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Leptogenesis through direct inflaton decay to light particles
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We present a scenario of nonthermal leptogenesis following supersymmetric hybrid inflation, in the case
where inflaton decay to both heavy right-handed neutrino and SU{{®let superfields is kinematically
disallowed. Lepton asymmetry is generated through the decay of the inflaton into light particles by the inter-
ference of one-loop diagrams with right-handed neutrino and SU¢B)et exchange, respectively. We require
superpotential couplings explicitly violating a(l) R symmetry andR parity. However, the brokeR parity
need not have currently observable low-energy signatures. Also, the lightest sparticle can be stable. Some
R-parity-violating slepton decays may, though, be detectable in future colliders. We take into account the
constraints from neutrino masses and mixing and the preservation of the primordial lepton asymmetry.
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I. INTRODUCTION try breaking. The resulting seesaw mass md8ixhas small
eigenvalues of ordem%/Myc, which can be of the right
The standard moddiSM) of electroweak and strong in- order of magnitude to explain atmospheric and solar neutrino
teractions, despite its many successes, leaves unanswerstillations, while being consistent with cosmological
many questions in particle physics and cosmology. In parbounds on neutrino masses. Another mechanism of inducing
ticular, it does not address the following problems: the originnonzero neutrino masses is the introduction of heavy scalar
of electroweak symmetry breaking and of the hierarchy beSU(2). triplets T with lepton number—2, coupling to the
tween the electroweak scaM,, and the(reduced Planck  SU(2)_ doublet lepton fields. After the breaking of the elec-
scalemp=2.44x 10'® GeV; the origin and size of neutrino froweak symmetry, the neutral components of these triplets
(v) masses and mixing; the cosmological horizon and flatfan acquire small VEVs inducing Majorana neutrino masses
ness problems and the origin of density perturbations; th&4l- In general, these two mechanisms for generating neu-
generation of the observed baryon asymmetry of the UnilfiN0 Masses can coexist.
verse(BAU). The cosmological horizon and flathess problems are most

The problem of stabilizing the electroweak scale relativeelegantly solved by inflation, which can also generate the

. primordial density perturbations required for structure for-
:ﬁ;h;;ggs asr:aebgitslsf)?\?elmd Sb(WSh(;?tT ngofekr? Stlcj Zer}sdr?lsrﬁett? mation in the Universg5]. Moreover, inflation, which can be
- y y Persy Ty easily incorporated in realistic particle physics models, is
(SUSY). For definiteness, we take the case of gravity-

trongly favored by the recent d on the angular power
mediated SUSY breaking, where the gravitino mass is o gy y 46| g b

. - pectrum of the cosmic microwave background radiation
order 1 TeV. In this framework, the vacuum expectation Va"(CMBR).

ues(VEVs) of the electroweak Higgs superfiellds, h, can If neutrinos get mass either by coupling to heavy SM
be determined by radiative corrections to the scalar potentiaging|et fermions or to heavy scalar SU(3jiplets, it may be
[1]. However, this explanation of the electroweak symmetrypossible to generate,8] a primordial lepton asymmetry in
breaking requires a termh;h, in the superpotential with the out-of-equilibrium decay of these heavy degrees of free-
u~1TeV, whereas priori the value ofu is expected to be dom, in case they were thermally produced in the early Uni-
of the order of the fundamental scale. Thisproblem of the  verse. This asymmetry is then reprocessed at the electroweak
minimal SUSY standard mod@ISSM) can be addressed by phase transition to yield the observed BAU. However, there
imposing a symmetry that forbids the abqweaerm, which is  is tension between correct neutrino masses and this thermal
then broken in a controlled fashion. Asymmetry, broken |eptogenesis scenario in SUSY models because of the grav-
by the soft SUSY-breaking terms, can sati§8] this role itino problem[9,10]. With a gravitino mass of around 1 TeV,
(see below. the reheat temperatufe, should not exceed #0GeV since
The smallness of neutrino masses is naturally explained igravitinos produced in thermal scattering processes would
a model with additional SM singlet chiral fermions}, the  decay late presumably into photons and photinos and, if suf-
right-handed neutrinoRHNS), since these can obtain heavy ficiently numerous, interfere with the successful predictions
Majorana masses~M ,c) and also participate in Yukawa of standard big bang nucleosynthesis. On the other hand, one
couplings with the SU(2) doublet neutrinos resulting in also requires that the heavy fields whose decay creates lepton
Dirac neutrino masses<(mp) after the electroweak symme- asymmetry be generated in sufficient numbers. So, their
masses should not excegg,, which leads to unacceptably
large light neutrino masses. However, this problem can be

