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ABSTRACT: We consider leptogenesis induced by soft supersymmetry breaking terms (“soft
leptogenesis”), in the context of the inverse seesaw mechanism. In this model there are
lepton number (L) conserving and L-violating soft supersymmetry-breaking B-terms in-
volving the singlet sneutrinos which, together with the — generically small- L-violating
parameter responsible of the neutrino mass, give a small mass splitting between the four
singlet sneutrino states of a single generation. In combination with the trilinear soft super-
symmetry breaking terms they also provide new CP violating phases needed to generate a
lepton asymmetry in the singlet sneutrino decays. We obtain that in this scenario the lep-
ton asymmetry is proportional to the L-conserving soft supersymmetry-breaking B-term,
and it is not suppressed by the L-violating parameters. Consequently we find that, as in the
standard see-saw case, this mechanism can lead to sucessful leptogenesis only for relatively
small value of the relevant soft bilinear coupling. The right-handed neutrino masses can be
sufficiently low to elude the gravitino problem. Also the corresponding Yukawa couplings
involving the lightest of the right-handed neutrinos are constrained to be > |Yx|? < 1077
which generically implies that the neutrino mass spectrum has to be strongly hierarchical.
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1. Introduction

The discovery of neutrino oscillations makes leptogenesis a very attractive solution to the
baryon asymmetry problem [[]]. In the standard framework it is usually assumed that the
tiny neutrino masses are generated via the (type I) seesaw mechanism [[] and thus the new
singlet neutral leptons with heavy (lepton number violating) Majorana masses can produce
dynamically a lepton asymmetry through out of equilibrium decay. Eventually, this lepton
asymmetry is partially converted into a baryon asymmetry due to fast B — L violating
sphaleron processes.

For a hierarchical spectrum of right-handed neutrinos, successful leptogenesis requires
generically quite heavy singlet neutrino masses [ff], of order M > 2.4(0.4) x 10° GeV for
vanishing (thermal) initial neutrino densities [J, ], although flavour effects [f] and/or
extended scenarios [fj] may affect this limit.! The stability of the hierarchy between this
new scale and the electroweak one is natural in low-energy supersymmetry, but in the
supersymmetric seesaw scenario there is some conflict between the gravitino bound on the
reheat temperature and the thermal production of right-handed neutrinos []. This is so
because in a high temperature plasma, gravitinos are copiously produced, and their late
decay could modify the light nuclei abundances, contrary to observation. This sets an
upper bound on the reheat temperature after inflation, Try < 103719 GeV, which may be
too low for the right-handed neutrinos to be thermally produced.

Once supersymmetry has been introduced, leptogenesis is induced also in singlet sneu-
trino decays. If supersymmetry is not broken, the order of magnitude of the asymmetry

IThis bound applies when the lepton asymmetry is generated in the decay of the lightest right-handed
neutrino. The possibility to evade the bound producing the asymmetry from the second lightest right-
handed neutrino has been considered in [ﬂ], and flavour effects have been analysed for this case in [E]



and the basic mechanism are the same as in the non-supersymmetric case. However, as
shown in refs. [[L0, [L1], supersymmetry-breaking terms can play an important role in the
lepton asymmetry generated in sneutrino decays because they induce effects which are
essentially different from the neutrino ones. In brief, soft supersymmetry-breaking terms
involving the singlet sneutrinos remove the mass degeneracy between the two real sneu-
trino states of a single neutrino generation, and provide new sources of lepton number and
CP violation. As a consequence, the mixing between the two sneutrino states generates a
CP asymmetry in the decay, which can be sizable for a certain range of parameters. In
particular the asymmetry is large for a right-handed neutrino mass scale relatively low, in
the range 10° — 10% GeV, well below the reheat temperature limits, what solves the cos-
mological gravitino problem. Moreover, contrary to the traditional leptogenesis scenario,
where at least two generations of right-handed neutrinos are required to generate a CP
asymmetry in neutrino/sneutrino decays, in this new mechanism for leptogenesis the CP
asymmetry in sneutrino decays is present even if a single generation is considered. This
scenario has been termed “soft leptogenesis”, since the soft terms and not flavour physics
provide the necessary mass splitting and CP-violating phase. It has also been studied in
the minimal supersymmetric triplet seesaw model [[[J].

In this paper we want to explore soft leptogenesis in the framework of an alternative
mechanism to generate small neutrino masses, namely the inverse seesaw scheme [[[3]. This
scheme is characterized by a small lepton number violating Majorana mass term p, while
the effective light neutrino mass is m, o p. Small values of u are technically natural,
given that when p — 0 a larger symmetry is realized [[[4]: lepton number is conserved and
neutrinos become massless. In the inverse seesaw scheme lepton flavour and CP violation
can arise even in the limit where lepton number is strictly conserved and the light neutrinos
are massless [[[J], due to the mixing of the SU(2) doublet neutrinos with new SU(2) x U(1)
singlet leptons.

As opposite to the standard seesaw case, these singlet leptons do not need to be
very heavy [[[f], and, as a result, lepton flavour and CP violating processes are highly
enhanced [[3]. In ref. [[7 it was studied the possibility that the baryon asymmetry is
generated in this type of models during the electroweak phase transition, in the limit
1= 0. A suppression was found due to the experimental constraints on the mixing angles
of the neutrinos [[[§]. Therefore we consider here the supersymmetric version of the model
and the soft leptogenesis mechanism, since () in this case we expect that a CP asymmetry
will be generated in sneutrino decays even with a single-generation and no suppression due
to the mixing angles is expected, and (ii) this scheme provides a more natural framework
for the relatively low right-handed neutrino mass scale.

The outline of the paper is as follows. Section P presents the main features of the
inverse seesaw model in the presence of supersymmetry breaking terms. In section f| we
evaluate the lepton asymmetry generated in the decay of the singlet sneutrinos using a
field-theoretical approach assuming a hierarchy between the SUSY and L breaking scales
and the mass scale of the singlet sneutrinos. The relevant Boltzmann equations describing
the decay, inverse decay and scattering processes involving the singlet sneutrino states are
derived in section [ Finally in section [] we present our quantitative results. In appendix A



we recompute the asymmetry using a quantum mechanics approach, based on an effective

(non hermitic) Hamiltonian [[L0], [LT)].

2. Inverse seesaw mechanism

In this type of models [[J], the lepton sector of the Standard Model is extended with two
electroweak singlet two-component leptons per generation, i.e.,

L= (:;) el v st (2.1)
L

We assign lepton number L = 1 to the singlets siL and yﬁ. In the original formulation
of the model, the singlets siL were superstring inspired E(6) singlets, in contrast to the
right-handed neutrinos yli%, which are in the spinorial representation. More recently this
mechanism has also arisen in the context of left-right symmetry [I9] and SO(10) unified
models [2]].

