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SUPERSYMMETRY AND MODEL BUILDING

Stuart Raby

Theoretical Division

Los Alamos National Laborator
Los Alamos, New Mexico 8754

ABSTRACT

We present an introductory raview of supersymmetry
and supersymmetric model buildin?. he topics
discussed include, a brief introduction {o the formalism
of supersymmetry, the gauge hierarchy problem, the
minimal supersymmetric standard model and
supersymmetric grand unified theories.

1. INTRODUCTION TO SUPERSYMMETRY [SUSY]

The extended rigid Poincare SUSY algebra Ir.cludes the

following genarators
| =
Q“. Q“."Pu'MuU'Gd (1.1)
where Q are the supersymmelru charges, P and M are Poincere
generators and G are generators of an internal symmetry group G.

The indices o,at=1,2; W,v=0,..,3; a,bal,...dgq, (where d, g is the

dimension of the adjoint representation of G) aad 1=1,...N. Q and Q
are anti-commuting Weyl spinors with Ed,a(ou')'. For a general

raview of SUSY, including more details of topics discussad in thesa
loctures, sea rafs. [1-5] and the original papers .‘eferenced tharnmn,
(o rnis@ the spinor notation of Haber and Kanal*h.
The genarators of (1.1) satisfy the SUSY algebra
|
[ Q. 'Pu 1=0

(O, . Ay -8l gk P (1.0)



( Q' Q0 y=2¢, 52"

[P,.P,1=0

[G, .Gy 1=11gp% G (1.2b)
[Gq. Q' 1=(TQ)) Q.

My Ppl=i (Mg Py-m, 5 Py) (1.2¢)
L 'Mpd] = ("pu Muo = Myp Muer * Moo Moy ~ Mo Mpu)
My Qg 1=-i {0, )P Q,

(M. Oy 1=1 g (T,

[Our conventions are (1,-1,-1,-1); P“=(E.3); TH*B_(1,-3),

My =
c““ﬁ=(1,&‘) where T are the standard Paull matrices given by
cr‘=[? 6] , 02= ?‘3 , cr"'=[(‘)_?]. The Lorentz generators in this
spinor representation are given by (G““)“"-f,— (choV-gV o) and

(E“)‘, - (TP a¥-T°0H) ]

The first equation of (1.2a) indicates Lhat the SUSY charqes are
conserved and indeed this requires that the Lagrangian be invariant
under SUSY transformations which take bosons into fermions and
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
. jebra G. The maximal symmetry group 's G=U(N). For N=1 this
U(1) symmetry is commoenly referred to as R iInvariance. Finally
equations (1.2c) define the Lorentz properties ¢f the generators.
Prior to SUSY {t had been shown thal the maximal summnlr'u.
jroup of the S-matrix containing the Poincare group P and o
coampact Lie group G was the direct product group PxG. This 1s the
Coleman-Mandula theorem which considered ire possibility of an
algebra of commutation relattons only. Subsaquently Haag,
Lopuszanskl and Sohnlus generalized the algebra to include
ant1-commutators as well and showad that the Poincare superalgeln
of (1.0 15 the maximal symmetry algebra of the 5 -matrix tin fowm



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
global) SUSY is an order parameter for spontaneous SUSY breaking.
Consider the second equation of (1.2a), we infer the following result

= _e2 i |2

2E=Tr(e*P =53 ,]Q,' [220 (1.3)

Taking the vacuum expectation value of (1.3) we obtain
(D=5 =T,] Q. 100]220 (1.4)

EUGC

Thus E, =0 iff Q,'10>=0 V i. Note that for rigid SUSY 1f

ne (of N) supersymmetries are broken, they all are broken. For
iazal SUSY, on the otherhand, 1t 1s possible to break an N extended
SLUSY to any N' < N.

Let us now find the massless irreducible representations of N
SUSY. Consider a massless particle moving in the -z direction with
four momentum P =(E,0,0,E) satisfying P2-=0. From eq.(1.2) we find

( Q' Ty r=28 (1,4Eva E)=a8,E[g3] (1.5)

( Q' . Qp))=0
where we've taken ZY = 0. We then define raising and lowering
operators

de-g Q) dke (1.6)
satisfying

(a, a'p=s) , (d. o
We take Qz'so. The raising and lowering operators of (1.6) act

on the single particie states with heltcity N , [E, x> Let us also
define the Pauli-Lubanski spin operator

1 v Mpo
l.U“=Q- e}NPUP MP (1.7)
fhen Wy = MeP (M, =g, M*) Is the helicity operator satisfying
W, lE, Nv=XEIE, N> . (1.8)

It 15 now easy Lo check that the state a'|E, N> has helicity

N '/2.



Thus the raising and lowering operators raise and lower the
helicity of the state by half a unit. Explicitly we consider
W Q,1E, no=(lW® Qg1+« XE Qg ) IE, >
- (IE@ ) Qg+ 2E T IE Mo
using (1.2c¢) (1.9)
= (k@3 o288 )E Tg1E 0
using the identity i (q,, )ﬁu-_a (63)90-_ :
We then find
WoaIE, M=EO+ 5y a 1E » (110)
or IEN+x,i>= a\lE N>

We can now use the raising and lowering operators (1.6) to
construct the massless irreducible representations of N SUSY. UWe
just start with any state 'E, 2> and act with the raising operators
uritil we reach the highest helicity state which is annihilated by ail
the raising operators. We generate in this way all states i1n one
Irraducible representation of N SUSY. In table 1 we give a few
examples.

Table 1
Na=4 helicity degeneracy helicity degenaracy
1 1 2 1
/s 4 *, 4
0 6 1 6 + CPT
-/, 4 '/, 4 cony.
-1 1 0 1
N a2
'/, 1 1 1
0 2 A 2 + CPT
'/, 1 0 1 cont,

+ CPT conjuqgales

(/]
~N
N
—_ N -



'/, 1 +CPT 1 1 + CPT
0 1 conj. '/, 1 coni
2 1 + CPT conjugates

The CPT conjugate states are necessary in order to construct
Lorentz covariant quantum fields. In the N = 1 case, the multiplet
whose highest weight is ‘/2 is called a chiral muiltiplet, the vector
multiplet has highest weight 1 and the gravity multiplet has highest
weight 2.

Each of the above multiplets can also transform as an
irreducible representation of some internal symmetry group G. The
gravity muitiplets will be taken to be singlets in order to have only
one graviton. The vector muitiplets will be taken to be in the
adjoint representation of & and the chiral muitiplets can be in an
arbitrary representation. Fur N 2 2 all multiplets are necessarily
real rapresentations of 6; whers a reducible repraesentation r is
real if it contalns an equal number of left-handed and right-handed
states. Since the observable low energy states of quarks and
leptons are pot in real representations of the gauge group
SU(3)xSU(2)xU(1) we shall henceforth only consider N=1 SUSY.*

Massive irreducible raprezentations of N=1 SUSY may be
oblained by combining certain massless representations. For
example, a massive gauge multiplet iIncludes the states in a
masslass chiral and vector multiplet; a massive Dirac multiplet”
includes two massless chiral multiplets and a massive Weyl or
Majorand multiplet includes the states in one chiral muitiplet.

* Phenomenological low energy models with N=2 SUSY have heen
constructed!®], They necessarily contain so-called mirror farmiaons,

[t seems difficult to obtain a4 realistic spectrum of massas 1n e
thoorios



As a precursor to constructing supersymmetric Lagrargians, we
feel it micht be instructive to construct the Lagrangian for QEC
using two component Uleyl spinor notaticn, We shall chocse, by
convention, to work with left-handed Weyl spinor fields only. If y
's a left-handel Weyl spinor fleld, it annihilates a left-handad
narticle and cruates a right-handed (anti-)particle. The word (anti-)
1§ 1n parentheses since in order to be able to distinguish particle
and anti-particle one must have a conserved particie number. For
Majorana fields this distinction doesn't exist. 1,;' creates a
left-handed particle and annthilates a right-handed (anti-)particle.

The free equations of motion for y are

(G, PH)*P y =0 = (E+TP)y =0 (1.11)

o (@P/E)w=-y.

If y Is left-handed, then 102 y* is right-handed. To see this
one just takes the complex conjugate of equaticn (1.11)
(E+T*D)y™=0 w (E- TP)162y*=0 or (TP /E) a2 y* =102 y*.

