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Motivated by the observation of neutrino oscillations, we extend the Higgs boson exempt no-scale
supersymmetry model by adding three heavy right-handed neutrino chiral supermultiplets to generate the
light neutrino masses and mixings. The neutrino Yukawa couplings can induce new lepton-flavor violating
couplings among the soft terms in the course of renormalization group running down from the boundary
scale. We study the effects this has on the predictions for low-energy probes of lepton-flavor violation
(LFV). Heavy right-handed neutrinos also provide a way to generate the baryon asymmetry through
leptogenesis. We find that consistency with LFV and leptogenesis puts strong requirements on either the
form of the Yukawa mass matrix or the smallness of the Higgs up soft mass. In all cases, we generically
expect that new physics LFV is nonzero and can be found in a future experiment.
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I. INTRODUCTION

Supersymmetry (SUSY) is a well-motivated and elegant
possibility for new physics beyond the standard model
(SM). However, SUSY can only be an approximate sym-
metry of nature. The requirement of (soft) SUSY breaking
introduces many new unconstrained parameters to the
theory that can be phenomenologically problematic. For
example, generic soft supersymmetry breaking couplings
of TeV size would lead to excessive amounts of flavor
mixing and CP violation [1,2].

A simple way to address this flavor-mixing problem of
low-energy supersymmetry is to arrange for all the matter
scalar soft terms to vanish at a common input scale M..
Provided this input scale is well above the electroweak
scale, acceptably large scalar soft terms will be regenerated
in the course of renormalization group running from the
high scale to the scale of the soft supersymmetry breaking
couplings [3-7]. Since the scalar soft terms generated in
this way come mostly from loops of gauginos, they are
nearly flavor universal and therefore consistent with the
current bounds on flavor mixing.

This scenario for addressing the SUSY flavor problem is
realized within Higgs-exempt no-scale supersymmetry
(HENS) [8]. In this model, the squark and slepton soft
terms all vanish at a high input scale, taken to be the scale
of unification Mgyt =2 X 10'® GeV, while the gaugino
masses are nonzero there. This can be achieved within an
extra-dimensional setup as in gaugino mediation [4—6], or
by nearly conformal running [7,9—11]. However, unlike
pure gaugino mediation and traditional no-scale models,
the Higgs scalar squared masses are allowed to be non-
vanishing at the input scale Mgyp. With this small modi-
fication, that does not contribute appreciably to flavor
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mixing, it is possible to obtain a cosmologically-favored
neutralino LSP [8]. Under the assumption of gaugino
universality, the free parameters of the HENS model at
the input scale Mgyt are

s, sgn(u), (1)

2
tang, my ’

M, ),
where M|/, is the universal gaugino mass. With this small
number of inputs, the HENS model is able to account for
the dark matter, can be made consistent with all current
experimental bounds, and leads to exciting collider phe-
nomenology [8].

While the HENS model is phenomenologically enticing,
it cannot explain the observation of neutrino oscillations
[12]. This shortcoming can be resolved by supplementing
the model with three heavy singlet right-handed neutrino
chiral superfields with the superpotential couplings

1
W =W + NY,LH, + ZNMyN, )

where W, is the minimal supersymmetric standard model
(MSSM) superpotential, N are the right-handed neutrinos,
My, is their Majorana mass matrix, and Y, is the neutrino
Yukawa matrix. By taking the singlet neutrino masses My,
to be much larger than the electroweak scale, very small
masses can be generated for the left-handed neutrinos by
the seesaw mechanism [12]. Integrating out the heavy
neutrino states yields the effective superpotential coupling

1
Wegp = Wy — E(YZMX/IYv)ij(LiHu)(LjHu)‘ (3)

For My ~ 10'? GeV, this interaction can generate correct
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light neutrino masses at the weak scale with the neutrino
Yukawa couplings on the order of unity, ¥, ~ 0.1.

Adding heavy right-handed neutrinos to the HENS sce-
nario also introduces a new flavor-mixing problem to the
model. In running the soft parameters in the full theory
[Eq. (2)] from the input scale Mgyr down to the heavy
singlet neutrino scale My, the neutrino Yukawa couplings
generate nonuniversal contributions to the soft masses for
the charged leptons [13]. Such couplings are dangerous
because they are a source of lepton-flavor violation (LFV)
[13], for which the experimental bounds are extremely
strong. This in turn imposes stringent constraints on the
heavy neutrino sector.

Although adding right-handed neutrinos to SUSY mod-
els can lead to problematic LFV rates, such extensions also
have some attractive collateral features. One of these is the
possibility of generating the baryon asymmetry via lepto-
genesis [14,15]. Heavy right-handed neutrinos provide all
the necessary ingredients for baryogenesis. Lepton number
is not a conserved quantity in the neutrino sector since the
Majorana masses of the heavy right-handed neutrinos vio-
late lepton number L by two units. Combined with the
(B + L)-violation due to SU(2); sphaleron transitions in
the early universe [16,17], there exists a source of baryon
number violation. The neutrino sector also provides a new
source of CP violation from the complex neutrino Yukawa
matrix. This CP violation can manifest itself in the out-of-
equilibrium decays and scatterings of the right-handed
neutrinos in the early universe. Together, these features
fulfill the three Sakharov conditions for baryogenesis [18],
which can be realized through the mechanism of lepto-
genesis.