The (9 x 9) mass matrix of the neutral lepton sector in the v, v, sg, basis is given by

0 mp 0
M=|mE o mT (2.2)
0 M pu

where mp, M are arbitrary 3 x 3 complex matrices in flavour space and p is complex sym-
metric. In models where lepton number is spontaneously broken by a vacuum expectation
value (o), u = Mo) [R1]. The matrix M can be diagonalized by a unitary transforma-
tion, leading to nine mass eigenstates n,: three of them correspond to the observed light
neutrinos, while the other three pairs of two component leptons combine to form three
quasi-Dirac leptons.

In this “inverse seesaw” scheme, assuming mp, p < M the effective Majorana mass
matrix for the light neutrinos is approximately given by

m, = mlT)MT_l,qulmD , (2.3)

while the three pairs of heavy neutrinos have masses of order M, and the admixture among
singlet and doublet SU(2) states is suppressed by mp/M. Although M is a large mass
scale suppressing the light neutrino masses, in contrast to the Majorana mass (AL = 2) of
the right-handed neutrinos in the standard seesaw mechanism, it is a Dirac mass (AL = 0),
and it can be much smaller, since the suppression in eq. (B-3) is quadratic and moreover
light neutrino masses are further suppressed by the small parameter p which characterizes
the lepton number violation scale.

Notice that in the g — 0 limit lepton number conservation is restored. Then, the
three light neutrinos are massless Weyl particles and the six heavy neutral leptons combine
exactly into three Dirac fermions.

We are going to consider the supersymmetric version of this model (for an analysis of
lepton flavour violation in this case see [RZ)). In this case, the above neutral lepton mass



matrix (R.9) is described by the following superpotential:
1
W = Y;jNZLjH + 5/%]5@5] + MUSzNj , (24)

where ¢, 7 = 1,2, 3 are flavour indices, H, L;, N;, S; are the superfields corresponding to the
SU(2) up-Higgs and lepton doublets, and Vli,%c and si singlets, respectively, and Y;; denote
the neutrino Yukawa couplings. Thus, after spontaneous electroweak symmetry breaking,

the neutrino Dirac masses are given by
(mp)ij = Yij(H) (2.5)

The relevant soft supersymmetry breaking terms are the bilinear and trilinear scalar cou-
plings involving the singlet sneutrino fields, that provide new sources of lepton number
and CP violation. From now on we consider a simplified one generation of (N,.S) model
because a single generation of singlet sneutrinos is sufficient to generate the CP asymme-
try. Indeed in the three-generation case, the relevant out of equilibrium decays are usually
those of the lightest heavy singlet states while the decay of the heavier (if heavier enough)
give no effect. Thus with our simplified single generation model we refer to the lightest of
the three heavy singlet sneutrinos which we number as 1. Consequently we label M = My
and p = py1. Also, for simplicity, we will assume proportionality of the soft trilinear terms.

— Leogt = AYLLiNH + m%SST + m3 NN+ m%ySNT + BgSS + BsySN + h.c. (2.6)

With our lepton number assignments, the soft SUSY breaking terms which violate L are

T?L% n and Bg. The sneutrino interaction Lagrangian is then:

L = (YyLiNH + Y;LiNh+ Yi;L;Nh + h.c.) +
+(YuM*L;STH + AY,L;NH + h.c.) +
+ (uSS + MSN + h.c.) +
(| + W%+ [MP)STS + (M3 + |M)PP)NNT + (uM* + m%y)SNT + hee) +
+ (BsSS + BsySN + h.c.) (2.7)

This Lagrangian has three independent physical CP violating phases: ¢p which can be
assigned to Bgy, ¢4 which is common to the three terms with AY7;, and ¢y which is
common to theT three terms with MY, and are given by:
¢p = arg(BsnBEMZy)
04 = arg(AB5M2(M2y)?) (2.8
omy = arg(MENM* ),

where we have defined MgN = puM* + ﬁz%N. These phases provide the CP violation
necessary to generate dynamically a lepton asymmetry, even with a single generation of
sneutrinos. They can also contribute to lepton electric dipole moments [RJ].



From the Lagrangian in eq. (R.7) we obtain the sneutrino mass matrix in the interaction

basis (F; = N, N1, 5, §1):

my +|MP 0 M3y Bsy
0w+ MP Biy My 2.9)
M2y Bsn  |ul* +mE + M 2Bs '
Biy My 2B} ul® + g + M)

Notice that in the most general case it is not possible to remove all CP phases from the
sneutrino mass matrix. With our choice of basis, Bgy is the only complex parameter,
Bsn = |Bsn|e”.

Although one can easily obtain the analytic expressions for the corresponding mass
eigenvalues and eigenvectors, for the general case they are lengthy and we do not give
them here. Under the assumption that all the entries are real, i.e., ¢p = 0, we obtain the

following mass eigenvalues:

1 —~ ~ ~
M? = M” + Bg — 5\/4(351\/ + Mgy)? + (2Bs — myy + m + |ul?)?

1 —~ ~ ~
M3 = M” — By + 5\/A(Bsy — M2y)? + (2Bs + i — i — |ul2)?

1 —~ ~ ~
M3 = M"” — Bg — 5\/4(351\/ — MZy)? + (2Bs +miy — mg — |ul?)?

1 — _ _
M} = M” + Bs + 5\/4(B5N + M2y)%2+ (2Bs — mi + m% + [u2)?2,  (2.10)

where we have defined M = |M|? + m3; + m% + |u|*
Furthermore, if we assume conservative values of the soft breaking terms:
A ~ O(msusy)
my ~ mg ~ msy ~ O(msusy)
Bg ~ O(mgusyn)
Bgn ~ O(mgusy M)

(2.11)

with both, u,mgusy < M, we see that BS,TTL?V,TTL%,TTL%N < Bgy and MEN ~ uM*.
Neglecting these small soft terms, there is still one physical CP violating phase,

¢ =¢a— ¢p =arg(ABSyM) . (2.12)
In this limit, we choose for simplicity a basis where A = |A|e’? is the only complex param-

eter. Then we diagonalize to first order in two expansion parameters,

" z_ |Bsn|
2|M|" 2|M?

~ O(mSUsy/M) (2.13)

To this order the mass eigenvalues are:
M? = M* — My — Bsy
M2 = M? — Mu+ Bsy
M2 = M? + My — Bsy (2.14)
M? = M? + Mu + Bsy



and the eigenvectors:

M- 5L (59
e (5 - (5-5)
]V?,:%(SU—NT) %(S+N> (2.15)
- e 30 (59

Note that in this limit the mass degeneracy among the four sneutrino states is removed
by both the L-violating mass p and L-conserving supersymmetry breaking term Bgy.
Together with the trilinear A term they also provide a source of CP violation, and the

mixing among the four sneutrino states leads to a CP asymmetry in their decay.