QED

With these preliminaries aside, let us now consider QED. The
electron Is represented by two Weyl spinors. e, annihilates a

ieft-handed electron and creatas a right-hanaed positron; E“

annihilates a left-handed positron and creates a right-handed
glaciran, The photon field is given by Au . The QED Lagrangian 1s

then given by
2qep=0'0 (10-8A)e + 2’0 (10+0A)8 + [in (@@)+Nnc.]

-7 Fu (1.12)

where =O“ A“- OuA“ and the Lorentz scalar

F'uu
(es)2-87(10%) 9. Somatimes it 1s convenient to define the twurc
component matrix e*Pa(102)*® which can be used to raisn and

fowor  spinor indices, 1.8, y* s eg*® pg. In this notation

l'— __-—u
‘ee)ze @, .
Waocan deting 1no following global transtormations goeting o

thi ninlds 8 And E



e—oexp(-ix)e ; e—exp(+in)e (1.13a)

e—eaxp(+if)e ; e—exp(+iB)e (1.13b)
(1.134) 1s a symmetry of Lqgp gunerated by ths cunserved charge
N2 -Q whera N_ counts electron number and Q is electric charge.

(1.13b) 1s commonly called a chiral transformation. This symmetry
1§ explicitly broken by the electron mass term m.(ie). Note, a

term i~ the Lagrangian of the form (e ®e) 1is what is called a
Majorana mass term. It breaiks the symmetlry of (1.13a). Since this
symmetry Is also a local gauge symmetry, such a term would spoil
the renormalizability of tha theory.

It 1s often convenient to convert Weyl notation into Dirac
notation. We thus include the following dictionary. We define a four
component Dirac spinor for the electron V., - Then given

e 0 ok
v, ™. (1.14)

i c2@* ok 0

and
r:'.EI 13,03.13,20,3_[-6 ?]

the equations of motion (1.11) are

(a'“P“-m.) v, =0. (1.15)
We also have

2oep= Vo, (1¥ -0 A ¥ +m, T ¥, - } F2 o
where T a W '9y° and m, is real (1.16).
PROBLEM

Define the CP transformation Uc,, such that
8'(x)sUgp 0(X)Ugp = g?a(x') (1.17)
Al (0 aUep A (X) Ugp = (-A(X"), A(x') )

— —
whare  x%a(x% X) and x'%=(x%-X).



1) Show that Ucp qepUep = 8qgp T M, Is reai.
2) Show that if m_=|m_ |e'® , one can always remove the phase

by the field redefinition @—-»e™®e. Therefore no physical CP
violating phase exists in QED.

SUSY QED
We define the left-handed chiral superfields
E(y,8)s a(y) + N2 (8 a()) + (88)F(y) (1.18)

E(y,0)= a(y) « N2 (8e(y) + (88)F(Y)

where y* =x* + 1 860%8 and B_, a=1,2 is a complex

"
Grassman left-nanded Weyl spinor. [(88) = -1 87 ¢28 1. They include
the elactron @ and positron @ fields defined previously. They also
include @ and @, a pair of complex scalar fields for the scalar
electron (selectron) and scalar positron (supositron) ,respectively.
F and F are complex auxiliary flelds. E and E are commuting
Lorentz scalar superfields.
We also define the real gauge prepotential

V(x,8,8) = C(x) + 1 (B%(x)) + 1/, (88) [M(x) + IN(x)] - ©c*B Ay (%)
+1(98) (BIN(X) + 1/, 0% 3, X (\)]) + 5(86)(@8) [D(x) + F OC(x)] + h.c.

(1.19)
where B, =6, * and (66)s6_8%.

Au is the photon fiela, A, is the photino and D Is a real scalar

auxillary field. Visareal [V = V']commutlng Lorentz scalar
superfield. The other fields C, %, M, and N are gauge artifacts, as
we will soon see.

SUSY TRANSFORMATION

The infinitesimal supersymmetry transformation law [by =
constant Grassman parameter e ] for a general superfield $(x,0,3"

IS given by
5% = [((€Q)+ &), ¢] (1.20)

with the supersymmetry generators



Qu=[0g-10%80,],  Q;=[g-iB0¥y];

satisfying (Q,, Q;)=210%_ 0

- A finite SUSY transformation

Is given by

$(x,8,8) = $(x',',8" (1.21)
with x' =x - 1(ec*® -00¥e), ©'=0+¢ and © =6 + € .

CHIRAL MULTIPLET

The infinitesimal SUSY transformation for a general chiral
superfield &(x,8)a @(x) + V2 (By(x)) + (88) F(x) [chiral superfields
satisfy the constraint D¢ =0 where D= dg+1B0c¥ 9, 1 1s given by

8§, p(x) = N2 (ey(x))

5, w()=1N20%e 0, @(x) + N2 eF(x) (1.22)

5 Fx)=1V2€ 0¥ 0, y(x)

The last equation demonstrates that the third component of a
chiral superfield, the so-called F-term, transforms as a total
derivative. Therefore the F-term can be used to construct
Lagrangian densities. The resulting action is then SUSY invariant.
Moreover, we note that the product of any two chiral superfields 1s
again a chiral superfigld.

Taking the vacuum expectation value of the second aquation,
we find

<8, w(x)> = N2 eCF(x)>. (1.23)

Thus a non-vanishing expectation value for F indicates spontaneous
SUSY breaking. Moreover , if <F>4 0 , then y is a massless
Goldstone fermion ( in the case of rigid SUSY ) or Goldstino. The
mechanism whereby SUSY is spontaneously broken via <F>4 0 Is.
called the O'Raifeartaigh mechanism.

GAUGE MULTIPLET

The infinitesimal SUSY transformation for the vector (or gauge)
multiplet is given by



8 Fuo)=ilec, o Mx)+eq,0, Mx) - (pe—v)]
v

S N = 1eD(x)+ c¥Ve Fau(®) (1.24)

= ¢ o* -gc*9 )

§,D(x) =ec¥ o, Nx) -0 0y Mx)

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. variant
action. Again, the product of two real vector superfields Is a real
vactor superfield. Moreover, the product of a chiral superfield and
1's hermitian conjugate 1s also a real vector superfield.

The vacuum expectation value of the second equation gives
¢ 6 Mx)>=1e<D(X)> . (1.25)

Thus <D»> is also an order parameter for the spontaneous breaking
of SUSY. If <D>4 O then SUSY is spontaneously broken and \ is a
Goldstino ( in the case of rigid SUSY). The mechanism of breaking
SUSY via a non-vanishing D-term is called the Fayet-Iliopoulos
mechanism.

GAUGE INVARIANCE

The SUSY generalization of the local U(1) gauge transformation
Is given by

E'(x.8) = 2! Alx.0) g ( @)

E'(x,8) =02l ABIF (y g) (1.26)

g2e V' (x,0,8)  o-21a A(x,8) g2eV(x,0,8) g2le Alx,0)

E"(x,8)=E' (x,8) g"21@ Alx.8)
atc. and A satisfles D, A=0. In equation (1.24) we considered

only those fields in V which transform covariantly under the local
U(1) gauge transformation. All the other fields (C,x,M,N) ara gauge
artifacts, meaning that by a sui'able choice of gauge they can be
transformed to zero. This is the so-called Wess-Zumino [(WZ] gauge.
The WZ gauge is not manifestly supersymmetric i.e. a general SUSY
transformation must be compensated by a gauge transformation in
order Lo return to the WZ gauge. The WZ gauge has the nicea
feature that V" =0 for n23.



The gauge and SUSY covariant field strength is given by
W, =-yOD( e2*Vp_ o2*V) . (1.27)
Under a local U(1) gauge transformation it transforms as follows
U'“ - -%-T)_D( g-2la A 5-2eV 2le A D, g2le A j2aV 210 A )
- _1_—05( g 2le A g-2eV D“ g2eV 2ie A )
« g 2le A W, g2le A _i_ g-2le A DD D“ g2le A
(The last term vanishes using DDD_ e?'* A T (5, D, )e2ie A
aD0e?*Ay0 and DA=0.) Thus we have
W ne2ehAy g2leA (1.28)

In the WZ gauge, we find

W(x,8) m-1 A(x) + [DOX) -1 ¥V F , (x) 18 + (B8) 0* 3, N(x)
where F“-O“A“- Oy A, . (1.29)

It is now possible to writo down the invariant Lagrangian for
SUSY QED . We have

Reqen= ) 4'0 (E(y,0) @20 V8.8 Y o)

+ B'(y,0) a2 V8.8 o)) (1.30)
+ ([d?em E(x,@)E(x0)+hc.)
v (%0 Fauru+he.) .

