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Thermal leptogenesis in extended supersymmetric seesaw model
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We consider an extended supersymmetric SO(10) seesaw model with only doublet Higgs scalars, in
which neutrino masses are suppressed by the scale of D-parity violation. Leptogenesis can occur at the
TeV scale through the decay of a singlet 3, thereby avoiding the gravitino crisis. Washout of the
asymmetry can be effectively suppressed by the absence of direct couplings of 3 to leptons.
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One of the most attractive scenarios to account for the
baryon-to-photon ratio of the universe is leptogenesis [1,2]
in the context of the seesaw mechanism [3—7]. According
to this the out-of-equilibrium decays of the lightest right-
handed (s)neutrinos produce a net lepton number which is
later reprocessed into the observed baryon asymmetry.
However, if they are thermally produced in the early uni-
verse, the reheating temperature (7;) should exceed
~10° GeV [8,9]. In the context of supersymmetry, this
leads to the overproduction of gravitinos, with catastrophic
consequences for the evolution of the universe [10].
Although somewhat model-dependent, the upper bound
on Tk from gravitino overproduction is rather stringent
and can be as strong as Ty < 1057 GeV [11].

Here we suggest a way to cure this problem by extending
the seesaw mechanism. In contrast to Ref. [12] we keep
R-parity conserved and adopt a supersymmetric grand
unified SO(10) model, already proposed in [13]. The model
requires three sequential gauge singlet superfields S;, i =
1, 2, 3 in addition to the three usual fermions in the 16-
dimensional representation of SO(10) [14]. In contrast to
conventional seesaw, the left-right symmetry is broken
only by Higgs doublets [15—-17]. One remarkable feature
of these models is that the scale of neutrino masses is
independent of the (B — L) breaking scale [13]. We as-
sume an additional singlet superfield X without direct
couplings to the usual matter multiplets. It is the out-of-
equilibrium decay of this superfield X that drives lepto-
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genesis. Its mass can be as low as TeV, thus avoiding
conflict with reheating bounds [11]. Moreover, in contrast
to the simplest, unextended seesaw, one can naturally
suppress erasure of the created asymmetry due to washout
processes without conflicting with the magnitude of neu-
trino masses indicated by oscillation experiments [18].

The present model spontaneously violates D-parity,
which connects the subgroups SU(2); and SU(2); of
SO(10). In the left-right symmetric models the D-parity
is identified with the usual parity operation of the Lorentz
group. Thus the vacuum expectation value (vev) of any
D-parity odd singlet scalar can break parity spontaneously
even when SU(2) is unbroken. This can have important
implications, for example, it makes the SU(2); and SU(2)g
gauge couplings differ, and similarly the masses of left-
handed and the corresponding right-handed fields. In an
SO(10) grand unified theory, the adjoint and the 210 rep-
resentations contain D-parity odd singlet fields that can
break parity spontaneously [19].

Here we consider the symmetry breaking pattern

S0(10)'2°SUB), X SU2), X SUQ)g X U(1)5_y.

SSUB). X SUQ), X U(l)y

wlSUB3), x U1, (1)
We also impose a global U(1); symmetry, under which all
three minimal SO(10) matter supermultiplets (superfields
with odd matter parity) in the 16 are neutral and the gauge
singlet matter superfields S;, i = 1, 2, 3 carry nonzero
G-charge. In addition, we introduce singlet chiral super-
fields 2. and X, the latter with G = 0 and invariant under
D-parity.
For the symmetry breaking we consider the minimum
number of Higgs scalars. In addition to the adjoint, we
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break the group SO(10) with a 210-representation, which
also contains a D-parity odd singlet o = (1, 1, 1, 0) C 210.
The left-right symmetry is broken by a 16-plet of Higgs
(this contains yg and y;) with G-charge opposite to that of
the singlet matter fields S;. The electroweak symmetry is
broken by a 10-plet (¢) of SO(10), neutral under G, which
contains the usual bi-doublet field. Under the left-right
symmetric subgroup G;r C SO(10) the transformations
of the remaining fields responsible for symmetry breaking
are p = (1,2,2,0) C 10, yp =(1,1,2,1) C 16 and y; =
(1,2,1,1) C 16. The electric charge assignment and U(1)
normalization are,
B—-L Y

=Ty +=.
3L 2

The Yukawa couplings relevant for neutrino masses are

Q=T + T+

Ly=Y;Nyvjpd + FviSix. + FiNiSixg
+ FyX.23, )

Note that a direct Majorana mass term for the singlet fields
S; is forbidden by the U(1); quantum number and the fact
that the only singlet scalar ¢ is odd under D-parity, while
S§;S; are even under D-parity. For the same reason, o
cannot couple to 3, although the vev of the scalar in X
gives a bare mass for 3, Ms = fx(X), of the order of TeV.
In contrast to the singlet superfield X, X is even under
matter parity and hence can have couplings like Xx§ x.,
where xj{ is a left-chiral superfield transforming as
(1,2,1, —1) that is required for anomaly cancellation.
Then the quartic couplings of the scalar components of
these fields XTX /\”/I X1 will produce the field X thermally,
which in turn can produce the singlet fields 3 at 7 > M.
We also introduce a soft term breaking U(1);, which
allows the term 3,S; mixing the scalar components of these
fields.