*Electronic address: tdent@gen.auth.gr alleviated[11,12 by assuming that there is some degree of
"Electronic address: lazaride@eng.auth.gr degeneracy between the relevant RHNs or heavy SU(2)
*Electronic address: rruiz@gen.auth.gr triplets, which enhances the generated lepton asymmetry, and
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perhaps also that the branching ratio of the gravitino decayespectively. The lepton asymmetry is proportional to a novel
into photons and photinos is less than unity, which somewha€P-violating invariant product of coupling constants.
relaxes[10] the gravitino constraint off ,. For nonzero asymmetry, we also need to include some

The tension between masses and the gravitino problem couplings in the superpotential that explicitly violate both the
can be more naturally relaxed by considering nonthermal/(1) R symmetry and it<Z, matter parity subgroup, which
leptogenesi§13] at reheating. However, in existing scenariosfémains unbroken by the soft SUSY-breaking terms. Al-
[14,15, where the inflaton decays into RHN or SU(2jip-  though these couplings involve superheavy fields, the matter-
let superfields, this still puts a restriction on the masses oparity violation may have some observable consequences at
these particles: the decay products of the inflaton must b®w energy such as the possible instability of the lightest
lighter than half its masa¢. Lepton asymmetry is gener- SUSY particle (LSP). Indeed, if this particle contains a
ated in the subsequent decay of the RHN or SY(®iplet ~ Higgsino component, it could decay predominantly into a
superfields. pair of Higgs bosons and a lepton. This channel can, though,

In this WOfk, however, we consider the consequences Olpe easily blocked kinematically if the LSP is not too heavy
allowing all the RHN and/or SU(2)triplet superfields of the (see Sec. Y. On the contrary, somB-parity-violating slep-
model to be heavier tham,/2 (see also Ref[16]). Lepto-  ton decays that may be detectable in future colliders are typi-
genesis could then occur only via the direct decay of thesally presenisee Sec. VIL N
inflaton to light particles(see also Ref[17]). We take a We find that the value of the BAU from the Wilkinson
simple SUSY grand unified theoGUT) model naturally —Microwave Anisotropy Probé WMAP) data[6] can be eas-
incorporating the standard SUSY realizati8,19 of hy- ily achieved given constraints from other observables, nota-
brid inflation [20], which does not require tiny parameters bly the reheat temperature and neutrino masses and mixing,
and is, undoubtedly, one of the most promising inflationaryand CP-violating phases of order unity. However, the con-
scenarios(For extensions of standard SUSY hybrid inflation, Straint from» masses and mixing is considerably weakened
see Ref[21].) In global SUSY, the flatness of the inflation- by the existence of two separate contributions, namely those
ary path at tree level is guaranteed by 6lUR symmetry.  Of the usual seesaw mechanism and from the Higgs SU(2)
The 7 problem[18] of sizable supergravitySUGRA) con- triplets(see also Ref.24]). On the contrary, the requirement
tributions to the inflaton mass on the inflationary path, whichthat the initial lepton asymmetry is protected from lepton-
could easily invalidate inflation, is reduced, in this case, tohumber-violating 2-2 scattering processes that are in equi-
controlling the magnitude of a single term in théter po-  librium in the early Universe imposes very stringent con-
tential[22] (see also Ref.23]). Finally, radiative corrections ~Sstraints on the parameters of the model, which we also take
provide [19] a logarithmic slope along the classically flat into account in our analysis. The prediction for the spectral
direction, needed for driving the inflaton towards the SUSYindex of density perturbations is typical of SUSY hybrid in-
vacua. flation models(see, e.g., Ref.25)).

The u problem is solved by employing the mechanism of ~ Thus, an acceptable value of the BAU can be obtained
Ref.[2]. (For an alternative solution of the problem, see Within a consistent model of cosmology and particle physics,
Ref.[14].) The globalR symmetry of the model forbids the Without requiring additional fine-tuned coupling constants
appearance of a term in the superpotential. On the con- and without necessar_ny putting strong constraints on observ-
trary, it allows the existence of the trilinear terBhyh,,  ables such as neutrino masses and mixing. Moreover, al-
whereSiis the gauge singlet inflaton of the standard SUSYthough the scenario requires violation of tResymmetry, it
hybrid inflation. After the GUT gauge symmetry breaking, IS NOt necessary to introduce superpotentlal terms that would
the soft SUSY-breaking terms, which generally violate Ehe lead to currently observablR-symmetry-violating effects.
symmetry, give rise to a suppressed linear terr§ iand thus N Sec. II, we introduce our model and describe some of
this field acquires a VEV of the order of the electroweakits salient features. In Sec. Ill, we present @B-violating
scale divided by a small coupling constant. The above trilininvariant products of coupling constants which enter into the
ear coupling can then yield @ term of the right magnitude. prlmord!al lepton asymmetry, while in Sec. IV we ;ket(_:h the