Another interesting limit is to diagonalize the sneutrino mass matrix (R.9) neglecting
only the Bg entry, which may be appropriate if y < mgysy and the order of magnitude
of the soft breaking terms is as given by (R.11). In this limit the mass matrix can also
be taken real and the mass eigenvalues can be read from eq. (R.10), just setting Bg = 0.
Now there are two non zero CP violating phases, ¢yn and ¢y = arg(ABE M 2u*M§N).
However the combination that is relevant for the CP asymmetry in sneutrino decays is the
same as in the previous case, ¢ = ¢pym + ¢y = arg(ABEM).

As we will see in section [], the total CP asymmetry in the singlet sneutrino decays
turns out to be sizable for very small values of the soft term Bgy < Mmsysy. Neglecting
the Bgy term in the Lagrangian there are still two CP violating phases, ¢y and ¢4, but
again the sneutrino mass matrix can be taken real, so that the mass eigenvalues are as
given by eq. (2.1() with Bsxy = 0. The phase relevant for the CP asymmetry in the singlet
sneutrino decays is now ¢’ = ¢ym + pa = arg(ABgM]f\\ng).

Finally, neglecting supersymmetry breaking effects, the total singlet sneutrino decay

> M|l

2.16
o (2.16)

width is given by

3. The CP asymmetry

In this section we compute the CP asymmetry in the singlet sneutrino decays. As discussed
in ref. [[d], when I' > AM;; = M; — M;, the four singlet sneutrino states are not well-
separated particles. In this case, the result for the asymmetry depends on how the initial
state is prepared. In what follows we will assume that the sneutrinos are in a thermal bath
with a thermalization time I'~! shorter than the typical oscillation times, AMZEI, therefore

coherence is lost and it is appropriate to compute the CP asymmetry in terms of the mass

eigenstates eq. (R.19).



The CP asymmetry produced in the decay of the state N; is given by (see section fl):

S T(N;— ) =T(N; = f)
f

€

TN MNi— ) 4T — ) )
f

where f = EkH , Lph. We also define the fermionic and scalar CP asymmetries in the decay
of each N; as

> AN — LyH)|> = |A(N; — LLHT)|”
k

€s;, = < = 2 = = r—— (32)
> AN = LeH)[? + |Af(N; — LEHT)|
k
Y AN = Lyh) P = [Ai(N; — Lih)?
€, = o= —— . (3.3)
S T1Ai(N; — Lih)? + |Af(N; — Lyh)J?
k

Notice that €5, and €y, are defined in terms of decay amplitudes, without the phase-space
factors which, as we will see, are crucial to obtain a non-vanishing CP asymmetry, much
as in the standard seesaw case [0, [[I]. The total asymmetry €; generated in the decay of
the singlet sneutrino N; can then be written as

€ = €s;Cs T €£,Cf , (3.4)
Cs + Cf

where c,, ¢y are the phase-space factors of the scalar and fermionic channels, respectively.

Since the scale of lepton number and supersymmetry breaking are p, mgusy < M,
there is an enhancement of the CP violation in mixing (wave-function diagrams), so we only
include this leading effect and neglect direct CP violation in the decay (vertex diagrams).

We compute the CP asymmetry following the effective field theory approach described
in [RF], which takes into account the CP violation due to mixing of nearly degenerate
states by using resumed propagators for unstable (mass eigenstate) particles. The decay
amplitude 121{ of the unstable external state N; defined in eq. (.17) into a final state f is
described by a superposition of amplitudes with stable final states:

i
M? +illy;

Ai(N; — f) = A - ZA;”M? — (3.5)

j#i g

where Alf are the tree level decay amplitudes and II;; are the absorptive parts of the two-
point functions for 4,5 = 1,2,3,4. The amplitude for the decay into the conjugate final
state is obtained from (B.5) by the replacement A{ — A{ "



The decay amplitudes can be read off from the interaction Lagrangian (R.7), after
performing the change from the current to the mass eigenstate basis:

- L= %Nl [—YipLph + (YieM* — AY1;) Ly H]
43 No[-YigLih — (YigM* + AYi) L H]
—i—%ﬁg[YlkLkh — (YisM* — AYy,) Ly H]
+%Kf4 [YirLih + (YigM* + AYy,) Ly H] + h.c. (3.6)

Neglecting supersymmetry breaking in vertices, up to an overall normalization we
obtain that the decay amplitudes into scalars, AJ* = A(N; — LiH), verify Ak =AY =
iA}* = iAj5. Correspondingly the decay amplitudes into fermions Alf’C = A(N; — Lih),
verify Ag’“ = —Ag‘“ = —iA{’“ = iAick.

Keeping only the lowest order contribution in the soft terms,

;=MD i=1,...,4
H12 = H21 = —H34 = —H43 = |A| F Sin¢

Altogether we can then write the fermionic and scalar CP asymmetries as:

= Z - (3.9)
JFi 2+ H2 Z |4; k|2
2(M? — M) Zlm Afk*Afk)
= (3.10)

i (O A +H2 Z\Af’“\z

Inserting the values of the amplitudes A{ and the absorptive parts of the two-point func-

tions (B.]) we obtain the final expression for the scalar and fermionic CP asymmetries at

T=0:
4|Bgn A|IT

4|Bgn|? + | M|?T?2

sin ¢ (3.11)

€s;, = —€f, = € = —

7

and the total CP asymmetry generated in the decay of the sneutrino N; is then:

_ Cs—cCf
(1) =€ . 3.12
(1) = B (312)
As long as we neglect the zero temperature lepton and slepton masses and small Yukawa
couplings, the phase-space factors of the final states are flavour independent. After includ-
ing finite temperature effects they are given by:

Cf = (1 — X[ — xh))\(l,mL,mh) [1 — zq] [1 — f;q] (3.13)
cs = ALz, zz) [1+ fi] [1 + f%q} (3.14)



where
1

4. = 3.15
vaL exp[E, 7/T] -1 (3.15)
1
= 3.16
fh,L eXp[Eh,L/T] +1 ( )
are the Bose-Einstein and Fermi-Dirac equilibrium distributions, respectively, and
M M
EL,h = 7(1+$L,h_xh,L), EH,Z = 7(1+xH,E_xZ,H) (3.17)
me(T)?
ML z,y) = VA + 2 —y)? — 4z, Tq = ‘;\(42) (3.18)
The thermal masses for the relevant supersymmetric degrees of freedom are []:
2 2 39 1o 3.9) 0
my(T) = 2m;,(T) = gdt oy + Z)‘t T, (3.19)
2 2 3o 1, 2

Here g9 and gy are gauge couplings and )\; is the top Yukawa, renormalized at the appro-
priate high-energy scale.

