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Abstract

We study the solution to the Polonyi problem in the framework of no-scale
type supergravity. In such a model, Polonyi field can weigh as O(10TeV) and
decay just before the big-bang nucleosynthesis. It is shown that in spite of a large
entropy production by the decay of the Polonyi field, one can naturally explain the
present value of the baryon-to-entropy ratio, ng/s ~ (10710 — 10~11) if the Affleck-
Dine ‘mechanism for baryogenesis works. It is pointed out, however, that there is

_ another cosmological problem related to the abundance of the lightest superparticles
produced by the decay of the Polonyi field.

R *Talk given at the Yukawa International Seminar '95 in Kyoto, 21 — 25 August, 1995. This talk is

based on the works in collaborations with M. Kawasaki, M. Yamaguchi and T. Yanagida.
tThis work was supported by the Director, Office of Energy Research, Office of High Energy and

Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract
DE-AC03-76SF00098.
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1 Introduction

N = 1 supergravity [1] is not only regarded as an effective field theory of superstring
below the Planck scale, but also provides a natural framework for the origin of the soft
supersymmetry (SUSY)-breaking terms. Most of the supergravity models, however, con-
tain a light massive boson ¢ (Polonyi field) with the mass my of order the gravitino mass
may2 (2, 3, 4], which is responsible for the spontaneous SUSY breaking. The Polonyi field
¢ couples only gravitationally to the light particles and hence the lifetime of ¢ is very

1 m3\™ |

76 > T N( Mg) ) (1)
where T is the decay rate of the Polonyi field, Mp = V87M ~ 1.2 x 10'°GeV the
Planck mass, and N the number of the decay modes. (In the following calculations, we

take N = 100.) Then, the Polonyi field is expected to decay when the temperature of
the universe becomes very low. The reheating temperature Tr due to the decay of the

large as

Polonyi field is given by

3/2
T~y () L@

This fact leads to a serious cosmological difficulty (so-called Polonyi problem) [2, 3, 4].
Under quite general assumptions, the Polonyi field ¢ takes an amplitude of order M at the
end of inflation, and subsequently it starts oscillation and dominates the energy density
of the universe until it decays. If the decay of the Polonyi field occurs after or during
the big-bang nucleosynthesis, it most likely destroys one of the successful scenarios in the
big-bang cosmology, that is the nucleosynthesis. Furthermore; the decay of the Polonyi
field releases a tremendous amount of entropy and dilutes primordial baryon asymmetry
much below what is observed today. Especially, the important point is that we cannot
solve this problem even if we assume an inflation, which is the crucial difference between
the Polonyi problem and another serious cosmological difficulty in NV = 1 supergravity,
i.e. the gravitino problem [5, 6, 7, 8, 9, 10]. '

It has been pointed out [11] that the first problem can be solved by raising the Polonyi
mass mg (or equivalently the gravitino mass mg/;) up to O(10TeV) so that the reheating
temperature Tr by the decay of the Polonyi field becomes larger than O(1MeV). Then,
the nucleosynthesis may re-start after the decay of the Polonyi field. This solution fa-

vors strongly “no-scale type” supergravity [12],! since the gravitino mass can be taken

In the original no-scale supergravity model {13, 14], Polonyi field acquires a mass of the order of



O(10TeV) without diminishing the original motivation of SUSY as a solution to the hier-
archy problem [16, 17]. Namely, we can raise the gravitino mass while keeping all masses
of SUSY particles in observable sector to be O(100GeV).

Here, we stress that the second problem can be also solved if the Affleck-Dine mecha-
nism [18] for baryogenesis works in the early universe [19]. However, we point out another
cosmological problem that the lightest superparticles (LSPs) produced via the Polonyi de-
cay are extremely abundant [19, 20]. As a result, their energy density, if stable, overcloses
the universe unless the reheating temperature due to the Polonyi decay is sufficiently
high. This fact gives us a lowerbound on the reheating temperature after the decay of the
Polonyi field.

