' 7~
2

SUPERGRAVITY UNIFICATION, PROTON STABILITY

= = AND COSMOLOGY
E—— 1 wun
gl =:
% g;.-;ﬁ n *PRAN NATH
5 ==c Department of Physics, Northeastern University
3 %ﬁ o Boston, MA 02115, USA
ND) ’wﬂ,;g
o == and
— = o
3 - R. ARNOWITT
| T TCenter for Theoretical Physics, Department of Physics
T Texas A & M University, College Station, TX 77843, USA
)
l‘z“‘ Physics Research Division & .
— Superconducting Supercollider Laboratory ot S
& Dallas, TX 75237 USA N
= > &
ABSTRACT ac NS
L Q-
A review is given of recent developments in supergravity grand unified mociés. .;{-}E‘
Specifically models with SU(5)-type proton decay are examined under the combined ~d

constraints of radiative electro-weak symmetry breaking, proton stability and relic density
constraints. Analysis of the full parameter space of the theory is given and predictions at
future accelerator and proton decay experiments are made.

1. Introduction

As is now well known the recent high precision LEP data is very encouraging for
supersymmetric grand unificationl»2, The LEP data gives values of the
SU(3)c x SU(2), x U(1) coupling constants @,, @, and @, (where o, =3¢, and @, is
the hypercharge coupling constant) which when extrapolated to high energy using
renormalization group equations meet to within 1 std for the standard supersymmetric
SU(%) theory3. Currently the only phenomenologically viable supersymmetric grand
unified theories where supersymmetry can be broken consistently are the supergravity
theories#5. We begin, therefore, with a brief discussion of supergravity unification.

As a starting point, one may begin at the Planck scale. Although it is generally
believed that there exists a theory that unifies all interactions at the Planck scale, it is yet
uncertain what that theory is. It may be string, membrane or something else. However,
although we are not certain what exactly happens at the Planck scale, we shall assume, as a
working principle, that the theory below the Planck scale is an applied N=1 supergravity .
In an applied N=1 supergravity one couples N=1 supergravity with an N=1 vector
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multiplet belonging to the adjoint representation of a unified gauge group G, and with an
arbitrary number of N=1 chiral multiplets. The structure of such a theory is determined

completely in terms of three arbitrary functions: (1) a superpotential function W(z,) which
is a holomorphic function of the chiral fields, (2) a Kéahler potential d(z,,z, ) which is a
function of both the chiral fields and their complex conjugates, and (3) a gauge kinetic

energy function f,, which enters the gauge kinetic energy as -%Re( fasFuwF ,ﬂ," ) The
supergravity couplings lead to a gaugino term of the form

1 =S, i\ g Ta
G 2(G')'5G.f frapsd AP (1.1)

where
G=—tn[x*"WW']- x*d | (1.2)

and K =(87G, )% =0.41x10™"® GeV and GN is the Newton constant.

In supergravity unification, supersymmetry is broken in the hidden sector using
superhiggs effect. Typically the scalar fields {z,} in the theory decompose so that

{z,}={z,,z} wherez; are the matter fields and z, the Polonyi fields which are singlets of
the gauge group G. Supersymmetry breaking occurs when the Polonyi fields develop
VeVs O(M ,,,). In supergravity unification one makes the following basic assumption:
there are no direct gauge or Yukawa interactions between matter fields (quarks, leptons,
Higgs) and the hidden sector fields. This means that the superpotential and the Kahler
potential are block diagonal in the space of matter fields and the hidden sector fields. The
only interactions that occur between the matter sector fields and the hidden sector fields are
gravitational. One consequence of the above assumption is the natural suppression of
flavor changing neutral currents (FCNC).

Next we discuss physics below the grand unification scale MG. One assumes that
as a consequence of VeV formation in the GUT sector, the grand unified group G will
break into the standard model gauge group SU(3). X SU(2), X U(1) at the scale Q = M.
After integration over heavy fields and fields of the hidden sector, the effective potential of
the theory can be shown to possess the following form below the scale

2
0
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Vg is the soft SUSY breaking part4:6,7

Mg: Vg=V,+ Vs where V, =2 + Vis the globally supersymmetric part and

Vg = Zmizz} + (4 WD + BW? +h.c.) (1.3)



