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Baryogenesis and the Gravitino Problem in Superstring Models
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Superstring models ~ith an intermediate mass scale possess a novel mechanism for generating
the baryon asymmetry in the Universe. It involves the out-of-equilibrium decay of heavy particles
at temperatures close to the electro~eak scale. The gravitino problem encountered in many super-
gravity models is automatically resolved.
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A wide variety of phenomenological and cosmologi-
cal considerations can be effectively employed to im-

pose constraints on candidate superstring models aris-
ing from the Es 8 E8 superstring theory. ' Relatively
obvious requirements such as acceptable values of
sin Hw, suppression of rapid proton decay, and suffi-
ciently small neutrino masses already greatly limit the
number of viable models. ' The imposition of addi-
tional constraints like the absence of spontaneously
broken discrete symmetries and harmful axions rule
out several other models. It was pointed out in Ref. 3
that the above constraints together with some addi-
tional ones probably cannot be satisfied by the vast
majority of the models. Examples of models based on
a rank-five4 subgroup of E6 which do, however, satisfy
the constraints were presented in Ref. 3.

The purpose of this Letter is to consider two impor-
tant and often related cosmological problems in the
context of superstring models. These are (i) the origin
of the baryon asymmetry in the Universe, and (ii) the
gravitino problem usually encountered in models in

which the gravitino mass is on the order of the elec-
troweak scale. %e wish to show that in a class of
superstring models, examples of which were presented
in Ref. (3), these two problems could be resolved in a
novel way.

The merits of superstring models which possess an
intermediate scale Ml —10 GeV have been extolled
elsewhere. It turns out that not only the existence
but also the mechanism whereby Ml arises play an
essential role in resolving both the baryogenesis issue
and the gravitino problem in superstring models.

In order to see how baryogenesis can arise in super-
string models, let us recall that the compactification of
the E8 E8 heterotic theory on suitable Calabi-Yau
spaces predicts, besides the "known" quark, lepton,

and Higgs superfields, the existence of additional
fields which include color-triplet, SU(2)-singlet super-
fields g;. For simplicity we restrict our attention to
the boson component of g (also denoted by the same
symbol with the family index i not explicitly dis-
played). We would like to show that the out-of-
equilibrium decay of massive g bosons at temperatures
close to the electroweak scale can produce the desired
baryon asymmetry. This presumes, of course, that the
other two requirements for successfully generating the
baryon asymmetry, the existence of baryon-number-
nonconserving couplings of g and the presence of CP
nonconservation in these couplings, are fulfilled. We
will display models in which all three conditions can be
met.

%e first present a simplified account of the model-
independent features of the baryogenesis scenario.
The g boson has a positive mass-squared term—M, g "g (M, = 1 Tev is of the order of the
supersymmetry-breaking scale in the known sector)
which presumably arises from supersymmetry break-
ing in the hidden sector. The important point is that it
also acquires a mass through its coupling —g'gg'@ to
a SU(3)c- 8 SU(2)L 8 U(1)v-singlet scalar field @,
~hose zero-temperature effective potential is of the
form

1',(@)= —(M,'/2) @ @+(X/6M, ') (y'y)', (1)

Here M, —10" GeV denotes the compactification
scale. The zero-temperature expectation value of' @ is
given by l(g) I=Mr (a 'M, M, )'~'. Hence the g
supermultiplet, as well as the gauge supermultiplet to
which @ couples, acquire masses of order M, .

For nonzero temperatures, we will add to the zero-
temperature effective potential Vo(@) the one-loop
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contribution

(2)

V (@) can be safely ignored, and for $ & M, , the term
X(qb"@)3/6M2 in Eq. (1) can be neglected. Also, the
Hubble constant H —p, 2//M~ —10 7 GeV && M,
(M = 1.2x10'9 GeV is the Planck mass). Equation
(3) then becomes

which gives, for the time-dependent mass of g,

M —g(5r) = T, exp(M, 5t). (5)

The probability p for g to decay at time ht is given by

p = I —exp( —
J dr/rg) (6)

Here rg —f 'Mg ' is the lifetime of g, and f denotes
the appropriate coupling constant. It follows that the
mass of g at decay is given by

M'= T (I+f' 2M /T )

With f——,
' and M, /T, = —,', for instance, Mg' —10T,.

