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A large neutrino asymmetry could have significant observable consequences for nucleosynthesis and
the cosmic microwave background. If the baryon asymmetry originates via the Affleck-Dine mechanism
aong ad = 4 flat direction of the scalar potential in the minimal supersymmetric standard model and if
the lepton asymmetry originates via Affleck-Dine leptogenesis along a d = 6 direction, corresponding
to the lowest dimension directions conserving R parity, then the ratio n; /np is naturally in the range
108—10°. Asaresult, apotentially observable neutrino asymmetry is correlated with a baryon asymmetry

of the order of 10719,

PACS numbers: 98.80.Cq, 12.60.Jv

Introduction.— It has long been known that there could
exist alarge cosmologica neutrino asymmetry (“degener-
acy”) [1,2]. This has recently become of particular interest
[3,4] due to its effects on the cosmic microwave back-
ground (CMB), which will be observed in detail by the
MAP and PLANCK satellites. In addition, a large neu-
trino asymmetry can aso affect big bang nucleosynthesis
(BBN) [2] and large scale structure (LSS) formation [1].
Present CMB, nucleosynthesis, and LSS bounds can a-
ready exclude a range of neutrino asymmetries.

A number of suggestions for the origin of alarge asym-
metry have been made [5,6]. In the context of super-
symmetric (SUSY) models, the most natural possibility is
prabably the Affleck-Dine (AD) mechanism [7]. How-
ever, although it is possible, in principle, to account for a
large neutrino asymmetry, there is no particular reason to
expect a very large asymmetry (or, indeed, a large asym-
metry which is nevertheless small enough to be compatible
with present observational upper bounds). Recently, an in-
teresting model has been proposed by Casas, Cheng, and
Gelmini (CCG) [6], which is based on an Affleck-Dine
mechanism in an extension of the minima SUSY stan-
dard moddl (MSSM) involving right-handed sneutrinos,
and which can account for a large lepton asymmetry. In
this Letter we wish to show that thereis good reason to ex-
pect a large (but not too large) neutrino asymmetry from
the Affleck-Dine mechanism in the context of the MSSM
itself. Our main point is that typically a number of scalar
fields will have expectation values along flat directions of
the MSSM scalar potential at the end of inflation. If the
baryon asymmetry and lepton asymmetry originate from
the AD mechanism along different flat directions, then
the ratio of the baryon number to the lepton number will
be simply determined by the dimension of the nonrenor-
malizable terms responsible for lifting the flat directions.
For the R-parity conserving models on which we concen-
trate (which both eliminate dangerous renormalizable B
and L violating terms from the MSSM superpotential and
aso alow for neutralino dark matter [8]), the dimension
of the nonrenormalizable terms is even and so the lowest
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dimension flat directions have d = 4 and d = 6 [9]. If
the observed B asymmetry originates along a d = 4 di-
rection, then the reheating temperature is fixed to be about
10® GeV. Inthiscase, if the L asymmetry originates along
ad = 6direction, theratio of the B to L asymmetry will be
108-10°. As aresult, a B asymmetry of about 10710 will
naturally result in an L asymmetry in the range 0.01-0.1.
This mechanism requires no unusually large flat direction
vacuum expectation values (VEVS); it is ssmply the con-
ventional AD mechanism taking into account the likeli-
hood that more than oneflat direction scalar field will have
an expectation value at the end of inflation.

Lepton asymmetry and present limits.— A large neutrino
asymmetry has a number of effects on cosmology [1,2]. It
changes the neutrino decoupling temperature, the primor-
dia production of light elements during BBN, the time of
matter-radiation equality, the contribution of relic neutri-
nosto the present energy density of the Universe, and alters
LSS formation and the CMB. The neutrino asymmetry is
usually characterized by the neutrino degeneracy parame-
ter £, = wu/T,, where u isthe neutrino chemical potential
and T, isthe neutrino temperature. 7, = y, T, where T,
is the present photon temperature. y, = (4/11)!/3 in the
absence of aneutrino asymmetry and is smaller in the pres-
ence of a neutrino asymmetry, as the neutrinos decouple at
ahigher temperature [2,4]. The neutrino-to-entropy ratiois
related to the degeneracy parameter by (for (¢,/7)> < 1)

_ 15
474g(T,)

where g(T) is the number of light degrees of freedom in
thermal equilibrium [¢(7,) = 2]. BBN imposes a con-
straint on &,, [2],