In Eq. (1.3), W(2) and W(3) are the quadratic and the cubic parts of the low energy
effective superpotential W, i.e. W, = W® + W, In addition to Eq. (1.3) one has
SUSY breaking in the gaugino mass term which can arise from Eq. (1.1). One has

s =—m A%A" (1.4)
2

‘gaugino

Egs. (1.3) and (1.4) give us four soft SUSY breaking parameters

m,my,, A, B, (1.5)

Eq. (1.5) represents an enormous reduction in the number of SUSY breaking parameters
relative to the most general set of SUSY breaking parameters one can add in a globally

supersymmetric theory8. It is interesting to note that the universality of the soft SUSY
breaking scalar masses at the GUT scale generates relations such as m; —m; =m’—m,>
which lead to an automatic suppression of FCNC.

We now turn to the specifics of the GUT sector. There are many possible GUT
groups one might consider such as SU(S), SO(10), E (6) etc.9. We discuss here the
simplest such possibility i.e. SU(5). The superpotential of the GUT sector here is taken to
be of the form8 W, = A,(3Z° +$ MZ?)+ A,H,(X +3M’)H, where (H,, H,)=(5, 5) and
2. is a 24 representation of SU(5). Here SU(5) breaks to SU(3), x SU(2), x U(1) when X
develops a VeV of the form diag (2) = M(2,2,2,-3,-3). An unpleasant feature of this GUT
model is that a fine tuning, i.e. M’ = M, is needed to achieve a pair of light Higgs doublets
Hj, H2 which one needs for the breaking of the electro-weak symmetry. An attractive

mechanism for circumventing the finetuning problem has recently been suggestedlo. It
utilizes a higher global symmetry such as SU(6) or SO(10) in the GUT sector.
Spontaneous breaking of this global symmetry generates pseudo-Goldstones which can be
identified with the light Higgs doublets, while the Higgs triplets fields are all superheavy.

This modell0 achieves the M’ = M condition in a natural fashion.

The outline of the rest of the paper is as follows: In Sec. II we discuss radiative
breaking of the electroweak symmetry. In Sec. III we discuss constraints of proton
stability, while relic density constraints on the lightest neutralino are discussed in Sec. IV.
Conclusions are given in Sec. V.

II. Radiative Breaking Of The Electroweak Symmetry

One of the advantages of supergravity models over the Standard Model is that here

the electro-weak symmetry can be broken via radiative effects]l. We shall describe
briefly12 this phenomenon since it is central to the analysis of Secs. III and IV. In

supergravity models the potential that governs electro-weak symmetry breaking, assuming



charge and color conservation, is given by V=V + AV, where V, is the renormalization
group improved semi-classical tree potential at scale Q given by

V,(Q) = mO|H,| + m2(O|H,[ — m3(1)(H,H, + h.c.)

1 2 (2.1a)
+— (& + &)l -1 f)
and AV, is the one loop correction
1 2j;+1 M'2 3
AV, (Q) = WZ(—Q ! n,.[M,.‘(logE- - EJ] (2.1b)

In Eq. (2.1) m? are given by

m; (8) = my, (1) + () i=12
m; (1) =—B(t)u(?) , (2.2)
t=In(M; / Q*)

and satisfy the GUT boundary conditions

(2.3)

2

m; (MG) =—DByHy

The analysis proceeds as follows: One uses renormalization group equations on gauge and
Yukawa couplings, and on soft SUSY breaking terms starting at MG. Spontaneous
breakdown of the electro-weak symmetry breaking occurs when below a scale Qg the .
symmetric point of the potential is no longer the absolute minimum. One must also
guarantee that the effective potential is bounded from below both at the GUT scale as well
as at the scale Q where Q minimization of the potential is carried out. Breaking of the
electroweak symmetry is characterized by the following relations.