The organization is as follows. In the next section, we show how the baryon asymmetry
of the universe can be explained if we assume the Aflleck-Dine mechanism for baryogenesis.
In section 3, we calculate the mass density of LSP due to the decay of the Polonyi field,
and constrain the reheating temperature in the framework of the minimal SUSY SU(5)

model. Section 4 is devoted to discussion.

2 Polonyi problem and the Affleck-Dine mechanism

The Affleck-Dine mechanism [18] for baryogenesis is based on the fact that there are
some combinations of squark § and slepton [ fields for which the scalar potential van-
ishes identically when SUSY is unbroken. After SUSY breaking, these flat-direction fields
acquire masses m, of order 100GeV. One of these flat directions y is assumed to have
a large initial value xo which is assumed to be about the grand unified theory (GUT)
scale Mgy ~ 10®GeV or the gravitational scale. It has been shown [18] that the
decay of the coherent oscillation mode of such a field x can generate a large baryon-
to-entropy ratio ~ O(1) under the presence of tiny baryon-number violating operators
such as (ms/Mgur)§GGl (with mg being the scale of the SUSY breaking parameter in the
- observable sector, which is assumed to be ms ~ O(100GeV)).

We now compute how large baryon asymmetry can be obtained if we combine the
Affleck-Dine mechanism with the Polonyi problem. For this purpose, it is convenient to
use the fact that ng/p, is independent of time since the baryon number is approximately

conserved in the regime we consider. (Here, np is the baryon number density and py the

m3 /2/M [15] which is much smaller than the gravitino mass mg;;. However, in the “no-scale type”

supergravity model studied in Ref. [12], the mass of the Polonyi field is at the order of the gravitino mass.
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mass density of the Polonyi field.) Then,
mynp
P

= const. (3)

We evaluate this when the Affleck-Dine field x starts its oscillation. At this time,.

2
mynp _, MxNB Px Px

~ —= X 7NBo— ~ nBo . . 4

Pe Px Ps (\/_ M ) ‘ ( )

where p, is the mass density of the Affleck-Dine field and 5o = (n B/ M) Ham, With ny

being the number density of x. In deriving Eq.(4), we have used H =~ ,/ps/ Vv3M, and

px = m2xZ%. On the other hand, we evaluate the same quantity given in Eq. (3) at the
decay time of the Polonyi field ¢

myng 4 myng(Tr) . (5)
ps 3 s(Tr)Tr

ng 1 Tgr (2(_0)2 105 ( Tr ) 100GeV (ﬁ)z (6)
s 4P, \M 750 \ IMeV My M)
With Eq.(6), one may expiain the observed value ng/s ~ (1071° — 10711) taking xo ~

MGUT, TR ~ 1MeV, and nBo ~ 0(1).2
In our case, the dilution factor D is given by

DN—T—&<&>2~10’5( Ir ) (100GeV> <ﬁ)2, ‘ 7
my, \M 1MeV My M :

which is much larger than that derived in the previous work [11]. For example, the dilution
factor given in Ref. [11] is O(107) for the case Tr ~ 1MeV, which is about 107° times
smaller than our result with m, ~ 100GeV and Xo ~ M. This discrepancy originates to .
the fact that the amplitude of the Polonyi field has already decreased by a large amount at

the decay time of the Affleck-Dine field. In Ref. [11], this effect is not taken into account,
and hence the dilution factor given in Ref. [11] is underestimated.

%It has been pointed out that the Affleck-Dine mechanism for baryogenesis may result in too large -
baryon number fluctuation in the case of chaotic inflation [21]. However, such a difficulty can be solved if
we adopt a larger value of the initial amplitude of the Affleck-Dine field; xo ~ M. In that case, we have
to choose ngo ~ 1075.