—0.06 < £, < 1.1,
(-4 X103 =<7y, =9X107?). 2

nL vi(miE, + £), D

The upper limit assumes a large asymmetry for v, or v,.
In the absence of such an asymmetry, the upper bound
becomes &, =< 0.14 (n;, < 9.6 X 1073) [2]. A more
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recent analysis tightens thisto ¢,, < 0.09 (., < 6.2 X
1073) [10]. LSS imposes the bound, from the requirement
of a sufficiently long matter-dominated epoch,

|€s,0.] = 6.9, (Imel = 2.8). ©)

A danger for any mechanism generating a large lepton
asymmetry is that anomalous B + L violating processes
acting on the thermalized lepton number could generate a
baryon asymmetry of a similar order of magnitude [11].
Thisis suppressed if the lepton number is large enough to
prevent electroweak symmetry restoration [12], such that
the sphalerons gain a mass much larger than 7 [11,13].
This possibility is also important as a way to eliminate
dangerous topological defects such as domain walls or
monopoles [13]. The most recent estimate for the case
of the three generation MSSM s that SU(2);, X U(1)y
nonrestoration occurs if the lepton asymmetry is larger
than n; = 0.727% a T,, [14]. This trandates into a
lepton-to-entropy ratio

__ 45m
272g(T)T3

c

ny = 0.016, 4
where we have used g(T.,) = 100. Noting that y, <
(4/11)'/3, thisimposesalower boundon &, (i = e, u, 7),

3£, = 023, (5)

assuming entropy conservation throughout [15]. We see
that, with £, of the same order of magnitude of ¢, , this
can be well within therange of £, alowed by BBN. This
is very important, as in genera we would expect the v,
asymmetry to be of the same magnitude as that of v, ..
Therefore compatibility of the BBN constraint with the
symmetry nonrestoration constraint is essential for the ex-
istence of a model which can naturally generate a large
L asymmetry. (We also note that, independent of the de-
tails of the model, the lepton asymmetry can only exist
in two ranges if it is to be compatible with the observed
baryon asymmetry, anomalous B + L violating processes,
and LSS: n; = 107'° and 0.016 < n; < 2.8.) Future
observations by the MAP and PLANCK satellites are ex-
pected to probe the lepton asymmetry down to &, = 0.5
and ¢, = 0.25 (n, = 0.035 and 5, = 0.017), respec-
tively [3].

Flat directions and the Affleck-Dine mechanism.—The
scalar potential aong a flat direction during inflation has
the form [16]

A2|D[2d-D)
V(CI))z (m2 - Cliz)lq)l2 + %
M
A A P4
( ;ﬁH + H.c.), (6)

where H is the expansion rate of the Universe, m is the
usual gravity-mediated SUSY breaking scalar mass term
(m = 100 GeV), cH? is the order H? correction to the

scalar mass due to the energy density of the early Universe
[17] (with ¢ positive for Affleck-Dine baryogenesis and
typicaly of order one), A, = A, + a H (Where A,, is
the conventional gravity-mediated SUSY breaking term),
and the natural scale of the nonrenormalizable terms is
M., where M., = Mp;/+/87 isthe supergravity (SUGRA)
mass scale. The baryon asymmetry forms when the Af-
fleck-Dine scalar begins to oscillate coherently about zero,
which happens at H = m.

The field ® is alinear combination of squark, slepton,
and Higgs fields such that the F- and D-term contribu-
tions to the renormalizable SUSY scalar potential vanish.
The flat directions are characterized by the lowest dimen-
sion scalar operators which have nonzero VEV aong the
flat direction; these also correspond to the nonrenormal-
izable superpotential terms responsible for lifting the flat
directions and supplying the CP violation responsible for
generating the asymmetry. The possible R-parity conserv-
ing d = 4 and d = 6 operators are given in Table 2 of
Ref. [9]. The magnitude of the asymmetry generated once
the AD field begins to oscillate coherently is then

n=~mep>sindcp, (7)

where ¢ /+/2 is the amplitude of the AD field when it be-
ginsto coherently oscillate at H = m/c'/?, m is the mass
of the AD scalar, and 6 ¢p isthe CP violating phase respon-
sible for generating the asymmetry. §cp can originate in
one of two ways. If the A terms have order H corrections,
the phase corresponds to the phase difference between a,
and A,,. Thisis expected in F-term inflation models. In
minimal D-term inflation models there are no order H cor-
rections to the A terms [18]. In this case, the phase is es-
sentially the random initial phase of the AD scalar relative
to the A terms. In both cases, the most natural possibility
isthat 6cp = 1. We will assume this throughout. The ini-
tial value of the AD scalar field is given by