2 2,02 2
_I_Mz’:ul_w , ,Sin2p=_§£’3__2. (2.4)
2 tan® f -1 Ui+,

where



tanf=(H,)/(H,); uf=mj + aﬁv‘;‘; i=1,2 (2.5)

One may quantify the size of one loop corrections to electro-weak breaking by
(&, —u,)/ p, where u,(u,) are the tree (loop) values of u at scale Q. A priori, one

expects a large correction to i due to the large number of states contributing in Eq. (2.1b).
However, it turns out that over a significant region of the parameter space there are large

cancellations13 reducing the loop correction to a few percent of the tree value. Loop
corrections obviously become important when one in close to flat directions in the tree

potential 14,

We use electro-weak symmetry breaking to determine p and the soft SUSY

breaking parameter B in terms of tan § using Eq. (2.4). The low energy theory can then
be described by the following four parameters:

m,, m, A,, tan | (2.6)

Masses of 32 supersymmetric particles can be computed in terms of these four parameters.
Thus there are 28 predictions one can make in theory13,15-21, Some of these predictions
can be conveniently described in the form of sum rules22,

III. Proton Stability Constraints

We begin by recalling that in the non-SUSY SU(S) theory, proton decays much
more rapidly than the experimental bounds allow which eliminates the non-SUSY SU(S)23

as a viable grand unified model. Specifically in non-SUSY SU(S) the e*7#° mode, which
is generated via the exchange of lepto-quarks, has a partial lifetime

17(p— e*'n°) = 4 x10®*?yr, while the Kamiokande/IMB experimental limit on this mode
is )5.5x10™ yr(90%CL)24. In supergravity SU(5) the scale of unification is larger than in
the standard SU(S), which gives a 7(p — e*7°) lifetime much larger (=3x10°"*?yr) than

the experimental value25. Thus it appears unlikely that the ¢*7° mode would be
observable even in the next generation of proton decay experiments which can reach a

sensitivity of 1x10* yr for this model26,

As is well known27-28 in supergravity SU(S) the dominant proton decay arises via
the baryon number violating Higgs triplet exchange which generates a set of dimension five
operators with chiral structure LLLL and RRRR. These dimension five operators when
dressed by exchange of chargino, neutralino and gluino exchanges generate dimension six
operators of the form LLLL, LLRR, RRLL and RRRR, which are responsible for proton
decay. A large number of decay modes result. The decay modes for the proton are
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V,.K*,V,.Jt*,e*K",p*K”,e*x"u"ﬂ",

(3.1)
enu'n i=eu,t

Of the decay modes in Eq. (3.1), the most dominant are the V,K*. Using the chiral
Lagrangian approach one obtains the following decay width for this mode:

2 2
rlo- )= L2l 1)
H x my

2

,m(D+3F) 2 M,

1 D
3m, 3 my,
2 2y t SPTINAY 3.2)
@, (ZMW) mym.V, V21V22| AL (As)
2
B,
A=1,23

where 8, is the 3-quark matrix element of the proton27’23, for which we use the lattice
gauge (quenched approximation) result of29 B, =(5.610.8)x 10°GeV?. In Eq. (3.2)

Vv, are the K-M matrix elements, A, (ASL) are the long (short) distance suppression factors,

D,F, f, etc. are the chiral Lagrangian factors and B,; are the dressing loop functions
defined in Ref. (28).

From the analysis of LEP data (see e.g. Amaldi et. al. in Ref. (3)), one obtains in
the minimal supersymmetric standard model (MSSM), under the assumption of a common

GUT scale M; and a common SUSY scale Mg, the following values for the GUT
parameters &¢; M, and the SUSY scale Ms:

o, =25.4+1.7 (3.3a)
MG = 1016.2+5,1(ar,/o.1u;-x) (3.3b)
Ms = 10'2.4+17.4(1~a,/0.ns) ' (3.4)

A convenient description of proton stability is in terms of the quantity B define by

1
B=[B,[ +|B[['[M, /10> Gev]' " x10°GeV™ (3.5)



where Bj are loop integrals given by

dyst
p ="V [szw . M”]

i t
s’ 21 ¢ 21V22

1

sin2f (3.6)

Using the current experimental bound of 7(p — VK))1.0 x10*2yr, one then finds a bound
on B of13.15,

My

B< 100[ JGeV" 3.7)

G

A reasonable range for M, is given by M, <10M; which is consistent with the

condition that Yukawa couplings be perturbative at the GUT scale. Since B depends on the
SUSY particle spectrum, Eq. (3.7) becomes a constraint on the SUSY masses. In addition
the SUSY particle spectrum generated by renormalization group radiative breaking analysis

is subjected to the LEP and CDF constraints as follows1,2,30;