Requiring that the neutrino-extended HENS (vHENS)
model account for the baryon asymmetry of the universe
while respecting the current bounds on LFV leads to con-
straints on the structure of the neutrino Yukawa matrix and
the right-handed neutrino masses. Previous studies com-
bining the requirements for leptogenesis with the bounds
from LFV can be found in Refs. [19-22]. Compared to
these previous works, we study the constraints from LFV
within the context of a specific model for which the lack of
flavor mixing outside the neutrino sector is well-motivated.
An interesting result along these lines is that the amount of
LFV in the HENS model is largely controlled by the value
of m%,u at the high input scale. The degree to which the
neutrino-sector parameters are constrained therefore de-
pends strongly on the size of m%,

The outline of this paper is as follows. In Sec. II
we investigate LFV in the HENS model induced by the
inclusion of heavy right-handed neutrinos. Using the
current bounds on LFV processes, we obtain constraints
on the underlying model. In Sec. III we investigate whether
it is possible for the HENS model with right-handed neu-
trinos to account for the baryon asymmetry by way of
thermal leptogenesis while satisfying bounds from LFV.
Finally, Sec. IV is reserved for our conclusions.
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II. LFV IN THE HENS MODEL WITH HEAVY
NEUTRINOS

We begin by considering the constraints on the HENS
model from LFV induced by the inclusion of heavy right-
handed neutrinos. These constraints depend strongly on the
parameters in the neutrino sector such as the Majorana
masses for the right-handed neutrinos and the neutrino
Yukawa matrix. Some of these neutrino-sector parameters
have been determined by the measurements of the light
neutrino mass differences and mixings [23,24]. In antici-
pation of computing the LFV constraints, we collect here
our notation and assumptions about the neutrino sector.

In terms of the couplings in the full superpotential of
Eq. (2), the low-energy effective superpotential of Eq. (3)
implies that the light neutrino mass matrix is given by

vi

vij T(YZ‘MA_IIYV)U- (4)

This matrix can be diagonalized by the unitary Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix U [25,26].
Following the standard convention, we will parameterize
the PMNS matrix with three real angles and three phases
according to

U = 0x5(0,3)'5015(0,3)50,,(6,,)
X diag[e'®1/?, ei®2/2 1], (5)

where I's = diag(l, 1, '), and 0,; =
[(Cij’ sij)’ (_Sij’ Cij)] Wlth Cij = COSH,']' and sij = Sinﬁij.

It is convenient to make use of the known structure of the
light neutrino mass matrix to parameterize the neutrino
Yukawa matrix Y, according to [27]

1
Y, = v—u,/MNR [, Ut (6)

where R is a complex orthogonal matrix, M is the diago-
nal right-handed neutrino mass matrix, and My is the
diagonalized left-handed neutrino mass matrix. Here, and
throughout this paper, we will always work in a field basis
such that the right-handed neutrino and charged lepton
mass matrices are diagonal. Since the R matrix is complex
orthogonal, we can parameterize it in terms of three com-
plex angles according to

R = diag(*1, =1, £1)0,5(012r) O23(0238) O31(651r),
@)

with @ij = [(Cinr Sin), (_Sinr Cin)]a where Cijr =
cost;jr and s;;z = sinf;;z. Note that since these angles
are complex, the components of R are not bounded in
magnitude. This means that some of the entries in the
neutrino Yukawa matrix could be quite large, but through
cancellations among the see-saw contributions, still give
rise to acceptably small light neutrino masses. In order to
avoid too much fine-tuning in this regard, we will only
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consider R matrices with |Rij| <10, which corresponds
roughly to a tuning of less than 10% in the light neutrino
mass matrix. Our choices for the light neutrino masses and
mixings are listed in Appendix A.

A. Off-Diagonal HENS Soft Terms from RG Running

Without heavy right-handed neutrinos, the HENS model
is safe in terms of lepton-flavor violation (LFV). With
heavy right-handed neutrinos, lepton-flavor violating cou-
plings can arise among the scalar soft terms in the course of
renormalization group (RG) running down from the input
scale Mgyr. The strict experimental limits on LFV will in
turn lead to constraints on the neutrino Yukawa couplings
and right-handed neutrino masses. Since this new source of
FCNC in the HENS model arises from RG running, and not
the SUSY breaking mechanism, its amplitude will have a
similar form to that found in mSUGRA models.

The dominant contribution to the off-diagonal flavor-
mixing components of the scalar soft squared masses is
well-approximated by keeping only the leading logarith-
mic term in the RG 1running.1 With this approximation
applied to the boundary conditions appropriate to the
HENS model (m2~. =, m%,u, m%{d # 0), we obtain [13,29]

2 —

Maur
mp = mHuZY,,k, vkj (MNk ) ®)

To this order of approximation, the flavor nondiagonal
elements in the scalar trilinear soft couplings and the
right-handed slepton soft masses vanish. When the con-
straints on the neutrino Yukawa couplings from LFV are
applied, the corrections to the diagonal components of the
scalar masses are numerically very small; less than about
5 GeV in most of the parameter space. However, when
these corrections could be relevant we have included them.