This will then give a 10 X 10 neutrino mass matrix, in
the basis (v;, 2, N;, S;):

0 0 Yv Fyg

0 Ms 0 AT

vl YTy 0 0 Fug
FTv, A Flvp 0

3)

where, v = (@), v;, = {x1.)and vy = (yg) are the vevs for
the fields ¢, y; and y respectively and A is the U(1)g
breaking entry. This mass matrix will give two heavy states
which are dominantly the right-handed neutrino N;; and
the singlets S;, with a lighter state 2. Using the seesaw
diagonalization prescription given in Ref. [6] we obtain the
effective left-handed light neutrino mass matrix as

Vv,

m, = 1 Gor - [Y(FEO)T + (FF~)YT] “4)
My

UR
where G = Y(F*')T%.

The first contribution in Eq. (4) arises from the soft
U(1) breaking term. In order to keep the absolute neutrino
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mass scale in the eV range one should require
»2|A2
Ms vy

=eV, (®)]

indicating the need for the smallness of G-violation.

We now turn to the second term. First note that its
structure is different from the conventional seesaw, first
that it is linear in the Yukawa coupling Y [13]. In order to
discuss its magnitude we consider the minimization of the
most general scalar potential. This will determine the vevs
of the different fields:

(p) =v;

In models of D-parity violation it is usual to choose the
parameters of the potential to make the masses of the left-
handed and right-handed fields different. A similar pre-
scription also holds in the presence of superymmetry, so
that we can have D-parity violation at a high scale, whereas
the B — L symmetry is broken at a scale that can be as low
as the electroweak symmetry breaking scale. Since the
D-parity breaking scale is much higher than the scale at
which the left-right symmetry breaks, and this in turn is
higher than the electroweak symmetry breaking scale, one
has the “vev-seesaw” relation

o) =vp; (Xr) = vg; (o) =1,

v X, (6)

where M ; is determined by the SO(10) breaking vevs, so
that the second contribution to the neutrino mass in Eq. (4)
becomes naturally small, suppressed by the unification
scale, irrespective of the (B — L) violating scale vy which
can be rather low [13]. This is in sharp contrast to the
conventional left-right symmetric seesaw models.

Note that in the present model we have a U(1); global
symmetry, which is broken by the vev {yg) and also
explicitly through the soft %S bilinear mixing terms. The
corresponding would-be Goldstone picks up a large mass
and/or can be made invisible in case all G-breaking comes
spontaneously.

All in all, one can have naturally small neutrino masses
independent of the magnitude of the (B — L) symmetry
breaking scale, which may be as low as the TeV scale.

We now discuss the issue of leptogenesis in this model.
It can occur only after the local (B — L) C SO(10) sym-
metry is broken. It will take place through the decay of the
singlet fermion 2. In order to get the total width of 3
decaying to a lepton-Higgs pair via the mixing with the N
and S fields one should transform the relevant superpoten-
tial term from the defining basis (v, 2, N, S) to the physical
matter and Higgs doublet fields and identify the effective
Yukawa coupling of 2, to the light lepton-Higgs pair LH.
This way the total width of 3 is given by (treating Ys as a
column vector)

1
s ~—Ylysm 7
3 g stsMs (7
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In order to estimate Yy we need to compute the projec-
tion U,s of X onto the N’s. This will determine the
relevant effective coupling of the 3 to LH pair. The O(1)
coefficient ay; denotes the projection of the relevant light
minimal supersymmetric standard model (MSSM) Higgs
doublet / into the directions of the defining (up-type)
Higgs doublets living in H € 105. We leave it unspecified
as the full-featured analysis of the Higgs potential is out of
the scope of this work.

In order to do that let us use again the perturbative
seesaw diagonalization prescription of Ref. [6]. The
method is especially convenient to the discussion of lepto-
genesis, as it includes all CP phases. One finds, at leading
order:

Ups = (F1T 2
URr

YE = aHYUNE

Note that the G-breaking quantity A determines Uys and
Ys. This can be easily understood from the Feynman
diagrams for the effective Yukawa coupling Yy,
cf. Fig. 1. The figure illustrates the (lowest order) tree-
level graph giving rise to the effective 2LH Yukawa
interaction. Notice that this decay can occur out-of-
equilibrium for moderately large values of the Yukawa
couplings since, for sufficiently small values of the pa-
rameter A, the effective LHN vertex will be suppressed, as
seen from the graph.
The decay width of % is estimated as

