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ABSTRALACT

We construct a supersymmetric SU(5) model

with the following properties:

1)

2}

3)

sinzew, m/m_ in accordance with expe-
riment;

natural monopole suppression and universal
baryon asymmetry generation;

proton decay at a rate 10°' years with
characteristic decay modes according to
I RSB O Pt AT BN C e
Geﬂ+) = 1 :sinzeC : (sinzﬁc)z, in sharp
contrast with ordinary GUTs or other su=

persymmetric GUTs,
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1, - MOTIVATION

)

Despite much success, grand unified theories {GUTs) 1 have been unable
to explain the enormous difference between the grand unification mass scale and
the scale of the electroweak breaking. This problem, called the gauge hierarchy
problem 2), also has a technical aspect to it. At every order of perturbation
theory new adjustments of extreme accuracy are needed among the various parameters
in order to keep the masses of the "light" particles small. Thig aspect of the
hierarchy problem is sclved by invoking global supersymmetry 3). Non=renormali-
zation theorems 4}, valid for supersymmetric theories to all orders in perturba-
tion theory, ensure that any fine adjustments done at the tree level will not be
upset by radiative corrections as long as supersymmetry is unbroken., In globally
supersymmetric GUTs, supersymmetry is assumed to remain unbroken down to "low"

energies of order MW {cr at most a few TeV) 5).

The proliferation of fundamental particles in supersymmetric GUTs has

led to some changes in the standard phenomenclogical predictions which have been

analyzed by various authors In particular, the electroweak mixing angle

sin?8  was found, in the minimal supersymmetric SU(5), to be a bit too large.

W
The b-gquark to t-lepton mass ratio comes out to be essentially unchanged 7

from its standard GUT value 8). Although gauge bosons become less important in

nucleon decay due to the increase of the unification scale, Higgs-mediated proton
decay occurs at a rate compatible with the experimental limit. In the particular
case of softly broken supersymmetry, the’dominant decay mode of the proton is 7
GTK+, a signature probably hard to identify. On the other hand, an analysis of

9) has led us to a scenario

the cosmological implications of supersymmetric GUTs
in which moncpoles are naturally suppressed and the universal baryon asymmetry 1is
explained provided colour triplet Higgses afekept as "light" as 10'? GeV. Motivated
by the natural appearance of this scale (which coincides with the lower mass limit

10)

on colour triplet masses imposed by the stability of the proton }, we have re-

analyzed the phencmenological predictions of supersymmetric GUTs endowed with such

" ow" mass Higgs supermultiplets. We have restricted ourselves to a minimal super-

symnetric SU(5) model but our conclusions are quite general. We find that:

1) the predicted values of sinzew and mb/rrLt are in accordance with experiment;

2) protons decay at a rate of 103! years, through exchange of colour triplet
Higgses, with the characteristic hierarchy of decay modes:
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It should be stressed that an observable proton decay through this mode would be
a clear indication of supersymmetry and "light" Higgses at the same time. In an
ordinary GUT we have no non-renormalization theorems tc guarantee that the Higgs
®)

mass will stay small enough to cause an appreciable decay rate., In addition,

in an ordinary GUT such a light Higgs would be disastrous for the baryon asynmetry.

2. - THE MODEL

The minimal supersymmetric grand unified model that can be constructed
in no obvious conflict with phenomenclogy is an SU(5) gauge theory which, except
for the gauge supermultiplet, contains quark and lepton supsrmultiplets Qz and
Q10 as well as Higgs supermultiplets in the adjoint (Z,,) and the vector repre-
sentation (Mg, Hz). As is well known, apart from the unexplained huge difference
between the grand unification scale and the supersymmetry breaking scale (which
for simplicity we ldentify with the electroweak breaking scale), about which we
have nothing to say, there is ancther unnatural adjustment that needs to be done,
i.e., we must fine-tune the doublet Higgs masses to zero., However, in this case
we can bypass the problem by introducing an SU(%) singlet superfield ¢ coupled

only linearly tc H and Hr ll). The superspace potential of the model is
5 g

W= §HE )« dT(T) v 2R, Sbpho-

The potential will be

T/ Te| g 1 0 ATALY) e hplts ~g Mgty |
(e absHU [ Linad ) M)