B. HENS LFV

The off-diagonal soft terms introduced by RG running,
given in Eq. (8), will induce LFV transitions of the type
€; — €;7y. The leading contributions to the branching frac-
tions for these transitions can be written as [29-31]

B(t; — €;y) = m3 |42, )

4F(€ )
where I'(€;) is the total decay width of lepton ¢;, and the
amplitude Ag/ ) has the schematic form [29,30]

) _ 2
AL ml:i#j

F, (10)
with F (Lij) a combination of loop functions that depend on
the chargino, neutralino, and slepton masses. These loop

"The leading- log approximation breaks down for M;, =
1000 GeV and |mH | < (100 GeV)? [28]. To avoid this, we
include subleading terms in our numerical analysis.
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functions are such that the dominant contribution to

B({; — €;y) scales approximately as m% tanZBM1 3

Note also that in this leading contribution to the LFV
2

branching fractions, the flavor violating term m;  can
i#j

be factored out. This will allow us to discuss the effects
of the neutrino sector and the supersymmetry breaking
sector separately.

The differences in the branching fractions of Eq. (9) for
the HENS model compared to mSUGRA lie in the form
m%w and the low-scale sparticle masses. However, m%#,- is

qualitatively similar in the two theories and will be of the

same order of magnitude for both theories as long as

m%, ~ m} + a}. The loop functions F(Lij) are also qualita-

tively similar, but differ in the masses of the gauginos and
sleptons running in the loops that appear as their argu-
ments. From this, there can be a slight enhancement of the
LFV rates in HENS relative to mSUGRA because the
slepton masses tend to be somewhat lighter in the HENS
model. On the other hand, the LFV rates can be reduced in
the HENS model relative to mSUGRA by arranging for
m%, to vanish, which suppresses the leading source of
lepton flavor mixing given in Eq. (8). As shown in
Ref. [8], it is often possible to obtain a consistent phe-
nomenology with m%{ ~ 0, especially for tanB = 30. To
obtain a similar suppression in mSUGRA, one would need
both m and ag to be quite small which can be phenom-
enologically problematic [32,33].

C. Constraints on the HENS Model from LFV

The possibility of inducing LFV places significant con-
straints on right-handed neutrino extensions of the HENS
model. The two strongest bounds on new sources of LFV
come from searches for u — ey and 7 — w7y transitions:

B(p— ey) <1.2x 10711, (11)
B(r— uy) <4.5% 1078, (12)
B(r— ey) < 1.1 X107 (13)

Equation (11) is from Ref. [34], Eq. (12) is from
Refs. [35,36], and Eq. (13) is from Ref. [37]. It was shown
in Ref. [29] that if these bounds are satisfied, the bounds on
other experimentally searched-for channels such as B(u —
3e) will generally be satisfied as well.

In Fig. 1 we show the dependence of the LFV branching
fraction B(u — e7) on the high-scale input values of m%,u
and m%,d in the HENS model with right-handed neutrinos.
The other HENS parameters are taken to be M, =
300 GeV, tanB = 10, and sgn(u) = 1. This value of
M, , is about as small as is possible in the HENS model
while still obtaining a sufficiently heavy Higgs boson [8].
The points in this figure cover the region of the HENS
parameter space that is consistent with all collider and
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FIG. 1 (color online). B(u — evy) as a function of the HENS
model parameters m%,u and m%,d at the high input scale. The other
model parameters are M, = 300 GeV, tanf = 10, and
sgn(u) =1 as well as neutrino-sector parameters 6,z =
0138 = O3 = /4 + iln(v2), My, =102 GeV, My, =
10" GeV, and My, = 10'° GeV. All points in this plot are
consistent with collider phenomenology constraints and have a
neutralino LSP.

phenomenological constraints other than from LFV, and
that has a neutralino LSP. The neutrino-sector parameters
are taken to be My, = 10'2 GeV, My, = 10" GeV, and
My, = 10'° GeV, the light neutrino masses are as de-
scribed in Appendix A with m; = 0.05 eV, and the
R-matrix angles [see Eq. (7)] are equal to 01,5 = 013 =
0yx = 7/4 + iln(v2). These particular values of the
neutrino-sector parameters were chosen for convenience,
but we have checked that they lead to typical amounts of
LFV. The decreasing trend in B(u — e7y) from bottom-left
to top-right in this figure corresponds largely to a decreas-
ing value of m%,u. This is not surprising given Eq. (8),
which shows that the leading contribution to lepton flavor
mixing is proportional to m7; .

Figure 2 shows the dependence of the LFV branching
fraction B(u — ey) on mj and mj for the same
neutrino-sector parameters as Fig. 1, but now with M, , =
500 GeV. Also as before, tan8 = 10, sgn(u) = 1, and all
points shown are consistent with collider constraints and
have a neutralino LSP. Compared to Fig. 1, the LFV rates
are considerably lower. This can be understood in terms of
the general scaling of all the superpartner masses with
M, /», and the fact that larger superpartner masses suppress
the loop functions appearing in Eq. (10). Aside from this
scaling, the shapes of the contours in the two figures are
very similar, with the dominant variation in the branching
fraction due to the changing input value of m%{u.