LEP Constraints of
Sleptons: m;,m;,m, > 45GeV [LEP]
m, >32GeV [LEP]
Stop: m; 245GeV [LEP]
Charginos: my > 45GeV; tanfi>3 [LEP]
Neutralinos: m, > 20GeV; tanff>3 [LEP]
m, > 51GeV; tanf3>3
Higgs (SUSY): m, > 43GeV [LEP]
m, >20—-44GeV
m,, >42GeV (3.8a)
CDF constraints of

Top: m, 2115GeV [CDF]



Gluino: m, 2130GeV [CDF;BTW31]

Squark: m, 2150GeV [CDF;BTW] (3.8b)

One of the important consequences of proton stability constraint is that one finds that over
much of the parameter space one has u? >> MZ. This generates the following approximate

relations for the neutralino and chargino masses13,15:

mW, E:’n-A
m, I my = [ i, =0.508
sz st) = z,

35¢

=
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Fig. 1. The maximum partial lifetime ’t( p—> —VK+) as a function of mQ for

m_=150GeV, L > 0 and for three values of IW,,.3 / M, =3,6,10 (bottom
to top).

(3.9

Future proton decay experiments will be able to place much more stringent constraints on
the model. One expects that super Kamiokande will reach a sensitivity of 2x1033yr for the

VK* mode26, while ICARUS is expected to reach a sensitivity of 5x1033yr for this
mode32. These limits, if realized, come close to exhausting the full parameter space of the
SU(5) supergravity model if m; <1TeV. In Fig. 1 we exhibit the maximum partial

7(p — VK) lifetime by exhausting the full parameter space of the theory33 at fixed mo.
Here for the case mt=150GeV and three characteristic values of M, one finds that super



Kamiokande will see proton decay if m, < 600GeV and ICARUS will see proton decay if
m, <800GeV. One can get even more stringent constraints if the chargino spectrum is
restricted by m, > 100GeV 33,

IV. Relic Density Constraints

A remarkable aspect of supergravity SU(5) model is that under the constraints

discussed in Sec. ITI, the lightest neutralino turns out to be the LSP13,15 Thus it is
reasonable to subject this neutralino to the constraint that its relic density not overclose the

universe i.e. Qzlh2 <1 where Qzl =p, /p. where Ps, is the matter density due to the
lightest neutralino and p, is the critical density, while & is Hubble parameter in units of
100km / s.Mpc. Experimentally h lies in the domain $<h<1. We follow standard

procedure and write the matter density of Z, as given by the following approximate
relation34.35

3 3 -
p, =475x10~| 2| [T ]N}; GeV' | & (4.1)
4 T, J\2.75°« J(x,) Jem’

In Eq. (4.1), NF is the number of degrees of freedom at the freeze out temperature,

3
(Tz. /T 7) is the reheating factor, T, is the current background temperature and

J Jf(xf) =], ’ dx(ov) where x, = kT, /m, and T, is the freezeout temperature, which is

determined by the following approximate relation

1 1 1
x;l:fn[x)?(ov) /45m21 / (4%’N§GEH 4.2)

where (ov) is the thermally averaged cross-section evaluated at x,.

An interesting consequence of the supergravity SU(5) analysis is that over much of
the physically interesting domain of the parameter apace, the neutralino annihilation is

dominated by the Higgs and Z-poles36- Thus analyses where integration over these poles

is replaced by the approximate relation (ov) = a+ bv®, where v is the relative velocity of

the annihilating neutralinos, can give enormously inaccurate results37.36. This is
essentially true for all previous GUT analyses of the relic density. Recently a correct
analysis of this problem was given where a careful integration over the Higgs poles and the
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Z-pole was carried out36.38, Similar results have subsequently been obtained by other
authors12.39,

In the analyses of Refs. (36) and (38) a single integral formula for J in Eq. (4.1)
was obtained for the Higgs and the Z-pole contributions. This single integral formulation
enormously facilitates the numerical analysis of the relic density. We exhibit this integral

formula for the Higgs pole. Under the finetuning restriction of m;,. <17TeV, the Higgs
pole that enters in the neutralino annihilation is that for the lightest Higgs. The annihilation
cross-section for Z, neutralinos near this pole in the non-relativistic approximation, is given
by

v2

= 4.3
N m (v -&) +7) )

where
£, = (m: "4”’22.) /mfl s Yo=m, T, /mf] (4.4

and mp, is the Higgs mass and I', is the Higgs decay width. Using Eq. (4.3) we can carry
out the explicit integration on x in J(xf) and obtain

A £
J(x,)=—2e| I, + =21 4.5
h( f) 5 2m22l[lh 7, 2h:| 4.5)
where
2
et o | (48x,-8) + 71
I,h=§_[0d5§ Z¢ En[ Ty . (4.6)
and
il - 4x =&, £
L, = j dEE 2e™%| tan™ ——7{7— +tan™ 7" 4.7)
h h

A similar analysis holds for integration over the Z-pole.