The inflaton consists of two complex scalar fields with c@lculation of the BAU. The effects ¢t-symmetry violation
tree-level couplings to the electroweak Higgs bosons and'® discussed in Sec. V. The constraints from neutrino masses
Higgsinos derived from the above trilinear term. After the@nd the preservation of the initial lepton asymmetry are
end of inflation, it oscillates about the SUSY vacuum anddiven in Sec. VI, and our numerical results in Sec. VII. Fi-
eventually decays predominantly into electroweak Higgs suDally, our conclusions are summarized in Sec. VIII.
perfields via these tree-level couplings, thereby reheating the
Universe. We find that, in the case of one fermion family, Il. THE MODEL
both heavy RHN and SU(2)triplet superfields are neces-
sary if diagrams producing a nonzero lepton asymmetry are The model has gauge group SU(3)SU(2) X U(1)y
to exist. Since these heavy fields can only appear in intermex U(1)g. and a globaR symmetry U(1}, which, though,
diate states of the inflaton decay, we must create the asynis explicitly broken by some terms in the superpotertsale
metry directly from this decay. Indeed, leptogenesis can ocbelow). In addition to the corresponding vector superfields
cur in the subdominant decay of the inflaton into lepton and@nd the usual MSSM chiral superfields;, h, (Higgs
Higgs superfields through the interference between differen8U(2)_ doublets, |; (SU(2)_ doublet leptonk ef (SU(2).
one-loop diagrams with RHN and SU(2)riplet exchange, singlet charged leptonsy; (SU(2), doublet quarks u?, d°
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TABLE I. U(1) charges of superfields.

S 1) b T T hy h, I v°© et q u© d°
B-L 0 1 -1 2 0 0 0 -1 1 1 1/3 —-1/3 -1/3
R 2 0 0 0 2 0 0 1 1 1 1 1 1

(SU(2). singlet quarkswith i=1,2,3 being the family in-  chiral superfieldsi;c,_l_C of this reference are now replaced by
dex, we introduce chiral superfields (RHNs), S ¢, ¢  the SM singletsp, ¢ (see also Refl27)).

singlets under the SM gauge group aRdT in the adjoint When the value of S| falls below M, a B-L-breaking
representation of SU(2)with Y=1, —1 respectively(As phase transition occurs provided that \. The fields evolve
usual, we will use the same symbol to denote the superfieltpwards the realistic SUSY minimum &8)=0, ($)=(¢)
and its scalar component, the distinction being clear in con=M, (h;)=(h,)=0, where(¢), (¢) are taken real and
text) The charges under U(3) and U(1) are given in  positive by aB-L rotation(there is also an unrealistic SUSY

Table I. minimum that is given beloyv Actually, with the addition of
The superpotential is soft SUSY-breaking terms, the position of the vacuum shifts
[2] to nonzero(S)=—ms;,/k, wheremg, is the gravitino
W= KS(¢$—M2)+)\S(hlh2) mass, and a small effective term with w=—\mg;,/« is
generated from the superpotential coupling(h;h,). Sub-
+heij(hylp)ef +hyij(hagi) Ui + hgij(hyg)df sequently, the inflaton degrees of freedo® and 6

=8¢+ 64)I\2 (8p=¢d—M, Sb=¢—M) with mass

. —
+hyij(hali) v+ hrijlieTl+hrhoeTh, M= V2«M oscillate about this minimum and decay to

+ o IM2) 21 e+ NV MSSM degrees of freedom reheating the Unive_rse.. The pre-
(Myeij IMD) §7vivi+ (M /MD 7TT dominant decay channels &and # are to fermionic and
+(N; /Mg d(h1hy) 1S+ (N IMg) phyeTli+ - - - bosonic hy, h,, respectively, via tree-level couplings de-
I | ’

rived from the superpotential termsS(h;h,) and KSQSE.
@) Note that, ifx>\, the system would end up in the unrealis-

whereM is a mass parameter of the order of the GUT scaletic SUSY minimum até=¢=0, |hy|=|h,|=(x/\)¥M,