In Fig. 3 we illustrate the dependence of the LFV
branching ratio B(u — e7y) on mj; and mj; for tanB =

30, M/, = 500 GeV, and sgn(u) = 1 over the allowed
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FIG. 2 (color online). B(u — evy) as a function of the HENS
model parameters mj; and my; . The other model parameters are
M;;, =500 GeV and tang = 10, as well as neutrino-sector
parameters 0, = 0138 = Op3g = 7/4 + iIn(\/2), My, =
102 GeV, My, = 10" GeV, and My, = 10'°. All points in
this plot are consistent with collider phenomenology constraints
and have a neutralino LSP.

parameter space in the HENS model. All points in the plot
satisfy collider phenomenology constraints and have a
neutralino LSP. The values of the neutrino-sector parame-
ters are the same as in Figs. 1 and 2. The variation of
B(u — ev) in this plot again tracks the value of m%l
However, the overall values of the LFV branching ratio
B(u — evy) are larger than in the previous figures. There
are two reasons for this. The first is that the expression for
B(u — ey) scales like tan? 8. The second reason for the
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FIG. 3 (color online). B(u — evy) as a function of the HENS
model parameters m%{” and m%,d. The other model parameters are
M/, = 500 GeV and tanf = 30, as well as neutrino-sector
parameters  01op = 013z = 023z = 7/4 + iIn(+/2), My, =
10" GeV, My, = 10" GeV, and My, = 109, All points in
this plot are consistent with collider phenomenology constraints
and have a neutralino LSP.
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relative enhancement in the LFV rates is that larger values
of tanB also enhance the 7 Yukawa coupling, making it
more likely to obtain a stau LSP. To obtain a neutralino
LSP, which we demand as a phenomenological constraint,
m%, must be large in magnitude and negative in sign. This
limits the suppression of B(u — ey) that occurs in the
HENS model as m%, becomes small. With these two
sources of relative enhancement at larger values of tanp,
we see that in the present example there are very few
parameter points consistent with the bound on B(u —
ey) listed in Eq. (11).

In the plots discussed above, the LFV rates depend most
sensitively on the parameter m? .- To better illustrate this
relationship, we plot in Fig. 4 the same sets of points as in
Figs. 1-3 in terms of B(u — e7y) as a function of m%,
These sets correspond to tanB = 10 and M, = 300 GeV,
tang = 10 and M;,, = 500 GeV, and tanB = 30 and
M, = 500 GeV respectively, with m%,d scanned over.
The values of the neutrino-sector parameters are the
same as in the previous plots. As expected from Eq. (8),
the LFV rates drop precipitously as m%, — 0. When this
occurs, only the much smaller terms beyond the leading
order term given in Eq. (8) contribute to lepton flavor
mixing. These subleading terms scale like M, ,, and can
not be zeroed out due to the phenomenological lower
bounds on M, . Figure 4 also illustrates the scaling of
B(u — ey) with M, /,, which we expect to go like M ;/82, as
well as the enhancement of the LFV rates for larger values
of tang. There is a dip in the branching fraction at m%iu o

(700)> GeV?. This corresponds to M, ~ u, leading to a
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FIG. 4 (color online). B(u — ey) as a function of m%, at the
high input scale for several values of M|/, and tanf3. Values of
m%,d were scanned over, and all points are consistent with
collider phenomenology constraints and have a neutralino LSP.
The neutrino-sector parameters are given by 6i,p = 613 =
03 = m/4 + iln(v2), My, = 102 GeV, My, = 10" GeV,
and My, = 10'° GeV. The dashed line in this figure corresponds
to the experimental LFV bound B(u — ey) < 1.2 X 10711,
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large mixing among the neutralinos and a cancellation
between contributions to the amplitude.

We have concentrated so far on the specific branching
fraction B(u — evy). The related branching fractions
B(7 — uy) and B(t — evy) both have a very similar de-
pendence on the HENS model parameters. Plots of these
branching fractions as a function of m%{ are nearly iden-

tical in both shape and overall normalization to those in
Fig. 4. However, since the experimental upper bounds on
the branching fractions of these 7 modes are more than a
couple of orders of magnitude larger than the  mode, they
provide much weaker constraints on the neutrino-enhanced
HENS parameter space. We will therefore concentrate
most strongly on the u — ey mode in the present work.
Having studied the dependence of the LFV rates on the
HENS model parameters for a particular (but typical) set of
neutrino-sector parameters, let us next examine the depen-
dence of the LFV rates on the details of the neutrino sector.
In Fig. 5 we show the branching fraction B(u — ey) as a
function of the heaviest right-handed neutrino mass M.
Of the heavy neutrino masses, this one usually plays the
most important role in determining the amount of LFV.
The HENS model parameters for this plot are tanB8 = 10,
M, =300 GeV, mj = —(511 GeV)*> and my =
—(668 GeV)>. These values produce a phenomenologi-
cally consistent spectrum, which we list in Appendix B,
and are not unusual in terms of LFV. The light neutrino
masses are as described in Appendix A. The remaining
neutrino-sector parameters were scanned over: heavy neu-
trino masses lie in the range My € [107, 10'4] GeV with
no particular hierarchy between them, and the R matrix

L
o &

B( > ey)

1013

My (GeV)

FIG. 5 (color online). B(u — evy) as a function of the heaviest
right-handed neutrino mass My, for the HENS parameters
m%,“ = —(668)> GeV?, m%,d = —(511)> GeV?, tangB = 10, and
M, =300 GeV. The blue circles, green squares, and red
diamonds correspond to Max{|R|} <2, 2 < Max{|R|} <5, and
5 < Max{|R|} < 10, respectively. The dashed line represents the
experimental bound of B(u — ey) < 1.2 X 10711,

015003-5



CHUN, EVANS, MORRISSEY, AND WELLS

angles range over Re(0) € [0, 27] and Im(0) € [—2, 2].
Within the plot, the blue circles, green squares, and red
diamonds correspond to Max{|R|} € [0, 2], Max{|R|} €
[2,5], and Max{|R|} € [5, 10]. Recall that since R is a
complex orthogonal matrix, its components are un-
bounded, although large components require a fine-tuning
to obtain small neutrino masses.