As we will see in the next section, from eq. ({.47), if the initial distributions of all four
states N; are equal, their total contribution to the total lepton number can be factorized
as:

S T(N; = ) =T(N; = f)
o f
E(T):;erﬁmr(ﬁﬁf) '
f

(3.21)

Several comments are in order. We find that this leptogenesis scenario presents many
features analogous to soft leptogenesis in seesaw models [IJ—-[[2]: (i) The CP asymme-
try (B.19) vanishes if ¢, = ¢y, because then there is an exact cancellation between the
asymmetry in the fermionic and bosonic channels. Finite temperature effects break super-
symmetry and make the fermion and boson phase-spaces different c; # ¢, mainly because
of the final state Fermi blocking and Bose stimulation factors. (i7) It also displays a reso-
nance behaviour: the maximum value of the asymmetry is obtained for 2Bgxn /M ~ I'. (ii7)
The CP asymmetry is due to the presence of supersymmetry breaking and irremovable CP
violating phases, thus it is proportional to |Bgy A|sin ¢.

As seen from eq. (B.11)) we obtain that the CP asymmetry is not suppressed by the
lepton number violating scale p. This may seem counterintuitive. However if u = 0 the
four sneutrino states are pair degenerate, and we can choose a lepton number conserving
mass basis, made of the (L = 1) states

<ST + N) (3.22)



and their hermitian conjugates, with L = —1, N{T, NQ Although there is a CP asymmetry
in the decay of these sneutrinos, it is not a lepton number asymmetry (since in the limit
1 = 0 total lepton number is conserved) but just a redistribution of the lepton number
stored in heavy sneutrinos and light lepton and slepton SU(2) doublets. At very low
temperatures, T' < M, when no heavy sneutrinos remain in the thermal bath, all lepton
number is in the light species and obviously if we started in a symmetric Universe with no
lepton number asymmetry it will not be generated.

In other words, the total lepton number generated for the case with no lepton number
violation is zero but it cannot be recovered by taking the limit 4 — 0 of eq. (B.11]) because
in the derivation of eq. (B.11)) it is assumed implicitly that the four singlet sneutrino states
are non-degenerate and consequently it is only valid if p (or some of the other L violating
parameters) is non zero.

In appendix A we recompute the asymmetry using a quantum mechanics approach,
based on an effective (non hermitic) Hamiltonian [[[{, [[1], and we get the same parametric
dependence of the result, which differs only by numerical factors. Both expressions agree
in the limit I' < |Bgn /M]|.

As discussed at the end of the previous section there may be other interesting ranges
of parameters beyond eq. (R.13). Thus in order to verify the stability of the results to
departures from this expansion we have redone the computation of the CP asymmetry
keeping all the entries in the sneutrino mass matrix, and just assuming that it is real. The
expressions are too lengthy to be given here but let us simply mention that we have found
that, in the general case, the CP asymmetries generated in the decay of each of the four
singlet sneutrino states are not equal but they can always be written as:

4|Bgn A|T

A Ben [ - pTE S0+ fi(Bs . M) (3.23)

€ =

where the functions f; verify that for |u|> < |Bgy| and to any order in |Bg|:
> fi(Bs, p, M3y) o | Bsn]. (3.24)
i

In the limiting case | Bsn| < |Bs|, m3ygy, |#?| the dominant term in the CP asymmetry
at leading order in |Bg| ~ |M|T < |M2y]| is

(4|Bs|* — |IM|*T?)sin ¢’ . (3.25)

- 8|Bs Al |2+ m% — m
" (4]Bs|? + [M[2T2)2 M2, |

It also exhibits a resonant behaviour, described now by |Bs|T'/(4|Bs|? + |M|*T'2)2, how-
ever the total CP asymmetry in this limit is further suppressed by a factor of order
(2], sy ) /D2

Finally, let’s comment that in the previous derivation we have neglected thermal cor-
rections to the CP asymmetry from the loops, i.e., we have computed the imaginary part
of the one-loop graphs using Cutkosky cutting rules at 7' = 0. These corrections are the
same for scalar and fermion decay channels, since only bosonic loops contribute to the
wave-function diagrams in both cases, so they are not expected to introduce significant
changes to our results.

,10,



4. Boltzmann equations

We next write the relevant Boltzman equations describing the decay, inverse decay and
scattering processes involving the sneutrino states.

As mentioned above we assume that the sneutrinos are in a thermal bath with a ther-
malization time shorter than the oscillation time. Under this assumption the initial states
can be taken as being the mass eigenstates in eq. () and we write the corresponding
equations for those states and the scalar and fermion lepton numbers. The C'P fermionic
and scalar asymmetries for each N; defined at T' = 0 are those given in eq. (B.11]).

Let’s notice that the CP asymmetries as defined in eq. (B.11) verify €5, = —¢j, = &:.
However in order to better trace the evolution of the scalar and fermion lepton numbers
separately we will keep them as two different quantities in writing the equations.

Using C' PT invariance and the above definitions for the C' P asymmetries and including
all the multiplicative factors we have:

" = T ~ 1+€si s
SIAN; — LeH)? =Y |ALLHT — N;)]? ~ > olAxP,
k

2
k k
Ry = AT ~ 1 — e s
STIAWN; — LLENP = SJALH — NP =~ TZ]AZ.’“\Q,
- RN 2 ‘ A= T ~ 2 1+Ef F fr 12 (41)
Z‘A<N1—>Lkh>‘ —Z]A(LthNZ)] e S Al
k k 1_¢ k
SIA(Ni = Lih) 2 = Y A(Leh — NP = —L37[alk2.
k k k
where
Sk12 __ ‘YUCM‘Q
k k
fr12 _ |YUCM|2 M22
Zk:\Ai’“! = %:74 - (4.2)

The Boltzmann equations describe the evolution of the number density of particles in the

plasma:
d ,
% +3Hny = J%Al{rf ifm- A fx)A£f)... W(lm... = Xj...)—
—fxfi - QAEHNAEfr).. W(Xj... = 1lm...)]
where,

A / dpx / dp; / dpy / d*p
fm... (2m)32Ex | (2m)32E; ) (2m)32E, ) (2m)32E,,
and W(lm... — Xj...) is the squared transition amplitude summed over initial and final

spins. In what follows we will use the notation of ref. [24] and we will assume that the
Higgs and higgsino fields are in thermal equilibrium with distributions given in eqgs. (B.15)

— 11 —



and (B.14) respectively, while the leptons and sleptons are in kinetic equilibrium and we
introduce a chemical potential for the leptons, pf, and sleptons, jis:

= 1
b expl(Br + pp) /T +1°

1

= Sl =TT+ 1 )
1

Tt = B T )T -1
1

fZT -

pl(By — ) /T] —1°

Furthermore in order to eliminate the dependence in the expansion of the Universe we
write the equations in terms of the abundances Yy, where Yx = nx/s.