3 DMass density of LSP

Let us now turn to discuss a new cosmological difficulty in the present solution to the
Polonyi problem. The decay of the Polonyi field produces a large number of superparticles,
which' promptly decay into LSPs. The number density of LSP produced by the decay,
nLSP,, is of the same order of that of the Polonyi field ny = ps/my. Just after the decay
of the Polonyi field, the yield variable for LSP, Yisp, which is defined by the ratio of the
number density of LSP to the entropy density s, is given by

Ps . MLsPPLSP:  MLsPIR

mrspYisp = e Tgs e
N _5 MLSP Tg ) 10TeV
107GeV <100GeV> (lMeV ( ms )’ ()

where prsp,; is the mass density of LSP just after the decay of the Polonyi field. If LSP
is stable and the pair annihilation of LSP is not effective, Y1 sp is conserved until today.
On the other hand, the ratio of the critical density p. to the present entropy density s is
given by

Pe ~ 3.6 x 107°h2 GeV, | 9)

S0
where h is the Hubble constant in units of 100km/sec/Mpc. Comparing Eq.(8) with
Eq.(9), we see that LSP overcloses the universe in the wide parameter region for mpsp, m
and Tx which we are concerned with.
If the pair annihilation of LSP takes place effectively, its abundance is reduced to

nsp  H (10)

S 3<_o'a.nnvrel) ’

T=Tg

where 0oy, is the annihilation cross section, vy is the relative velocity, and (- - -) represents
the average over the phase space distribution of LSP. Comparing Eq.(9) with Eq.(10), we
obtain a lowerbound on the annihilation cross section,

100MeV
wetna) 23 % 107076V (55 ) (S7)
(GannUrel) >3 X 107°A7*GeV T00GeV T , (11)

in order that the mass density of LSP does not overclose the universe.

As we can see, constraint (11) becomes severer as the reheating temperature T de-
creases, and hence we obtain a lowerbound on Tx. Here, we derive the constraint on Tr
in the framework of minimal SUSY SU(5) model [23, 24], which is shown in Appendix A.
We first solve RGEs based on the minimal SU(5) model with the no-scale boundary condi-
tions, and determine the mass spectrum and mixing matrices of the superparticles. Notice

4
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that we only investigate the parameter space which is not excluded by the experimental

or theoretical constraints. The crucial constraints are as follows;

e Higgs bosons H; and Hy have correct vacuum expectation values; (Hy)? + (H;)? o~

v . (174GeV)? and tan 8 = (H;)/(Hj). N
e Perturbative picture is valid below the gravitational scale. |

e LSP is neutral.

e Sfermions (especially, charged sleptons) have masses larger than the experimental

lower limits [25].
o The branching ratio for Z-boson decaying into neutralinos is not too large [26].

One remarkable thing is that LSP almost consists of bino which is the superpartner of
the gauge field for U(1)y if we require that LSP is neutral. Therefore, in our model,
the LSP mass mygsp is essentially equivalent to the bino mass. Then, we calculate the

annihilation cross section and determine the lowerbound on the reheating temperature

from the following equation;

_ 7 < Pe ~ 362 x 107°GeV. (12)
${CannUrel) T=Tgp .50 ’

Since LSP 1s most dominated by bino, it annihilates into fermion pairs. The annihila-

tion cross section is given by [22]
(Gaantea) = @+ b{?), \ (13)

where (v?) is the average velocity of LSP, and

' 327al m2 m?2 1/2
¢ = 27 (m? + migp — m?)? 1- ——_m%,sp 8(mLsp — my), (14)
tr
' 8ral m2 o4 9B
b ~ 1 y4 LSP _ LSP + LSP . ( 1 5)
3 mf.<_zm:Lsp ! (mﬁSP + m})z (ml%SP + mf?)a (mﬁsp + m;.)‘*

Here, o = gZ/4n ~ 0.01 represents the fine structure constant for U(1)y, m; the top-
quark mass, Y; the hypercharge of the fermion f, and m; the mass of the sfermion
f. Notice that a- and b-terms correspond to s- and p-wave contributions, respectively.
Taking mj; ~ mysp ~ 100GeV, the annihilation cross section given in Eq.(13) is at most

!