The two most important neutrino-sector quantities for
B(u — evy) are the structure of the R matrix and the value
of My,. The importance of both quantities can be seen in
Fig. 5. In general, smaller neutrino Yukawa couplings lead
to less lepton flavor mixing. Thus, given Eq. (6), it is not
surprising that smaller components in the R matrix, and
lower values of My, lead to lower values of B(u — ev).
What is more interesting is the wide range of values of this
branching fraction for a given fixed value of My,. This
indicates that certain textures of the neutrino Yukawa
matrix can greatly reduce the amount of LFV. On account
of these various sensitivities, it is difficult to demarcate a
region of parameter space consistent with the LFV bounds
other than by what we have illustrated in Fig. 5. Certain
challenging sets of neutrino sector parameters require
My, < 10'° GeV, while for other neutrino parameters the
requirement can be weakened to My, < 10'* GeV. More
concrete constraints can be derived in certain limits, such
as when the right-handed neutrinos are strongly
hierarchical.

III. yHENS LEPTOGENESIS WITH LFV
CONSTRAINTS

The primary motivation for heavy right-handed neutri-
nos is to explain the findings of neutrino oscillation experi-
ments. However, heavy neutrinos also provide a
mechanism to account for the baryon asymmetry, which
is measured to be [34]

" 7N _(g7+03)x10°1. (14
S

Yp =
With heavy right-handed neutrinos, this baryon asymmetry
can be generated through the process of leptogenesis
[14,15]. As the universe cools, the heavy neutrinos fall
out-of-equilibrium and decay. If there is a significant
amount of CP violation in the neutrino sector, these decays
can induce a net lepton number. This lepton number is
subsequently reprocessed into a net baryon asymmetry
through the (B + L)-violating sphaleron transitions [17].
In the present section we investigate whether the HENS
model with heavy right-handed neutrinos can explain the
baryon asymmetry through thermal leptogenesis while still
satisfying the constraints on the model from LFV discussed
above. To be concrete, we focus on two particular points in
the HENS parameter space. For these points, we study
many different structures of the neutrino sector, with the
one simplifying assumption of slightly hierarchical right-
handed neutrino masses with My =< My, , /3. We will
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refer to the two HENS model parameter sets as points A
and B. Both points have tang = 10, M, , = 300 GeV, and
sgn(u) > 0. For point A, the Higgs sector parameters at the
input scale are my = —(668)* GeV*> and my =
—(511)?> GeV?. The corresponding input values for point
B are my; = —(100)* GeV?, mj; = —(359)* GeV>. The
resulting low-energy spectra for these two points are phe-
nomenologically consistent, aside from LFV constraints.
We list their mass spectra in Appendix B. The crucial
difference between the two parameter points is that the
input value of m%l is much larger for point A than for point
B.

A. vHENS Leptongenesis

We use the results of Ref. [35] to compute the baryon
density due to thermal leptogenesis in the HENS model,
which does not differ significantly from the story for other
supersymmetric models. In our analysis we take into ac-
count flavor effects [35-39] arising from interactions of the
charged Yukawa couplings. Motivated both by the apparent
hierarchy of light neutrino masses and the desire to reduce
the amount of washout of the lepton asymmetry generated
by heavy neutrino decays, we will focus on mildly hier-
archical right-handed neutrino masses, with My <
My, , /3. Within this mild hierarchy, the washout of M Nas

have no effect on the lepton asymmetry produced from N,
interactions. It also allows us to use the standard
N;-dominated scenario of leptogenesis to a good approxi-
mation even in the flavored case.

Recently it was suggested in Ref. [40] that the N, state
could also give important contributions to the lepton asym-
metry, even when the heavy neutrino masses are hierarch-
ical. In this work the authors studied flavor-dependent
leptogenesis, focusing on decays and AL = 2 scattering.
Their analysis suggests the possibility of an N,-dominated
scenario of leptogenesis, since the washout of the lepton
asymmetry produced by N, from inverse decays of N; is
suppressed by the projection operator P, = I';,/I'; =
1Y,ia|?/(Y, Y1), Because this quantity is always less
then one, the washout of the N, asymmetry by N, through
inverse decays can be inefficient. However, the washout of
the lepton asymmetry produced by N, by AL = 1 transi-
tions such as Qs7; < €,N; was not included in Ref. [40].
These additional transitions can mitigate the final asym-
metry due to N, when My, > 3M, , as we assume here. In
the present analysis, we primarily make use of the
N;-dominated approximation, keeping only the asymmetry
generated by N;. We have also investigated the contribu-
tions from N,, and we find that they do not alter our general
conclusions, even without including additional AL = 1
interactions. We will comment further on this below.