4 _\_:\'zl}_l?\_)(s\l U (2)

The following degenerate supersymmetric minima exist:

@ SYadi =< > =0 (2UE))

1l Y= b io.g (2,2 ,’Z)'-B)-E)) CHSB:(%} :O(S\)(g)x SU(2)x U[;))

Q

* .
) Radiative corrections would tend to push it to Mx'
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159 ¢ T = 8 Diesg (4 ~8), <H> = (> = (S ()

The expectation value of the singlet is arbitrary. However, in view of the fact

that the doublets in K., Hr will acquire a small expectation value when we in-

5!
corporate supersymmetry breaking in the model, minimization implies that

— 3cb
D= Bk

which naturally keeps the doublets light and gives the triplets a large (mass)?
25{c?b2/a2)m?, The superpotential would then effectively be, in the '
3U{3IxSU(2)xU (1} phase

S
FLU =~ D-HZHE +(5_%?»A3“3 3 0t (3)

Non-renormalization theorems ensure that as long as supersymmeiry is not broken
|§ﬂﬁch we assume, down to energies of O(Mw[] any adjustments made in (3} will
be respected by radiative corrections. Thus, the coupling ¢ c¢an be adjusted
to values of ©(1075-10"¢)} leading to a triplet mass of @(10!° GeV). But
before we commit ourselves to a particular adjustment let us turn to the renorm-

alization group to examine the low energy phenomenology of our model,

3., = RENORMALIZATION GROUP ANALYSIS

The renormalization group equations for the gauge couplings of the
SU(3)x3SU{2)xU(1l) theory can easily be derived. They are

R —'~[°\-F-—T/2),Q,u(§‘:\
SO 2
‘ M x
Siw B R N & (.%‘”F’“/z.\h(_’v
a(h) @ =
x \ \ 3 (V\x
Eé_ A Cw _ — 4+ = (F: + =H -Flj;ﬁs\) igka —_ (4)
5 (W) X an 10 M
F is the number of flavours, T the number of colour triplets and H the number

of SU{2} doublets, O

tion for the unification point can easily be derived from {4)

x5

is the coupling at the unification point MX. An equa-
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If we have some intermediate scale A, (5) is modified according to

o—&\r\ B EL) M Ogmqw‘“*—(‘?mq‘)h‘“ ()
M (M

where T, (H,) are the triplets {doublets) that contribute in the interval
E@{Jﬂ and T, (H;) are the triplets {doublets) that contribute in the
interval [f,M,7]. Obviously T = 0. Bquation (6) can be cast in the form

JuMx - 20 ﬁ\ _?_/_...‘. [\\T-\AQ,QM/\ A&
(7}

Mw e o) A R Mw

Similarly we can obtain an analogous equation for the coupling at the unification

point (again for the simple case of one intermediate scale A)

Lot (=%, (O\W_F_T%
g - M0 LM T, &(Mw) Vg 4+ H:T,
A A-F-Tyr Vg4 R, -T
v R
55; (//i: \) Aiu*
1348, G-F- VM =N, (8)

Finally, an equation for the mixing angle can be obtained

O{(Nw\ 3,0 +3XM Yy _;_\_‘B
aﬁe(mwj U‘E{-H-‘Q)Y_ * (\0+ (TrW )+ ___G\\ (u TQ]«Q»M”

(9]
It is easy to observe that the unification point and the mixing angle

depend only on the difference E,-T, and not on the absolute number of triplets
and doublets that contribute above A, For complete SU(5) pentaplets
H,=T, = 0. 1In that case, our equatiocns become (for F = 6)
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As long as A < Mx’ the light doublets H, do not contribute all the way to Mx‘
Their contribution in the interval |2\Jﬂ{j is cancelled by their associated
triplets. Only the value of Ag depends on the absolute number of-Higgses that
contribute above A, as well as on the number of flavours. Setting A = Mx we
obtain, for H =2 and fg== 0.1 GeV [corresponding to a, (M) = 0,101 an@

alM) ™ = 127.5€],

SSKUG'SSVq ~ C),:ZfESC;

