with

four momentum Pp =( E, O,O,E) satisfying P2=0. From eq.(l .2) we find

( Qa’ , ~&J )=281J( I_& E+da&E)=481JE[~~j (1.5)

( Q~i , QPJ)=O

uhere ue’ve taken Z’J = O. We then define raising and lowering

dper-d[ors

al ~-m Q,i , a’[=}c Qll (1.6)

satisfying

(a’, a’J)-81J , (al, aJ)-O,

We take Q#O, The raising and lowering operators of (1,6) act

on the single particle states with hellclty X ,

define the Paull-Lubanskl spin operator

i%? ( M,J Mk ) Is the hellc’rhcn WO = = ‘lJk

kIJE, A’=k EIE, A> ,

II I:] nou easy to check that the ~tdte d’l

J ~ ‘/.,,.



Thus the raising and louering operators raise and lower the

hellclty of the state by half a unit. Explicitly we consider

using (1.2c) (1.9)

We then find

WOa+il E, XJ=E(k+~)atll E,X> (1 10)

m lE, k+}, i>= atil E,XJ .

We can now use the raising and lowering operators (1.6) to

construct the massless irreducible representations of N SUSY. We

just start with any state ! E, ~> and act with the raising operators

until we reach the highest helicity state which is annihilated by all

the raising operators. We generate in this way all states !rI one

Irreducible representation of N SUSY. In table 1 we give d fe.u

examples,

Table 1

N=4 -~ u~
1

0

-’/,
-1

N=2

‘/,

-’;2
2

3/,

1

1

4

6

4

1

1

2

1

2

3/,
1

‘/,
o

1

‘/,
o

+ CPT conjugates

1

4

6

4

1

+ CPT

con].

+ CP”T

(:(-)11;,



N=l
1
/ 1 + CPT

02 1 conj. ~/2

1 + CPT

1 con!

2 1 + CPT conjugates

3/, 1

The CPT conjugate states are necessary in order to construct

Lorentz cova~lmt quantum fields. In the N - 1 case, the multiplet

whose highest weight Is ‘/z 1s called a chlral multlplet, the vector

multiplet has highest weight 1 and the gravltg multlplet has highest

weight 2.

Each of the above multlplets can also transform as an

irreducible representation of some internal symmetry group G. The

gravitg multlplets u!II be taken to be singlets in order to have only

one gravlton. The vector multlplets will be taken to be in the

adjolnt representation of G and the chlral multiples can be Irl an

arbltrar~ representation, Fur N z 2 all multlplets are necessarllg

r~al representations of G; whera a reducible representation r 1s

real if it contains an equal number of left-handed and right-handed

states. Since the observable low energg states of quarks and

Ieptons are pot In real representations of the gauge group

SU(3)XSU(2)XU(1 ) we shall henceforth onl~ consider N -1 SUSV.*

f’lasslve irreducible rapre~entatlons of N = 1 SUSV may be

obtained

exdmple,

massless

Includes

Ma]orana

b~ combining certain niassle$s representations. For

a massive gauge multlplet includes the states in d

chlral and vector multlplet; a massive Olrac multlplet”

two massless chlral multlplets and a massive Wegl or ●

multlplet Includes the states In one chlral multlplel..

● Phenomenologlcal IOIJJ energ~ models ~lth N=2 SUS~ have hocfl

corrstructed[e], Tt!e~ necessarll~ contain so-called mirror fcrmlllll’:.

[1 :~nf!ms dlfflcult to obtt31n d reallstlc spectrum of m,lsnos IH l!! ImI”.ll

f.lm!nrlos



As a precursor to constructing supers~mmetrlc Lagrarglans, we

feel it might be Instructive to construct the Lagranglan for QEC

using tl~o component ole~l splnor nota?!!?n. We shall chocse, b~

convention, to work with left-handed We~l splnor fields only, If v

!s a left-hande~ Wegl splnor field, it annihilates a left-handed

pdrticle and Cy’Jdes a right-handed (anti-)partlcle. The word (antI-)

IS In parentheses since in order to be able to dlstlngulsh particle

and anti-particle one must have a conserved partlcie number. For

Ma]orana fields this distinction doesn’t exist. Vt creates a

!ef{-handed particle and annihilates a rlght~and~d (anti-)particle.

The free equations of motion for yJ are

(3B PM )~~ yJp =Ox(E+~”~)tp=O (1.11)

(ii’1~/E)v=-y J.

If yJ 1s left-handed, then lcr2 W* 1s right-handed. To see this

just takes the complex conjugate of oquatlcn (1.11)

(E+~*”~)w*=ouB (E- ~m~) la2W*=0 or (&-~/E) 1U2 yJ*=l U2 v*.

QED

With these preliminaries aside, let us now consider QED. The

electron 1s represented b~ two Wegl splnors. e- annihilates a

left-handed electt-m and creaCas a right-hanaed positron; ~~

~nn!hllates a left-handed positron and creates a right-handed

~l!?ctrnn, The photon field 1s glvm bg AY . The QED Lagranglan !s

then given by

s!~GD=et6’(ld-e A)e+ 6f6’(itl+e A)~+[m Q (~e)+h. c.]

(1,12)



e+exp(-la)el ; Z ~ exp(+ia)~ (1.13a)

e+exp(+l~) a ; ~~exp(+is)= (1.13b)

(1.1 3G) 1s a sgm,netr~ of QQEO gwerated bg tha ctiil~erved charge

N. a -Q where N. counts electron number and Q 1s electric charge,

(1.1 3b) is commonly called a chlral transformation, This symmetrq

1s explicitly brokan b~ the electron mass term mm(~e). Note, a

term i-’ the Lagranglan of the form (e e) 1s what 1s called a

I“lajorana mass term. It breaks the sgmmetr~ of (l,13a). Since this

s~mmetr~ 1s also a local gauge s~mmetr~, such a term would spoil

the renormallzabllitg of tho theorg.

It 1s often convenient to convert Wegl notation into Dirac

notation, We thus include the following dictionary. We define a four

component Dlrac spinor for the electron W. . Then given

e o (7B

w. 9 ~~ ■ (1.14)

, =25* 7 0

and

& luy~y ‘[-m

the equation3 of motion (1.1 1) are

(~~Pp- m.) W.-O. (1.15)

We also heve

(1.16). .

,

PROBLEM

Dellne the CP transformation UCP such that

e’(x) 5UcPe(x)UcP = a2e(x’)

AL (x) =UCP AB(x) UCP = ( -AO(X’ ), A,(x’ ) )

l~hnt-e x~=(x”,~) and x’~=(x”, .~).

(1,17)



1) Show that UCP S!aED UCP = ~a~~ lff mm 1s real.

2) Show that if mm= Imm Ie’e , one can always remove the phase

by the field redefinition e+e-’ee. Therefore no physical C?

violating phase exists in QED.

SUSY QED

We define the left-handed chiral superflelds

E (u, e) = 6(M) + W ( e Q(Y)) + (ee) F(Y) (1.18)

E (Y, e) = 6(Y) + fi ( e=(~)) + (ee)F(y)

uhere yy = x~ + 1 ea~~ and 9W, &=l,2 is a ~o~ple~

Grassman left-handed We~l splnor. [(ee) = -i e’ ~2 (3 ]. They include

the electron e and positron ~ fields defined prevlousl~. They also

include ~ and ~, a pair of complex scalar fields for the scalar

electron (selectron) and scalar positron (suposltron) ,respectlvely.

F and ~ are complex auxlliar~ fields. E and E are commuting

Lorentz scalar superflelds.

We also define the real gauge prepotentlal

v(x,e,~)= c(x)+ 1 (eX(x)) + 1/2 (ee) [rI(x) + m(x)l -m% A}(x)

+ i (ee)(Gfi(x) + l/26Jb#x)])+ *(ee)@5) m(x)+ @C(x)]+ h.c,

AY is the photon flela, A- 1s the photlno and D Is a real scalar

auxlllarg field, V 1s a real [ V - Vt ] commuting Lorentz scalar

superfleld. The other fields C, X, M, and N aro gauge artifacts, as

we will soon see.