My is the string scale=5X 101 GeV, € is the 2<2 anti-  Which is degenerate with the realistic ofup tom3,,) and is
symmetric matrix withe;,=1, (XY) indicates the SU(2)  separated from it by a potential barrier of oraef,M?2.
invariant producte,,X,Y,, and T=T,0./\2, T=T,0./ The RHNs and the SU(2)triplets acquire massed ,q;;

V2 with o, (a=1,2,3) being the Pauli matrices. The ellipsis and My, respectively, after the spontaneous breaking of
represents terms of order higher than four and summatiot(1)g, by (), ($). The terms that appear in the fourth
over indices is implied. The only U())violating terms that line of the RHS of Eq(1) can also be written in the form
we allow in the superpotential are the two explicitly dis- AVCijngiCVjC/MSa A1$2TT/Mg making it clear that the RHN
played terms in the last line of the right-hand si&HS) of 504 SU(2) triplet masses are suppressed by a faMéM ¢

Eq. (1), which are necessary for leptogenesis. We can shoWg|ative toM. It is possible to redefine superfields to obtain
that baryon numbefB) is automatically conserved to all or- ¢ (which are diagonal in the

effective mass terml v
ders as a consequence of Ug1)The argument follows Ref. _i
[15] and is not affected by the presence of the abovélavor spacgandM+TT with M e andM+ real and positive.
U(1)g-breaking superpotential terms. The lepton nunbgr Similarly, after the U(1), breaking, the explicitly dis-
is then also conserved as implied by the presence oplayed terms in the last line of the RHS of E) that
U(1)g.L- violate U(1), give rise to effectiveB-L- and matter-parity-
The inflationary trajectory is as described in Re&f|: for  violating operators;;(h;h,) vi and{ h.€Tl;, where{; and
k<X, it is parametrized by, |S|>S;=M, with all other /' 4re suppressed by one powefM. If we require that
fields vanishing, and has a constant energy densij* at  the magnitude of the dimensionless coupling constants
tree level. Here, the dimensionless parameters and the 549 N/ is less than unity, we obtain the boufd|, |¢/]
massM are taken to be real and positive by redefining thesM/MS. Note that althougli can be made real and posi-

phases of the superfields. There are radiative corredtid®is .. - ;
that lift the flatness of this classically flat direction leading to ;“e\?f f)hya{egaerzlnér:)g ttr:]ee ggr‘?ee gf th?;?slscgﬁ pbr;assigﬁﬁdg;n
.

slow-roll inflation until |S| reaches the instability point at nsidering the rephasing invariafit2u2M ¢ (n mm
|S|=M as one can deduce from tkeand 7 criteria [25]. C.O side _ g _ € rephasing inva poNLe (NO-SU é_
The quadrupole anisotropy of the CMBR and the number ofion overi) with u andM ¢ already made real. The coupling
e-foldings No=In[1.88x< 10"«*¥(M/GeV)*¥(T,,/GeV)"®]  constants; thus remain in general complex. It is, of course,
[25] of our present horizon scale during inflation are givenpossible to write down many oth&symmetry-violating op-

by the Eqs(2)—(4) of Ref.[26] with the two last terms in the erators. However, they are not necessary for a nonzero lepton
RHS of Eq.(3) divided by two since the SU(2)doublet asymmetry to be created.
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After electroweak symmetry breaking, the triplEtalso  trast to the standard invariant used in Réf], would exist
acquires[4,14] a VEV (T)=—hx(h,)?/M+. This is due to  even if there was a single fermion family. We find the fol-

the mass ternMTT and the couplingith,eTh,, wherehy  lowing independent invariant;io summation over repeated

is made real and positive by a redefinition of the phasfof indices:
and a compensating rephasingTofindl; in order to retain
the positivity of Mt and ¢{ . Note that(h,), (h,) can be l1ij=M+h,i; ¢;(M ehtZ])*,
taken real because of the reality®fe=—2\m3,/ « [2]. So :
(T) is also real.
Performing appropriate flavor rotations of theandef, 2ijic=MrhijhG(Mehrichn) ™, 2
the Yukawa coupling constant matri;; can be diagonal-
ized with real and positive entrids,; in the diagonal. The

neutrino componentsi{) of |; are then in the weak interac- . . . .