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 torms in (1.12) are included in (1.30) in addition Lo novel
supsrsymmetic contributions. Also note that the first and last
terms in (1.30) are in fact D-terms and the middle term 1s an
c-term. [ [d*8n [(?0d%B 1.

In order to do perturbative calculations with ﬂsqzn one mirst
zhoose a gauge. The SUSY R; gauges are manifestly supersymmetric

ad thus SUSY Ward identities will be satisfied in thesy gauge:;m.

w may also use the WZ gauge with the standard non-SUSY FT;

actuges  but  Lhese calculations will not Dba  manifosthyg

-.uapursgmmelrlcm. Neverthelacs any gauge Invartant quantity will
suparsymmetric,



GENERAL GAUGE INVARIANT N=1 RIGID SUSY LAGRANGIAN
Lel us now write down the most general renormalizabl'e SUSY
Lagrangian with non-abelian gauge symmetry group G.

2= ( [d*8 |z, g2 TrU* U, +hc.) (1.31a)
+ |d*e 9a29V) g (1.31b)
+ ([d?8 w(#)) + he.) (1.31¢)

whera V(1)aV_(x,8,8) T(1); T91) are the hermitian generators of
G in the representation of ¢, , g 1s tha gauge coupling constant and
the constant k is fixed by the relation Tr(T9(f) TP(r) )=k §9°

with f denoting tihe fundamental representation. Unless otherwise
stated, we will take k=1 for G=U(1) and k-'z- otherwise. The
quantity W(é,) 1s a gauge invariant holomorphic function of ¢, and
is commonly called the superspace potential.

The Lagrangian 2 can now be expanded in terms of the
component fields. This corresponds to doing the intogrations over

the Grassman coordinates © and ©. We find ( using the convention
Id"'e (88)w 1) In the WZ gauge

2= - L 4 130T D0+ k(D2 (1.32a)
|'Du¢p||2+ 1y, 0¥ Dy + | F,l? (1.32b)
INZg (' T (w2 - R T @)

gD g TN

Fi[ow/0%,]lguo - wiw)[22W/080¢ ]l gy (1.320)
+ h.c.

where the terms in (1.32a-c) are derived from those in (1.31a-c)..
raspactively. D, u 19, + gA"‘l T91) and it {s now clear why F, and

+

+

+

+

N9 are called auxiliary flelds, since they have no kinelic terms 1n
thelr equations of motion. One may use the equations of motion tm
I, and N? to ellminate these fields from the Lagrangian. [he

aquations of motion are



[52\6F] = F, + [ow/0¢,]l"g0 = © (1.33)
[6e\sD?| = D? + gD%g, TN @, = O
Eliminating F and D using (1.33) we obtain the scalar potential
V(g) = 5 DN +|F 1220 . (1.34)
Note the ground state is supersymmetric iff the vacuum energy
vaniches, and V=0 Iff F, = D? = 0 , as discussed previously in
eqns. (1.4, 1.23, 1.25).
NON-RENORMALIZATION THEOREM AND ITS CONSEQUENCES
Supersymmetric theories have been around for about 15 years
now. [l was realizea quite early that many miraculous cancellations
ocurred in perturbative calculations. We want to recall these
properties of SUSY perturbation theory and discuss thelr
consequences. We shall discuss the non-renormalization theorem in
the context of a simple model ,1.e. SUSY QED. Recall the Lagrangian
LgqED discussed previously in equation (1.30). In addition we shall
add the following new terms
Teoen = Locep + (VPO SEE + %/, [d?0 87 + ne)
+ et [d*oV (1.35)
In components we have ( in the WZ gauge )
-QSQED' —1— qu“ + lf'E"auf + %Dz
(D, 82« 10'T"D 0 +|F, |
o[ D,E|? 410D, 0 |Fg|? (1.36)
+INZa (-8« 9'@F) -hc)
+aD(-|@|%+ 1@|%2+8)
s [Fg(m @+ Ngp@)+ Fo(m @+ 2gpd)
+ F,(XEE s+ M) - m.@e) -./ziP\jl
-Ng(@ee) + (y9)a +«(p8)e) + he.]
N. m and & are a Yukawa coupling, mass and Fayet [hopoul..

paramater, raspectivaly. ha componants of the new nautral «<hiral
suparnield ¢ are ( @, y, F, ).



The Feynman diagrams for this theory are given in figure 1.

Figure 1
e
<T(e,0'y)>=10, p*/1p?-m2] 9 — .
(]
<T(88)>=1/1p%2-m2] > — — —
F.
CT(FgF )= 1p?/Ip*-m 2] —_——— —
@ e
<T(e, @ )>=-im, /[p?-m?] g ———x——
e Fa
<T(F @) =im_ /[p*-m2] g o— L —

The above propagators are all included in the following
superpropagators E
<T(E(x,8 E'(x,8")>

Y

<T(E(x,0)E(x'.8) ) — x N

Propagators for other chiral flelds are similar. In addition, there
are gauge propagators.

STATEMENT OF THE NON-RENORMALIZATION THEOREM
[NRT](+S!

1) F terms receive no radiative corrections to any order in
parturbation theory.

D) In superfield language, all radiative corractions to i
ofTfactiva action are of the form

A |00 [ d*x, L d'x F (%,0,8) . F (X608 6(x,, . X,)

(140



where the product F ..F_ is real and F, are products of superfields

and their derivatives.

Let us look at one example of the theorem. Consider
corrections to the operator Id’ef 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
trivially satisfied at the component level. At two-loops (see fig.2b)
the result is nontrivial and requires the cancellation of several
nonvanishing contributions.

Figure 2
a)
b)
CONSGLEQUENCES OF THE NON RENORMALIZATION THE ORETY

1Y Thare can be no SUSY breaking 1n any fintte npedm o
perturbation theory, L SUSY 1s unbrokan At tha tina Invel,



2) The parameters A, m_ and m are only renormaiized by wave

function renormalization.

3) The so-called Fayet-Iliopoulos D-term, ek Id"ev ,
obtains quadratic radiative corrections of the form Sga(z,q,)l\"’
where q, are the U(1) gauge charges of chiral fields ¢, . This
result is obtained at one loop but is valld to all orders in
perturbation theory.

4) There are no quadratic scalar mass corrections, |ff 6E= 0.

S) It is "technically natural” to set the parameters \, m_ and
m to zero in the bare Lagrangian.

In the next few paragraphs we shall elaborate on these five
points.

1) As a result of the NRT the perturbative effactive action
is of the form

2,0 JdOK,0)) + [d?B8W(R) + he. (1.38)
-Fo F,j' [ 0%/24,0¢ ']l gug + Fo [2W/2% ]l 60
+ h.c. + D-terms
where W(é)) is the tree level superspace potential and V(¢,.¢J')

includes all the radiative corrections. The equations of molion for
I-'Ol Jre given by the expression

[52."\5"-0,] . F'oj [ azk/“l“;]' €0 * '. ‘3\"’/5“’|]i Guo = O

(1.39)
If at the tree level the equation [dW/d4,]lg.o = O has a solutian,

then the aquation F'.,,I =0 has a solution to all orders In
irorturbaticn theory. Thus SUSY iIs preserved to all orders, (nn

raaliras that a 3USY vacuum is extremely stabla. Tha :zamn
analysis can be agpplied to the D terms with the same conclusion,



2) Consider the genaral renormalizable Lagrangian of aquation
(1.31) with g interpreted as a bare coupling and assume the
superspace potential W includes the following terms,

Weoe Ny dui®uyPun * my,®u®, - (1.40)

Then, as a result of the NRT, \ and m are renormalized by wave
function renormalization only. Specifically we find

Mo M QL7 and mmam, 2207 (1.41)
The renormalized Lagrangian of (1.31) is given by
- ( [d% fg g2 2, Tru,* Uy s he.) (1.42a)
e ,[d@ 8 te29r ) ¢ (1.42b)
+ ([dow(z2e )« ne) (1.42¢)

where the renormalized fields are defined by the expressions

¢,_,=Z|"/= ¢, . V,.-Z"'/a f(V) and g,.-Zg'/a g. f(V) is In general a
nonlinear function of V. Note, that Z,-Z, in a SUSY gauge, which
we have implicitly assumed. In & non-SUSY gauge Z,-I Zv,

neverthelass, the renormalization group equations for N and m
ramain unchanged!®!,
3) The radiativa correction to ¥ at one-loop is depicted In
figure 3 We find
figure 3

] I -=-=--o0
9

A
58 ~ |q,] Tp/PmI ~ C g)A? (1.43)

ihis rasult 1s true to all orders in perturbation lheor_qm. Char ]
~odlar Nelds obtain a conlribution to their mass proportional to
ek« 58),  As wa shall soon discuss, this 15 tha only ortegin to
radiativae mass corraections to scalar Nelds which 15 quadiatie in
tha cut off. Thus 1f ong wants Lo eliminata these quade at e



corrections, one must demand that Z qa0 for any U(1) gauge

saector of tha theory. This condition is of course satisfied for

U(1)h“"=h"g. in the standard modsel.