SUSY TRANSFORMATION .
The infinitesimal supers~mmetry transform a~.ion law [bg i!

constant Grassman parameter e-] for a general superfleld 4J(N,@,”;~’I

IS given by

8#=[((EQ)+(~) ),4] (1,20)

l~llh tne supersymmetr~ generators



satlsf~lng (Q=,73J=21CTM ~ti by . A finite SUS~ transformation

is given b~

4(x,e,6) = *(x’, e’,E’) (1.21)

with %’ =X - i(~a% - cd%) , e’=e+e and @= ~+%’.

CHIRAL MULTIPLET

The infinitesimal SUSY transformation for a general chiral

superfleld @(xJe) a @x) + @ (ayJ(x)) + (ee) F(x) [chlral superfields

satlsf~ the constraint ~ @=O where ~~ bg+ 1 ea~ dy ] 1s given by

8C q)(x) = @ (EyJ(x))

6C ~(x)= 1 @ a~% ZIy (p(x) + ~ e F(x) (1.22)

6C F(x)=l a~~p dy V(X) .

The last equation demonstrates that the third component of a

chiral superflgld, the so-called F-term, transforms as a total

derivative. Therefore the F-term can be

Lagranglan densities. The resulting action 1s

Moreover, we note that the product of an~ twa

again a chlral superfleld.

Taking the vacuum expectation value of

we find

<6#x)}=@e <F(x)>.

used to construct

then SUSY invariant,

chiral superflelds IS

the second ~quatlon,

(1.23)

Thus a non-vanishing expectation value for F indicates spontaneous

SUSY breaking. Moreover , if <F>+O , thgn v 1s a massless

Goldstone fermlon ( in the case of rigid SUSY ) or Goldstlno. The

mechanism wherebg SUSY Is spontaneously brokan vla <F)+ O Is.

called the O’Ralfeartalgh mechanism. .
GAUGE f7ULTIPLET

The lnflnlteslmal SUSY transformation for the vector (or gauge)

multiple! 1s given b~



SCX(x) = 1 e D(x)+ UPU e Fyu(x) (1.24)

8C D(x) =%tip ~B X(X) -e GY dM~(X) .

The last equation demonstrates that the so-called D-term (or

last component of a vector superfield) transforms as a total

derivative and thus can also be used to construct an i, ~ariant

action. Again, the product of two real vector superflelds 1s a real

vector superfleld. Moreover, the product of a chlral superfield and

It’s hermitian conjugate 1s also a real vector superfield.

The vacuum expectation value of the second equation g!ves

< 6#x)>=le (D(x)> , (1.25)

Thus < D > is also an order parameter for the spontaneous breaking

of SUSY. If cD)#O then SUSY is spontaneousl~ broken and 1 is a

Goldstlno ( in the case of rigid SUSY). The mechanism of breaking

SUSV via a non-vanish’

mechanism,

GAUGE INVARIANCE

The SUSY generalizti

ng D-term 1s called the Fa~et-Iliopoulos

ltlon of

IS given by

etc.

onl~

u(1)

the local U(l) gauge transformation

(1.26)
~2m@(x,e,Ef)= e- 21~A(x,G) ez~u(x,e,~ e21aA(X.Ql

Et’ (x,e) = Et (X,e) e-ala A(x,SI
and A satisfies ~~ A ~0. In equation (1.24) we considered

those ilelds in V which transform covarlantlg under the loc~l

gauge transformation. All the other fields (C,~,f”l,N) ara gauge”

at-tlfacts, meaning that b~ a sul’.able choice of gauge theg can b~ ‘

transformed to zero. This Is the so-called Wess-Zumino [WZ] gmlge,

The WZ gauge 1s not manifestly supersgmmetrlc i.e. a general SUSV

tt-ansformatlon must be compens~ted b~ a gauge transformation In

order 10 return to the WZ gauge, The WZ gauge has the nlca

f~dture that Vn~O for n?3,



The gauge and SUSV covarlant field strength 1s given by

W- ¤-}~~( e-2mu D- e29u ) . (1.27)

W’a m e-21a AU- e21. A . (1,28)

In the WZ gauge, we find

tNX,e)m-i7b(x)+r D(X)- i #J FYU(X) 1 e +(99) a~ tjX(X)

where FPU ■ dM ~ - au AM (1.29).

It is now possible [o wrlto down the invariant Lagranglan for

SUSV QED , We have

%QED = Id% (E(~,~)e-2au(X~@~~~f(~,e]

. ~t(~,e) e2~ u[x~e~%f~,e) ) (1.30)

+ ( jd2e maE(x,e) E(x,e) + h.c. )

+ ( jd2Q }aa WwW~+h.c. ) .

Note that the terms in equation (1,30) are in one to one

correspondence with similar terms in (1.12). As we shall soon show

the terms in (1,12) are Included In (1,30) In addltlon to novel

supars~mmetri~ contributions, Also note that the first and lds[
terms In !1.30) are in fact D-terms and the middle term IS all

F-term. [ ~d% ■ ~d2e d% ].

In order to do perturbatlve calculations with ~sq~n one mll”;t ,

:hOOti9 d gauge. The SUSV R{ gauges are manl festl~ superqjmm~ttl I:

.[71.I!ILI th~l~ SUSV Ward identities wIII be satlsfled in thestj gaugc:~ ,

‘11~~maq also use the WZ gaug~ ulth tho standard non-S~J5$J F!
t

,i,!llf]~s but these calculations will not t~[; mtIIIIf I!”i IIIl

‘.lll~[!i-sllnlmetf”lc[e], Never thel~ss ang gaugo lnvt]rl~nl [Ilitm! I l!j 111111 t~II.

.:upcirsgmmetrlc.



GENERAL GAUGE INVARIANT N=l RIGID StJSY LAGRANGIAN

Let us now write down the mOst general renormallzab!e SUSY

Lagranglan with non-abelian gauge sgmmetrg group G.

S!= ( ~d2e ~Kkga TrW*W~+h.c. ) (1.31a)

+ J (1.31b)db~ @if e29 ‘[II o,

/
+( d2W4, )+h. c.) (1.31C)

where V(l) -V~(x,e,~)Ta(l); Ta(l) are the! hermitlan generators of

6 in the representation of 4 , , g 1S th~ gauge coupling constant and

the constant k is fixed bg the relation Tr(Ta(f) Tb(f) )Sk bab

with f denoting the fundamental represmtdtlon. Unless otherwise

stated, WG will take k-l for G-U(I) and k=} otherwise, The

quantit~ W( 4,) is a gauge invariant holomorphlc function of *1 and

IS commonlg called the superspace potential.

The Lagranglan Q can now be expanded In terms of the

component fields. This cowesponds to doing the lntogratlons over

the Grassman coordinates e and ~. We find ( using the convention

JC12@(G~).1 ) in the lIJZ gauge

2= - }(FaJ2 + l~a6M~MXa + }(Da)2 (122a)

+l~MKP, l ‘-B~y~l+lF1122+lyJ, u (1.32b)

+ l~g(~; Ta(l)(y@a) - fia~l)Ta(O~l)

+ gDaqlt Ta(l)ql

+F, [dw/@@mo - WlWJ[a2w/bola*j]le.o (1132C)
+ h,c. .

l,lhere the terms In (l ,32a-c) are derlvod from those In (“l,31d..c), ,

t-~spGctlvel~, ~y- ltlV+g AaB Ta(l) and It Is now clear why ~1 1111(: .

[)a iyg Callgd auxlllar~ fields, since thq,j have no klnetlc t~tml:: III

IIIuII” equdtloris of motion. One ma~ use the equations of mol 1o11 tI~I

Fl ,Ind Da to eliminate theso fields from the L,YqrllIlqltIl], I l]”



[62\6F,~ s F, + [ dW/O@,]ltemo = O (1.33)

[62\6Da] ■ Da + gDa#Ta(l)qI, = O .

Eliminating F and D using (l.33)we obtain the scalar potential

V(qI,)~} {Da)2+l F,12 z O . (1.34)

Note the ground state 1s supers~mmetric lff the vacuum energy

vanishes, and V-Olff Fl=Da=O, as discussed previously in

eqns. (1.4, 1.23, 1.25).