tion basis(The rephasing of; that was used to mak# real tion of the two (modulo real invarianjsresults in a third
E . . Y *

and positive should actually be performed after these rotallvariant such adg; = ¢jh,j(£jhrig* . In each case, the

tions and should be accompanied by a compensating repha%l)-,(press'r(])n mr:/olves both thefSU(_ZprlpIet and RH’\(; cou-

ing of e so thath,; remains real and positiveThe coupling plings, thus the generation off&L asymmetry is indepen-

o Tt0'a pa ofleton SU(Z)coublets cannot be made (211 1 e sorces P viiaton consdered i prevoue |
diagonal since no further flavor rotations of theare al- q y diag j

lowed. Moreover, if we define superfields such thbg, ¢/, antslyjj , loij, Isijx are the minimal ones in the sense that
_ N . they have the smallest possible number of trilinear superpo-

u, andhT are real, then it is in general not possible to maketential couplings

the hqj; real since, onc§, ¢, ¢ ac*quizre nonzero VEVS, we |t js important to note that the invariahg; can be split in

L . P _

have rephasing invariantd thrijhyu®(i* £* (no summa- o parts ¢/ * Mh and{;M’ch,;; , corresponding to effec-

tion). Finally, the Yukawa coupling constants;; also re-

main in general complex as one can easily deduce from th

rephasing invariantsy "¢/ *2M7u2M’chZ; (no summation
j

whose imaginary parts violaeP invariance. Any combina-

g’ve operators that carrgoppojsite) nonzeroB-L charges and
involve only light fields since the heavy ones can be
contracted. These light fields include bosonic or fermionic
over indices. hy, h, and their conjugates. Sb;; is, in principle, suitable
The calculation of lepton asymmetry producedsiand#  for leptogenesis that requires the interference of two
decays is quite straightforward but somewhat lengthy, and8-L-violating diagrams. (Recall that the inflaton field
differs in detail from the usual case where leptogenesis oceouples at tree level to the electroweak Higgs superfields
curs via the decay of RHN and/or SU(2friplet superfields. h, and can decay only to light particleThis is not the case
Since we consider the interference of two one-loop diagramsyith the rephasing invarianky;;, since there are nd’'s
we will need to calculate the real parts of loop integrals thaamong the light fields of the correspondifeffective) opera-
require renormalization. tor. On the contrary, the invariahy;; has all the above good
properties of y;;, but one of the interfering amplitudes turns
out to be zero in this case. The reason is that it involves a
lll. CP-VIOLATING INVARIANTS real (with vanishing absorptive parton-mass-shell off-

To produce a nonvanishing nBtL asymmetry from in- diagonal self—e.ner.gy betweérmand hllwhich, in the on—shell
flaton decay, the theory must contain one or more physicdi©S renormalization scheme, vanishesee Sec. IY. Itis
CP-violating quantities. These are products of coupling conclear _that any invariant that can be _useful fo_r leptogenesis
stants, corresponding to operators noninvariant ur@er Must involvel,;; and, thus, the effective coupling constants
conjugation, which are nonreal and are not affected by thdj. ¢i - So, the explicit violation of matter parity is essential
redefinition of fields by complex phaseésr other global for (_)urscheme. This is another novel feature of this leptoge-
symmetries In this case, we consider the terms\Wifin Eq.  NESIS scenario.

(1). Since leptogenesis takes place at reheating, we work in

the vacuum wherg¢)=(¢)=M. For simplicity, we ignore
the couplings of the inflaton to RHNs and SU(2iplets
from the terms in the fourth line of the RHS of E{L) The CP-violating rephasing invarianit,;; corresponds to
together with its couplings resulting from the two subsequenthe product of coupling constants in the interference of the
terms. The inclusion of these couplings would only compli-diagrams in Fig. (@ (Fig. 2(a)) with the diagrams in Figs.
cate the analysis without altering the character of our mechak(b) and Xc) (Figs. 2b) and 2c)) for the L-violating decay
nism. So these four superpotential terms are replaced byf S(6). This interference contributes to theasymmetry

the effective mass termi/ ,,icvaf, MTT7 and couplings due to a partial rate difference in the dec&sT;h, and
Li(hihy) v and{/ h,€Tl;. The condition ofCP invariance is ~ S* HTEk h% (6* —1;h, and 0—>|_i’|:‘]2), where the bar and tilde
simply that it should be possible to make all products ofrepresent the antifermion and the SUSY partner, respectively.

coupling constants real by field redefinitions. Both the decaying inflaton§ or ), which we take at rest,
We consider here only rephasing invariants that, in conand the decay products must be on mass shell. For simplicity,

IV. BARYON ASYMMETRY
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FIG. 1. The nine one-loop diagrams for theviolating decay
S—T,h,. The solid(dashetlines represent the fermionibosonig
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|
|
A6

A

(a) (b)

FIG. 2. The three one-loop diagrams for theviolating decay
6* —1,h,. The notation is as in Fig. 1.