In Fig. 6 we show the baryon density due to leptogenesis
in the HENS model with heavy right-handed neutrinos as a
function of the lightest heavy neutrino mass My, . The
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FIG. 6 (color online). Baryon density due to leptogenesis in
the HENS model as a function of My,. The HENS model
parameter were set to my = —(668)* GeV?, mj =
—(511)? GeV?, tanB =10, and M,;, =300 GeV, and the
neutrino-sector parameters were scanned over. The blue circles,
green squares, and red diamonds correspond to Max{|R|} <2,
2 <Max{|R|} <5, and 5 < Max{|R|} < 10, respectively. The
dashed line represents the measured baryon density Yz = (8.7 £
0.3) X 10711,

neutrino-sector parameters were scanned over, with the
blue circles, green squares, and red diamonds correspond-
ing to Max{|R|} <2, 2<Max{|R|}<5, and 5<
Max{|R|} < 10, respectively. The HENS model parameters
were set to M, =300 GeV, tanB =10, my =
—(668 GeV)?, and mz; = —(511 GeV)?, although the re-
sulting baryon asymmetry is fairly independent of these
values. The corresponding superpartner spectrum is phe-
nomenologically acceptable aside from LFV constraints.

Figure 6 illustrates the well-known lower bound on M,
if thermal leptogenesis is to be the source of the baryon
asymmetry of the universe. The minimal value of My, that
works is on the order of 10'° GeV, which is consistent with
the results of Refs. [41-43]. This plot also shows that the
final baryon asymmetry is reduced as the magnitudes of the
entries in the R matrix become larger. The reason for this is
that larger values of IR,-jI increase the amount of washout.
In the strong washout regime, which we find to be the case
throughout much of the relevant parameter space, the
lepton asymmetry produced in right-handed neutrino de-
cays is thereby greatly diluted. To obtain a sufficiently
large lepton asymmetry to explain the baryon excess in
this regime, My, must be larger than about 10'° GeV. This
can make it difficult to avoid the experimental constraints
on LFV, as we will discuss later.

The baryon asymmetry shown in Fig. 6 assumes that N,
is the only significant underlying source. Given the results
of Ref. [40], we have also investigated contributions from
N, following their methods. This contribution can indeed
dominate the asymmetry in certain cases when My, >

PHYSICAL REVIEW D 79, 015003 (2009)

10" GeV. However, even lower values of M N, are consis-
tent with adequate leptogenesis when the dominant source
of the asymmetry comes from N;, even with our assump-
tion of a mild hierarchy My, >3My, . As we shall see
below, imposing LFV constraints favors the smallest pos-
sible values of My, which in turn favors the smallest
allowed values of M, . For this reason, we will concentrate
on the N;-dominated scenario of leptogenesis. When the
asymmetry does arise primarily from N,, however, our
lower bounds on My, is replaced by a lower bound on
My, of about 10'" GeV, while the value of My, can be
significantly smaller.

Let us also make note of the fact that the lower bound on
My, (or My,) of about 10'° GeV suggests that the reheat-
ing temperature after inflation was larger than this if ther-
mal leptogenesis is to explain the baryon asymmetry. In
supersymmetric models, such large reheating temperatures
lead to the overproduction of gravitinos [44]. Within the
HENS model with an input scale on the order of Mgyt and
an underlying gravity or gaugino mediation of supersym-
metry breaking, we expect gravitino masses on the order of
the weak scale [45]. Gravitinos of this mass decay during
nucleosynthesis, and can ruin the ratios of the light element
abundances for Ty, = 107! GeV [46]. A couple of pos-
sible approaches to this problem are resonant enhance-
ments of the lepton asymmetry as the heavy neutrinos
become nearly degenerate that allow My, to be lowered
further [47-51], or the nonthermal production of heavy
right-handed neutrinos after inflation [52,53].

B. Simultaneous constraints

In Sec. II we found that LFV constraints favor smaller
values of My,. On the other hand, thermal leptogenesis
prefers larger values of My, < My,. The tension between
these two requirements is illustrated in Fig. 7, where we
plot points in the M, — My, plane that are consistent with
LFV constraints, that generate enough of a baryon asym-
metry through thermal leptogenesis, or that satisfy both
conditions. The left-hand panel of this figure corresponds
to point A described above, while the right-hand panel
corresponds to point B. In both panels, we have scanned
over heavy neutrino masses My, as well as the light
neutrino masses and the values of the U and R mixing
matrices subject to the constraints listed in Appendix A.
The blue squares in the figure are points that obey the LFV
constraints, the red circles are points that generate enough
of a baryon excess, and the green diamonds satisfy both
requirements.