As stated earlier the power expansion on (ov) of the type a+bv2 is a poor
approximation when one is close to a threshold or a pole. In Fig. (2) we exhibit the ratio of
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Q approx / §). One finds from Fig. (2) that the result of the approximate analysis can be in
error up to three orders of magnitude.
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Fig. 2. Plot of 2 approx /2 as a function of the gluino mass for three

values of the top mass: 110 GeV (dashed curve), 125 GeV (solid curve) and 140
GeV (dotted curve). The plot exhibits the large breakdown of the approximate
analysis near the Higgs pole and the Z-pole.
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Fig. 3. The domain allowed by relic density and proton stability constraints in
the B Vs At/mg plot. ~The domains consistent with relic density constraint lie
between similar upper and lower curves for top mass of 110 GeV (dashed curve),
125 GeV (solid curve) and 140 GeV (dotted curve) when mg=700 GeV. The
domain allowed by proton stability when M H, < 6M; lies below the solid
horizontal line.

We discuss now the results of the relic density analysis. Using the accurate method
for the analysis of relic density described above, the full parameter space of SU(S)
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supergravity model was investigated. One finds that the domain of the parameter space
where the relic density and proton stability constraints are simultaneously satisfied is quite

large. Some typical results are exhibited in Fig. 338,
V. Conclusion

Supergravity is an attractive framework for the unification of interactions beyond
the Standard Model. The supergravity unified models depend only on a small number of
parameters and have a great deal of predictive power. Specifically the low energy theory

depends on only four arbitrary parameters, which one may choose to be m,, m,, A and

tanf. One can predict masses of 32 supersymmetric particles in terms of these 4
parameters. Thus the theory is indeed very predictive.

There are a number of predictions of supergravity unified models which can be
tested at the current, and future accelerators (Tevatron, LEP2, SSC, LHC). The model

predicts m, <180 GeV and thus this prediction can be tested at the Tevatron if an optimal
integrated luminosity can be achieved. The lightest Higgs mass is predicted to lie below
110 GeV when M, /M, <3. There is an interesting complimentary one finds between
the lightest Higgs and the light chargino, which is as follows: either the Higgs mass is less
than 95 GeV and is thus most likely observable at LEP2 with an integrated luminosity of
500 pb™' and efficient b-tagging or the Higgs mass is larger than 95 GeV in which case one
finds the light chargino mass to lie lower than 100 GeV (and is thus observable at

LEP2)15, Another remarkable aspect of the analysis is that one finds scaling laws on
chargino and neutralino masses over much of the physically interesting parameter space of
the theory.

A full analysis of the parameter space of the SU(S) type supergravity model points
to strong tests of SU(5)-type proton decay in future proton decay experiments. Specifically

one finds that the VK* mode should be seen at super Kamiokande (mg<800 GeV) and at
ICARUS (for mg<600 GeV) for GUT models with M, /M, <6. One also finds that for
M, [/M,;<10 and my, m,<1TeV, either m,<95GeVorm, <100GeV if

T(p - i'K‘“) >1.5x10"yr. In the above situation either the light Higgs or the light
chargino (and possibly both) would be accessible at LEP2.

Previously signals for supersymmetry have been pursued in the context of generic
SUSY models. However, at the present stage one has progressed to a point where
supergravity unification appears to be the most likely next level of unification beyond the
Standard Model. It is thus imperative that one pursue analyses of SUSY signals in the
context of specific supergravity GUT models using the mass spectra specific to these
models. A signal which continues to be of interest is the trileptonic signal which arises

from the decay of an off-shell W40: W' — W, + Z, — £,£,7, + P,. This signal can act as
a probe of Wl mass even beyond the reach of LEP2.
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In summary in this review we have examined the SU(S) supergravity model under

the combined proton stability and relic density constraints. One finds that there exist
significant domains of the parameter space where both of these constraints are
simultaneously satisfied.
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