It follows from the above discussion that the g's are
well out of equilibrium when they decay. Thus, at
least one of the crucial ingredients for successful
baryogenesis is present in superstring models with an
intermediate scale.

For consistency we must ensure that the g's do not
annihilate before they can decay. The time needed for
g-g' annihilation through the color gauge interactions
is r,„—u, Mg/T', where u, = 0.1 denotes the QCD
coupling at T —T, . Clearly, 7,„»5t for M & T,
and so there is no g -g' annihilation.

The field P reaches the bottom of the potential
V(@) in a time which is estimated from Eq. (5) to be
roughly of order M, 'In(MI/T, ) —10M, '. It then
oscillates about the minimum with a frequency M,
which is much greater than the expansion rate of the
Universe. The coupling of g to other fields in the
theory will result in the conversion of the scalar-field
energy into radiation. The entropy production dilutes
the baryon asymmetry produced in the g decays by a
factor A which turns out to be at least as large as—106. This provides an important constraint on
model building. One needs to ensure that the baryon
asymmetry initially produced is sufficiently large to
sustain the subsequent dilution.

%'e now discuss the baryon asymmetry produced in
the models introduced in Ref. 3. They are based
on the gauge group G=SU(3), S SU(2)r S U(1)L
S U(1)„which can arise from the compactification

of the E8 E8 superstring theory on a suitable

(3)y+30@= —d V/d@.

For @ & T the temperature-dependent mass terms in

V, (y) = (T'/2~') g, ( —I)'J dx x'ln(l —( —I)'exp[- [x'+ M, '(@)/T']'~'}).

The sum in (2) is over all helicity states, ( —1) is + I
for bosonic and Fermionic states, respectively, and

M;($) is the field-dependent mass of the i th state.
The salient features of the effective potential

V(@)= Vo($) + Vr(g) are as follows. For @« T,
there is a temperature-dependent mass term oT@g-'
Hence V(Q) has a minimum at /=0 for T & T,
= o. '~ M, . For @ & T, the temperature-dependent
mass term is exponentially suppressed, and V(@)
develops a second minimum at @= Ml for T & M, .

The minimum at @= 0 is the absolute minimum for
M& & T & p, = (M,MI)'~' —106 GeV. This follows
because (i) in this temperature range, the radiation en-

ergy density (c T ) dominates over the zero-tem-
perature vacuum energy density —

p, in the g=0
phase, and (ii) the number of massless degrees of
freedom in the @= 0 phase exceeds that in the g = MI
phase.

For T & p„, the T =0 vacuum energy density dorn-
inates and the P = MI phase becomes the absolute
minimum of V(@). This minimum is separated from
the local minimum at @= 0 by a barrier of height —T
and width & T. For T, & T & p. , the phase transition
from the false vacuum at /=0 to the true one at

g = Mr could take place, in principle, through barrier
penetration. Detailed analytical and numerical studies'
of such processes with the Coleman-Weinberg poten-
tial have revealed that a huge amount of supercooling
precedes the phase transition. Since the width of the
potential V($) exceeds that in the Coleman-Weinberg
case, we can safely assume that the universe remains
in the @=0 phase for T & T, . Note that in the tem-
perature range T, & T & p, the vacuum energy density—p,

4 dominates over the radiation energy density and
the Universe experiences a modest amount of infla-
tion.

When T reaches T, the minimum at g = 0 disappears
together with the barrier, and @ starts to roll toward
the minimum at g = MI.

The g boson has mass —M, and its number density

ng = n .=n —T for T & T, As @ starts th. e roll-

over, g acquires an additional mass —}(@)}. To com-
pute the mass Mg' of g when it decays, we compare its
lifetime with the time 5t needed for (g) to grow from

(@)—T, to (g) —Mg'. (The reason we are not in-
terested in the time needed for $ to grow from zero to
T, is the fact that ng remains of order n~ for P in this
range. )

The classical evolution of the @ field is governed by
the equation
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Calabi-Yau space. 5 It was shown in Ref. (3) that
models based on G (supplemented by an additional
discrete symmetry) possess many desirable properties.
In particular they satisfy all of the constraints men-
tioned at the beginning of this Letter. For our pur-
poses here, the relevant terms in the superpotential
are gD, N, gg, S&, and g, g, U, . Here g (g, ) denote
SU(3), -triplet (-antitriplet), SU(2)-singlet superfields,
awhile U, and D, carry the quantum numbers of up and
down antiquarks, respectively. The X and 5& fields are
singlets with respect to SU(3), 8 SU(2)L 8 U(1)~,
and transform nontrivially only with respect to U(1) „
where y' denotes the generator orthogonal to y.