4) If 8¢ = O then there are no quadratic mass corrections for
scalars. The radiative corrections to m discussed in (2) are
logarithmic corrections proportional to InA. The only other
possible quadratic corrections to scalar masses are usually
generatec via propagator corrections as in figure 4. However,
since these corrections must yield a D-term, we find thal the
potential quadratic mass correction necessarily vanishes.

figure 4

“ha sum of Feynman graphs 1n fig. 4 generales the fnliowing
e<pression at zero momentum
2 [-Trlo, p* (0D a7 p® (oD /p2-m D2 2p? /pmD? s v
(1.44)
using  Tr(o, @ )a2n,, d’a'u c?ag, and mz? = m ? . The
resuliing expression for non-zero momentum is of the form
A [[aaE'E] . (1.45)

iote, 1f SUSY 1s broken and me? f m_? | then the aveun

.nealiation no longer occurs and one oblains

lq -..! s -:! -2 - 2 { ] -'-
yme v (mg mg ). 1.465)



[We shall use the symbol A_, to denote the SUSY breaking scale
defined by mz? - m 2= A 2]

S) In a renormalizable field theory, any term in the effective
action will typically be generated in perturbation theory if it is not
forbidden by an exact symmetry. If however one sets a parameter
to zero and the symmetry increases such as to keep that parameter
Z2ero to all orders in perturbation theory, then one says that it 1s
“natural" to leave such a term out of the Lagrangian. In a SUSY
theory , any F-term with parameter A or m may be set to zero and
they will not be generated in any finite order of perturbation
theory, even though the symmetry of the theory may never ave
increased. We say that, in this case, it Is “technically natural” to
leave such lerms out of the Lagrangian.

SOFT SUSY BREAKING OPERATORS

These are a set of explicit SUSY breaking operators which one
may add to a SUSY Lagrangian, prasearving the renormalizabiiity of
the theory and the absence of quadratic divergences. They are
typically generated in the effective action once SUSY 1s
spontaneously broken. They are useful in pdrametrizing SUSY
breaking effects in realistic models. As an example we give the
possible soft SUSY breaking operators which may be added to SUSY
QED.

§Qgqep ~ M/21(FF) + mg?|@]% + mZ?[e|? « m.”lcpl"'

+ ANedg +Bm_ 8@ + hc. (1.47)
An aexample of an operator which is pol a soft SUSY braaking lLoarm
Is  @ip".

To conclude Lhis sec ion, we presenl two examples of 'hn

radiative corrections to parameters in (1.47).

Y Correclions Lo g

In fiqure 5 wa give tha thrae contribulions to mz at ono loop.



figure 5

We obtain the following ccrrections, respectively

Emz? ~ -22/(161%) mg?In(A/m) + @®/(16T*) M? In(A/m)

N A%2/(1613) In(A/m) . (1.48)

Note, gaugino exchange tends o increase the scalar mass, whereas
corrections proportional Lo Yukawa couplings decrease the mass.

2) Corractions 1o fl
Al one-loop there are ng divergent corrections to the operator
(§¥). As a result we find the renormalized operator

MFE) =M (¥ T =M (T, T, (1.49)
or M.= MZ,.
If we recall that e,.= Z.'/ae (see following Aaqn. (1.42)) , we find
(at one-loop) that tha expression

MJ/el? = M/ e (1.50)
s a renormalization group invariant. At two-loops, however, there
Is & divergent correction to the operator (ff) (see fig. 6).

figure 6

Wae obtain a carraction of the form
&M ~ A2 Ae2/(161%)% In(A/m) . (1.51)



2. MINIMAL LOW ENERGY SUPERSYMMETRIC STANDARD MODEL
GAUGE HIERARCHY PROBLEMIM.12]
One would like to understand the origin of the smail number

-13 ;
Mu/Maroe € 107" 10r M anoe = Mout © Mplanck- The problem in

understanding this small ratio is usually compounded by the fact
that the ratio is extremely sensitive to radiative corrections , as
we now show.

Let us assume that there exists a scale M gpag»m, and

heavy states H with mass of order M gpqe Which couple to light
states h with mass of order m;. We assume a generic coupling

constant g.
Consider first that the states h are fermions - f. They will
typically receive radiative corrections to their mass of the form
Sme ~ g2/(16m3)m In( M apoe/M)- (1.52)

The result is only logaiithmically dependent on M paqg, SinNcCe a

farmion mass Is generally protected by chiral symmetries. Thus
fermions are "naturally" light states.

Consider now that the states h are scalars - s. The radiative
correction they receive is typically of the form

§m 2~ g2/(167%) M apog” - (1.53)

Scalars are typically sensitive to the physics at large energies,
since there Is generally ng chiral symmetries protecting scalar
masses.

Since In the standard model m,? ~ mf““' and & m?“",w
92/(16m?) M pnoe’ WO expect that, without extreme fine tuning,
my/M anoe ™ -1 - This is the first gauge hierarchy problem. :hi»

shall discuss the second gauge hierarchy problem when we discuss
GUT's))
In SUSY theortes §m_? a §m,? (when SUSY is exact) and 1n

0flly broken SUSY thaory 8&m_? = 6m 2+ g?/(16m* A% . Thus in



SUSY theory, the Higgs scalar can be "naturally" light |f
Agq ¢ 10m, Of course, the question still remains, why is the ratio
Agg/Miproe SO SMall? [SUSY breaking scenarios are discussed
further in lecture 3.]
We shall now assume that A__ <10m, and discuss the
ingredients of the minimal low energy SUSY standard model.
PARTICLE SPECTRUM

In table 1 we list the particle spectrum. The symmetry of the
theory is taken to be SU(3)®SU(2)®U(1)®SUSY.

Table 1
ORDIMARY PARTICLES SUSY FARTNERS
-{ +2
= ”] 6, T, = [Gl ®,
@ i l e jl
*Vﬁ _ )Al N
a (o] 5 asls]
[af, 3" |3, 4
g,u.B g,w,HB
+1 -1
h= [ n*] ®a|F R [R*] ®a- |

SUPERFIELDS

o
ol <l mi



H H
Hypercharge assignments are given as superscripts, Q = T, + ¥/,

and 1 = 1,2,3 label generations. The superfields contain in an
obvious way, we hope, all the states listed above.

The Lagrangian for the full low energy effactive theory is as
follows.

1 1 1
2 Idze [Fg,’ Tl’(hlsll.ls) * gg,? Tr (wzwz) * 18g,2 l‘11“"1]
+ h.c.
L t \ 1
Jave[ ai' exp(2g,V, + 29,¥, + kq,v,) Q.
+ U exp(-2g,V," - %9,V T,
+ —DI' exp (-2g, V" + §-giv1) D, (2.1
+ L'exp( 2g,v, - g, V)L,
+ E'exp(2g,V)E,
« H'exp( 2g,V, + g,V,) H
—' —
+ H exp( -2¢g,V," -g,V)H ]
+[[d*0 w s he ] « 82gopr
where the superspace potential W is given by
= Ti d T8 ur T -
W= 3 HTQp « M D Q) « A FEL « pAH  2D)

and Lhe soft SUSY breaking term 82 (3]

soFt 'S
E20pr= M3/, (39) + M/, (UT) « 1/, (BE)
+ 1Yy hy, ﬁ, + p.duT'\_c'll aj + p'uﬁ_el"fj + Buhh
. Ei'm’aa + u'm?5u « d'm?5d (2.3)
«T'm%T 4 8"'m25e + m?, |h|? « 2| |2
( Vg2 V,9T9, etc. and the charge conjugate generator T2 15 given
hy T9:-T97)



Note that this model necessarily contains two higgs doublets, h
and h. This is required in order to give mass to both up and down
quarks in an anomally free theory. We cannot ,for example, introduce
only the h field and use the scalar partner of the neutrino as the
other higgs, even though il has identical quantum numbers, since
this theory has anomallies. We are also not able to combine the
two known massless particles , the neutrino and photon into one
supermultiplet, since they have different electroweak quantum
numbaers.