2d72 )1/(2d_4)

“(m

The present charge-to-entropy ratio is then

2(d-3 _
(sz*( ))1/(2d Y. (8

Tr CSin5CP m(4_d)/(d_2)M*_2/(d_2)
2 @D (g - )Y

9)

The asymmetriesfor thed = 4, d = 6, and d = 8 direc-
tions are then given by

_ Tr 1 ,
~7x 107" ( )( )sna , (10
T4 C4 108 Gev / \31 A, cr4, (10)

N Tx 1 \/2
~2 X 1072 ( )( )
6 “6\ 105 Gev /\ 51 A¢

100 GeVv\'/2 .
X(7> SiNdcps » (11)
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where we have used as a typica value of the nonrenor-
malizable self-coupling of the AD field A, = 1/(d — 1)!,
such that the strength of the physical ® interaction is de-
termined purely by the mass scale M. [18]. Thus

76 of 31 ><c6>
76~ 3.4 x 108 =222 ) (<
N4 3 0 <(5!/\6)1/2 C4

o (100 Gev>1/2sinacp6

me SiNScp4
=34 X 10%fs, (13)
where f¢ istypicaly of the order of 1. Similarly, ng/ns =
3.0 X IO”fg.

From these we see that, firstly, if the observed baryon
asymmetry (9zobs =~ (3-8) X 107! [19]) comes from a
d = 4 direction, then the parameters must be close to their
maximal or upper bound values; T must be close to the
thermal gravitino upper bound ~10% GeV [19-21], while
dcps Must be closeto 1. Secondly, assuming the observed
asymmetry is due to d = 4 baryogenesis, the asymmetry
from ad = 6 direction is given by

n6 = (1-3) X 107 fs. (14)

Thus an asymmetry of 0.01-0.1 is expected in this case.
Therefore if the L asymmetry originates fromad = 6
AD mechanism and the B asymmetry fromad = 4 AD
mechanism, alarge L asymmetry will exist today, whichis
naturally within the range of 7, permitted by nucleosyn-
thesis. SU(2); X U(1)y symmetry nonrestoration is also
a natural feature, and the expected range of values is po-
tentially observable by MAP and PLANCK. On the other
hand, if the L asymmetry came from a d = 8 flat direc-
tion, the asymmetry would be

ng = (9-25)fs. (15

Although this can be compatible with the LSS upper
bound, |n;| = 2.8, it would not naturally be compat-
ible with the BBN upper bound on the », asymmetry,
1, = 0.006. Thusd = 6 AD leptogenesis is favored.

Affleck-Dine cosmology along multiple flat direc-
tions.—Usually, the AD mechanism is studied for the
case of asingle flat direction. However, it is likely that
more than one flat direction scalar will have a negative
order H? correction to its mass squared term. As a result,
we can expect several flat direction fields to be nonzero
at the end of inflation and to begin to oscillate coherently
once H < m.

The directions which can be simultaneously flat are
those characterized by operators which do not share any
field in common. This can be seen by considering the
D-term contribution to the scalar potentia [8],

4800

g2
Vp = 7‘1 |®, T, P, (16)

where « is the gauge group with generators 7% and ®;
are the MSSM scalar fields. For flat directions to be
independent, the expectation values of the MSSM fields
which form the flat direction must cancel indepen-
dently in the D term. This is possible only if they do
not have any field in common, since otherwise they
would have to be varied simultaneously to keep the D
term zero, implying a single AD field with a single
expectation value. Thus, as long as the squark and slepton
fields have different gauge indices or are orthogona in
generation space, the corresponding flat directions can
simultaneously have nonzero values at the end of infla-
tion. Additiona constraints arise from the requirement
of vanishing renormalizable F-term contributions to the
scalar potential. This requires that no more than one field
in each trilinear term in the MSSM superpotential gains
an expectation value.