This value seems too large compared with the current experimental value. For
H, = 4 one gets sin29w & 0,259 in clear disagreement with experiment, In
contrast to the above situation if we set (A/Mw) = 10° we obtain (for

fm = Q0,1 GeV) for Hy = 2

MS
fE*“}{swa ~ O 225

and for A== = 0.2 GeV

SOy ~ 0.221

These values are definitely more comfortable to live with., Even the corresponding
value for H, = 4, sinzew{Mw) = 0.236 (for /[gz = 0.2 GeV) is not clearly in=-
compatible with experiment. The values improve with increasing Aﬁg' We have
digplayed the mixing angle as a function of Hl and A/Mw in Tables 1 and 2

and in Fig. 1. The unification scale as a function of A/Mw has been tabulated
in Tables 3 and 4. The unification point increases with decreasing intermediate
scale A, Finally, we have calculated the value of the 3U(5) coupling constant
for six flavours as a function of the number of colour triplets and as a function
of the intermediate scale A/Mw (see Tables 5 and 6), O

creasing intermediate scale A. It is also an increasing function of the number

increases with de-
of Higgs supermultiplets that contribute above A,

Another successful prediction of ordinary GUTs is the ratio of the b-

8)

quark mass over the 1 -lepton mass . In our case of an intermediate threshold

A, it is given by the formula (for six flavours)



K
X 7 b
Q“b/w-rlmsv oy () * 3 () ol (M)
(JUb/NT) ord. (%o Xz (N) O(G( (1)

= -1
where b = 3 2T2 (T

, i3 the number of coloured triplets contributing above A},
We have neglected the small contribution of the U{(l) coupling constant, Setting
as(Mw) = 0.1015 and (l/aG)ORD = 41,22 (this correspends to Aﬁg = 0.1 GeV),

we obtain, for A/M = 108,

,,& —_ (M%UT)SMS ke
(fw]'/w-'r)o‘ad

for H, =T, = 2; n=107 for H =27, =4; and n =~ 1,02 for H =T, = 4,

The value of the ratio approaches unity when we increase A/Mw, as can be seen

~ 105

from Table 7, Thus, the b-T mass ratio remains virtually unaffected by the

intermediate threshold,

4, - NUCLEON DECAY

Before embarking on an analysis of the various Higgs mediated baryon

number violating interactions we should stress that baryon number violating ope-

rators of dimension five 7)’12), like the ones appearing in the softly broken
version of supersymmetric SU(5), would cause an unacceptably large proton decay
*)

rate if we insist on keeping colour triplet Higgses as light as 1010 Gev ',
However, operators of that sort can be avoided by imposing extra symmetries. In
that case, on which we shall concentrate, nucleon decay is dominated by the
exchange of "light" Higgs triplets. Gauge bosons or heavy Higgses with masses

of order Mx are unlmportant since their contributions are suppressed by the
large value of the unification mass MX. The unimportance of gauge interactions
in nucleon decay, due to the large value of Mx’ is a characteristic feature of
supersymmetric GUTs and should be stressed., In ordinary GUTs, even if we were to
keep Higgs triplets light encugh to dominate nucleon decay, radiative corrections
would renormalize their mass to MX, thus restoring the dominance of gauge inter-
actions in nucleon decay, In supersymmetric GUTs this is clearly not the case due
to non-renormalization theorems, Independently of the above there is another

argument that such a situation is improbable in ordinary GUTs. In order to obtain
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a non-vanishing baryon asymmetry, two different Higgs multiplets are needed.
Their masses should not be very different otherwise the baryon asymmetry would

be suppressed proportionally te their (mass)? ratic 13). At least one of them
should satisfy the out-of-equilibrium condition MH > GHMPR' But this constraint
implies that at least one of the Higgses should couple to all light fermions
with Yukawa couplings oy ~ 1079, It is doubtful whether radiative corrections
could respect that, but even if this could be arranged it would certainly be an
unnatural and bizarre situation. In the case of our supersymmetric 3u{s), =as
we have explained elsewhere 9), when baryon creation occurs (roughly at 1010 GeV)