NON4?ENORMAL1ZATION THEOREM AND ITS CONSEQUENCES

Supers~mmetrlc. theories have been around for about 15 years

now, II was reallzea quite earl~ that mang miraculous cancellations

ocurred In perturbatlve calculations. We want to recall these

properties of SUSY perturbation theoru and discuss their

consequences. We shall discuss the non-renormalization theorem in

the context of a simple model ,1.e. SUSY QED. Recall the Lagrangian

‘SQED discussed prevlouslg in equation (1.30). In addition we shall

add the following new terms

T 8QED = %ED + (Ajd2e4~E + ‘/2 jd2EI*2 + h,c.)

!+ ef d%V (1.35)

(1.36)

.



The Fegnman diagrams for this theor~ are given In figure 1.

Figure 1

e

<T(e~efl )>-ldPpYflp2-mQ2] ~ ~a

:

<T(~ti)>-l~p2-mm2] s-—————-

Fm

CT(Fa FQ+)>- lp2/[p2-MQ2] —. — .-+. —

The above propagators are all included In the following

superpropagators E

< T ( E(x,e’ E+(x’, e’) ) ) \,

E E

< T ( E(x,e)~(x’,e’) )) ~— x-—~-

Propagators for other chlral fields are slmllar. In addltlon, there

are gauge propagators.

STATEMENT OF THE NON-R ENC)RHALIZATION THE OR::N .
[NRTl[l-~l

,
1) F terms recolve no radlatlve corrections to r~ll~ (IIWI” :11

Imf”tlu-batlon lheorg,
“9

● . ) In suparfleld Iimguiige, dll radlrytlve carractl on’: t~~ lfIIi

,lIIIV:I IVn tlctlof~ are of th~ form

fig % II (1”(3 d%, ,,. dkxn Fl!xl,@,~) ,,, ~:n(X#,~) G(x,, ,,, ,%n~

(1,+;)



where the product F,.., F“ 1s real and FI are products of supwfields

and their derivatives.

Let us look at one example of the theorem. Consider

corrections to the operator ~ d2e~ E. The one-loop graphs are

given in fig. 2a in terms of both supergraphs and component graphs.

According to the theorem these graphs vanish, This result is

trivlallg satisfied at the component level. At two-loops (see flg.2b)

the result is nontrivial and rGqulres the cancellation of several

nonvanlshing contributions,

Figure 2

a)

b)



2) The parameters X, mm and m are onlg renormal!zed

function renormalization.

3) The so-called Fa~et-Illopoulos D-tdrm, e~ j

by wave

dhe v ,

obtains quadratic radlatlve corrections of the form 6~d Z:q, )A2

where ql are the U(1) gauge charges of chlral fields 41 . This

I-esult is obtained at one loop but 1s valid to all orders in

pert urbat I on t heor~.

4) There are no quadratic scalar mass corrections, ~ bg H 0,

5) It is “technlcallg natural” to set the parameters X, m. and

m 10 zero In the bare Lagrangian.

In the next few paragraphs we shall elaborate on thesG five

points.

1) As a result of the NRT the perturbative effective action

is of the form

2 ●ff” I dbe K(4#J’) + ~d% W(4,) + h.c. (1.38)

+ h.c, + D-terms

~~hare W(OI) 1s the tree level superspace potential and ~(411,4J1)

ltlcludw all [he radiative corrections. The equations of motion for

1:., ire g;ven bg the expression

(1.39)

If i~t the tree level the equation [dW/b#l]le.e = O has a solulII~’;,

I t~oll the equation FfO , = O has d solutlon to all ord~r:: 11]

i’i~~]”lulab,lllcn theor~, Thus SUSV Is preserved to all orders, ~11111

l“l!,~ll ,“’fi:; Itldt d SUSY vacuum Is extremal!.~ stable, rhfi ::,11111~

.III,IIIj~I:; CtIII M ~pplled to tha D terms with the Game conclu::l on,



2) Consider the general renormallzable Lagranglan of equation

(1.31) with g interpreted as a bare coupling and assume the

superspace potm’itlal W Includes the following terms,

W = ‘[Jk ‘“l *uJ ‘uk + ‘IJ*uI*uJ “ (1.40)

Then, as a result of the NRT, 1 and m are renormalized by wave

function renormalization onlg. Speclflcall~ we find

~rl,~ = ~,Jk (z,zJzk)’/a and mr,J = m,J (z,zJ)’/a . (1.41)

The renormallzed Lagranglan of (1.31) 1s given b~

2= ( ~d2e ~h ~,a 26 Tr ~,- w,~ + k ) (1.42aj

+ 21~dbe #P~ e2gr ‘r(’] @rl (l,42b)

~+ ( d29W(Z~Ja4ri) + h.c. ) (1.42c)

where the renormallzed fields are defined bg the expressions

* PI= Z~Ja 01 , VP= Zq-l/a f(V) and gp= Z~l~a g. f(V) 1s in general a

nonlinear function of V. Note, that Zr=ZV in a SUSY gauge, which

we have Implicltlg assumed. In a non-SUSV gauge Z* + Zy ,

nevertheless, the renormalization group equations fOr 1 dnd m

I.emaln unchanged[o].

3) The radlatlva correction to ~ at one-loop 1s depicted In

; 1gure 3 We find

figure 3

D

(5!”- ----0

q

A
q - , f+ j 0/b2-m,21 % ( q,) A2 .

I
( I .4.3)



corrections, one must demand that 21 qi= O for any U(1) gwge

sector of tha theory. This condition 1s of course satisfied for

u(1) huparcharqa In the standard model.

4) If 85 = O then there are no quadratic mass corrections for

scalars, The radiative corrections to m discussed in (2) are

Iogarlthmlc corrections proportional to In A. The only other

possible quadratic corrections to scalar masses are usually

generated via propagator corrections as In figure 4. However,

since these corrections must yield a D-term, we find that the

mtential quadratic mass correction necessarllg vanishes,

figure 4

:!le sum of Fegnman graphs In fig. 4 generates the fnlloltilng

~;<presslon at zero momentum

“~ [ - Tr [Uy Py (IU2) U’U PM (-id’)] /(p’- mQ’)’ + 2 p’ /(p’- m~’)’ ]= u

(1.44)

I.islng Tr(aP~U)s 2 qyv , U2U’P a’ ¤~B and m:’ = ma’ , rhq

r~sulting expression for non-zero momentum Is of the form

(1,45)A21n A [~dk@E’E] ,

‘; Qfq, If SIJ5Y IS broken and m;a ~ mm2 , then the ,Y:I(,III;



[Ue shall use the s~mbol A~~ to denote the SUSY breaking scale

defined by m~2 - mm2 = A~~2.1

5) In a renormallzable field theorg, an~ term in the effective

action will t~plcallg be generated in perturbation theorg~ it is not

forbidden by an exact symmetrg, If however one sets a pdrameter

to zero and the sgmmetrg ?ncreases such as to keep that parameter

zero to all orders in perturbation theor~, then one sa~s that It IS

“natural” to leave such a term out of the Ldgranglan. In a SUSY

theor~ , ang F-term with parametur X or m mag be set to zero and

they will not be generated in an~ finite order of perturbation

theorg, even though the sgmmetr~ of the theory may never diJ~

increased, We sa~ thdt, in this case, it Is “technically natural” to

Iewe such terms out of the Lagranglan.

SOFT SUSV BREAKING OPERATORS

These are a set of explicl t SUSV breaking operators which one

ma~ add to a SUSY Lagranglan, Dresfirvlnq the renormalizablilty of

the theo~ ~ the absence of quddratlc divergences. They we

lyplcally generated in the effective dctior! once SUSY IS

spontaneously broken, They are useful in pdrametrlzlng SUSV

breaking effects In realistic models. As an example we give thG

possible soft SUSY breaking operators which ma~ be added to SUSY

QED.

(1.47)

An example of an operator which Is ~ a soft SUSV breaking l.~!ImI

IS !P2YJ*~
To conclude this sec’:on, we pres~nt two f+%ample:i I~r IIII! ‘

radidtlve corrections to parameters In (1.47).

1) ~otmr~c~ns to ~ 9



figure 5

We obtain the following ccrrectlons, respectlvelg

& m~2 * -k2/( 16Tr2) m=2 in (A/m) + e2/(16Tr2) f’12 In(A/m)

(1.48)-h2 A2/(16Tr2) In(A/m) .