As an explicit example, consider the case where the
B asymmetry comes from the AD mechanism along the
d =4 uu‘de‘ and QQQL directions, and the L asym-
metry comes fromthe d = 6 (e¢LL)*> and (d¢QL)? direc-
tions. Suppose that all scalar fields have negative order
H? corrections to their mass terms. Suppose also that the
reheating temperature is Tz =~ 10® GeV. We then cannot
allow a B violating AD scalar to be nonzero along a flat
direction with d > 4, sinceit would result in atoo large B
asymmetry. Most combinations of “orthogonal” flat direc-
tions of the MSSM scalar potential will have such d > 4
flat directions. However, on scales larger than the horizon
during inflation we can expect domainswith different com-
binations of flat directions to exist, so that anthropic selec-
tion will imply that weliveinadomain withonly d = 4 B
violating flat directions. To prevent a B violating d = 6
flat direction, al of the 9u¢, 9d¢, 3e¢, 6L, and 18Q fields
(including color, SU(2), and generation indices) must be
employed in flat directions in such a way that no d > 4
AD baryogenesis occurs. For example, the D term allows
the following set of 12 flat direction scalars

T(ud°QQ) + u‘u‘de® + QQQOL
+ 2(e°LL)* + (d°QL)?, (17)

where each flat direction is implicitly characterized by
a different combination of gauge and generation indices.
(The d = 6 terms in brackets should be thought of as
d = 3 terms squared, so that they only involve three fields
each.) Thisset of flat directions exhausts al of the MSSM
squark and slepton fields.

This shows that it is possible to have a complete set of
flat directionswith no d = 6 B violating directions. How-
ever, not all of these D-flat directions can be consistent
with F-flatness conditions, so it is necessary to check that
acomplete set of D- and F-flat directionswithnod = 6
B violating directions exists. An example is given by
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u§1u§2d§3e§ + (d§3u?lz)2, (18)

corresponding to a d = 4 B violating direction from a
gauge-invariant monomia of the form [22] u“u‘d‘e and
ad = 6 L violating direction from (d°QL)*> (where su-
perscripts denote color indices and subscripts denote fla
vor indices). Choosing a flavor basis with the down quark
and lepton Yukawa matrices diagonalized, the squark fields
which can form flat directions in addition to those in (18)
once F-flatness conditions are imposed are of the form
ut, dt (i =1,2), and Q3. Since there is no gauge-
invariant monomia which can be constructed using these
fields, there are no other B violating flat directions.

Once the B and L asymmetries are established at H =
m, the Universe is dominated by coherently oscillating
scalar field condensates, corresponding to the inflaton and
thevarious AD scalars. One difference between the MSSM
AD mechanism presented here and that of CCG based on
right-handed sneutrinos is that the AD condensate in our
case carries an asymmetry of left-handed sneutrinos and so
serves as a source term for finite-density SU(2); X U(1)y
breaking [12,15]. Thus SU(2); X U(1)y nonrestoration
occurs throughout. In the CCG model, SU(2); X U(1)y
breaking occurs only once the right-handed sneutrino con-
densate decays to create a density of left-handed neutri-
nos. This must occur before the inflaton has thermalized,
otherwise sphaleron processes would convert the lepton
asymmetry from the decaying sneutrino field into a large
baryon asymmetry. This leads to additional constraints on
the model [6]. In our model there are no constraints from
inflaton thermalization. In addition, in the CCG model an
observably large asymmetry can be achieved only if the
right-handed sneutrino field expectation value at the end
of inflation is very large, 7z = 10'7 GeV [6]. Thisis dif-
ficult to achieve, since it requires a heavy suppression of
nonrenormalizable operators along the flat direction. In
our case alarge neutrino asymmetry is generated via natu-
ral expectation values for the AD scalars after inflation.

Conclusions.—We have discussed the possibility of the
AD mechanism being responsible for both baryogenesis
and leptogenesis, with the B asymmetry originating along
ad = 4 direction of the MSSM scalar potential and the
L asymmetry along a d = 6 direction. This naturally
correlates a lepton asymmetry 7, = 0.01-0.1 with the
observed baryon asymmetry 7 =~ 107'°. This is com-
patible with present nucleosynthesis and structure forma-
tion constraints and is in the range detectable by the MAP
and PLANCK satellites in the future. It also implies
finite-density SU(2); X U(1)y nonrestoration, which is
essentia for the consistency of the model. The model is
dependent upon anthropic selection to eliminate dangerous
B violating flat directions; however, a domain structure of
the Universe, with different combinations of flat directions
on scales much larger than the present horizon, will be a
natural feature of the MSSM in the context of inflation
models. Thereforeit is quite natural that we find ourselves
in a domain determined by anthropic selection.

The fact that a large lepton asymmetry is a very natural
feature of the Affleck-Dine mechanism in the MSSM, in
which severa flat direction scalar condensates typically
form after inflation, should be a source of encouragement
to those interested in the cosmologica effects of a large
neutrino asymmetry.
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