3 x 1078GeV~2%. Using this result in the inequality (11), we can see that the reheating
temperature must be higher than about 100MeV even if (v?) ~ 1. In fact, LSP is in kinetic
equilibrium in the thermal bath [20], and hence its velocity is given by O(Tr/muysp) which
is much smaller than 1. Thus, we have severer constraint on Tgr, as we will see below.

In Fig. 1, we show the lowerbound on the reheating temperature in the tan 5 vs. mysp
plane. In the figures, large or small tan 8’s are not allowed since the Yukawa coupling
constant for the top quark or bottom quark blows up below the gravitational scale for
such tan 8’s. Furthermore, there also exists a lowerbound on the LSP mass. In the
case where tan 85 20, charged sfermions become lighter than the experimental limit if
the LSP mass becomes lighter than ~ 50GeV. On the other hand, for the large tan g
case, unless the bino mass is sufficiently large, the lightest charged slepton becomes LSP.
(Remember that the dominant component of LSP is bino.) Thus, the lowerbound on
mpsp is obtained. As we can see, the reheating temperature should be larger than about
100MeV, even for the case where mysp ~ 50GeV. The constraint becomes more stringent
as mpsp increases, since the masses of the superparticles which mediate the annihilation
of LSP becomes larger as the LSP mass increases. If we translate the lowerbound on the
reheating temperature into that of the Polonyi mass my, we obtain my 2 100TeV (see
Eq.(2)).

Finally, we comment on the accidental case where the annihilation process hits the
Higgs pole in the s-channel. If the LSP mass is just half of the lightest Higgs boson mass,
the LSP annihilation cross section is enhanced since LSP has small but nonvanishing
fraction of higgsino component. If the parameters are well tuned, such a situation can be
realized and the lowerbound of Tr decreases to O(10MeV). However, we consider that

such a scenario are very unnatural since a precise adjustment of the parameters is required

in order to hit the Higgs pole. 2

4 Discussion

Here, we proposed a solution to the Polonyi problem based on the no-scale type super-
gravity and the Affleck-Dine mechanism for baryogenesis. In our scenario, however, LSP
may be overproduced due to the decay of the Polonyi field. From this fact, we obtained
the lowerbound on the reheating temperature after the decay of the Polonyi field, which
is given by O(100MeV). As a result, the mass of the Polonyi field have to be larger than

3In the case where the annihilation process hits the pole of heavier Higgs bosons, the cross section is
not enhanced so much, since the widths of the heavier Higgs bosons are quite large.

\l')



O(100TeV), which may raise a new fine-tuning problem [27, 28].

To cure this conflict in the case of T < 10 MeV, let us consider modifications of the
minimal SUSY standard model (MSSM). One way is to extend the particle contents and
provide a new, very light LSP. If the LSP is lighter than O(10 MeV), we can see from
Eq. (8) that the relic abundance does not exceed the critical density without invoking
the annihilation. This is most easily realized in the minimal extension of the MSSM,
where the superpartner of a singlet Higgs is contained in the neutralino sector. Another
extension which has a light LSP is to incorporate the Peccei-Quinn symmetry. Then
the superpartner of the axion, the axino, can be the LSP [29]. Indeed, it was shown in
Ref. [30] that the axino becomes massless at the tree-level in the no-scale supergravity.
Radiative corrections may give a small, model-dependent axino mass.* In the case of the
axino mass ~ 10MeV, the axino becomes a cold dark matter of the universe.