We are interested in the evolution of sneutrinos YJ\7¢’ and the fermionic Y, and scalar
Y7 lepton number, defined as Y, = (Y, — Y7)/2, Yz = (Y7 — Y5:)/2. The number density
of sneutrinos is regulated through its decays and inverse decays, defined in the D — terms,
while to compute the evolution of the fermionic and scalar lepton number we also need to
consider the scatterings where leptons and sleptons are involved. The scattering terms are
defined in the S — terms.

d;;ﬁi — D;—D;~ D; Dl (4.4)
% = Z (D; = D;) =28 — S, 71+ S;7: — S;7+ 5,7 (4.5)
CE =3 (B Bl) ~ 28~ 8,5+ 8,50+ 87— 5,z (46)
where
sDy = A2 | f, (1= fL) (1= fOYIA (Mo — L) P~
k
—Lf O+ Fg) ) [A(Lh — Ni)P] ; (4.7)
k
sDi = AR | f5, (L= f) (1= fz)) |A <Ni — I_/kﬁ> [~
k
—fLf A+ f5)) A <Ek7L — ﬁz) |2] ; (4.8)
k
sDi = AR | [, (L+ f)(L+ fi)D AN — Ly H)[*—
k

— [+ )Y |A(LLH — Ni)P] : (4.9)
k
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and

slND;r = A}VQ,

P, (L4 Fz) U+ FD S DIA(N; — LLHT) -
k

— [+ f) Y JALLHT — NP |
k

sS = A3 {foﬁq(l — D)= DD | Mg (Lih — Lygh) [~
k&

kK

_fif}iq(l - fL)(l - f;q)Z|Msub(I/kB - Lk’h)2:| >

sS = AJj {fz HO+ fr0) L+ £ I Maw(LeH — L, HYP—
ok

)

— i f A+ )+ DD I Man(LLHT — Ly H) 2
kK’

sSpp = A3 {foﬁq(l + i)+ ) I Mo (Leh — L HD)[—
kK

—fr i (= ) = F£9D Mg (L HT — Lysh)|?
kK’

)

St = A3h {fo:;’qu + )+ £ [ Mo (Lih — L H) P~
kK’

—fifE = f)( = £ | Mo (L H — Lk/h)Q} ;
Kok

sS, 7 = Asi {foﬁq(l + )+ FED | Maw(Lih — Ly H)P—
kK’

—fifi = fo)d - f;q)Z|Msub(EkH — kah)2} ,

k,E

sS,7 = Agi {fo;qu + )@+ £ Mg (Leh — LY, HY) -
kK’

— i f (= f) (= DY | Mo (LLHT — Lk/h)zl :

k,k’

,13,

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)



The S—terms are defined in terms of subtracted amplitudes, since the on-shell contribution
is already taken into account through the decays and inverse decays in the D — terms. So

for example:

| Mo (Lih — Lih)|* = |M(Lyh — Lih)|* = | Mos(Lih — Lih)|* (4.18)

where,

. 2 md(s —m
A(Lgh — N;) mols — mpg,)

‘Mos(Lkh_’Ek’B)‘z = I‘~
Ni ’L

n o~ _ _ 2
A(Ni—>Lk/h)‘ . (4.19)

In writing eqs. (.4)—(J.d) we have not included the AL = 1 processes. They do not
contribute to the out of equilibrium condition. However they can lead to a dilution of
the generated Liota. Therefore they are relevant in the exact computation of the s factor

defined in eq. (B.1)).

In order to compute the D — terms, we use the following relation between the equilib-

rium densities:

(1= fi) (1= frt)eTs/T o
(1= = fHAFYe), (4.20)

S I+ 1) = 12
1

E?

12

Tew fi (1 +ffi\g) - fzi\g(l + fr) 1+ fiyeFr/T o

~ FIE 1 DA FYS). (1.21)
with
< — (1.22)
N; eXp[Eﬁi/T] -1 '
One gets

1

= 0 g0 (F5 4 T St

+fﬁ e e € ter
o R - [0y +<1+Y£>—f] S Al
SEN 2 2 |~
= (Vg ATk ) = YEUTL) ) + YEVzes (TL )

where in order to write the equations in the closest to the standard notation we have
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defined the following average widths:

eql<rfveq> = AR SR == £ Zlf‘lf’“l2 (4.23)
A gm{wz oo
ng (L) = AR 1 El X ;Nq; (1— f59(1 - f;q)zk:]Asz]? (4.25)
ng (Pxea) = AGFF A+ 00+ 13 ZyASkP (4.26)
ng (U%) = AR fy, (L+ i+ £ Z|A8k|2 (4.27)
") = A% Euifqiw@q SR

which verify that in equilibrium

(TL) = (1)) = (1) (4.29)

Equivalently for the rest of terms:

Di+D; = <Yﬁi () - Eq<ffvz>> YV e, (T (4.30)
Di = Dy = e, (Y U5 )+ YETL)) + vEve(Th ) (4.31)
D+ D} = (Vg (ry) - E{1<r8~,>> YV, (T (4.32)
Di = D} = e, (Vi (T5) + YEUTSL) ) + YEVZ(TE) (4.33)

Concerning S — terms, in order to evaluate, for example, the on-shell contribution
{MOS (Lgh — Eklﬁ){Q we use the following relation between the equilibrium densities

(1= SE = f37) = e[ = A= 19 = F17] (4.34)
and the identity,
= /d4PN54(P1\7¢ —PL —Pn) - (4.35)

They allow us to write the on-shell contribution to the scattering terms at the required

order in € as:

. ~ 70
A ol (= f) (= i) JA(Lgh — Ny b
k

2WZ|AN —>Lk/h)| =
N; Kk’

d3pL d3ph 4 ¢4 av ee 1 _Efi 2 iz
:/(277)32EL (zﬂ)ngh(%) 8 (g, — o — pu) FEV 17 (T) SjAfp
k

/ d4p]vi 210 (s — mﬁi) / Bpr, By,
(2m)4 QmNiFj\% (2m)32E, (2m)32E),

(277)454(17]@ —PL — Pn) X

S T [0= i = f) = T 1A (4.36)
k.l
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Now we define the thermal width into fermion and scalars as:

3
th f d PL ph 5 454 o B
tx 2my / 27)32E], zﬂ)?’zEL( ™) 0 (py, = PL = Ph)

[(1_ L)( - h)_fL ;q]Z’A{k‘Qa

k

d3p dng
Pth s _ L 454 o
Ne T 2mg / 2r 2B, (Zmp2Ey o) 0 PN~ Pr )