Note, gaugino exchange tends to increase the SCalEir mass, whereas

corrections proportional to Yukaua couplings decrease the mass.

2) Corrections t Ou

At one-loop there are M divergent corrections to the operator

(~~), As a result we find the renormallzed operator

rl (~f)- r-l Za (f&)- Mr(ijfrl (1 .49)

or MP= h~ M“

If We recall th~t ep= ZG1t2 e (see following ~qn. (1.42)) , we find

(at One-100p) thal the expression
f’lJ # = M/ Q* (1.50)

IS a renormalization group Invariant. At two-loops, houevm thwe

IS d divergent correction to the operator (~~) (see fig. 6),

figure 6

hle ObtdlfI d correct Ion of the form

NI -~ A*Ae2/(16fi2)2 In(A/m) . (1.51)



2. MINIMAL ~ STANDARD MODEL

GAUGE HIERARCHY pROBLE17ill,lal

One would llke to understand the origin of the small number

’13 for IILRROE = 170UT or f’lPlan=k. The problem in‘u/”LnRoE ~ 10

understanding this small ratio is usuallg compounded by the fact

that the ratio is extremelg sensitive to radiative corrections , as

we now show.

Let us asSUme that there e%ists a scale MLRROE >>mu dnd

heavy states H with mass of order MLnRoE which couple to light

states h with mass of order mu. We assume a generic coupllng

constant g,

Consider first that the states h are fermlons - f. Theg will

typlcallg receive radlatlve corrections to their mass of the form

8 mf % g2/(16fi2) mf ln( ML~no~/m). (1.52)

The result 1s only logai-ithmlcall~ dependent on MLnRaE, since a

fermlon mass 1s generall~ protected b~ chiral symmetries. Thus

fermions are “naturallg” light states.

Consider now that the states h are scalars - s. The radlatlve

correction the~ receive 1s tgplcall~ of the form

8 ms2 z g2/(16m2) MLRROE2 . (1.53)

Scalars are typically sensitive to the phgslcs at large energies,

since there Is generall~ M chlral sgmmetrles protecting scaldr

masses.

Since In the standard model mu2 * m~l~g~ and 8 m~lqg~ -~

g2/(16fi2) HLRROE2 we expect that, without extreme fine tuning,.

‘M/”LflROE
-, (],1 , This 1s the first gauge hlerarch~ problem, :.411~ .

:~hdll d:scu~s the second gauge hlerarchg problem when we discu::s

i;(JT’s, )

In SUSV theories 6ms2 = 8mf2 (when SUSV 1s tixact) and 111 II



SUSY theorg, the Hlggs scalar can

A •~SIOmu Of course, the question still.

‘ss/m Lf)FtOE so smal17 [SUSY breaking

be “naturallg” light if

remains, why 1s the ratio

scenarios are discussed

further in lecture 3.1

We shall now assume that AS= s 10 mu and discuss the

Ingredients of the mln!mal low energg SUSY standard model.

PARTICLE SPECTRU17

In table ‘! we list the particle spectrum. The symmetrg of the

theory is taken to be SU(3)@SU(2)@U(l )@SUSY.

Table 1

ORDIF!ARv PARTICLES

d +2

H
1,= D Till

II
e,

+1 -1

II
h= h+ II~= ~.

Hho II %0

SUSY PARTNERS

SUPERFIELDS

L, r,

cl, u,

E,



V3 , V2 , v,

Hypercharge assignments are given as superscripts, Q = T~ + Y/z

and 1 = 1,2,3 label generations, The superflelds contain in an

obvious way, we hope, all the states listed above.

The Lagranglan for the full 10U energg effective theory is as

follows,

+ h.c.

+ L~exp( 2g2V2-gl V11Ll

+ Elf exp ( 2g1 k’, ) El

+ Htexp( 2g2V2+g1V1)H

+ R’ exp ( -2g2 VZ7 - glvl)n ]

+ u d2e W + h,c. 1 + 62~oFT
where the superspace potential W 1s given b~

md the soft SUSY breaking term 6Q~oF7 1s[’31

( V3= vJa Ta , etc. and the charge conjugate generator ~a IS qIVPI?

lvj ~a+-Ta7 )



.

Note that this model necessarllg contains two hlggs doublets, t?

and%. This is required in order to give mass to both up and down

quarks in an anomallg free theor~. We cannot ,for example, introduce

only the h field and use (he scalar partner of the neutrlno as the

other hlggs, even though it has identical quantum numbers, since

this theor~ has anomallles. We ara also not able to combine the

two known massless particles , the neutrlno and photon into one

supermultiplet, since the~ have different electroweak quantufi

numbers.

SYMMETRIES OF 9

Let us now discuss the global s~mmetrles of 9.

1) Baryon number B and Lepton number L, , for each

generation, is conserved. lv~te that

out of Q with dimension S4 which v

as (L H)F , ~)~ , (Q~L)F , (LL~)F.

2) R- parlt~, defined b~ the dl

we have expll~ltlg left terms

elate either i3 and/or L, such

;crete s~mmetr~ (-I)3(B-L1(-I)F

(where F 1s fWml On number and L R~Ll ), 1s conserved, All OrdifIdry

particles are R even, while all superpartners are R odd. As d result

of R-parltg the lightest superpartner [LSP] is stabla[14’15].

3) In the limit that the parameter u + O, there is an exdc!

Peccel-Quinn sgmmetrg, U(l)Pq, defined bg the operations

l++#H ,~+eia~ ,F+e4d2F
uhere F means all quark and lepton superflelds.

hlggs fields acquire vacuum expectation values

spontaneousl~ broken and there exists a massless

,i,e, I.he standard axlon. Since this axlon

osperlmentdlly, we halve taken p / 0,

4) lrl the Ilmit 111~ O and UuMyd. pG+O,

(2.4)

Note when tn~

then U(l)PQ IS

goldstone bosol;

Is ruled dI.It ●

thfwe QxI:i[’: I

i:hll”dl SYf’tlM9tr~ which keeDS gdl.igjlnos mdssless tu dll Ot-d(?t”.: I!I

perturbdt!on theor~j; a :,~-c~lled globdl R Invmance, It ls d~ilnl~,l



b~ the superfleld transformations

o’ (x,e) - eiaa 0 (x,~dia~e) (2.5a)

v’ (x,e,~) =v(x,e-l&,el@~)

or the component field transformations

q’(x) -ei%p( x), ~’(x) =el(a-1/21- V(x), F’(x) =el(Q-l)a F(x)

AY’(x)=AB(x), X’(x) =eitaa x(x), D’(x) wD(x) (2.5b)

with Q=2 for H,~ and Q-1 for all other chlral fields.

ELECTROWEAK BREAKING

In order to discuss the spectrum of this model we must first

consider the electoweak breaking SU(2)@U(l ) + U(1 )ER, 11 has bew

shown b~ Inoue et. al.t’e] that the higgs potential allo~s fCl-

electrowmk breaking within a certain range of parameters. Consider

the Hlggs potential relevant for this Issue. We have

V= m121h12 + m221%12-~B~h + h.c.

b 922/~ ( h* Vz h - %* f’/Ji)2 + g,2/2(}lh12 - }1~1’ )2

(2.5)

~here we define m12 ■ mh2 + p2 and m22~ mK2 + p2, Note, ‘:

“:llOs=t~O>{O, then the quartlc terms In V vanish, Thus Ide (In{:

[hat a) ‘: 1s bounded from below onl~ lf m12 + m22 > 2 ~ B and ?,”,

the symmetric solutlon Is unstable only If det m~2<0 or equivalentlql

m12m22<p2B2, The range of parameters which satisfy th~$e

constraints !s described graphically In figure 7,

figure 7

lfIo IIlm:l ImJa,Ih :;!jfnm(+tr!jhr0t3hln!j :;uIIIllfIH 1:; qlvf!II 1)11



<h>= [1D [1, <%>.4
v (2.6)

with bO/COSe , %-v sine , sin 2en[2~B/(m12+m22)] ,

mz2’ ( 912 + 922) v2/2 “ Iq2-m22vcom - m12- m22J
mu2a g22 Va /2

and mu~ mz cos~u . [ sin2eu 3 g12/( g12 + g22) 1

We thus obtain the standard W and Z mass relatlons.