we are off-equilibrium anyhow and no constraint needs to be satisfied,

In ordinary supersymmetric GUTs, on the other hand, in order to cbtain
baryon asymmetry four Higgs supermultiplets are needed and if they all contain

light doublets sin%6.. would come out 0.26, which is toc large. This can be

avoided 14) by arrang?ng it so that two of the Higgs multiplets are fully super-
heavy {in that case they would get no expectation value) and only twoe light
doublets would centribute to sinzew. This would be guite a trick and

certainly in our case we do not have to resort to it. |fbr H2 =T, = 4 we
obtain with (A/M,) = 108 sinzew = 0.240 and (mb/mT) ~ 1,02, which are not in

disagreement with experiment.]

Let us now examine in some detail nuclecn decay in our model. The
only dimension six operators that can mediate nucleon decay through Higgs exchange
in our SU(5) model arise from the diagrams of Fig., 2. They give rise to an

15)

effective Lagrangian for nucleon decay of the form

E1Y s
Jegp o RO OIELWETT +

L1000 6,

(12)

where (QL)BY and (QL)E stand for the 10 and 3 of fermions, J(, and S,
are the Yukawa couplings in generation space and the index « is coloured., Next,
we inverse-mix the up quarks in the first part of the lLagrangian and mix the

down quarks and leptons in the second part. In cther words we write (12) in terms

of diagonal mass matrices

S—
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(\m’ngi\fh 0“3(&”6)““3 Wi )
mu: ihiag(ﬂku)mc)mtv (13)

*
where Vi + V2 = 1//§G . Then our effective Lagrangian reduces to )

éaf% =~ ,w-? (Uﬂlu):mté E)L)(U%Lma ;ba_\
(o) Utar, O Y

—“ (uLWuU oDL) &MLTWC U€L> (14)

where the matrix U is taken to be

I 2
L & €
{j"_%E l €

e* ¢ | (15)

- el

with e = O(sind.), i.e., le|? = 0(1/20), It is already evident that no v,
emission can occur since, as can be seen in the second term, V. is always
accompanied by a b =quark, Thus, it is clear that new characteristic nucleon

decay modes should be expected,

Excluding from (14) all kinematically irrelevant tc nucleon decay

terms, we end up with

H'Z

€ ticm (ug{_éf_ﬂ?_ )+ eﬂué(uL}i 557 )

16)

Q%* -~ jﬁ; 18y [ur_ L-Cl UC ) + < M (uz_e’t.gQ UL)

#)

In the case of ordinary GUTs the masses myg and mg need not be the same.
In such & case the hierarchy of decay modes would be affected. This cannot
happen in our case since the dominant contribution comes from the first two

terms in (14}, and me ¥ o,
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Contd.

Mgy Mg, W, are normalized d, s and u quark masses., It is evident in (16)
that the dominant proton decay modes are GUK+ and u'K°., More specifically,

(7 SRV i) 2 B8
M(tng, ks 2 TS 7a™) 2 Gl

Although the above naive analysis does not take into account hadron wave function
effects it is hard to believe that the above hierarchical structure can be totally
masked by these effects and elude detection. Thus, Higgs mediated proton decay

in supersymmetric SU(5), in contrast with ordinary GUTs or softly broken SUSY
GUTS where either e*n® or \';TK*' dominate, predicts the following hierarchy of
proton decay modes

F('V;kt W)P(/J ) P(E’J‘)VJT)

. 2
1 0 osik'ee ¢ (sig*e)

n)

(17)
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5. = CONCLUSIONS

Motivated by the necessity of Higgs triplets of mass 10*® GeV for
cosmological baryon production in the framework of supersymmetric theories with
natural monopole suppression, we embarked on an over-all study of SUSY GUTs
endowed with such "light" Higgses. We restricted ourselves to a minimal 3U(S)
model but cur conclusions are quite general, Our results can be summarized as

follows

1)  the mixing angle (sw) is in comfortable agreement with experiment if we
keep coloured triplets "light" ;