SYMMETRIES OF @

Let us now discuss the global symmetries of L.

1) Baryon number B and Lsepton number L, . for each

generation, is conserved. N.te that we have explicitly left lerms
out of 2 with dimension ¢4 which violate either B8 and/or L, such
as (LH)g, (UDD), , (QDL)g , (LLE).

2) R- parity, defined by the discrete symmetry (-1)3(8-L)_|yF
(where F is fermion number and L=EL, ), Is conserved. All ordinary
i

particles are R even, while all superpartners are R odd. As a result
of R-parity the lightest superpartner [LSP] is stablal!% 3]

3) In the limit that the parameter 4 — 0, there is an exac!
Peccei-Quinn symmetry, U(1),q, defined by the operations

Hoo®H Fog®H 6 Foel*/2F (2.4)
where F means all quark and lepton superfields. Note when tne
higgs fields acquire vacuum expectation values then U(ﬂl,cl IS

spontaneously broken and there exists a massless goldstone bosonl
.1.8. lthe standard axion. Since this axion Is ruled out
axperimentally, we have taken p £ 0.

4) In the 1imit M, — 0 and p¥ap9.u®*—0, there exists .

chiral symmelry which keebs gauginos massless lu all order.: In
parturbation theory; a wo-catled global R invariance. It 1s definngd



by the superfield transformations
&' (x,8) =09 & (x,e7/2*0) (2.5a)
V' (x,8,8) = V(x,e™/2*0,e/2%8)
or the component field transformations
@'(x) = 819% (x), yi(x) = @@/2I% y(x) F(x) = g'@Ne £y
AL = A (%), N(x) = 8Y/2% A(x), D(x) = D(x) (2.5b)
with Q=2 for H, H and Q=1 for all other chiral tields.
ELECTROWEAK BREAKING

In order to discuss the spectrum of this model we must first
consider the electoweak breaking SU(2)®U(1) — U(1)g,. It has besn

shown by Inoue et. all'®! that the higgs potential allows for
electrowaak breaking within a certain range of parameters. Consider
Lhe Higgs potential relevant for this issue. We have
V=m?2h|?+« m>2Mh|2-uBhh + he.
£ 9,2/, (N*T/,h =H* T/, F)% + g2/, (kN2 - L[A|2)?
(2.5)

where we define m? a m.? « pu? and m,2x mg? + p2  Note, 't

ihy>=<hy># 0, then the quartic terms In V vanish. Thus we fine
that &) ¥ s bounded from helow only if m? + m,? > 2uB and
the symmetric solutton {s unstable only if det mh2<o or equivalently,

m?m,2c<u?B% The range of parameters which satisfy lhese
conslraints 1s described graphically in figure 7.
figure 7

The electrowaak symmatry broaking solution s given by



<h>'[b] , <_h>-[%] (2.6)

with pwvcos® , vavsin®, sin 26-[2uB/(m1"' + "'22)] ,
m,%m (g.2+9,%) v¥/, = |(m?-m,*)/cosB| - m? -m}? |
m,% g,2v?/,
and mam,cos®, [ sin?e,=g?/(g?+g," ]
We thus obtain the standard W and Z mass relations.
MASS SPECTRUM
GAUGINO MASSES
In general, the scft breaking masses M, i=1,2,3 are unequal ,

arbitrary parameters. ( This situation changes, however, in lhe

context of GUT's , a topic which we shall discuss in the next
section. )

GLUINO MASS
The gluino mass is l‘13.
CHARGED WINO MASS MATRIX
The relevant part of ® iIs
2~ N2 g, [-A* (W, (7, W) h™ (T (r,/, X A1+ he.
= g, [-FO* (T*F) « mO*(F"R*) - R*(@, A INZ
+ AT RAHAZ - F(WWR%) + h**(W*R°)
» ROMTRONZ - nO*(J,RONZ + he.)

(2.7)
where we have defined
@ (@1 TINZ, e et)/2
l‘Jc To/ 2" (W*t*+ W= T)N2 » GI, 13/2
ihe charged wino mass matrix is then given by
w* R*
1" -M, 3, 0 (,".H)

H‘ . 92 D H



There are two Dirac fermions with mass of order m,. In the limit
MH «g,0 ~g,0 , one state has mass less than my,

NEUTRALINOS
Let us define the states

ra(g,U,+g,8)Ng?+g,% photino
Zu(-g,W,+9,68)Ng*+g,”° 2ino (2.9)
5% = (DR%+ 0 h%)/v higgsino,

§%, = (vA°-DR?)/v higgsino,

where v2a v 242 . The naeutralino mass matrix is then given by

) & y .

5 20B/V2 (02BN 0 0

9, 0F-T/v - 20T/ m, 0

Z 0 m, (9,°M; + 9,™M)) g,g,(M-M,)
(91z + 922) (g2 + gzz)

g 0 0 g,8,(M M) (g,*M, + g, M)

(9,2 + 9,9 (g% + g,
(2.10)
n the limit M, M, B« m, we have the approximate aigensta's:.,
“3%  with mass ~ 2vvp/Vv?
¥ with mass ~ sin@ M, (1 +cot?@, M /M,)
q patr of Majorana farmions , and
§%,. 7 a Dirac farmon with mass -~ m,.
HIGGS SCAL ARS

Wa can mako soma genaral statements about tha higgs spoctpgs



as a result of the fact that the quartic terms in the - stential are
due to supersymmetrized gauge interactions onlyf'®:™1  Thare are
five higgs', charged higgs' % , a psaudo-scalar %.° and two scalars

¢° and n°. Their masses are given by the expressions
mo® = uB(O\D +D\D)

m .2 = m o + my? (2.11)
M2 j01q0) 5 {Ma2emz? +() [(m o%em,?)? - 4m_o?m,?((0252)/v%)217a),

We note that
a) as u—0 , mxoz vanishes. In this limit ¥° becomes an

axion, only receiving mass due to strong instanton corrections. In

the limit 8 = O, mx_o’ also vanishes. In this limit there is an

approximate R invariance which is explicitly broken by the gaugino
mass parameters M. As & resuit x° will obtain mass 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° -» n%e*e” al SLC or LEP.

QUARKS AND LEPTONS

The relavant terms in 2 for quark and lepton masses is

2~ Y B WO U0 e NGB A0 A% e N T % e (212)
We define the mass matrices

mY, 2\ L M e G T e e,
rhe mass matrices are in general nol diagonal and the superscrip!
on the quarks and leplons denotes current eigenstales as appo-..|
10 mass algenstales, Tha v's are massless, just as I1n tho stand.ae!
model. We dofine the mass algenstates by the following unitary
transformations

3 u -0 Y ult sy
it th stmilar transtormations for d and a) =Huch that thn
fladqonalt, ad mass matnix s givan by
u o ! u [ S
n diagonal - fa M llu . R



The Cabibbo-Kobayashi-Maskawa matrix K s U'U, is then defined
In terms of the weak charged current interaction W* u®'d° —

W*u'K d. As a result of this generation mixing we obtain the
standard contribution to K° - K® mixing as depicted in figure B.

figure 8
d u,c,t s
W W KO - Kk°
— — ——
s u,c,t d

SQUARKS AND SLEPTONS
The relaevant part of € for these mass terms is
% A0 d O10 A0 TEO0 0
@ ~ (W4 HT% Q% « A HDSQ0 « A HESLY )ryorn
—0 o d [0 30 +=0 Y0
+ H"u u |qj + H ||-h-d—|-g—jv* l'l.ljn'a"lj-]
+§ "m? @ UM odmigd®. 214
»T'maP .3 0 2t .
We shall study the terms which are underiined in more detail below.
First we musl once again distinguish belween mass eigenstates and
current eigenstates, this time for the squarks and sleplons. 4
shall define the transformed fields ( without the suparscript ?
using the unitary transformations defined previously for quark:. .an:
loptons (aqn. 2.13). This goas parl of the way toward defining thn
true mass eigenstates, bul not necessarily all the walj. In this iy
wa will ba able to study the new sourcas of gonoration mixing wl:e
can occur 1n SUSY theories. We define
0 ' '
Q%+, @,  with @y s|u |
|0, (1)
ut
3 Vo
,q |
vy vy,

j Vdjl' ' 'Uol ] l-j

e
”ulj

“n .
D] i (B
| n. |:7I)