R-parity breaking is the other possibility to make our scenario cosmologically viable.
In this case, the LSP is no longer stable, but decays to ordinary particles. If the lifetime
7r.sp of the LSP is shorter than 1 sec,® its decay does not upset the standard big-bang

nucleosynthesis.
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A The fnodel

In this appendix, we describe the model we use, 7.e. the minimal SUSY SU(5) model [23,
24] with no-scale type boundary conditions. This model has three“vytypes of Higgs field;
H(5) and H(5") which contain flavor Higgses Hy and Hy, and £(24) whose condensation
breaks the SU(5) group into the gauge group of MSSM, SU(3)c x SU(2), x U(1)y. For
the Higgs sector, the superpotential is given by

W= %/\tbrzs + %MgtrEz +«kHYH + My HH, | (16)

4A light axino can also be realized if one chooses a special form of superpotential [31].
*Such a small R-parity violation (rsp ~ lsec) is consistent with other phenomenological con-

straints [32]. '



where A and « are dimensionless constants, while My and My are mass parameters which
are of the order of the grand unified theory (GUT) scale Mgur(~ 10'°GeV). Furthermore,
the model also has the soft SUSY breaking terms;

1 _ -
Loost = —§AAgtr23 — %M}:Bgf;l‘zz — kAgHYH — MyByHH + h.c., (17)

where Ayx, By, Ay and By are SUSY breaking parameters. Minimizing the Higgs poten-

tial, we find the following stationary point;

(D) =1 {Ms +2(45 - B) +0 (ﬁ,—z -ﬁ—z)} « dieg(2,2,2,-3,-%),  (18)
where the SU(5) is broken down to SU(3)c x SU(2)L x U(1)y. Regarding this stationary
point as the vacuum, we obtain MSSM as the effective theory below the GUT scale Mgurt.-
Here, the masslessness of the flavor Higgses H; and H; is achieved by a fine tuning among
several parameters; My — 3k My /A ~ ug, where pyg is the SUSY-invariant Higgs mass in
MSSM.

In the present model, the parameters in MSSM at the electroweak scale is obtained
by solving renormalization group equations (RGEs). The boundary conditions on the
parameters in the minimal SUSY SU(5) model are given at the gravitational scale M.
Since we assume the no-scale type supergravity models, all the SUSY breaking parameters
except for the gaugino mass vanish at the gravitational scale. From the gravitational scale
to the GUT scale, the parameters follow the renormalization group flow derived from
RGE:s in the minimal SUSY SU(5) model. Then we determine the parameters in MSSM .
at the GUT scale through an appropriate matching condition between the parameters in
the SUSY SU(5) model and those in MSSM. Finally, we use RGEs in MSSM from the
GUT scale to the electroweak scale in order to obtain the low energy parameters.

As for the matching condition, we have a comment. In the stationary point (18), the
mixing soft mass term of the two flavor Higgs bosons, m2,H; Hy, is generated at the tree

level, where m2, is given by

6
m2y(Maur) = |=(Ax — Bs)(Ag — Bs) — #HBH} : (19)
A v=MgyT

Since the mixing mass term depends on unknown parameters, A and « in Eq.(16), we
regard m?2, as a free parameter taking account of the uncertainty of A and « in our
analysis. Then, the low energy parameters are essentially determined by the gauge and
Yukawa coupling constants and the following three parameters; the supersymmetric Higgs

mass gy, the mixing mass of the two flavor Higgs bosons m2,, and the unified gaugino

8
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mass.® However, it is more convenient to express these parameters by other physical
ones.. In fact, one combination of them is constrained so that the flavor Higgs bosons have
correct vacuum expectation values; (Hy)?+(H;)? ~ (174GeV)?. As the other two physical
parameters, we use the mass of LSP, mysp, and the vacuum angle tan 8 = (H;)/(H;).
Thus, once we fix mpsp and tan 3, we can determine all the parameters in MSSM.”
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Figure 1: Lowerbound on Tg is shown in tan 83 vs.
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mysp plane. The meaning of each

mark is as follows; o : 100MeV < Tg < 500MeV, x : 500MeV < Tp < 1GeV, 0:1GeV <
Tr < 5GeV, + : 5GeV < Tr < 10GeV, © : 10GeV < Tr < 50GeV. The sign of the
SUSY-invariant Higgs mass uz is taken to be (a) ug > 0, and (b) pg <0.
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