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PROTONJECAY IN THE SUPER-WORLD

Stuart Raby

T-8, flS B21!15, Los Alamos National Laboratory

Los Alamos, N?! 87545

INTRODUCTION

One of the

(GUT) is for the

this decay could

most dramatic predictions of any grand unified theory

decay of the nucleon. l The ●xperimental observation of

illuminate the physical principles operating on scales
-30as small as 10 cm. In this talk we shall ●laborate or. the predictions

for nucleon decay in supersynunetric (SUSY) GUTS.

General Analysis

The experimental limits on nucleon decay

particular decay modes. It is clear

rN 2103’ years ,

= ,46 x 1063 G;$ .

Aosuming that the baryon number

fundamental theory at a scale H >>

scale) and that the only particles

below, we can, by integrating out

however that

are sensitive to the

in general

violatin8 processes originate from a

~ (i,eo much 8reater than the weak

with mass less than H are at % or

all states with mass H or greater,

obtain an ●ffective action at ~ of the form

-x b
- ~d-4

o(d) ,
●ff

The baryon violatin8 operator of mass d~mension d, o(d) is a

product of local operators includin8 particles with mass $ 0 (~). (J(’l)

is invariant under the low enersy 8au8e 8roup SU3 x SU2 x [lli The

,Illcleon lifetime is then 8iven by



‘N =

where c is

nucleon and

C-2 M 2(d-4)
()

—.

‘N %

proportional to b and the matrix element of O
(d)

between the

particular final states.

Ford =6and c-- 1 we find that M 2 4 x 1015 Gev. Note that in the

standard model with the minimal particle ccntent, dimension 6 four fermi

operators are the lowest dimension baryon violating operators consistent
1with SU3 x SU2 x U

1“ All such operators conserve the quantum number B-L

(Baryon # - Lepton #). Dimension 6 operators require a new s’:ale H - 10
15

Gev in order to give reasonable amounts of nucleon decay. In GUT’s this

scale is naturally associated with the grand unification scale,
‘GUT“

Consider now d = 5 (4). If we assume M - 4 x 1015 Gev we find

c s *0-16 (10-32)

F1in order to be consistent with observation.

It was realized that Baryon violating SUSY operators consistent with

SU3 x SU2 x Ul x SUSY can have d ❑ 4,5 or 6. 2
Clearly for d = 4 or 5

either one must forbid these operators by introducing new synsnetries or

there must be some naturally small numbers inherent in c,

Dimension 4 SUSY operators will be ●laminated by demanding a

discrete symmetry R parity. d = 5 operators on the other ,l~nd can lead

to reasonable nucleon decay rates, 3Alld=5 :perators (consistent with

R-parity) conserve B-L.

The spectrum of states in the minimal low ●nergy N = 1 SUSY theory

is given in l’abl~ 1.

Table 1.
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Q= 13 + Y/2 (hype rcharge is given in superscripts)

i= 1,2,3 number of generations
a= 1 ,. ... 4 number of neutralinos
-+
w- , ~Y are superpositions of gaugino and higgsino states.

It will be cofivenient to use the compact superspace notation to describe

the baryon violating operators. We thus define a general chiral

superfield

Wxp,ea) = O(X) + J2(&4(x)) + (9(3) F(x)

where ~(x), ~(x) are a complex scalar and left-handed fermi field,

respectively, and F(x) is a complex auxiliary field. ea is a

two-component left-Landed Weyl spinor. Note @ transforms as a Lorentz

scalar and satisfies contmutation relations, For gauge fields we

introduce the chiral SUSY field strength (in the Wess-Zumino gauge)

Wa(xp,e$ = -iAa(x) + [D(x) -i d’%pv(x)]ea + (M) ~ ap X(X)

where Au(x), Fpv(x) s i3 A - 3VAP + [Ap, Avl are the gaugino and gaugepv
field strength, respectively and D(x) is an auxiliary field. The

superfield content of the minimal low ●nergy theory is given in Table 11,

Table 11.

q~arks, leptons
s~uarks, sleptons

(
u\

Qi = )
Dii

v
L =

i
() ‘i

Ui

q

‘i

gauge bosons, ~:iiuginos

W3 W2 W: for SU3, SU2,a’a’ UI respm

Higgs bosona, Higgsinos



The

SUSY

baryon number violating operators consistent with SU3 x SIJ2 x UI x

are given in Table III.