MASS SPECTRUM

GAUGINO MASSES

In general, the scft breaking masses Ml, 1=1,2,3 are unequal ,

drbitrar~ parameters. ( “rhls situation changes, houevar, in lne

context of GUT’s , a topic which we shall discuss in lhe next

section, )

GLUINO MASS

The glulno mass 1s Ma,

CHARGED WINO MASS MATRIX

relevant part of S1 Is

~g2[-%*l(tiJ~nT/2)1J~J)+ h*l(~J~a/2)JlfiJ)] + h.c.

g2 [ -W ( lJ+Ti- ) + ho” ( tl-fi+ ) - ii-*( 03%- )/r2

.



.
There are two Dirac fermlons with mass of order mu. In the limit

f72# K 92 b -923 , one state has mass less than mu.

NEUTRALINOS

Let us define the stat~s

fa(g1G3+g2 B )/4g~:~ photlno

Zm (-g203 + g, B )/$g~~~ zino

Ylm (% Ho + bii” )fi

(2.9)

hlggslnol

5029 ( b fi” -Tii” )fi hlggslnoa

where ~2m b 2+72 . The neutrallno mass matrix 1s then given by

91 !%02 7 i?

2b% yfi2 (b2 -%2)pfi2 O 0

(B2 -F)pp - 2bT p/12 mz o

(922M2‘ g12r11)g1g2(m,-r12)o mz

(g12 + g22) (g,z + g2h

o 0 q&7#y’Q ((7,%2 + g2%l)

(g,2 + g22) (g,~ + CJ23



as a result of the fact that the quartlc terms in the :.~tential are

due to supers~mmetrlzed gauge interactions onl~[1eJ171. Thare are

five hlggs’, charged hlggs’ X* , a psmdo-scalar %0 and two scalars

(p” and q“. Their masses are given bg the expressions

mX02 - y8( b\% +%\b)

m%+2 =2 + mH2=mo (2.11)

m290[n01 ~{mx02+mz2 +(-) [(mZ02+mz2)2 - 4mZ02mz2((b2-%2 )fi2)2]’/2}.

We note that

a) as M+O , mz02 vanishes. In this limit ~ 0 becomes an

dxion, only receiving mass due to strong Instanton corrections, ln

the limit a + O , mX02 also vanishes. ln this limit there 1s an

approximate R invariance which IS explicitly broken b~ the gaugino

mass parameters Ml. As a result ~“ wIII obtain mdss via radiative

corrections,

b) X+ Is heavier than the W bosons, and

C) one scalar is lighter than the 2° boson. Thus it can be

produced in the process 2° -+ ~“e+e- at SLC or LEP.

QUARKS AND LEPTONS

The relevant terms In Q for quark and Iepton masses is

We define the mass matrices

rlm mass matrices are In general not dla- and the supef-cci”ll’: ‘“

(~n th~ quarks and Ieptons denotes current elgenstd[es dS (IPPIJ-,ll.!

10 lllrlSS f]lflenstates, The u’s aw massloss, just as In tho :11.,uII:!.M”I!

model, kJe daflno the mass algenstatGs h~j tha following I~IIIt,lI II ‘

I I-,insfw”mal Ions

(t’, “ IJ” [1
“t

IJJ’ 10, = -rl v
J JI (,’, 11$11)

Illllttl ::lmlli]I” trllflsf(]l”nldtl[ln:~ fat- d illld kl) ::llf:tl Itlill Itlli

!l,l(][)l),lll,’1 1(1 111,”]:::: Ill,llf 1% Is f]lvoll 1)1[
,. u II“’”dlaqonal “ ‘u ‘ m “ I ,!;,,,. .



The Cabibbo-Koba~ashl -Maskawa matrix K ■ Uut Ud 1s then defined

in terms of the weak charged current Interaction W+ u“,t do, _

W+uf K d. As a result of this generation mixing we obtdin the

standard contribution to~” - K“ mlxlng as depicted in figure 8.

figure 8

d U,c,t s

s U,c, t d

SQUARKS AND SLEPTONS

The relevant part of S! for these mass terms 1s

‘i Otg--om ~q +Z0m2GZ0t +~0m2:70’ (2.14)

Me shall study the terms which are underlined in more detail belou,

First we must once again distinguish between mass elgenstates twld

currant elgenstates, this time for the squarks and sleplons. !Al(~

::tlall daflne the transformed fields ( without tho supwscrtpt ‘1 “I

IISIIlg th~ unltar~ transfGrmatlons daflned previously for qu,lrh.. ,1111:

loplons (~qn, 2,13), This goes part of the wa~ towiird doflnln~~ f~:r)

true mass elgenstdtes, but nOt fIMWSdl”ll~ dll the Idd!j, In Itll”: !I:.!:;

IUO [dill ba able 10 study [he now solJrces of ganorallon mlxlfl!l III!:’ i

[:,~n occur In SUS~ theories, We define

111, IIQ I ~1)
IJJI”[ I,, Vy



The underlined portion of equation (2.14) nou becomes

Note, that the squark and slepton mass ma~.rices are not gen~rallg

dlagonallzed in the same basis as the quarks and Ieptcns 4s a

result we have new mechanisms for flavor sgmmetry break - 2[10].

Consider the following two examples.

Example 1 ) In the standard model, lepton number :s :.:.’- :sr’.~c

for T, u and e separatel~. In the SUSY standard mode! ~ ““’z

total Iepton number L 1s conserved In general. In figure 9 l~e I.-II’ I~.ll.. .u

d graph contributing to the deca~ p + e + U. The decdy rate IS

proportional to a M-e squark mixing mass term 6mP.z. Using the

experimental limit for the branching ratio BR(y+e~)f 10-11 we obtain

the following Ilmlt on this mixing mass 6mPQ2/f12 ~ 10-3 (where fi2

Is the average squark mass), Flnall~ note that ‘r, p and e Iepton

numbgr s~mmetr~ 1s recovered In the limit that the parameters p.

=mXa and m;2 and mE2 are proportional to the unit matrix in

fldvor space,

figure 9

-—~ \— .. . .——

N

?’

.

F.xample 7) There are additional contributions Id hll . h’l

1111XIIIq do qlvon It] flquro 10, These contributions ~lt-n pIialJOIII(III, II

It) !1111 :; (I ::[lljdrk ml Xltlfl mass fim=dy, Assllminq thn :i[II.’,I



figure 10
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The standard model has a chlral symmetr~ limit obtained by

taking the quark and lepton masses to zero. In this I!mlt quark and

Ieptons will remain massless to all orders in perturbation theory.

[n the SUSV standard model chlral sgmmetr~ 1s in general not

recovered in this limit, Consider the radiative contribution to the

electron mass given In figure 11.

fl gure 11

e U e

Il!e obtain the correction to the electron mass given Dg
.)1m - u mM (6mBQ 2/#)2. Thus even !f mm(bare) vanishes, we !IndQ

fimm /O, unless ( Vmt~a Um )31 ■ (V.’m~2 v. )31 *O wherfi Ihe

~lectron IS taken to be In the third gene~ation, Hence, the chit III

symmetr~ Ilmlt ( for the electron ) In thp CUSV standard model I:;

I)t”oportlonal to the unit matrix and setting ol(3Ctl” On mdss 10 ,vII”o.

T Im ra:;u!t lnq symmetry IS glvgn bg the ‘I IoI)cII Irdn::f[)t 111,11IfiII

l- f’:n’w3 ,

;, 5UI)ER’; VPIPII:;”l”RIC (7J T’!;

Ill Ill I!: !: flcllntl W(I :;ht~ll consl(l(!t ItIf! (:oll”:(~lllll~lll:ll”, ‘l

“.IIl)I!t :;ilmmlllt 1,’III!] I ho !:1 INldrlrd !;(J( !]) fil J l“, Ilf’fm (I lllf~



supersgmmetrlze, however, let us recall some of the successes

problems of standard SU(5).