Only a very small subset of the points in Fig. 7 for set A
are consistent with both the LFV constraints and lepto-
genesis. This is primarily the result of the large value of
m%{ for this parameter set, which leads to large LFV rates
unless My, is very small. This in turn pushes down the
possible range of values of My, , making leptogenesis less
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HENS parameter points in the My, -My, plane consistent with LFV constraints (blue squares), baryogenesis

through thermal leptogenesis (red circles), or both simultaneously (green diamonds). The panel on the left (a) is for HENS parameter
set A, with My, = 300 GeV, tanB = 10, my;, = —(668)> GeV?, and m3; = —(511)> GeV?. The panel on the right (b) is for HENS

parameter set B, with M, = 300 GeV, tanB = 10, m%—l =
scanned over neutrino-sector parameters.

effective. Only for a small and special subset of the
neutrino-sector parameters can both requirements be met.
We will discuss these requirements in more detail below. In
contrast, there are many points for parameter set B for
which both the LFV and leptogenesis constraints are met.
Indeed, very few of the points that are consistent with
generating the baryon asymmetry through leptogenesis
do not satisfy the LFV constraints. This is due to the
LFV constraints being very weak given the relatively small
value of mi,“ for this parameter set.

C. Neutrino Yukawa matrix structures

We found above that only a small subset of the neutrino-
sector parameters allowed for the HENS parameter set A to
be consistent with the constraints from LFV while gener-
ating the baryon asymmetry via thermal leptogenesis. The
combination of these two requirements selects a particular
structure for the neutrino Yukawa matrix which we de-
scribe here. Because of the assumed hierarchy among the
right-handed neutrinos, the Yukawa matrix will generally
decrease in size from row three to row one. Thus, the
leading contributions to the off-diagonal components of
mi” responsible for LFV are typically

2

2 __mHu Y*k Y +Yv Y
—8772( w3id w33 V2i szfz),

mi. = (15)
where 7; = In(Mgyr/My ). This feature selects out the Y3,
and Y,,; components of the neutrino Yukawa matrix as
being particularly important.

In Fig. 8 we show the dependence of the LFV branching

fraction B(u — e7) on the Y,5; and Y,,; components of the

—(100)* GeV?, and mj; =

—(359)? GeV>. In both plots we have

neutrino Yukawa matrix for the HENS model parameter set
A described above and in Appendix B. The points in this
plot correspond to different values of the R and U matrix
elements, and (hierarchical) right-handed neutrino masses.
With the spectrum of parameter set A, the u — ey branch-
ing fraction can be written as

B(u — ey) = (1400 GeV)f“lmzL~21 2. (16)

With My, = 10'"" GeV, for example, this translates into a
constraint on the Yukawa couplings of

107 T
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FIG. 8 (color online). B(u — ey) in the plane of |Y,3||Y,3|
and |Y,5,||Y,,,| for the mass spectrum A in Appendix B, corre-
sponding to HENS parameters m%,“ = —(668)> GeV?, m%ld =
—(511)*> GeV?, tanp = 10, and M,;, = 300 GeV.
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where t; = In(Mgyr/My,). This constraint can be met in
two different ways: both |Y,3,||Y,3;| and |Y,,||Y,5;] can
be separately very small, or Y};,Y,3 and Y;,,Y,,; can
cancel against each other. It is this cancellation that leads
to the pointed structure in Fig. 8.

The constraints on the neutrino Yukawa couplings be-
come even stronger when we demand successful lepto-
genesis as well. In Fig. 9 we show the equivalent plot to
Fig. 8 for HENS parameter set A, but now restricted to
points that are consistent with thermal leptogenesis.
Clearly, larger values of the Yukawa couplings are required
for successful leptogenesis. For these points to also be
consistent with LFV constraints, there must be a significant
cancellation between Y,,Y,3; and Y},,Y,, to suppress
B(u — evy), as suggested by Eq. (17). With the present
sensitivities, the bounds on LFV in 7 decays do not sig-
nificantly constrain the allowed parameter space in this
example. However, improved sensitivities from current
and future experiments could change this. To illustrate
the effects of improved experimental bounds, we also
draw a dashed contour in Fig. 9 corresponding to the
parameter region that would be allowed with the stronger
constraint B(7 — wy) < 107!, Such a level of sensitivity
could potentially be achieved by super B factories [54].
The primary effect of an improvement in the 7 sector
bounds is to push the neutrino Yukawa couplings to smaller
overall values. Improving B(u — evy), on the other hand,
forces more fine tuning among the different neutrino
Yukawa matrix elements.
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FIG. 9 (color online). B(u — evy) in the plane of |Y,3||Y,3|
and |Y,,,||Y,,;| for the mass spectrum A in Appendix B. All
points in this figure can account for the baryon asymmetry
through thermal leptogenesis. The dashed line corresponds to
the region that would still be allowed if the bound on 7 — uvy
decay were improved to B(r — wy) < 10710,
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FIG. 10 (color online). Allowed points subject to the con-
straints of LFV and thermal leptogenesis for the HENS model
parameter set A. The points are plotted as |Y,3,||Y,3,| against
either My, or My, with the neutrino-sector parameters scanned
over.

In Fig. 10 we show the allowed regions in the
|Y,3211Y 31| and My, planes for HENS parameter set A
points requiring both consistency with the current LFV
bounds as well as successful thermal leptogenesis. We
have scanned over the neutrino-sector parameters in the
same way as in Fig. 9. In this plot we also show the regions
of the parameter space that would be allowed if the bounds
on LFV were improved to B(u — ey) < 10~ '3 and B(r —
wy) < 10710 As discussed above, strengthening the LFV
bounds tends to push the allowed range of My, to lower
values making leptogenesis less effective.