Table III.

Baryon and/or Lepton

d =6

number violating operators

AB=AL

AB=AL

AB =AL

AB=AL

AB=l AL=O

AB=l AL=O

AB=OAL =-1

AI!= -l LL=O

AL=l AB=CI

AL=l AB=O

In order to avoid catastrophic nucleon decay rates we ghall require

our theory to have the discrete symmetry

@(x,e) + I-@x,e)

Wa(x,e) + WJx,(l)



This is the so-called family reflection symmetry.
4

It is equivalent to
the discrete synmretry

5.Note that the discrete symmetry, R-parity, given by

O(x,e) + rl* @(x,-e)

Wa(x,e) + - Wa(x,-e)

with r10 as above is equivalent to the discrete synsrretry

~-1)3 (B-L) . ~-l)F

where F is fermion number.

!4 even and all superpartners

Under R-parity all ordinary particles are

are R odd.

Since (-l)F is conserved in any Lorentz invariant theory we see that

R-parity arid the Family Reflection symmetry are identical. Imposing this

synmletry ●laminates all the unwanted d = 4 operators. It also eliminates

some d = 5 operators. All remaining operators satisfy, as previously

stated, AB = AL.

The remaining dimension 5 operators

F ijkl = J d20 Qaai Qpbj Qyck L61 x Gap 6Y* 6abc

where (a~y6) (a,b,c] and (i,j,k,l) are SU2, SU3 and generation indices

resp., satisfy

F :0 , F 50 fori=j.iiji ijii

Therefore the dominant nucleon decay modes are ●xpected to have

strange 3particles in the final state.

Note, when SUSY is broken at a .cale of order ~ then dimension 6

SUSY operators with SUSY breaking insertions can lead to lower

dimensional operators in terms of ccmponent fields. For example with the
m2e2~kinsertion of the SUSY breaking term * responsible for scalar

masses, into the dimension 6 operato,’s we obtain a dimension four (four

scalar) operator of the form



Such terms contribute negligible nucleon decay rates since they require

at least two loops worth of dressing in order to obtain an effective four

fermi operator.
6

Minimal SU5 SUSY GUT——

The spectrum of states in the minimal SU SUSY GUT is given in
5

Table IV.

Table IV.

()
fiQ

loi ~

ii i

()‘3 ()

i3

‘5=H
fi5=~

24

SJ5 breaking

The 24 is necessary to break SU5 to SU3 x SU2 x

also used to give mass to the color triplet Higgs

- 0 (MGUT). The Higgs doublets H and ~ obtain mass p ●

‘1 a: ‘GUT” lt ‘s
H~, H3 at a scale

O(mw) , This is accom-

plished by fine tuning parameters. In other scenarios this splitting may

be accomplished more naturally.7 The low energy theory E<<MGUTincludes

only those states given in Tables I and II.

The standard renormalization group analysis from MGIJTto ~ deter-

mines the parameters tiGw and U5(HGUT) in terms of a3(~) and aEH(~) and

26 ( ).predicts the value of sin ~w %/
We find (at two loops, ?issumLng a

common SUSY threshold at ~)

‘5(MGUT) - 1/25

and

+ ,006
sin28W(~j ❑ ,233 - ,001



with the upper (lower) error given by l~;; = . 1(.4) Gev and the central

value given by ,I;; = .3 Gev. Note that ?lGUT in SUSY SIJ5 is about 40

times larger than NGUT in ordinary SU5, and sin2$W is about 10% larger

than the ordinary SU5 prediction sin 23@J =
.007

“2092: .001”
It is worth re-

remarking that the experimental value of s in ek(mv) appears to be

increasing. Recent data from CDHSW, C?LARI’l,CfFRR and F?l?l on UP?J deep

inelastic
‘Cattering ‘ive s;:2~w%) = .232 ? .004 ? ,006 and from LA2

using tile W and Z masses sin f3W(mw)= .232 t .004 t .008. These results

have significantly smaller errors tt,an previous experiments. 9

Nucleon decay

Dimension 6 operators.