2) the mass ratio mb/mT is wvirtually unaffected, being of the same valus as
in ordinary GUTs ;

3) protons decay at a rate of 10°! years with the characteristic hierarchy of

decay modes
F(&; J(t }A‘rkd) : P(}f' 37‘:, E’”((j % k+): P(E’\kﬁo) Jeﬂ+)

. 2
~ i . ?l'b\a SC‘ : ( g;’u\z GC)

p——]

in sharp contrast with ordinary GUTs or other varieties of 3SUSY GUTs ;
4) in view of the fact that supersymmetric GUTs also solve. the worse aspect

of the hierarchy problem and;provide us with a plausible scenario for

moncpole suppression and the generation of a universal baryon asymmetry,

we feel justified in declaring the score 4 : 3 16).
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H]. = 2
sin? 8 W

MM |l o= 0.1 GeV |l = 0.2 GeV| few = Of3 GeV
108 0.221 0,217 0.214
107 0,223 0,219 0.216
108 0.225 0.221 0.218
10° 0,227 0.222 G.220
1ot 0,229 0,224 0,222
101! 0.231 0.226 0.224
102 0.232 0,228 0,226
10132 C.234 0.230 0.228
108" 0.236 0.232 0.229
Table 1 - sinzew as a function c¢f A/Mw, H, =2,

H =4

1
f 2
sin ew
: 1

MMy, | A = 0.1 GeV| fg= = 0.2 GeV Iz = 0.3 GeV
10% 0,231 0,228 0,226
107 0.236 0.232 0.229
10°8 0,240 0.236 0.233
10°? 0.244 0.240 0.237
10te G.248 0,244 0.241
1ottt 0.252 0.247 0,245
102 0.255 0,251 0,249
1013 0.259 0.255 0.252
0" 0.263 0.259 0,256

. 2 .
Table 2 - sin ew as a function of A/Mw, H =4,
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MMy | b o= 0.1 GeV | o = 0.2 GeV | fom = 0.3 GeV

MS MS
108 4,9 x 10% 1.2 x 1gt5 2.1 x 1053
108 2.9 x 10" 7.2 x 10%* 1.2 x 105
1019 1.7 x 10%* 4,3 x 10t T.4 x 10"
102 1.0 x 10t* 2.6 x 104 ok ox 10t

Table 3 - MX/Mw as a function of A/MW’ H1 = 2,

MMy | gz = 0.1 GeV | fm = 0.2 GeV g = 0.3 Gev
108 1.0 x 10%*% 2.6 % 10" 4.4 x 10t
108 3.8 x 10'3 9.3 x 103 1.6 x 1ot*
1010 1.4 x 10%3 3.3 x 1013 5.7 x 1013
1012 4,9 x 102 1.2 x 1013 2.1 x 1013

Table 4 = Mx/Mw as a function of A/Mw, H = 4.

Wmm|1mpmmmwmmmmmmmmnmmmmwm-mnrnmmu L T X T T T T Y T T R L T R B L s a0 LA G R i b e e T e e



Mg = 0.1 GeV
MMy 1/
10% 22.82
108 23.39
16L°? 23.96
1012 24,53

Table 5 = l/uG as a
function of A/Mw.

13 -

H =2, MM, = 108, F=6

Aﬁg = 0.1 GeV

T l/aG

23.39
21,02
18.65
16.28
10 13.91

oc o = M

Table 6 - l/a, as a function
of the number of coulored tri-

plets T, contributing above A.

H =T,=2, F= 6
i 0.1 GeV
My g
MM, (E;JS/(EFJO
T T
105 1.08
108 1.05
10t 1.04
icl? 1,02
M My X
Table 7 = (=) /(=) az a function

Mo susyY

of A/Mw.

M ORD
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FIGURE CAPTIONS
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4, Am=0.2 GeV
H, =4, Ags =03,GeV
HI =2’AM_S =01 GeV

2,Am=0 2 GeV
H, =2, Agrg =0.3 GeV

H,
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