IV. CONCLUSIONS

We have investigated the consequences of adding right-
handed neutrinos to the HENS model. This model provides
a simple and phenomenologically consistent solution to the
supersymmetric flavor problem. Adding heavy right-
handed neutrinos, lepton flavor mixing can arise due to
the neutrino Yukawa matrix in the course of RG running.
We have studied the constraints on the neutrino-extended
HENS model that arise from the current bounds on LFV.
We have also investigated whether the baryon asymmetry
can be explained by thermal leptogenesis induced by the
heavy right-handed neutrinos.

We find that the neutrino-extended HENS model can be
consistent with the existing bounds on LFV in two ways.
First, the neutrino Yukawa couplings that contribute to
lepton flavor mixing can be very small. In the context of
a seesaw generating the light neutrino masses, this corre-
sponds to lower values of the right-handed neutrino
masses, below about 10'! GeV. The second way to sup-
press LFV in the HENS model to arrange for m%,“ to be

small at the input scale Mgyt. It is this soft mass that
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combines with the neutrino Yukawa couplings to source
flavor mixing in the RG running. Taking m2, — 0 there-

fore strongly suppresses LFV, even for larger values of the
heavy neutrino masses.

In models with heavy right-handed neutrinos, the baryon
asymmetry of the universe can be successfully explained
by (thermal) leptogenesis. For this mechanism to be effec-
tive in the HENS model, the mass of the lightest right-
handed neutrino must exceed about 10'° GeV. This im-
plies a tension with the constraints from LFV. For both
requirements to be met, either m%,u must be somewhat

small or the neutrino Yukawa matrix must have a special
structure. These constraints will be strengthened by current
and upcoming searches for lepton-flavor violation.

Our focus has been on enabling a theoretical idea
(HENS) to be compatible with additional phenomenologi-
cal requirements (neutrino masses and small LFV) and
explanatory opportunities (baryon asymmetry).
Throughout this work, however, it should be noted that
even though the HENS idea started out by minimizing LFV
in low-scale supersymmetric theories, full compatibility
with nature reintroduced flavor violations through neutrino
Yukawa effects. This is a generic feature of supersymmet-
ric theories that explicitly incorporate neutrino masses in
the spectrum. As explained above, we find LFV bounds
nontrivial to satisfy if the baryon asymmetry of the uni-
verse originates from thermal leptogenesis with hierarch-
ical right-handed neutrinos. In our view, this highlights in
yet another context the importance of making progress in
LFV experiments whose nonzero signal upon reaching
better sensitivity will be complementary to the knowledge
gained from high-energy LHC experiments and will be
necessary to unravel the underlying theory.
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APPENDIX A: LIGHT NEUTRINO PARAMETERS

Neutrino experiments have measured the value of two
independent neutrino mass differences: the solar neutrino
mass, Am3, and the atmospheric neutrino mass, Amz@. The
20 ranges of these mass differences are [12]

Amy = |m2, —m2,| = (2.1-2.7) X 1073 eV2,  (Al)

Amg = m;, —m;, = (1.3-8.1) X 107> eV2

(A2)

PHYSICAL REVIEW D 79, 015003 (2009)

Since the sign of the atmospheric mass difference is un-
determined, the hierarchy of the neutrino masses is
unknown.

With two known mass differences and three light neu-
trinos, we can parametrize the masses of all three neutrinos
in terms of a single parameter m5. In the case of a normal
hierarchy (NH), we have

ms = ms,

m, = \/mg - Amz@,

m; = \/m% — Am% — Am3.

Demanding that the mass of the lightest right-handed
neutrino be real, we obtain a lower bound on the heaviest
left-handed neutrino of

my = \/Amz@ + Am2 =~ (0.047-0.053) eV.

(A4)

We focus on the normal hierarchy in the present work, but
we expect our results will be qualitatively the same for an
inverted hierarchy (IH).

Whenever we fix a set of low-energy neutrino parame-
ters in our analysis, we consider the normal hierarchy with
neutrino masses of

m; =9.0X 107* eV, my =9.0X 1073 eV,

(A5)
msy =5.0X 1072 eV.

For the mixing angles in the U-matrix, defined in Eq. (5),
we use the central values of 6, and 6,3, and set 6,3 = 0.

012 = 350, 013 = 00, 023 = 450. (A6)

These light neutrino parameters are the low-scale values.
We do not consider additional RG running of the light
neutrino masses. As shown in [55], the RG effects will
only make a difference of 10—15%. This will not qualita-
tively alter our results.

APPENDIX B: SAMPLE MASS SPECTRUM

We list in Table I the high-scale input HENS model
parameters for points A and B discussed in the text. We
also list some of the relevant low-scale model parameters
obtained by RG running using SuSpect 2.34 [56]. In
Table IT we collect the relevant superpartner masses corre-
sponding to points A and B. Again, these were obtained
using SuSpect 2.34 [56].

015003-10



HIGGS BOSON EXEMPT NO-SCALE SUPERSYMMETRY ...
TABLE I.

High-scale HENS model input parameters and se-

lected low-scale output parameters for the sample points A and B
discussed in the text.

Parameter A (GeV) B (GeV)

M, 300 300

tanB 10 10

SgnSqrt(m%iu) —668 —100

SgnSqrt(my; ) —511 —-359

sgn(u) + +

M, 123 122

M, 231 230

% 666 401

M 4o 851 566

m2 148 192

e 221 140
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