The underlined portion of equation (2.14) now becomes
2~ (( )‘ddlag.K' )Ijﬁ—Dl Qlj * (x.dlag.)ljﬁfl Lj)F-tm-
+ (VauTU) G G « (v R U FeT,  (216)
sV migvd +e (v 'mv) e
Note, that the squark and slepton mass ma'rices are nol generally
diagonalized in the same basis as the quarks and leptcns As 3
result we have new mechanisms for flavor symmetry preas - 51101
Consider the following two examples.
Example 1) In the standard model, lepton number s 2. i&r.é&c
for T, 4 and e separately. In the SUSY standard mode! o g
total lepton number L is conserved in general. In figure 2 wa usnow
a graph contributing to the decay 4 — @ + y. The decay rate 's
proportional to a n-e squark mixing mass term Sm“.z. Using the

experimental limit for ihe branching ratio BR(u—ey)s 10~" we obtain
the following Iimit on this mixing mass &m, 2/f? ¢ 1072 (where f?
Is the average squark mass). Finally note that T, u and e lepton
numbar symmetry is recovered in the limit that the parameters n®
=m \* and m;"' and m;"‘ are proportional to the unit matrix in

flavor space.
figure 9

Y

X 4

Fxample ) There are additional contlributions to K" . k"

mxing as qiven in figure 10, These contributions ara proportional
2
sd '

contrihution 15 no largar than the standard modal rasull, wa abtaimn

In tha 5 d squark mixing mass  &m Assuming tho iy

tha following mit on this mixing mass — &m_#/m* « 1073,



figure 10

s s d d
> m D=~ —X= = > - —
; SIS
< X = ———
d d s s

The standard model has a chiral symmetry limit obtained by
taking the quark and lepton masses to zero. In this limit quark and
leptons will remain massless to all orders in perturbation theory.
In the SUSY standard nodel chiral symmetry is in general nol
recovered in this limit. Consider the radiative contribution to the
elactron mass given in figure 11.

figure 11

LN
F —(. X ’ ﬁl

[ 7 e

e obtain Llthe correction to the electron mass given by
Smy ~ oz.mu(Sm“’/rﬁ")"’. Thus even 1f m _(bare) vanishes, we find

sm_ /0, unless (V 'u U )g = (V ''MS?V, )y,20 whera the

alectron Ic taken to be in the third generation. Hence, the chnal
symmetry 1imit ( for the electron ) in the SUSY standard model 15

2

obtained by taking the parameters u® = m \* , m2? and m.--"_

proportional to the unit matrix and setting electron mass to oo,
Tha rasulting symmetry 15 given by the rlobal transformatian
T loe (=
by -t by
3, SUPERSYMMETRIC GUT'S

In thiz soaction wa shall considor tha consodquonces -

~parsymmatiing tha standard SUG) GUT, Boforn we



supersymmetrize, however, lat us racall some of the successes and
problems of standard SU(S).

Successes

1) provides an explanation of elactric charge quantization

2) predicts the value of sin?g,

3) predicts the value of the ratio m /m_

Problems
1) the simple predictions for other mass ratios ; i.e.’
mg/my = m,/m, are not satisfied, thus the simple higgs

structure we shall present here, is clearly insufficient,
2) the simple prediction of the proton lifetime 1s Loo short.
It has been emphasized that these two problems are related and
that a more realistic higgs siructure could ir. principla solve toth.
wa shall show that SUSY SU(S5), with a simple higgs structure, can
solva 'he problem of the proton lifetime while retaining the
succasses nf standard SU(S5) listed above. Unfortunalely, tha
problem wilh fermiun mass ratios remains.
STATES — SU(5)®@SUSY
Simple SUSY SU(5) requires the superfields listed In table 2.
Table 2
Chiral Superfields
0,~ |U a] 5~|7]
l E Il | L ]l

24
Vactor suparfiald
Vo o VIAT® a0, L,
-2
Tha Lagrangian for this modal 15 givan halow,



2= koafd% Troguy
+J[d*e[ 10! exp(2g,V4(10)) 10,
+ 5 exp(-2g4 V4" ) 5,
+ 24" exp (2g4 V4(24)) 24 (3.1)
+ H'exp( 2g4V4) H
v Hexp(-2g,Vs")A |

+lfa?ew e he] + 82gppy

d € 2 ~43
W N H10,10, + N9 HS 10) + M Tr(24%) + A Tr(24%
+ M,HH +« X\, H24H
d ==
82g0rr 2 Mg/ (Ng™2g™) « u¥ H 10,10, + p HS, 10,
+ [(24HH) + m1°’|10|’ + m!’2 5|2 + mH2|H|2
+ mH’ |ﬁ|2 + I'I'I=I,|'2|24|2
Note, there are two distinct scales in 2 M, and M, are of order
Mour: Mg Wy and m? are assumed to be of order m
SU(S5) BREAKING
Let us first consider the SU(S) symmetry breaking. For this
purpose it Is convenient and a reasonable approximation to naglect
8Qgopy aNd minimize the scalar potential. We find

(2.

<245~ 2 s Vv (3.2)

| a
15 4 possible SUSY ground stata. In this ground state S!i+'\) 1=
hroken to SU(3)®SU(2)®U(1). In Vg ,the states 1n V,, %, ani
ramain masslass; the others obtain the mass ”our' All thn st e

24 also oblain mass of order ”our'

SIZCOND HIERARCHY PROBLEM

In order to avold rapid nucleon decay tha color tniplet iny;.
muz=t obtain massas of ordar 10" Gav for scalars and 10"ty
thane tToemionte partners, Tho Hiqgs doublats, on the athmhan !
have mass ol order m. In this model we aceamphi=h this may -



splitting with the term
(2.
H s VM, H. (3.3)
| |

Hy, ﬁs have mass 2\,V+M, ~ Mgy,; and we fine tune the

parameters \,, M, such that the Higgs doublets H,, 'I-'Iz have mass
-3N\,V+HM, ~m,. This fine-tuning, though ugly, Is ,neverthaeless,
“technically natura!. We also require the additional fine-tuning that
f(24,HH) is proportional to the term in the superspace potential
containing H, H and 24 1.e. eq.(2.18).

RENORMALIZATION GROUP QUATIONS

Below M4,y the effective field theory is given by the states of

Table 1 with the Lagrangian of equations (2.1-2.3). At M,,r some

of the paramsters of the theory are fixad by symmatry reiat'‘ons. In
particular, at Mg,y we have

M, =M, = My m Mg ,gaugino masses are equal (3.4)
o, =0, =0, na, ,Jauge couplings are equal

My =m,

My =My,

Mg = Mg,

We now want to use the renormalization group equations to
avaluale these parameters at the weak scale my, [ For a review of

the RGE's , see Sradnicki, this school. ] We first consider the gauga
coupling constants, The RGE at one loop is given by

f-j"[ o, - '%bn o, ? . (3.3)

tain en M/my, .
lho renormall.zaticn group paramaters b, for gauge yroup SuU(n) an:

roprazentations R

b, é_l_ C,(SU(m) - % T(RON, - % [(RN, (0)

whorn 0 6) 15 the quadratic casimir for tho group 6, TR Y 1

n |5 given by



defined by the expression Tr(T9TP) « T(Rn)b“"’ for the generators
T9 in the representation R, and T(fundamental) = %. N, are the
number of fermion (scalar) representations R_. The formula (3.6) 1s

general; for SUSY we can re-express (3.6) in terms of vecior and
chiral multiplets. In this casa we have
b, = 3C,(SUN)) - T(R,) NeyraL (3.7)

wnere the first term is the contribution of the vector muitiplet and
NewiraL S the number of chiral muitiplets in the representation R .

The final result is given by

Dy= 9—2n°
b= 6-2n-ny (3.8)
t,= -2 n,.,—énH
where ng Is the number of generations and n, is the number of

Higgs pairs (H,, H, ). The resuit of running the gauge couplings o
frem Mg,y to my, is depicted in figure 12,

figure 12

Loyr

19
We find the value of Mg,y ( fOor Agg=100Mev 191
Mgyt (SUSY) =5 % 10'° Gav . (39
Mgyt (MON-SUSY) = 1.5 x 10™ Gev.
Thus 1in sUsY sUS), Moutr '3 Aabout 30 times largm  than n

noana Y SUeY),

Wa find tha value of :‘-ln*'(-)u“gl



by -b,, +% (b, -b,) a(m,)/at(m,)

sin®g,(m;) =
b3_b2+§(b3-b1) (310)

Note that the contribution of ng cancels in the differances 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 sin?6,(m )| gygy gur= SIN?8(My)| gy Including

the Higgs we obtain

sin?@,(m,) = .238 (SUSY) (3.11)
sin®g,(m,,) = .218 (non-SUSY) .
[MASS RATIQS

At m, the gaugino masses are in the ratio

Myt Myt M, = oy, & (3.12)
as consideraed previously in equation (1.50). As a result we obtain
the gluino-photino mass ratio

ms/mg = o/ ga.z sin?g,) (3.13)
10 the limt M, , M « m,.