[(1 + LD+ i) — H] 34 (4.37)
k
so that the thermal width of sneutrinos is Fj\ifl_ = Ftﬁff + Ftﬁ_’s.
213 _ 7 K3
Using that f ok 2775( m%) = (2”)3% we can write eq. ({.30) as:
rthf a 2 rthf
— ¢ N;
A12 fe(i( (1 — £ ( > Z‘Afk‘Q Fth _ %1 I (I“fveq> T
Altogether we find that
Ft!}7f
- o N,
S = ;@(Lkh — Lyh) — o(Lgh — Lih)) + YE (F{Veq> T (4.38)

i

The rest of on-shell contributions can be evaluated similarly:

I«til s
_ - - - - N
§=> (o(LyH — LL,HY) — o(L}, H' — Ly H)) + Yeles (Piea i (4:39)
kK’ i
th,s
Tt ot Tt ot €fi tEsinf FJ\E
kK N;
Ptﬁyf
_ Z (Leh — LLHY) — o(TLHY — L) + queﬂTJ“swrjM 2 (440
k.k N;
th,s
77 T T 77 eq€fi T €s; inf Pﬁi
=D (o(Lyh — Ly H) — o(LiH — Lyh)) - Y =5 (Cea) T =
kK’ N;
th,f
+ Sz S Pﬁz
= < (Lkh — Lk/H) — O'(Lk/H — Lkh)> 5 <F eq> Fth (441)
Kk’ ' N,
Pth,S
~ ~ €Ef. — €g. N
= (o(Lyh — L H) — o(L H — Lih)) + Y]gj%@fw ljj,; =
k. N;
thyf
= r eq€fi ~ €si s Fﬁz’
= {o(Lyh — LiH) = o(LwH — Lih)) — v T@Neq) i (4.42)
k,k/ N

i
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I\th78

F T 7 7 F T €fi — Esy N;
S,z =Y (o(Lyh — L, HY — o(Ll, H' — Lyh)) — y]%j_f S 0) =
kK’ ¢ f
I‘tﬁﬂf
oz F 7 ;7 €f; — Esi N;
= > {o(Lyh — L}, HY) — o(L, HT — Lyh)) — Y]%‘j%(l“jveﬁ S (443)
k. !

i

Altogether we can write the Boltzmann equations for the sneutrinos and leptonic num-
bers:?

diﬁi - vy, <<rli,> + <r8~,>) Y <<f§i> + <f?vi>)

Y (YLGMF )+ Ve (T% >> (4.44)

dYE e e e -
T = S e (VL) vEEL) - vk ) Y

" z z
3

—(20(Lh — Lh) + o(Lh — LTH") + o(Lh — LH))
+(20(Lh — Lh) + o(Lh — LH) + o(Lh — LTH"))
—(o(LH — Lh) — o(LH — Lh)) +
+{o(L'H" — Lh) — o(LTHY — Lh)) (4.45)
dY = ~ ~
% =3 lese (Y (D) + YT ) — 2V 20%) ) + YErVa(Ty)]
—(20(LH — L'H" + o(LH — Lh) + o(LH — Lh))
+(20(L'HY — LH) + o(L'HT — Lh) + o(L'H' — Lh))
—(o(Lh — L'H" — o(Lh — LH))
+(c(Lh — LH) — o(Lh — LTHT)) (4.46)

The out of equilibrium condition is verified since using eq. (£:29) the first term of eq. ({.44)
and the e terms of eqs. (1.49) and ([.46) cancel out in thermal equilibrium.
The Boltzmann equation for the total lepton number can be written as (here we use

€s; = —€f, = €):

% — Zgi [Yﬁi <<F§V> (r

(2

)+ () - ) - 21 () = (0
_|_

scattering terms

.
+ YV, + YT
=3 |5 (- vz)

with (Fgea) = (T} + (I%,,).

€ <Y rfveq + YEF%)] + st (447)

2Here we have suppressed flavour indices in the two body AL = 2 scattering terms for the sake of
simplicity, but a sum over all flavours in initial and final states should be understood.
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In the last line we have used that at O(e) we can neglect the difference between fr.
and f]%q in the definitions of the thermal average widths and we have defined the effective
T depelndent total asymmetry:

<F§VZ> - <F%Zeq>

(T) =75 , (4.48)
(P fea) + (Digea)
which in the approximate decay at rest takes the form ref. [[L0], [L1]]
_ Cs—¢Cf
(1) =76 . 4.49
&(T) =% s+ s ( )

5. Results

We now quantify the conditions on the parameters which can be responsible for a successful
leptogenesis.

The final amount of B — £ asymmetry Yg_, = np_r/s generated by the decay of
the four light singlet sneutrino states N; assuming no pre-existing asymmetry and thermal
initial sneutrino densities can be parameterized as

Yo r=—k Z fi(Td) Y]%?(T > Mz) . (5.1)
1
€;(T) is given in eq. (B.12) and T} is the temperature at the time of decay defined by the
condition that the decay width is equal to the expansion rate of the universe: I' = H(1y),
where the Hubble parameter H = 1.66 gi/zrg—i, my = 1.22 - 10" GeV is the Planck
mass and g, counts the effective number of spin—aegrees of freedom in thermal equilibrium,
gx = 228.75 in the MSSM. Furthermore Y]%?(T > M;) = 90¢(3)/ (474 g.).
In eq. (F-1) x < 1is a dilution factor which takes into account the possible inefficiency
in the production of the singlet sneutrinos, the erasure of the generated asymmetry by L-
violating scattering processes and the temperature dependence of the CP asymmetry ¢;(T).
The precise value of k can only be obtained from numerical solution of the Boltzmann
equations. Moreover, in general, the result depends on how the lepton asymmetry is
distributed in the three lepton flavours [f]. For simplicity we will ignore flavour issues.
Furthermore, in what follows we will use an approximate constant value x = 0.2.
After conversion by the sphaleron transitions, the final baryon asymmetry is related

to the B — L asymmetry by
ng  24+4ng np_r

= 5.2
S 66+ 13ng s ’ (5:2)
where ny is the number of Higgs doublets. For the MSSM:
np _
— = -84x10 ‘i Zei(Td) (5.3)

1
This has to be compared with the WMAP measurements that in the ACDM model

imply [R7:

np

= (87793 x 1071 (5.4)
S .
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Altogether we find that (for maximal CP violating phase sin¢ = 1):

4’BSN A’F CS(Td) —Cf(Td)
4Bsn|? + [MPT? ¢s(Ta) + ¢ (Ta)

>2.6x10"7 (5.5)

Further constraints arise from the timing of the decay. First, successful leptogenesis
requires the singlet sneutrinos to decay out of equilibrium: its decay width must be smaller
than the expansion rate of the Universe I' < H |p—ps, with T" given in eq. (R.1€]),

MY Yl
k

M2
o < 166 gi/Zm—l. (5.6)
P
This condition gives an upper bound:
10% GeV
> Yl (Te> <5x107° (5.7)

k

Second, in order for the generated lepton asymmetry to be converted into a baryon
asymmetry via the B-L violating sphaleron processes, the singlet sneutrino decay should
occur before the electroweak phase transition

T'>H(T ~100 GeV) = MY [Vix* > 2.6 x 107" GeV (5.8)
k

The combination of eqs. (5.7) and (p.§) determines a range for the possible values of
S |V |? for a given M:

108 GeV M
26x 1072 [ —— Yil? <5x107° [ —— 5.9
) ( M ) <Zk:‘ el <5 108 GeV (5.9)

We now turn to the consequences that these constraints may have for the neutrino
mass predictions in this scenario. Without loss of generality one can work in the basis in
which M;; is diagonal. In that basis the light neutrino masses, eq. (.3), are:

v 2 10® GeV 108 GeV
) > v ™y (5.10)

myij =3 x 1077 eV <175 GeV M, M, GeV
where v = (H) is the Higgs vev.