The scalar component of Si has a vacuum expecta-
tion value of order MI —(M, M, ) 'i2 at zero tempera-
ture and plays the role of the scalar field @ from our
earlier discussion. The masses of Si and Ã particles
are of order M, .

Consider the decay of the scalar g. There are
two baryon-number-nonconserving channels, g (b)

D, (f) N (f) and g (b) —U, (b) D, (b) N (b), corre-
sponding to Figs. 1(a) and 1(b). Here b and f denote
bosonic and fermionic fields, respectively. CP non-
conservation can be introduced through an interfer-
ence of these diagrams with those in Figs. 2(a) and
2(b). It is important to note that these diagrams give
rise to CP nonconservation only if more than one gen-
eration is involved.

Although we only discussed the scalar bosons g, it
should be clear that their fermionic partners provide a
comparable contribution to the baryon asymmetry.
This also holds for any other relevant superfields in

the theory (in our case the g, superfields).
A rough estimate shows that n~/s initially cannot be

much larger than about 10 '. With a favorable choice
of the parameters the decay width of 5& can be ar-
ranged to be of the order of the Hubble constant. This
minimizes the dilution of the baryon asymmetry due
to entropy production. The reheat temperature T, is
estimated to be T, —3x10' GeV. If we take T, = 3
TeV, say, the dilution factor 6=106. The baryon
asymmetry consequently is estimated to be less than or
of order 10 ". In order that the baryon asymmetry
does not undergo further dilution it is important that
all subsequent phase transitions do not produce any
significant entropy. Of course, it may be possible to

II S (b)

Si(b) g(b)
g(f) - = = „g(f)

(a)

s, (b)

~(g(b)

(b)

construct alternative models which produce a much
larger initial baryon asymmetry.

Finally, one also may check that the characteristic
times for all baryon-number-nonconserving scatterings
are much greater than Sr —M, 'ln(M /T, ). Hence
the baryon asymmetry generated cannot be erased.

It should now be evident that the gravitino problem
is neatly resolved in the present superstring models.
For the convenience of the reader we briefly recall
what the problem is. In many supergravity models
(and also presumably in some superstring models) the
gravitino is not the lightest supersymmetric particle
and has mass on the order of the electroweak scale.
Cosmological arguments rule out this possibility, '0 un-
less inflation is invoked to dilute away the primordial
gravitinos. " However, one also must require that the
reheat temperature Tz after inflation be below —10~

GeV to avoid the regeneration of too many gravi-
tinos. '2 Since the particles that produce the baryon
asymmetry typically possess masses much larger than
T&, the last requirement often makes it difficult to
produce sufficient baryon asymmetry in supersym-
metric theories.

The problem is easily evaded in the present models
since the baryon asymmetry is generated by the decays
of the g's which remain in abundance till temperatures
of order T, . The temperature Tz can therefore be as

)( g(b) „g(b)
(b)

c(» S,{b)

g(f) ir

S,{b)

D,{b) N{b)

(a) (~)

FIG. 1. (a) The decay g(h} —D, (f}+A'(f};(b} the de-

cay g (6) U, (b) + D, (b) + N (b)

U, (b)

(1}
FIG. 2. Radiative corrections to (a} Fig. 1(a} and (h} Fig.

1(1 }.
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low as is necessary to suppress the gravitino number
density to acceptable levels.

To conclude, we have shown that superstring
models with an intermediate mass scale possess a nov-
el mechanism for generating the observed baryon
asymmetry in the Universe. They also neatly evade
the gravitino problem. Thus, a gravitino mass on the
order of the electroweak scale, which may well turn
out to be the case in many superstring models, is per-
fectly acceptable.
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FG02-84ER40176.

Rote added. —After this paper was submitted for
publication and went into limited circulation, K. Ya-
mamoto kindly sent us a copy of his paper "Phase
Transitions Associated with Intermediate Symmetry
Breaking in Superstring Models, " Johns Hopkins
University Report No. JHU-HET 8508. The two pa-

pers are in agreement as far as the nature of the phase
transition is concerned. Ho~ever, Yamamoto does
not consider the novel baryogenesis scenario proposed

by us.
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