2 AT
=283 Fyivty Y Spy @®)
87T vp Vg
The interference of one loop diagrams and tree level
diagrams (see Fig. 2) generates a lepton asymmetry [20].
Keeping only the contribution of the lightest N{- pair we
obtain the following estimate for the CP asymmetry pro-

duced in the decay of 3.,

3 My Im[(VFUsa, ) (YiYUyan)]

€y * — 9
* 167 M, Yng

where a .« are the projections of the light MSSM-like

X VR
1 H,’

F Y,~
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3 >
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L

FIG. 1. Lowest order tree-level graphs giving rise to the effec-
tive > LH Yukawa interaction; for more details see text.
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FIG. 2. Tree level and one loop diagrams for the decay of 3
that interferes to generate a lepton asymmetry of the universe.

Higgs doublet onto the defining Higgs doublets in the
16%, and M, is the mass of the (almost degenerate) lightest
pair of the N. = 5 (N = §) states. In addition

UL FurUg = diag(My, My, M3), (10)

The main feature of this scenario is that the suppression
factor of A/vy does not enter in the amount of asymmetry
generated in the decays of 2. At the time of decays of 3,
the number densities of the right-handed neutrinos N; and
the singlets S; should be fairly less so that they do not wash
out the asymmetry generated by the decay of 3, which is
subsequently converted to a baryon asymmetry by the
sphaleron processes. Since the neutrino masses are main-
tained small by the scale of D-parity violation, and thermal
production of 3 depends only on its coupling to X, Fy,
there is no restriction from neutrino masses on the cou-
plings Yy, which are dependent on the scale of B — L
violation. Couplings of the chiral superfield X with other
fields including ¢ produce them thermally, while 2 has no
other couplings.

A[TeV] en~ 1071 1079 10-  10-7
My = 10*TeV
102
need to have
My < My

10°

no wash-out
region
10-?

My = 10*TeV

Y decay too slow
|F| ~1, |Y]~1

vg[TeV]

104
My, = 1TeV

10° 102 104 108 108

FIG. 3 (color online).
text).

Leptogenesis parameter region (see
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In order to induce successful leptogenesis the 3 must
decay before the electroweak phase transition. Moreover 2,
decay must take place out-of-equilibrium, i.e. one must
fulfill the condition I'yppie > I's > T'phateron-

Figure 3 shows the typical correlations among the mag-
nitudes of parameters vy, A and My leading to roughly
N~ esk/g. ~6Xx 10719 where g, is the relevant num-
ber of degrees of freedom ~2 X 10?, k is 1 if the width is
well below the Hubble rate, and falls exponentially
otherwise.

Note that the lepton asymmetry Y; = ex/g. is defined
as (n; — nj)/s with s being the entropy. The conversion
of L into B brings another factor 1/3 or so. Next, we
expect the efficiency factor k to decay exponentially
with the amount of out-of-equilibrium condition

(OEC) violation. More quantitatively, for I's ~

10%/47g../[45(T* /Mp)l7=p, the OEC is satisfied as
long as x =0 and we assume the efficiency factor to
behave like x(x) ~ (1 + 10*"!)~! corresponding to essen-
tially no washout for I's well below the Hubble expansion
rate while decaying exponentially with the amount of the
OEC violation for x = 0, cf. [21].

In our estimates we assume all Yukawas are order unity,
e.g. |F| ~ |Y| ~ 1. For a given vy there is only a certain
range for Ms: (i) the lower bound indicated by the lower
solid line comes from the need to generate enough asym-
metry (proportional to Ms/|F|vg) while (ii) the upper
bound stems from the need to have My below M. Note
that in the upper right region washout is negligible, here the
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asymmetry ex is essentially constant as ~My /|F|vg. On
the other hand, in the region left of the dotted line with
ex = 1077 one would have too large an asymmetry, ey >
1077, were it not for the fact that, in this region, this is
compensated by a certain amount of washout, so as to lead
to an acceptable asymmetry. Note also the relative small-
ness of the G-breaking A parameter. One sees, for ex-
ample, that successful leptogenesis can occur for
My =1 TeV and low vy = 10 TeV.

In short, we have considered a supersymmetric SO(10)
seesaw model with only doublet Higgs scalars, in which
neutrino masses are suppressed by the scale of D-parity
violation, regardless of the value of the (B — L) violating
scale, which can be low. This would allow for the existence
of new physics (e.g. a Z' gauge boson) accessible at
accelerators. Leptogenesis can occur at the TeV scale
through the decay of a singlet X, thereby avoiding the
gravitino crisis. Washout of the asymmetry is suppressed
by the absence of direct couplings of 3, to leptons.

Note that the mechanism described here involving the
addition of the % field is very natural in the framework of
the extended seesaw model but not in the simplest type-I
seesaw scheme [22]. Details of the mechanism and a
critical comparison with unextended seesaw schemes will
be presented elsewhere [23].
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