Successes

1) provides an explanation of electrlc charge quantlzat!on

2) predicts the value of sln2eu

3) predicts the value of the ratio mh/mr

Problems

1) the simple predictions for other mass ratios ; i.e. ”

m~md = mB/m. are not satlsfled, thus the simple h!ggs

structure we shall present here, 1s clearly insufficient.

2) the simple Dredlctlon of the proton Ilfetlme IS too short.

I t has been emphasized that these two problems are related and

that a more realistic hlggs structure could lr, principle solve both,

Wa shall show that SUSV SU(5), with a simple hlggs structure, cm

solve ‘he problem of the proton llfetlme while retalnlng the

successes of standard SU(5) listed above. Unfortunately, [h~

problem WI th fermlun mass ratios remains.

STATES - SU(5)@SlJSV

Simple SUSV SU(5) requires the superflelds Ilsted In table 2,

Table 2

Chlral Superflelds

l%- l@ =1-1~1

:1111

IILI

w+al
II

iT2



(3.1)

s!= H*Z d2e Tr (W~W~)

J[+ dbe 10if eXp ( 2gG V5(10) ) 10i

+ s; exp ( -2g5 V5’ ) E,

+ 24t @Xp( 2g~ Va(24) ) 24

+ HfeXp( 2g5V5)H

+ n+ exp( -2g5v5’)m ]

+ d
r d2e W + h.c. ] + 6QsoF7

W ■ ~ulJH 10110, + AdlJw=l 10, + Ml Tr(242) + X1 Tr(243)

+ M2~H + Aa~24H

82 SOFT = f“15/2 (A3aA5a) + y“,, H 10, 10, + jAdl,~~l 10,

+ f(24,~,H) + m,0211012 +m521E12+m H21Hl 2

+ mR21~12 + mz+2 12412

Note, there are two distinct scales in Q, 1’11and M2 are of ordQr

m ‘ MS, PI, and fi2OUT’ are assumed to be of order mu.

SU(S) BREAKING

Let us f

purpose 1t Is

%OFT and m’

rst consider the SIJ(S) sgmmetr~ breaking, For this

convenient and a reasonable approximation to neglect

nlmlze the scalar potential, We find

I
2

2 I
2
-3 v (3,2)

I -s I
i

IG a possible SUS~ ground stata, In this ground state SI:I’~~ I.:

broken to SU(3)@SU(2)@U( l). [n V5 ,the states In V~, ‘i: ,1111: .“,

t“mdln masslcjss; the @thgr’s ob~aln

.’II iIlmI obtdln mass of order PIOUT,

$KCOND HIERARCHY PRCIBLErl



splltting with the term

I
2

2 I

R A2
2
-3 V+MZ H. (3.3)

i
-3 I

Hs, ~~ have mass 2X2 V+M2 -mou T and we fine tune the

parameters A2, t12 such that the Hlggs doublets Hz, ~2 have mass

-31a V+Ma *mu. This fine-tuning, though ~gl~, 1s ,nevertheless,

“technlcall~ natura!”. We also r~quire the additional fine-tuning that

f(24,H,~) is proportional to the term in the superspace potential

containing H, ~ and 24 i.e. eq.(2.18).

RENORMALIZATION GROUP ~QUATIONS

Below MOUT the effective field theor~ 1s given b~ the states of

Table 1 with the Lagranglan of equations (2.1-2,3), At HouT some

of the param&ters of the theor~ are fix~d bg s~mmatr~ relations. In

particular, at MOU7 we hav6

M1-M2=rl#15 ,gauglno masses are equal (3.4)

al.m2.aJma5 ,gauge couplings are equal

mb . m~
#

m, =mM,

‘d” ma.

We now want to use the renormalization group equdtlons to

~u~ludle these parameters at the weak scale mu, [ For a review 01

the RGE’s , see 5rednlckl, this school. ] We first consider the gdLIg6!

coupllng constant%, The RGE at one loop 1s given by
d
dT ‘n”” - ;bm Un2 (3.5)

t= ~rI In H/mu ,

I ho r-c!normdll ..~ijt IGn gro[lp paramc!ters bn for gauge grollp !SU(ll),Jflrl



defined b~ the expression Tr(TaTb) - T(Rn)6ab for the generators

Ta in the representation R“ and T(fundamental) = ~. Nf[~l are the

number of fermlon (scalar) representations Rn. The formula (3.6) 1s

general; for SUSY we can re-expr6ss (3.6) in terms of vecior and

chiral multlplets. In this casa we have

bn -3 Ca(SU(n)) - T(Rn) ‘cHlnaL (3.7)

where the first term 1s the contribution of the vector multlplet and

NCHIRRL 1s the number of chlral multlplets in the representation Rn.

The final result is given bg

ba= 9-2nq

bz= 6-2n -nH9 (3.8)

b,= ‘2n9-~nH

where n~ 1s the number of generations and n“ is the number of

Hlggs pairs ( Hz, ~2 ). The result of running the gauge couplings an

It-cm MOUT to mu Is depicted in figure 12.

figure 12

1 Ill I’: Ill ‘;(J!; V SIJ(S), flouT I:j ,Ibollt .30 Ilmes I(ll”(]ol 111.!l: “:



b~ - b2 + ~ (b2 - b,) U(mu)/U&mM)

sin2eu(mu) -

ba-b2+~(bg-bl)
(3.10)

Note that the contribution of ng cancels in the differences of bn’s

and the contribution of the gauge sector for SUSY as compared to

non-SUSY cancels in the ratio. Thus , if we ignore the Higgs

contribution, we find sln2eu(mu)l~ugv our= sin2eu(mu)l ~u~. Including

the Hlggs we obtain

sln2eu(mH) -.238 (Susv) (3.11)

sin2eu(mu) = ,218 (non-SUSY) .

PASS RATW

At mu the gaugino masses are in the ratio

r13:r12: r11=a3:a2:a1 (3.12)

ds considered previously in equation (1.50), As a result we obtain

lhe glulno-photlno mass ratio

m~/m~ - a~/( ~a2 sln2eu) (3.13)

117the limlt M*JB~mzm

For the quark-lepton mass ratio, mb/m~ the result agrees w! [h

Ihdt of non-SUSY SU(5) (see Elnhorn and Jon&, ref.[19]),

PROTON DECAV

Dimension 4,5 and 6 operators can In prlnclple contrlbul~ 10

nucleon decay In $USY GUTs[201, This Is In contrast to non-SIJ’;’+

Ihaorles where dimension 6 operators are the lowest dlmens!nn

I),lrljon vlolat lng operators conslstmt with SU(31@SU(2)@U( I ).

GAUGE EXCHANGE
.

The cilmonslon 6 contributions due 10 gduge exch~f~!ju ,IIf~

llllllll-rYllg suppwssed In SUSV GUTS ds d consequenc~ n! ltlf~

Itlcrollsecl VdlU~ of PIOUT as dlscus$od prev!osly (see oqn. (.f.’~~lia
!k)(l[:,]ll !II,II [tl~ pro[~n llf~llme ~P ,W MouT’’;’mP5,] We fll~~l 111,11lIJ,}



.

contribution to the proton Ilfetlme due to gauge exchange is

-cP - 5 x 1028s1 years non-SUSY SU(5) (3.14)

TP + 4 x 103b*1 ~ears Susv SU(5)

(see tlarclano and Senjanovlc, ref.[19]).

NEW PROCESSES

As stated under our discussion of the symmetries of the

effective low energ~ theorg we have e%pllcitl~ deleted ang possible

dlmenslon 4 bar~on and/or lepton violating operators. This is

because, in order to be consistent with the observed nucleon

lifetime ,of order 1031 gears, such operators must be extremely

suppressed. It Is possible LO forbid such operators bg introducing

new symmetries into the theor~.* As an example, R -parltg,

introduced previously, does forbid all the dangerous baryon and/or

Iepton violating dlmenslon 4 operators.

It has been shown that there are also dlmenslon 5 baryon

vlolatlng operators which are invariant under

SU(3)@SU(2)@U(l )@ SUS@201. These are listed balow.

~ d2Q ~1 Q,QkLl g ‘lJkl (3.15aJ .