It is clear from eq. (B.1() that the out of equilibrium condition, eq. (B.7), implies that
the contribution of the lightest pseudo-Dirac singlet neutrino generation to the neutrino
mass is negligible. Consequently, to reproduce the observed mass differences Am?D and
A,
of the heavier singlet neutrino states.

the dominant contribution to the neutrino masses must arise from the exchange

This can be easily achieved, for example, in the single right-handed neutrino dominance
mechanism (SRHND) [R§]. These models naturally explain the strong hierarchy in the
masses and the large mixing angle present in the light neutrino sector. In particular, in the
simple case in which the matrix p and M are simultaneously diagonalizable, the results in

,19,



(F

5 1O7GeV’

10° Ge

<

Azmsusyz1 03 Ge\é
10 o vl v el vl ]
—13 —12 10 10—9 10—8

107" 107" 107" 107
2
2 IY,d

o
[RALL BRI AL R R IR B L L IR L L

Figure 1: Z|Y1k|2 — Bgn regions in which enough CP asymmetry can be generated (eq. (5.3))

k
and the non-equilibrium condition in the sneutrino decay, eq. @) and decay before the electroweak
phase transition, eq. (@) are verified. We take A = mgugy = 102 GeV. The regions correspond to
M =10%, 5 x 107, and 10° GeV, from left to right.

ref. [R§] imply that for the inverse see-saw model with three generations of singlet neutrinos,

the SRHND condition is attained if there is a strong hierarchy:
Y31 Y3y Yo, Yoy YY1

33k K, 21 Y9y ut

M H2 M, > g M,

(5.11)

Generically this means that the out of equilibrium condition requires the neutrino mass
spectrum to be strongly hierarchical, m; < mo < msg.

Conversely this implies that the measured neutrino masses do not impose any con-
straint on the combination of Yukawa couplings and sneutrino masses which is relevant for
the generation of the lepton asymmetry which can be taken as an independent parameter
in the evaluation of the asymmetry.

Finally we plot in figure [l] the range of parameters Y |Yi,|? and Bgy for which enough
asymmetry is generated, eq. (5.§), and the out of equilibrium and pre-electroweak phase
transition decay conditions, eq. (b.9) are verified. We show the ranges for three values of
M and for the characteristic value of A = mgyusy = 103 GeV.

From the figure we see that this mechanism works for relatively small values of M
(< 10 GeV). The smaller is M, the smaller are the yukawas > |Y1x|?>. Also, in total
analogy with the standard seesaw [[Ld, [L1]], the value of the soft supersymmetry-breaking
bilinear Bgy, is well bellow the expected value Mmgusy. The reason is that, in order to
generate an asymmetry large enough Bgy ~ MT, but I' is very small if the sneutrinos
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decay out of equilibrium, I' < 1 GeV (%)2. A small B term with large CP phase can
be realized naturally for example within the framework of gauge mediated supersymmetry

breaking [29] or in warped extra dimensions [B(].

Given the small required values of Bgy one can question the expansion in the small
parameters in eq. (R.13). As described at the end of section [J in order to verify the stability
of the results we have redone the computation of the CP asymmetry keeping all the entries
in the sneutrino mass matrix, and just assuming that it is real. We have found that as long
as |Bsy| > | Bs|, |u|? the total CP asymmetry is always proportional to Bgy, and presents
the same resonant behaviour, so that it is still significant only for Bgy < Mmguysy.

In summary in this work we have studied the conditions for successful soft leptogenesis
in the context of the supersymmetric inverse seesaw mechanism. In this model the lepton
sector is extended with two electroweak singlet superfields to which opposite lepton number
can be assigned. This scheme is characterized by a small lepton number violating Majorana
mass term p with the effective light neutrino mass being m,, o . The scalar sector contains
four single sneutrino states per generation and, after supersymmetry breaking, their inter-
action lagrangian contains both L-conserving and L-violating soft supersymmetry-breaking
bilinear B-terms which together with the u parameter give a small mass splitting between
the four singlet sneutrino states of a single generation. In combination with the trilinear
soft supersymmetry breaking terms they also provide new CP violating phases needed to
generate a lepton asymmetry in the singlet sneutrino decays.

We have computed the relevant lepton asymmetry and we find in that, as long as the
L-conserving B-term, Bgy, is not much smaller than the L-violating couplings, the asym-
metry is proportional to Bgy and it is not suppressed by any L-violating parameter. As in
the standard see-saw case, the asymmetry displays a resonance behaviour with the max-
imum value of the asymmetry being obtained when the largest mass splitting, 2Bgn /M,
is of the order of the singlet sneutrinos decay width, I'. Consequently we find that this
mechanism can lead to successful leptogenesis only for relatively small values of Bgy. The
right-handed neutrino masses are low enough to elude the gravitino problem. Also, the out
of equilibrium decay condition implies that the Yukawa couplings involving the lightest of
the right-handed neutrinos are constrained to be very small which, for the naturally small
values of the L-violating parameter p, implies that the neutrino mass spectrum has to be
strongly hierarchical.
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A. CP asymmetry in quantum mechanics

The four sneutrino system is completely analogous to the K? — K system, so here we
compute the CP asymmetry generated in their decay using the same formalism. In order
to compare with the effective field theory approach described in section f| we consider only
the simplified case Bg,ﬁl%v,ﬁl%,ﬁ’b%]v < BSN and Mg‘N ~ pM*. In this limit, we have
chosen for simplicity a basis where A = |A|e'® is the only complex parameter with ¢ given
in eq. (E13)

The evolution of the system is then determined by the effective Hamiltonian,

- T
where, in the interaction basis and at leading order in the expansion parameters ¢, € defined
in eq. (2.13),
€
~ 1e€
wr=nm|tec (A.2)
€ €
€ €
and
1 00 4
. 1 A
0 47 1 0
A*
270 01

with T' given in eq. (B.10)).