For the quark-lepton mass ratio, mb/m, the result agrees with

that of non-SUSY SU(S) (see Einhorn and Jones, ref.[19]).

PROTON DECAY

Dimension 4,5 and 6 operators can in principle contributa to
nucleon decay In SUSY GUTsI29)  This 1s 1n contrast to non-SUSY
thaories where dimension 6 operators are the lowest dimensinn
baryon violating operators consistent with SU(3)@SU(2)®U(1).

GAUGE EXCHANGE

The dimansion 6 contributions due to gauge exchango .o
n4qturally suppressed 1n SUSY GUTs as a consequence of the
incransed value of HOUT‘ as discussed previosly (see aqn. (.5.90),

tRocall thal the prolon lifatime Ty ™ HOUT","mpﬁ.] We NMind that the



contribution to the proton lifetime due to gauge exchange is
T, ~ 5 x 1028 years non-SUSY SU(5) (3.14)

T, ~ 4 x 103**! years SUSY SU(5)

(see Marciano and Senjanovic, ref.[19D.

NEW PROCESSES

As stated under our discussion of the symmetries of the
effective low energy theory we have explicitly deleted any possible
dimension 4 baryon and/or lepton violating operators. This is
bacause, in order to be consistent with the observed nucieon
lifetime ,of order 10%' years, such operators must be extremely
suppressed. It is possible 1o forblid such operators by introductng
new symmetries into the theory™ As an example, R-parity,
introduced previously, does forbid all the dangerous baryon and/or
lapton violating dimension 4 operators.

It has been shown that there are also dimension 5 baryon
violating operators which are invariant under
SU(3)®5U(2)®U(1)@sUsYI29), These are 11sted balow.

[d?@0,0,0Q,L, = Ay, (3.15a)
[¢*0T,UB,E, = By,
|d?@0,q,q,F, (3.15b)
[d¢®(q,q,5," - he)

If we demand the symmetry R-darity to forbid dimension 4 operators
then the operators in equation (3.15b) are also forbidden. We shall
Ihus assume that only Lhe operators of (3.15a) are present I1n the

*Note that even though 1t may be "technically natural’ to delata
dimension 4 oparalors in an effactive low energy theory (meaning
thay will never be generated in any order in perturbation Lheori) in
'‘n2 affoeclive low energy theory), one must recognize ihal :uch
speralors can be generated at tha trae lavel when ona ntagr.datn:
ot tates with mass of order Mg ,p in the procass of detining the

sttactiva low anergy theory. One would thus faeel assurod 1 Thoro
W a symmatry e the GUT theory which forbid this possibiinhy,



effective low energy theory. Note, these operators are tnvariant
under the symmetry B - L. One can now show that the operators A
and B of (3.15a) satisfy the relation

Aukl = Bukl ] o _L[ i = ‘ = k = I. (3-16)

As a resuilt ( assuming these operators are the main contributors to
nucleon decay ) one concludes that the dominant decay modes wili
contain at least one second generation particle in the final
statel2!,

Using only dimensional analysis one might conalude that
dimension S operators are dangerous and must also be forbiddan by
requiring a new symmetry. We shall shouw that this is not the case
when we consider the origin of these operators Consider the graph
of figure 13.

figure 13

The color triplet Higgs with mass of order Mg, !'s exchanged. We

obtain the efieclive dimension S operator
(/M) (DCKTAIU + UCAKIDHV(A)D + E(A KU}

¢ (/M (EKTAJT « TOAWKIEHD (A KNYTY (317

where K Is Lhe Cabibbo-Kobayashi-Maskawa matrix and X\, and * g

are diagonal Yukawa couplings. In order to calculate a nuclnnn
decay rate one must then dress these dimensicn 5 operators at the
wndk scale Lo obtain more familiar dimension 6 fcur farmi oparator:,
[n flaqure 14 wa give the graph which most hikely ¢ivas the dominan?
contrybuti-n,
figure 14
P -'k"'i'i“

Lo
(n »k Uu)



The limension S oparator in this case is

~(m m, sin@c/oBMgyr) dEs v, (3.18)
and the resuiting dimension 6 operator is
~( @, m m, sINB2/BY My i Jdus v, (3.19)

where 8, is the Cabibbo angle and m is a typical superpartner

mass. One swves that dimension S operators are sufficiently
suppressed ,due to the small Yukawa couplings and one loop factors,
to give acceptable contributions to nucleon decayf2"%22!  In ract,
with reasonable values of the parameters one expects to see an
effect in tha present nucleon decay experimants.

In figure 15 we present a graph which can ba large and
perhaps dominate for top quark masses of order 40 Gev!23],

figure 15

.=
p—k* T,

The effective dimension 5 operator in this case 13 given by
~ (mym_ sinBgK, /B0 Mgyr )sTpd (3.20)
and the effective dimension 6 operator by
~ (wgm,m_ sINBK, /U8 Mgyr)( 8M?z3/M2) 8 U I u.
(3.21)
ém?z¢ 1s the U-U mixing mass which in the standard model can he

large as a resull of renormalization group effects( see section i )
[r the, as yet unmeasured, mixing angle K,  1s of order slnec"’ ane

m, » 40 Gev, Lhen the process of figure 15 can dominate.

Finally, in ftgure 16 we present one more sel of graphs which
could In principle be significant in a particular range of paramator:,
figure 16

p—kpt



The surprising fact is that these three graphs Identically cancel
each other if mz = mz = mgt24l. However (mz%- mg®) Is proportional

to MXv 2B%/(® %+ ?) and could in fact be largef25],

The praceding discussion illustrates some of the uncertainties
inherent tn any prediction for nucleon decay in SUSY GUTs!28],
Unlike the contribution of gauge exchange which is fully determined
by the dynamics of unification, the new processes depend on both
the unknown Higgs triplet mass and on the values of masses and
mixing angles of the as yet unobserved superpartners.

4, SUPERSYMMETRY BREAKING

In this lecture we will consider mechanisms for spoataneous
supersymmetry breaking in both rigid ( or global ) SUSY and in local
SUSY ( or supergravity ). We shall conclude with a discussion ol
the minimal low energy supergravity model.

RIGID ( OR GLOBAL ) Susy

We shall discuss three possible mechanisms for spontancou::
5USY breaking, going under the names Q'Ralfeartaigh machani:sm,
I ayel-Illopoulos mechanism and dynamical mechantsm. Fig [t two
mochanisms occur at the 1lree lavel. The last roquires
non-perturbative dynamics for its success.



1) QRaifeartaigh mechanism
Consider the chiral superfields A, B, C and the lagrangian
2=]d*0 (AA + B*B + C*C) + [d%0W + hc;  (4.1)
Was A(BZ+M?) + uCB.
Recall equation (1.34), the scalar potential is given by
v =|0W/OA|2+ |OW/0B|%2 + | BW/OC|2?. (4.2)
Thus supersymmetry requires
OW/OA u b2+ M?2 =« 0
OW/0B = 2ab+uc =0 (4.3)
IW/AC a pub =0
where a, b, ¢ are the scalar components of A, B, C, respectively.
It is easy Lo see that the three equations (4.3) cannot be satisfied
simultaneously. Thus SUSY is spontaneously broken.
Let us now minimize the potential V. We have

V(a, b, ¢) = p?|b|2 « |b?+M?|2 +|2ab + uc|2. (4.4)
Clearly the potential has a flat direction definad by

Co/ag = = 2D, /M. (4.5)
( A subscripl , denotes vacuum expectation value.) Thus the
magnitude of ¢, Is undetermined at the tree level. This

phenomenon is typical in O'Raifeartaigh type models. The equations
forr b are as follows

OV/Gb* = u? + 2(b2+ M)b* = 0 (4.6)

OV/3b = u?* + 2(0*2+M?)Db = 0.
Raecall a, b, ¢ are complex. If M? ig real then b? is real and the
solution is

Dy ® I NM? + '72p=. (4.7)
The vacuum anergy Is given by
V(a,, by, €,) = p2(M2. uz/z) + },1"/‘° > 0. (4.8)

Let us now discuss the spectrum of this modal. Wo s=hai!