I d2E)~l~J~k~l s B ijkl

I d2@ QI QJ Qk~z (3,15b)

I db~ ( ~1 aJ~/ ‘ h.c. )

If we demand the s~mmetrg R-oarlty to forbid dimens!on 4 oper~lol::

I!len the operators in equation (3,15b) are also forblddeni We shdli

Ihlis assume that onlg lhe operators of (3,15a) dre present in the

*Nute that evm though It may be “t~chnically :Idtural,” lo d(-111.!lI?

dlrnenslon 4 operators in an effective low energg theor~ (mGmIIl!I ‘

!hd!j w!II nevo;- be generated In ang order 111 perturbation (Iuwt q III

‘III? GffOCIIVe IOU energy theory), one must recognl:e tll~! :~11~:11

:q)(?lmlllors can ho generated at th~ trae level when oil~ lnl~~!]r,ll~~::

Illlt ::l. rqtas with mass of order I’loul in the proc~ss 01 de flnln!l IIW

IJIIOCIIV(3low KInnrgy theory. One WOLlld lhus fm’11 Ii!; sl.lt”(l(l II 1111~111

I,ItU n ,] :;qmrnnlrmg III tho GUT theor~ which fot-bld Ihlfi pf):l::ll~lllllli



effective low energ~ theor~. Note, these operators are Invariant

under the symmetrg B - L. One can noti show that the operators A

and B of (3.15a) satisfy the relation

‘lJkl =BIJhl~O U i=.i=k=l. (3.16)

As a result ( assuming these operators are the main contributors to

nucleon decay ) one concludes that the dominant decay modes will

contain at least one second generation particle in the final

state[21].

Using only dimensional analysis one might con~lude that

dimension 5 operators are dangerous and must also be forbiddan by

requiring a new symmetr~. We shall shou that this is not th6 case

when we consider the origin of these operators Consider the graph

of figure 13.

fl gure 13

The color triplet Higgs with mass O( order NOUTIS exchanged, We

‘Jbtaln the eflectlve dimension 5 operator

(l/M) (D(K’Xu) U+ U(Au K) D}(V(Ad) D+ E(Ad K’)U}

+ (l/ml (~(KrXuj~ +T(hu K)F}{B(xdK’)T } (3,17)

where K Is lhe Cablbbo-Kobayashl-Haskawa malrlx and Au at~d ‘Id

dr-e diagondl Vukaua coupllngs. In order to cdlclil~t~ a nljclol}r,

IlnciII~rate one must then dress these dlm~nslcn ‘5 opet-dtut-c i]! 1111’ I

Illl?,jk Sc~l~ to (Ibtaln more familiar dlmenslon 6 fcur Iorrnl 017m-il!I~t ::.

III fl[~ura 1.1 wf3 qlve [he gr,lph whlctl most Ilkely {)IVHS I.IIH (I!) III III,IIII

‘.,:lll ll”’lblltl .111,

figure 14
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The Jimenslon 5 optirator in this case is

-(mem~ sinec/B~tiouT) ~ ~s DM (3.18)

and the resulting dlmenslon 6 operator 1s

(+ cza m=m~ sinec2/bT MOUTfi)dusux (3.19)

where ec 1s the Cablbbo angle and f 1s a t~plcal superpartner

mass. One s~es that dimension 5 operators are sufficiently

suppressed ,due to the small Vukaua couplings and one loop factors,

to give acceptable contributions to nucleon deca~ [21,221. In fact,

will] reasonable values of the parameters one expects to see an

effect in tha present nucleon deca~ experiments.

In figure 15 we present a graph which can ba large and

perhaps dominate for top quark masses of order 40 Gev[2g1.

figure 15

p+k+~~

The effective dlmenslon 5 operator In this case l:j given by

(3,20)

and the effective dimension 6 operator b~

(3.21)

5maG~ Is the ~-~ mlxlng mass which In the standard model can M

Im-ge as a result of renormalization group effects( see section II 1,

[f the, as get unmeasured, mixing angle K,, Is of order sln~c; ! IIIVI ‘

Int ~ 40 Gev, then the process of figure 1S can dW’fIllldt(3.

Flnallg, in figure 16 we present one more set of grdphn dlll:ll

could In prlnclple be slgnlflcant In a pdrtlculdr r’dngQ of pdt-,mI?[OI’::,

figure 16



The surprising fact Is that these three graphs identically cancel

1241, However (m~2-each other If m~ = m= = ma m~2) Is proportional

— 2) and could in fact be la~ei2s],to M“% 2-z2)/(b 2+b

The preceding discussion illustrates some of the uncertainties

inherent in an~ prediction for nucltion decag in SUSY GUTst2e1.

lJnlike the contribution of gauge exchange uhlch is full~ determined

by the dgnamlcs of unification, the new processes depend on both

the unknown Hlggs triplet mass and on the values of masses and

mlxlng angles of the as get unobserved superpartners,

4, SUPERSYMPIETRY BREAKING

In this lecture we wIII consider mechanisms for spontaneous

supers~mmetrg breaking In both rlgld ( or global ) SUSY and In Iocdl

5USY ( or supergravlt~ ). We shall conclude with a discussion n!

the mlnlmal IOU energ~ supergravlt~ model.

RIGID ( OR GLOBAL ) SUSY

We Shdll discuss three possible mechanisms for sponlanooll::

!NSY breaking, going under the names O’Ralfeartalgh mnctian!:.:m,

l,~get-[llopoulos mechanism and dgnamlcal mechzml$m, rim 111””:1 IIMII

mochanlsms occur at the tree level, The l(~st r[~t]IIIt”(!:,

non-perturbatlve dynamics for its success.



1) O’Raifwtalf@ me~nisn

Consider the chlral superflelds

@~d%(A*A+B*B+C*C)~

WH A(F12+t12)+p CB.

A, B, C and the Iagranglan

Jd2e W + h.c.; (4.1)

Recall equation (1.34), the scalar potential 1s given by

k=10W/~A12+ ldW/dB 12+ l~W/dC12, (4.2)

Thus supers~mmetrg requires

tJW/t!A ■ b2 + 1’12 = O

tlW/dB ■ 2a b+~c=0 (4.3)

dW/fiC a yb=O

l~here a, b, c are the scalar components of A, B, C, respect lvelg,

It is eas~ to see that the three equations (4,3) cannot be satlsfled

slmultaneousl~. Thus SUSY 1S spontaneousl~ broken.

Let us now mlnlmlza the potential V, We have

V(a, b, c)-~zlb12 +lb2+t’’1212 +12ab+pc12. (4.4)

Clearl~ the potential has a flat direction defined b~

co/so ■ - 2b~~, (4.5)

( A subscript ~ denotes vacuum expectation value.) Thus the

magnitude of co 1s unflqtermlned at the tree level. This

phenomenon 1s t~plcal In O’Ralfeartalgh t~pe models, The equat!ons

l~r b are as follows

dV/6b* = ~2b+2(b2+t12)b=0 (4.6)

bV/db = ~2b* + 2(b*2 + M2)b = 0.

Recdll d, b, c are cO[fipleX, If M2 le real then b2 Is real and 1110

solution 1s

bo~ 1~~, (4,7)

The vacuum anerg~ Is given b~

V(LIO, bo, Co) ■ P2 (f”12 + M2/2) + yb/16 ) 0, , (4,8)

Lat us now discuss the spectrum of this mod~l. WO ::tl,li!

c~msldcw two Ilmlts defined b~, d) do - Co ● ~ 01” b) du, (:0 M ~i’-hl

(d) [dfcowl] It Is convenient to define

D=R’+ b. (11,’1)



G m ({dW/tIA)A + (dW/dC) C ) N-%

L ■ ( - @W/dC) A + @W/tlA) C ) N4t2

N 3 ( (~W/~A)2 + (dW/~C)2 )i~a 9 V(aO, bo, CO).

Note that

(G)m E)2N’/a, (L)= 0,( B’) =0. (4.10)

The lagrangian, written in terms of the new variables, Is

fl= ~d’’e(G*G + L*L + B’*B’) + jd2e ~ + h.c. (4.1 1)

W ❑ N% G + ( 2bO(ZIW/dA) + @W/aC) ) N-% G B’

+ (-2bO(dw/~C) + jJ(iIW/aA) ) N-’la L B“

+ @W/i)A) N-’la G B’2 - @W/dC} N-72 L B’2,

Note that the coefficient of G B’ vanishes ldentlcallg. This

exercise shows that

1) V. 1s the massless Goldstlno and

11) V(ao, bo, co) ■ I ~W/dG 12 = N

which Is consistent with the result of eqn.(1 .23).