There are only two such operators which are given in Table III.

They can result from either gauge boson exchange or scalar Higgs triplet

exchange. (see Fig. 1. )

u L

-----

‘3

u

>

.. <-—

R3
5

0

<
c)

<



Gauge ●xchange.

‘ince %JT
has increased in SUSY SU5 we find that TN due to gauge

exchange alone is unobservably long.

Hence the standard dominant decay mode p~noe+ is suppressed.

Higgs exchange.

Higgs scalar exchange can be important for Higgs masses of order
~olo-ll Gev. These processes are naturally suppressed due to small

Yukawa couplings. Although it is possible to have such light Higgs

scalars, naturally,
10

in a SUSY SU5 model (see Geometric Hierarchy), they

are not light in the ❑inimal version of SUSY SU5. They have ❑ass of

order MGUT. The dominant decay modes for Higgs scalar exchange are

Dimension 5 operators

There are two relevant dimension 5 operators in an R-parity

invari.int low energy theory. They are given in Table III. They are

obtained by exchanging the color triplet Higgs fermions H3 and fi3 (see

Fig. 2), using the following Yukawa interactions.

((H(DVT~U+U(~Vj D
%ukawa> ‘d2e 3

,,(,T !-u), +U(!+v) i,

+ i3,-vp)D + E(%v’) u + @v’ ih
v v v u



where V. is the Cabibbo-Kobayashi-Haskawa matrix, (mu, m ) are diagonal
Lj d

mass matrices and (v~v) given by v = <Ho>j v = <Ho> are weak VaCU~

expectation values.

Fig. 2.

We thus obtain the effective dimension 5 operators

‘here ’35 ‘s ‘he ‘3
- ~3 mixing ❑ ass term and H is the average H3 - ~3

❑ass. In the ❑inimal SUSY SU5 ❑odel H s b -. Since H3 and $ are the
-33

SU5 partners of the Higgn doublets H and H the couplings are known and

are small, i.e. the couplings are proportional to the quark ❑ asses.

This is yet another reason for the dominance of strange particle final

states.

The dimension 5 operators are quadratic in scdlar and in fermi

fields. They are dressed at the weak scale by gaugino ●xchange in order

to obtain ●ffective four fermi operators contributing to nucleon decay.



The low energy theory ;E<<HW

SUSY Breaking

The gaugino, Higgsino, squark and slepton ❑asses and mixing angles

detrrmine the parameters in the effective 4-fermj. baryon number violatln~

operators. A brief review of the low ener8Y Susy mass spectrum will
11

suffice for our purpos~s.

Gauginos-Higgsinos.

Assuming a connnon SUSY breaking mass term for gauginos at a scale

P - ~ x ,0’8 Gev we find the SU3, SU2, U1 gaugino majorana mass terms at

~ in the ratio I’f3:!’12:t11 = a3:u2:~ al.

The gluino mass is M3. The charged and neutral wines and Higgsinos

mix at ~. The mass ❑atrices are given in Table V.

Table V.

+
w c

-.
w

-(- )
‘2 g2

ii- g2v e

-3w

-o
h

:0
h

In the limit H2 - 6 < ~ the charged states have predominantly a
Dirac mass of order ❑ The neutralinos have approximate mass ●igen-W“

8a 1states given by a photino ~, with ❑ ass Y v - — M- or m- - -*;
3a3 g Y 5g a Higgsino

with mass + and a Dirac Zino with ❑ass m
z“

The ●xperimental limit on gluino masses

from UA1 is now ~ i? 60 Gev. Thus H2 2 20 Gev which is still compatible

with the above limit.



Squarks and Sleptons

Squark and slepton masses come from several different sources. For

definiteness let us focus on the top squark mass matrix. It is given in

Table VI.

Table VI.