consider two limits defined by, a) 3, = G, = 0 or b) a,, ¢, » j*HN
(a) [a,=c,a0] It Is convenient Lo define

B=B'" bo («1.1)



6 = ((dw/2A) A + (dw/2C) C )N"/a
L u (-(dW/3CY A + (dW/dA) C )N/2
N a ((QW/0A)2 + (dW/3C)? )2 w V(ay, by, c).
Note that
(G) = 82N/2, (L) =0, (B) =0 . (4.10)
The lagrangian, written in terms of the new variables, is
2= [d*0(G*6 + L"L + B"B') + [d?0W + hc.  (4.11)
W= N/2G « (20,(dW/3A) + u(dW/aC) )N"/26B'
+ (-2b,(0W/3C) + p(dW/2A) )N/aL B’
+ QwW/2AYN"/2G6B"?2 - (dw/ac) N/2L B2,
Note that the coefficilent of GB' vanishes identically. This
exercise shows that
1) ygq Is the massless Goldstino and

) V(a,, by, o) u|OW/3G|? = N
which is consistent with the result of eqn.(1.23).

i11) The states contained in B' receive SUSY breaking mass
contributions from the interaction (G)B'Z. AL the tree lavel the
mass matrix, nevertheless, satisfies the relation

STrM2a0, (4.12)
This resull is ganeral and moreover it is & necessary condition for
the absence of quadratic divergences in the theory at one loop
(racall 88 ~(STrM2)A2),

Note .In a theory where W - N/aG + L2 .+ L3, Susy 1=
;pontaneously broken put the Goldstino decouples and the spectrim
of masses remains supersymmatric. In order to avold thi-.
docoupling O'Raifeartaigh showed that one needs al lgast thran
chiral superfields as described I1n (d4.1),

D) [ cy=2byag/H~M apog MW M~ AT In this imit the
“Hupor spaca potential takes the form

Y 2 2 ' ~ 912 Tl . ‘e

W v A"6 ¢ MiapogeB™ ¢+ A LB + GB™ + LB MCRR)

At thg trrao lavael B' has mass of mder NLHHOE Jnd T has mass of



order A, ?/M _amoe- Since however SUSY is broken at the scale
Agg® Agg®/M amog: ON@ Might expect that L will receive SUSY

breaking mass corrections In higher orders of perturbation theory
of order A_.. This guess Is in fact wrong.

DECOUPLING OF SUSY BREAKINGI27.281

The graph contributing to a SUSY breaking mass correction for
L ,at one-loop, is given in figure 17. The correction Lo the
figure 17

effective action is given by

82 = (1/M* anoe) | 0% GG L L (4.14)
which corresponds to a SUSY breaking mass for the scalar
component of L given by

6m.? ~ (Agg®/Mianoe)’ (4.15)
This raesult generalizes to all orders in perturbation theory and
thus SUSY breaking effects decouple ,i.8. they are suppressed by the
ratio Age/Mianor.

2) Eayel-lllopoulos machanism

Consider an SU(2)®U(1) gauge theory with one chiral supertin':

0. a doublet under SU(2) and charge 1 under U(1). The lagrangian
for this theory Is given by

2=[d*e[D'(e292Ya* 20 %) (1.16)
* Idze[ég,’Tr(wzwz) ¢ +ﬁg|’w|w|] * 9§D,
l'he scalar potential is givan by

Ve §(TrD,® ¢ D2). G
Suparsymmetry requiras that
D) aq,(D*'DY2 w0 10,08 (4, 18)

D, 29, (D"D+E) -0,



Once again, these equations cannot be satisfied simuitaneously and
SUSY is spontaneously broken. In this case A _~§, and the

Goldstino is one linear combination of the gauginos. Note that, in
this example, the gauge currents are anomalous ( see the triangie
diagram of figure 18) and thus this model is inconsistent. It is
very difficuit in more realistic models to make use of th:s
mechanism. The problem has been that the theory is either
anomalous, supersymmetric or color is spontaneously broken.

figure 18

Consider an SU(n) gauge theory with N flavors of chiral
multiplats Q, , G, , ! = 1,..N . The laarangian is given by

2-[d% [ §a Traww)] « he
Jda*e[ q'e29¥ q + TG eV G ]. (4.19)
We have assumed that the suparspace potential is zero. Using the
SUSY transformations (1.22) we obtain the relation
(Q. (q,q,+q,9)) = N2(2q,q,+Fq+qF,) (4.20)
Howsaver, using the equations of motion one (finds Lhal
F'a-0W/0Q,20 and F'a-0W/3G,0. Thus If (qq,) # O, then SUSY

I1$ sgponlaneously broken. The Goldstino would be the composite
formion created by the operator q,q,+Q,;q,. Recall, that 1n QCh 4

tarmion condansate does indaed occur at a scalo Aocn' In ths

cana, the psoudo-scalar octel, including plons, ela., ara the
goldstono bosons of a brokan chiral symmatry.
Nota, If wa had Inti'oducad A mass tarm of tha form

m ]d"’(-) C)lul , than r,' - -mt_Jl and Fl' - -m (), o In thes camsa L tho

sacond and third terms on tha right hand stde of GLUOY no longae
vanish tdantically and moraovar, 11 can ha shown, by wing the



Witten index theorem, that SUSY cannot be spontaneously broken.
Thus the entire RHS of (4.20) necessarily vanishes identically for
any non-zero m. It is clear that if SUSY is spontaneously broken for
ma0 , then the m = 0 theory is not obtainable as the limit of the
m # O theory. Wa shall discuss the Witten index theorem in more
detail shortly.

Gluino condensatas can also spontaneously break SUSY.
Consider the equal-time anti-commutator

(@.q,§) = V2 (-5 0w/05 + §n° x(33)) (4.21)
where the last term is the Konishi, Piguet, Sibold anomaliy!39). The
anomally is a consequence of the anomalous equation of motion

-152(q"e29YQ,) x -Q,0W/0Q, + §na (UFW.). (4.22)
Clearly, if Wa0 and ( gg) ¥ O , then SUSY is spontaneously broken.

In the two preceding examples of dynamical symmetry breaking
1t has been assumed that the superspace potential W is identically
caro. As a result of the non-renormalization theorem , WaQ at the
lrree lavel then it vanishes Lo all orders in perturbation theory.
However, recently it has been shown that non-perturbative effects.
such as Instantons, can contribute to W. Thus great care musl be
taken when reaching any conclusion based on a vanishing W.
Affleck et.all29] have used such non-perturbative corrections to W
to obtain an explicit example of dynamical SUSY breaking In a
“‘perturbative” regime.

WITTEN INDEX THEOREM

Supersymmetry Iimplies the existence of an equdl numbe of
boson and fermion states with non-zero enargy E. Constdm the
vdcuum state |0). If the vacuum is supersymmetric Lhon

Hlo)-Q, |0)=0. (4.25)
Mo onatgy lavals of a suparsymmatric theory ara daptctad in fqurs
19 1ot us now dafine tha Witten indox A.



figure 19

Aa Tr-1F = Tr(e® (1)) (4.24)

| n' nF

where F Is fermion number and ng®=® (n E=%) is the number of zero

energy boson(fermion) states. If A ¥ 0 then SUSY is unbroken ,i.e. a
SUSY vacuum clearly exisls. If A = O then SUSY mey or may not be
broken. Witten has used this criteria to show that an SU(n) gauge
theory with N massive flavors , Q,, Q , | = 1,.,N must be

supersymmetric since A = n . The limit m — 0 may be non-uniform,
ds discussed previously.

LOCAL SUPERSYMMETRY = SUPERGRAVITY [ SUGRA ]

In this section title we indicate that local supersymmetry
implies supergravity. We would llke to motivate this assertion.
Consider the transition from a global to a local symmetry for an
abelian gauge theory. In particular consider the Lagrangian

=iy gy (4.25)
with the global phase invariance
y - al%y (4.26)

with oo, a8 space-time independent parameter. We now want to let
x~(x) ;1.e. oo is now space-time dependent. The variation of ¥
nundaor this transformation is given by

82 - - 0 () Wby n - 9, (%) JA(x) (0

whera JJ* 14 tha conservad Noaether currant, In order to obtain
[ agr angtan which s invariant under the local symmetiy wa must adid
to € g tarm

ng - JB A“ Lo



such that the gauge fleld A (x) transforms as

AB - AH + Ou ou(X). (4.29)
The resulting Lagrangian
2 =1y gt (9, -1A)y (4.30)

1S gauge invariant.