111) The states contained in B’ receive SUSY breaking mass

contributions from the Interaction (G) 8’2. At the tree level the

mass matrix, nevertheless, satlsflus the relation

STr M210. (4,12)

This result 1s general and moreover it 1s a necessarg condltlon for

the absence of quadratic divergences in the theorg at one loop

(recall 8S-(STr M2)Aa ).

Note ,ln ~ theoq.j where W . N% G + L2 * La , SIJSV II:

tipontanfmusl~ broken ~ the Goldstlno decouples and the specltlIHI

of masses remains supers~mmetric. In order 10 ,IvoId Itll.
(Iocoupllng () ’l?alfeartdlgh shouecJ that one rlaeds ,11 1~.Isf 1111”11,~

t:IIII~Il superflelds as described in (4,1),
,

b) [ c#bodo/~d’’ILRRo E Y IA, ~ * AJ [H !tll:! 1111111 lfII’

.:IIpm HptICG potential takes tho form

w “ Aun 2G+rl ~RnoE [3’2 + An~ L W F G Ej’2 + 1. I!’;’, (4, I :;)

sfl ttw Itmo Iavol 13’ has mass of m (let MLnnoE ,wld I thl:: ml]:::; 1~1



order As~2/MLfinoE. Since however SUSY is broken at the scale

A ,,)) A,~2/MLnno E, one might expect that L will receive SUSV

breaking mass corrections In higher orders of perturbation theory

of order A~~, This guess is in fact wrong.

DECOUPLING OF SUSV BREAKING[271201

The graph contributing to a SUSY breaking mass correction for

L ,at one-loop, 1s given in figure 17, The correction to the

figure 17

effective action 1s given b~

)jd~ = ( l/M2LnnoE d% Gt G Lr L (4.14)

which corresponds to a SUSY breaking mass for the scalar

component of L given b~

~f’fl: - ( A,:/flL,RoE)2, (4,15)

This result generalizes to all orders In perturbation theorg and

thus SUSY breaklnq effects decouple ,l,e. the~ are suppressed bg thn

rat10 ASr/MLnROI.

2) ~t-lli~

Consider an SU(2)@U(l) gauge theor~ ulth one Chlrdl supwIIn’1:

D, a doublet under SU(2) and charge 1 under U{ I), Tlln ld!II”,IIIqI, III

for this thaor~ Is given b~

fl=jd~e [D’(e29a ua+2Q~ul)D] (Cl,lfj)

+ ~d20[&,aTr(W2W2) + &W,bJ,l c g,~D,.

rhe scdldr potential Is glvm bg

v m ~ ( Tr(Daz) + D12 ).

‘illpnraymmotr~ requlros th,ll

Da’ = q., (P* I1~)/) ~ O , I+ 1,:,.1

1), agl(l)~cl~~)-(1,



Once again, these equations cannot be satisfied slmultaneousl~ and

SUSY 1s spontaneously broken. In this case A~sx~, and the

Goldstlno 1s one linear combination of the gauglnos. Note that, in

this example, the gauge currents are anomalous ( see the triangle

diagram of figure 18) and thus this model is inconsistent. It Is

ver~ difficult in more reallstic models to make use of th!s

mechanism. The problem has been that the theory 1s either

anomalous, supersgmmetrlc or color 1s spontaneousl~ broken.

figure 18

3)

Consider an SU(n) gauge theorg uith N flavors of chlral

multlpluts Cll , ~1 , I - 1,.,,,N . The kitfranglan is @Wi bg

$2=fd2Q [ ~qa Tr(WW)l + h.c,

I
Zg” QI +~~e-29ur ~1],+ d%[ Q,t e (4.19)

We have assumed that the supmspace potential Is zero, Using the

:;[JSY transformations (1,22) we obtain the relation

(Q, (q,-d,’ d,T, )} ’a(2q,7, +F,l, +d,~l), (4.20)

Howtivar, using the equations of motion one finds 111,]1

F,’ ●-JW/dJl =0 dnd ~l’~~W/d~l ■0. Thus If ( ql~l ) ~ 0, then SU%’

IS sponlaneousl~ broken. The Goldstlno would be the composll~~

fnrmlon created b~ the operator ql~l + ~1~1. ReCdll , that In (J~fl i]

Vlllll!:t] 1(10111lcllllg 1111(1,111(N(lovor, I I (:[111ho !Illown, INJ Il::lll!j f Ild



Wltten index theorem, that SUSY cannot be spontaneously broken.

Thus the entire RHS of (4.20) necessarllg vanishes identlcall~ for

an~ non-zero m. It is clear that if SUSY 1s spontaneously broken for

m~O , then the m - 0 thao~ is not obtainable as the limit of the

m JO theor~. We shall discuss the Wltten index theorem in more

detail shortl~.

Glulno condensat~s can also spontaneously break SUSY.

Consider the equal-time anti-commutator

{a Jd, d,}”a(-6, ~w/~d, +:~a2(fi)) (4.21)

uhere the last term 1s the Konlshi, Piguet, Slbold anomallg[ao], The

anomallg 1s a consequence of the anomalous equation of motion

t 29 ‘Ql ) ■ -Ql bW/itQl + #m2a ( W@WW). (4.22)-~~2(Qle

Clearl~, if W ■ O and ( ~~ ) ~ O , then SUSY 1s spontaneousl~ broken.

In the two preceding examples of d~namlcal s~mmetrg breaking

!t has been assumed that the superspace potential W Is identically

zero, As a result of the non-renormalization theorem , WaO at th~

lt”ee level then It vanishes to all orders in perturbation theory.

However, recentlg it has been shown that non-perturbatlve effects,

such as Instantons, can contribute to W. Thus great care must be

t.iken when reaching an~ conclusion based on a vanlshlng W.

Affleck et.aL[291 have used such non-perturbatlve corrections to W

to obtain an expllclt example of d~namlcal SUSY breaking In II

“pert urbatl ve” regime.

WITTEN INDEX THEOREM

Supersymmetrg Implles the existence of an equdl numlmm 1~1

boson and fermion states with non-zero energ~ E, Cons!dnf tlII! I

vmxmim %Iate 10), If the vacuum IS supers~mmetrlc lholl

HI()) =QWIC))=CL (L!,P:f)

1 ho ollm”~~~j Iaval$ of a suporsgmrnetrl c I heorg dt-n d~plct ml in fIIIIII”IJ

I ‘1, I [II IIS IIOU rjaflne Ih[l WIltan In(IO% A,



figure 19

A a Tr(-l)F = Tr(e~H(-l)F) (4.24)

■ n~ E-O - n E-O
F

where F 1s fermlon number and n~ ‘=0 (nFE=O) 1s th6 number of zero

energg boson(fermlon) states. If A /0 then SUSY 1s unbroken ,i.e. a

SUSY vacuum clearl~ exists. If A = O then SUSV me~ or mag not be

broken. Wltten has used this criteria to show that dn SU(n) gauge

theor~ with N masslvo flavors , 01 , al , 1 = 1,..., N must be

supers~mmetrlc since A = n . The llmlt m + O ma~ be non-uniform,

as discussed prevlousl~,

LOCAL SUPERSVMI’IETRV - wERmVITY [ SUGRA ]

In th”ts section title we lndlcate that local superq.jmmetry

lmplles supergravit~, We would Ilke to motivate this assertion,
(:onslder the transition from a global to a local sgmmetrg for dn

t~bellan gauge theor~. In particular consider the Lagranglan

2=ly’$yJ (4.2S)

l~lth the global phase Invariance

~-~eia~, (4.26)

lulth u, a space-time Independent parameter, We now want to l~!!

I.X-W(X) ;i,e, a is now space-time dependent, The vtrldtlon of $!

Iul(lor this transformation IS glvm b~ ,

6s” . [luu(x)tpt~%p H - (3Mm(x)J~(x) i’1,.!~)



such that the gauge field AM(x) transforms as

The resulting Lagranglan

IS gauge invariant.

(4.29)

(4.30)