-..~

~ m:+($-;sfj’-,$+< :t

-[

4

22

()

*.,

i Amt
)

+ gl Vz - ~2 + mt2
‘c —

3

There are four different contributions, ~ and m~ are SUSY breaking

terms which are assumed to be equal at M. At ~ this contribution is - 3

times larger for squarks than for sleptons dtie to radiative corrections

coming from gluinos. For the top squark ~ and m; may also receive large

corrections due to a large Yukawa coupling At. The A parameter is a soft

SUSY breaking term for cubic scalar interactions. The terms proportional

to (V2-;2) come from SUSY gauge interactions --so-called D terms. This

contribution differs for up and down squarks, Finally mt is the

supersymmetric contribution.

Nucleon decay

The dominant four fermi oper~tors result from the processes depicted

in Figs. 3, 4and5.

In order to make contact with ●xperiment we must take into account

two additional ●ffects. We must find the renormalization group

corrections

between MGUT

‘rem ‘GUT ‘0
5 operators

occuring in

to these effective four fermi operators from the phy~ics

and ~ (the nucleon mass). This is made in two stages, a)

~ for which we may renormalize the ●ffective SUSY dimension

and b) from mw to
9

which is identical to the corrections
1non-SUSY theories. Note that we are assuming in this

analysis that the SUSY threshold occurs at ~. Secondly, we must take

ll18trlX elements of the effective four feml Operatoro between the nucleon

and appropriate final states. This requires knowledge of strong QCD
●ffects which introduces large theoretical uncertainties, We shall rely

on the chiral Lagranglan approach to obtain an estimate Of the amplitudes 13

(see Fig, 6), This introduces the strong interaction parameter ~

describing the three quark fusi~n process of (Fig. 6b). Theoretical

estimates of B are in the range .003 < ~ < ,03 Ge?.
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Table VII.

Branching ratios for some dominant nucleon decay modes

Chadha and Danie114

p + K+(~p, ;T) 90%

p * n+(;p, JI) 10%

p + K“p+ -.6x10-3

p + n“p+ -03X10-3

n + K“~ -.3X1O-3
●

In Table VII we present branchin8 ratios for nucleon decay due to

the processes given in Fi8s. 3,4,5, assuming ~ dominance. Several

comments are in order,

A) The sum of graphs in Fig. 3C has been shown to vanish for degenerate
15squarks, However in supergravity theories the up-down squark mass difference

is given by A2- =
<>

2 V2-;
ud

— which can be of order the squark ❑ aarnes.
V2+;2

As a result the ratio of amplitudes

A;(p+K+;)
can be of order one. 16

A~(p+K+;)



;7
B) It has been shown by Arnowitt, Chamseddine and Nath that for a

range of parameters with, in particular mt 2 40 Gev that the a ~itudes

of Figs. 3a and 3b czn be arranged to cancel, If one then also

suppresses the gluino exchange diagrams of Fig. 3C by increasing the

average squark mass one finds the dominant nucleon decay modes are

n+llV
o

p+ll+; .

C) I have ignored neutralino exchanges since these are typicfi.lly

negligible except in the case that the aforementioned cancellations

occur. In this case neutralino exchange can be suppressed with

“2-J!

~“1”

D) Finally, for large top quark masses, the graphs of Fig 7 become

.
important. Large top masses lead to large ~ - ~ mixing for A w m as

needed in Fig. 7b or to large ~ - -u mixing due to large rertormalization

group corrections to m2~ and mz~ which are proportiona~ to the top quark
t

Yukawa coupling At, The ratio of rates from Fig, 7(A and C) to Fig, 4a

is of order18

v Vtd
Assuming

ts
Vz

- s in4e
c’

cd

rg~uino(P+xoP+)
~ I

r wino(p+K+; )

for mt = 40 GeV,

Note Fig, 7C illustrates

fiifiJbk~4 can contribute to

and using mu/~ -a7/a2 we obtain A2;/m2- 1 and

that the right handed opcr~tor of the form

nucleon decay in this limit.



(a)

u

(b)

(c)



this

The dominant decay mode of the proton is P+KT~u. The decay rate for.-
mode (assuming ~ dominance) is given by “ “

2’2

[)(

‘K
r(p+K+Gp) 2 ~%— 2 l-~

*2 ~L\,2
~2 32nfn L S!

‘N /

where

()‘N ‘l+— (D+F)
‘A

and

<ho>
tanOh z —

1<60>( o

D, F and fn are parameters in the chiral Lagrangian.