I\
E|S:_ZTImIlijlm[FeSnanijn*+F§inF§ijn*]u
_ |)\|2 060 % 060 %
€9=— 2= Im1  IM[FLFL* +FLFL ], &)

r

wherel’ =|\|?m,/87 is the rate of the tree-level decags

—h,;h, andd—h;h,, and summation over the indicgg, n
and integration over the phase space of the final particles is
implied.

We see that the one-loop diagrams for theiolating de-
cay of the inflaton which contain SU(R)riplet exchange
are exclusively of the vertex typeee Figs. (a) and Za)).
On the contrary, the diagrams with a RHN exchange are both
of the vertex(Figs. 1b) and Zb)) and self-energyFigs. 1c)
and Zc)) [28] type. Each of the three vertex diagrams in Fig.
1(a) (Fig. 1(b)) possesses a logarithmic ultravioletv) di-
vergence. However, one can easily show that their sum
equalsm;,; times the vertex diagram in Fig(& (Fig. 2(b)),
which is uv finite. Similarly, one can show that, although
each of the three self-energy diagrams in Fi¢c) lhas a

component of the indicated superfield. The arrows depict the chiralquadratic divergence, their sum equals the self-energy dia-
ity of the superfields and the crosses are mass insertions in fermiaram in Fig. Zc) multiplied by m,,;. However, the latter is

lines.

not uv finite. It rather possesses a logarithmic divergence and
thus needs renormalizatideee below.

we consider that all the propagating and external MSSM The above relations between the diagrams for the
particles in the diagrams are massless. Also, we perform the-violating decays o6and 6 imply thate s= € ,=€. We can

calculation in the limit of exact SUSY.
In each case, the resulting contribution to thasymme-
try is proportional to both Inh;;; and the imaginary part of

thus concentrate on the calculation @f which is simpler.
As already mentioned, the vertex diagrams in Figs) and
2(b) are finite(both their real and imaginary partand thus

the interference of the relevant “stripped” diagrams with the well defined and independent of the renormalization scheme

dimensionless coupling constants and e, M, mass

insertions factored outwe keep, though, the,; factor ap-
pearing in the scalar coupling*h;h,). The stripped dia-
grams in Figs. (@), 1(b), and 1c) are denoted b)Fiin,
Fiijn. andFg;, , respectively, withi andj being the family
indices anch=1,2,3 the serial number of the diagram. Simi-
larly, the stripped diagrams in Figs(a®, 2(b), and Zc) are
Fai. Fpij. andF;. Thus, the total neL asymmetriese|s
and €, generated pe§ and ¢ decay respectively are given
by

used. However, the diagram in Fig(c2 involving a diver-
gent self-energy loop requires us to apply a renormalization
condition. As shown in Ref.11], the appropriate renormal-
ization scheme, in this case, is the on-ski@f scheme. In

a general theory with scalag, the OS conditions on the

renormalized self—energieﬁij(pz) are as follows:
Reﬁij(MiZ)ZReﬁij(sz)zo 4

for the off-diagonal self-energies+£j) and
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2 2 2
pZHMin M T 0y

1/4
; 1 2 2 45 1/2
lim ———Rell;(p*)=0 (5 Tim= Py (I'mp) ™%, (10
whereg, counts the relativistic degrees of freedom taking
gecount of the spin and statistics and is equal to 228.75 for
the MSSM spectrum.

for the diagonal onegsee, e.g., Refl29]). Here we take a
basis where the renormalized mass matrix is diagonal wit
eigenvaluesu;. The imaginary part of the self-energies is
finite and thus not renormalized. In Fig(cZ we have an
off-diagonal self-energy diagram between the scataend V. EFFECTS OF R-SYMMETRY VIOLATION