It is convenient to write the effective Hamiltonian in the mass eigenstate basis
eq. (R.15), because in such basis the four sneutrino system decouples in two subsystems of
two sneutrinos, with the resulting width matrix:

1—€p4co8¢ €x8in¢ 0 0
LT €asing 14 €4cos ¢ 0 0 (A4)
B 0 0 1—€qcos¢p —eqsing ’
0 0 —€eq8ing 14 €4 cos¢
where €4 = %.
The eigenvectors of the effective Hamiltonian H are:
N = —1_[ei0-—o0)/4(5t — N1) 4 /Il gmito-—62)/4(5 _ N)]
1 prrlce] | | ]
Ny = i [eio-——o0)/a(gt — N1y —  [letl gmito—62)/4(5 _ N)]
2 pyoletl L le—] ]
. et L | - (A.5)
Nj = ——i_ |eil6-—01)/4(gt 4 NT) — | [letle=i(6——62)/4(5 4 N)
a2/l L le-1 ]
Ni =1 —ei(¢—*¢+)/4(§T + NT) + /%e*i(¢—*¢+)/4(§_|_ ]V)
lex| L €— 1
242

le_1
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and the eigenvalues

v = M| — |ul/2 = iD /2 = 0=/ T Tl |

vy = M| = |ul/2 — T /2 + e6-+6)/2 /e T /e | "
vy = M| + |ul/2 — T /2 = ei6-+60/2 /e T /]| |
vi = M| + |ul/2 — T2 + e6-+60/2 /e T /e ]

where
€. =le_|e" = |Bgn/(2M)| — ile4/2
e = les|e = [Bgn/(2M)| - iley /2

We consider an initial state at ¢ = 0 with equal number densities of the four sneutrino
interaction states F;. Using that the time evolution for the hamiltonian eigenstates eq. (A.5)

Ni(t)) = et

is trivially ]VZ’ >, we obtain that at time ¢ the interaction states are the

following;:

‘N(t)> - M (JV> + t—;‘ el (#-=0+)/2 M (Kﬁ> -
_M ‘§>_ E pi(d——61)/2 M ‘§T>

(KH(t)> _ = flexl ieo—snr2 M (N> . M ‘NT> )

4| —ito_—gs ~(@) +9-(t) |3 (t) — g2+ (t) |3
+l —i(p-—g)/2 91 492 ‘S>_91+ 492+ ‘ST>

§(t)> — _M ‘N> _ E (6 —61)/2 M ‘NT> N
+M ‘§> n % Sil6-—6.)/2 M ‘§T> (A7)

€+ il —b1)/2 gl(t);92(t) ‘§> n 91+(75)1'92+(75) ‘§T>

The functions g1+ () and g2+ (t) containing the time dependence are given by:

gl:l:(t) — e*i<‘M|*%7ig)t [eiAl/t + e—iAut] ’ (AS)
g2i(t) — e—i<\M|+%—i%>t [eiAl/t + efiAyt] ’ (A9)
with,
(bt
Av = () T Vi (A.10)
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We neglect soft supersymmetry-breaking terms, so that S only decay to scalars, and
N to antifermions:
A[S — LiH]]? = |A[ST — LLHT)? = [vi, M2 = |4z |?

2 i (A.11)
JAIN — LEAT)? = [AINT — Lph) 2 = [Yig]2(s — m3 —m}) = |Ap, |?

We next write the time dependent decay amplitudes in terms of ]Azk > and |Af, |*:

AN @) — L) = A0 — T = el 2 ()
N0 — T = (1) i) - e = 15 el g

AIN(t) — L] = ('6 ') AN ) - ity = Ll 9 — 9B e )

e+ e+ 16

~ ~ + 2
[A[N(¢) = LipT]? = JAINT(t) — Lyh) = o+ g2 AL * (A15)

16
= = = = g1+ +g
AIS(0) — L] = ASH (1) — L) = et ol )
~ € ~ €_ g1— gz
50— B = (1Y gt B < 151 = e )
~ € €_ 4 g |?
A[S(t) — Lih][* = (LJ) JA[ST(t) — LEAT)? = % % A, [A(A18)

~ ~ _ 2
AIS() — LR = A8 () — La)? = D=2 1y o (ag)

We define the integrated C'P asymmetries for the fermionic and scalar channels as:

fdtz :|A[F~’z‘(f) — Ly + X2 — |A[Fy(t) — L} + X]|2:

o fdtZ AIF(®) — L+ XIP + [AIF(0) — L+ X))

fdtZ [A[Fy(#) — L+ X]2 = |A[F(t) — Lf + X

€s = = p = — — : A.20
fdtz _|A[Fi(t) — L+ X]2 + |A[F;(t) —>L,T€+X]|2_ ( :

Using the time-dependent amplitudes from eq. ({A]), the time integrated asymmetries

are: el el
_ €_ €4
€s=—€f=€=——|+——— | x, (A.21)
Y 2<|e+| |e|>
where the factor E - % vanishes if C'P is conserved, and for e4 < 1 is given by:
e_| lex| AMT|ea| . ar A
— — —— ~———— " ging = ——sin A.22

— 24 —



The time dependence is encoded in y:

Jo~ dt [lg1- () + g2 (®)[?]

X = . (A.23)

Jo© dtllgr+ (O + g2+ ()1 + 91— (1) |2 + lg2—(1)?]

In the limit €4 < 1 the time integrals are:
> Bsn|?/T|M|*
dt [lgr—|? + |ga—|*] ~ 4 | \ A.24
/0 Ugl ‘ ‘92 ’ ] 2+ ‘BSN‘Z/‘MP ( )
o
8

| el P+ laas P+ lon- 0 + 1o (0] = (4.25)

I'|B A
€s = —€f =€ = [Bsw 4] sing  (A.26)

- I2|MP? + |Bsn/?

The comparison between the asymmetry in eq. (B.11]) and eq. ([A.24) is in full analogy
to the corresponding comparison in the standard see-saw case discussed in [[[(]. The asym-
metry computed in the quantum mechanics approach, based on an effective (non hermitic)
Hamiltonian, eq. (JA.26]), agrees with the one obtained using a field-theoretical approach,
eq. (B.11)) in the limit I' < Bgn/M. When I' > Bgy /M, the four sneutrino states become
two pairs of not well-separated particles. In this case the result for the asymmetry can
depend on how the initial state is prepared. If one assumes that the singlet sneutrinos are
in a thermal bath with a thermalization time I'~! shorter than the typical oscillation times,
AMigl, coherence is lost and it is appropriate to compute the CP asymmetry in terms of
the mass eigenstates eq. (R.1§) as done in section ] and one obtains eq. (B.11)). If, on the
contrary, one assumed that the N, S states are produced in interaction eigenstates and co-
herence is not lost in their evolution, then it is appropriate to compute the CP asymmetry
in terms of the interaction eigenstates eq. (A.7) as done in this appendix and one obtains

eq. (A.26).
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