II = .76

F = .48

fn = 139 Mev.

We take

2

Finally, the function F (a result of the loop integration) is given by

F(ml) m2, W) s c0s2e f(m , m , m+) + si 30 f(ml, m., ❑ )
12 -

where
.—

(M2+6) - ~(Pi2+6)2 + 4m2
tanO =

w
2%

2
mf = ~(M2-6 t ~(M2+6)2 + 4mwl

and

[

2
‘3 i

f(ml, m2,m3)=~z 1-~”m:”z---P”;“
‘2-m3 - ‘2 ‘1-m3 ‘3

Note this is not the most aenerul result for the masses mt and mixin8

angles but is valid in the limit taneh = 1, mf are the Charaed wino

eigenstates (see Table V) and 0 iS the appropriate mixin8 an81e. The

result for r(p+K+:p) is clearly dependent on the low energy

supersyusnetr~c mass spectrum and the mass M of the heavy color triplet

t{i88s fermionso If we insert some characteristic values for the

experimental limit for t - we can obtain a lower bound for M.
p4K+up



We find

M= 1017t1(&e~(; ‘evj Gev

for~-~>>M2 --G .

Since we expect M - M,UT and MGUT- 10
16

Gev in the minimal low energy

supersymmetric

in SUSY GUTS.

In fact,

then it may be

model, we conclude that nucleon decay should be observable

once the low energy supersymmetric spectrum is observed,

possible to rule out the minimal SU5 SUSY C1~ on the basis

of nucle decay. There is then oily one free parameter in the theory

(the color triplet Higgs mass M) and this parameter camot be much
19greater than MGUT, as remarked previously.

‘GUT * ‘pi”
It might be preferable to have a theory for which M,w * Mpl. This

appears to be the case in superstring theories. Moreover it has the

aesthetic advantage of containing the ultimate desert with no new physics

between ~ and Mpl. It may also be forced upon us by experiment. It iS

worth pointing out that in order to have M,uT - M
pl

one m,ust necessarily

have additional light states.

A part~cularly interesting possibility occurs in models where SUS!!

breaking and the GUT symmetry breaking have a common origin. In this

case one finds the additional states in Table VIII.20

Table VIII.

slj x SU2 x U1

g (8, 1, o)

~ (1, 3, 0)

i (1, 1, 2)

E (1, 1, -2)

Using the standard renormalization group analysis one finds 20

‘GUT
- 101g~2 Gev

Sinz$
- ,230 t .005w

where the errors are theoretical and include the standard threshold

uncertainties.



Conclusion

Nucleon decaj in sUSY GLTs has a characteristic signature. One

expects

to be the dominant decay modes. Unlike the case of ordinary SU5 GUT’s

however, the predictions in SUSY theories depend on the details of the

as yet unobserved “low energy” supersymmetric spectrum and also on the

mass M of color triplet Higgs fermions with M - MGUT. There are ranges

in parameter space for which the decay modes

o+
+Kp

o-n+nv
P

may be significant or may even dominate. Assuming the “low energy” SUSY

spectrum is fixed experimentally oue may then confidently calculate (in a

minimal SU5 SUSY GUT) the nucleon decay rate as a function of M. This

free parameter has an upper bound obtained by requiring the theory to be

perturbative at ‘he ‘tale ‘GUT’ Henre an absolute theoretical upper

bound for TN may in principle be obtained and compared with experiment.

We remind the reader that in order to obtain models for which MCUT

is of order M as may be desired for example in superstring theories,
pl’

one necessarily expects additional “low ●nergy” states (see Table VIII)

beyond the minimal low enrrgy SUSY spectrum (see Tables I & 11).

Finally we note that minimal SUSy WI”S typically predict a value

2$ (mw) of orderfor sin w .233, This is significantly higher than minimal

non-SUSY GUT’S, [t is a nice test for the simple mcdels discussed here,
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Footnote

F1. This analysis demonstrates that, gi”ien a GUT scale at --10
15

Gev, dimension

5 operators must be suppressed. If we would have considered the d = 5
32operators first, we would have concluded that M 2 10 Gev which is

much larger than M
pl

and thus unnatural.