vjc. G|ven thata_ is on mass shell, the rgal pgrt of this dia- 516 would expect the explicit violation of U(a)in the
gram vanishes in the OS scheme. The imaginary part, hows,perpotential to have important consequences for phenom-
ever, gives a finite contribution. _ enology and cosmology. Th2, subgroup of U(1}, which
The lepton asymmetry per inflaton decay is calculated byg |eft Unbroken by the soft SUSY-breaking terms, is called
making use of the software packages of R@0] and is  matter parity since all the mattéquark and leptonsuper-
found to be given by fields change sign under it. Combined with the fermion
parity (under which all fermions change sigrthis yieldsR
€= €yt €ys, ©) parity, which, if unbroken, guarantees the stability of the
LSP. In our model, however, matter parity is violated along
with the U(1)g by the two explicitly displayed terms in the
last line of the RHS of Eq(1), which are needed for gener-
_ 3 Imly; Im[f(y)F(y)* ] @) ating an acceptable BAU. ThuR,parity is broken and, con-
12874 mﬁ,f Yot sequently, the LSP generically becomes unstable and decays
rapidly, rendering it unsuitable for the role of dark matter and
is the contribution from the interference of the two vertex!€ading to distinctive collider signatures. .
diagrams in Figs. @) and 2b), and In our case, if the LSP contains a Higgsino component, it
could decay into a pair of electroweak Higgs bosons and a
lepton. The dominant diagrams are constructed from the

where

€vv

3 Im I 4
— 2—1”2Ref(yT) (8) U(1)r- and R-parity-violating Yukawa verticeg;(h.h,) vjc
64m minf_M,,jC or {/h,€Tl; with the fermionicv¢ or T connected to the

fermionic v{ or T of the Yukawa coupling$,;;(h,l;)»] or
is the contribution from the interference of the vertex andh?hzf?h2 respectively via a mass insertion. For the numeri-
self-zenergy diagrams in Figs.(@ and Zc) with f(y)  ¢a) values of the parameters that we consigee Secs. VI
=1 /62— L|22(1+y+|28) (2|_|2 is the q|logarlthm [31]),_ and VII), we find that the LSP lifetime can be as low as
yr=mp/ M1, Yj:minf/M,,jC and summation over the family about 10! sec. However, it is easy to block kinematically
indices i,j implied. It should be emphasized that Egq.the LSP decay by taking its mass to be smaller than twice the

(8 holds [11] provided that the decay width of¢ is  Mass of the lightest Higgs boson, which is very reasonable.
! Thus, it is perfectly possible to reconsider the LSP as a dark

€vs™

<|mis— M c|/miy¢, which is well satisfied in our model if matter candidate.

M ¢ is not ijnaturally close tay. Our model could also predict the existence of other
The equilibrium conditions including nonperturbative R-parity-violating processes at low energies besides the LSP
electroweak reactions above the critical temperature of thé€cay. TheR-parity-breaking superpotential couplings in-
electroweak phase transition yield a relation between th¥olve at least one superheavy fiefal RHN or SU(2) trip-
baryon number densityg and theB-L number densityg_, , Ie'g). On integrating out these heavy fields, one generally ob-
which allows us to findng in terms of theng, produced ftains effecuveR—parlty—wolatmg operators qulvmg .only.
from inflaton decay, assuming thBEL is conserved at tem- MSS_M fields. These operators, if they have d|men5|on five
peratures well belowM; and M ,c (see Sec. VL In the  ©OF higher, do not lead to detectable processes since they are

MSSM with soft SUSY-breaking terms, we have;/s syppreésed by some powers My or M’fic' However,'
—(28/79);.. /s [32]. If we imagine the inflaton to decay dimension-four operators such as the effective scalar vertices

instantaneously out of equilibrium creating initial lepton hih,h3T¥ or hiT;T¥Ty , which originate from the superpo-
number density ;; then tential couplings £;(hihy) vi, h,ij(hali)vj or {'heeTl;,
hrjlj€Tly, respectively, can lead to low-enerdgparity-
Ng 28 N init 28 nNiy 21 T, violating processes, which may be detectable in future col-
—=— = —€—=—-_€— 9) i
S 79 s 79 s 79° My liders (see Sec. VI\.

It is well known [33] that, in any leptogenesis scenario

using the standard relation,/s=(ng+n,)/s=3T/4m,,;  With RHNSs or SU(2) triplets, it is important to ensure that
for the inflaton number density. Hesds the entropy density. the primordial lepton asymmetry is not erased by lepton-
The reheat temperature is given by number-violating 2-2 scattering processes such B;
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—h5h, or I}h,—h3TF at all temperatures betwedh, and _As discussed in Sec. V, there exist unsuppressed
dimension-fourR-parity- and lepton-number-violating-22

about 100 GeV. In our model, due to the presence of hQ qyering processes that can erase the primordial lepton
R-parity-violating superpotential couplings, thEre exist someasymmetry. They originate from the effective four-scalar op-
extra_processes of this type such ld;—hZh, or hihy  erators hyh,h%T* or h,TT¥Tx with coupling constants
—>h§|}'< , Which are derived from diagrams similar to the Ejgjh:ij orgf hﬁ.k respectively. The former operator violates,
ones mentioned above for the LSP decay. In addition to alin particular, thei lepton number I(;), i.e. the part of the
these processes, which correspond to effective operators @ftal lepton number that corresponds to tttefermion fam-
dimension five(or highey, we also have dimension-four ily. Therefore, in order to retain at least one part of the lepton
R-parity- (and lepton-number-violating processes such as asymmetry, we need to impose the condition that
h;hy—hyl; or hiT;—T;T,, which are derived from the ef-
fective four-scalar vertices in the preceding paragraph.

The initial lepton asymmetry is protectEdl] by SUSY at > ihy; =0, (12)
temperatures betweef,, and about 10GeV. For T i
=10’ GeV, one can show that all the lepton-number-

violating 2— 2 scattering processes that result from effectivesy; some value of [34]. To generate ah; asymmetry, we

operators of dimension five or higher are well out of equilib- \ooq to take a nonzet , as is obvious Ifrom Eqg2) émd

rium for the values of the parameters used here. Th g S -
?6)—(8). The operatordy |17 1 with j,k#i or j=k=i will

dimension-four lepton-number-violating processes, howeve g . .
are generally in equilibrium and, thus, special care is needeli'en violateL;, thereby leading to the erasure of the primor-

in order to retain the initial lepton asymmetry in our model. didl Li asymmetry. To avoid this, we must take;, to van-
We will return to this issue in the next section. ish, unless exactly one of the indices is equal,tae. we

As already explained, the classical flatness of the infla@llow only hry=hr#0 for k=#i. Moreover, if hr#0,
tionary path in the limit of global SUSY is ensured, in our then we require/;=0 for j#i to avoid generating the
model, by a continuou® symmetry enforcing a linear de- L;-violating operatoh,I;I;1T§ .
pendence of the superpotential 81 This is retained 22] We must further ensure that there are no processes in
even after SUGRA corrections, given a reasonable assumgquilibrium that violatel;, while conservingL. Such pro-

tion about the Khler potential. The solutioi2] to the . cesses result from the four-scalar operatofgh%T# (k#i)

problem is also reliant on the symmetry. These aspects of that originate from the superpotential coupling(hal ) 1S
the model are not affected by the expliBsymmetry break-  1hus we must take

ing we consider.
In the model, somd&R-symmetry-violating couplings are

present in the superpotential and some not. Owing to the 2 hoh* —0 (13
nonrenormalization property of SUSY, this situation is stable ; vk v
under radiative corrections, but one may consider it unnatu-
ral since there is no symmetry to forbid the terms we set to
zero. for the value ofi that satisfies Eq12) and for all values of
k that are different from thi Also, the operator,ThiT?
with j#i, which originate from the superpotential coupling
{{h1€Tl;, violateL;, but notL. So, we must takg; =0 for
o _ _ j #i. Finally, the operator§T,I 1% derived from the super-

_ The two distinct sources of neutrino masses in the mod&hotential termhy,l;€Tl, could violateL;. However, as ex-
yield the following mass matrix of light neutrinos: plained abovehr;, should vanish unless exactly one index is

equal toi. Thus, the remaining operators automatically con-

VI. NEUTRINO MASSES AND PRESERVATION
OF LEPTON ASYMMETRY

hyii 1 servel;. In summary, for an asymmetry to be generated in
m,;i = —(h,)? LS hik—hik - (11 L; and not wiped out by scattering processes, we require that
: hM M, e
T™IT Y {{#0 and{/=0 for all j#i. Also, hrj,=0 unless exactly

one ofj or k is equal toi and Eqs(12) and(13) should hold

The terms in this expression are generally complex witnfor all k#i. _ .

physical relative phases between the two contributions. We take the neutrino mass orderimg <m,<m; and
Comparing this to the combination of parameters appearinﬁdOpt the normal hierarchical ;cheme- of neutrino masses,
in the lepton asymmetry per inflaton decay, we see that ther@here the solar and atmospheric neutrino rhafierences

is no obvious correlation between the two. Hence, we havare identified withsms, and 5mg, respectively. Analysi§35]

here more freedom to choose values for the parameters th&h the CHOOZ experimer{36] shows that the mixing angle

in the case of leptogenesis with a single source of neutrind1z_can be taken equal to zero. Moreover, the fact that
mass. However, this freedom is reduced by requiring that thém3,< dm3; implies that, when considering atmospheric
lepton asymmetry is preserved until the electroweak phaseeutrino oscillations, it is a good approximation to set
transition. 5m§1=0. For simplicity, we further taker= 3, wherea, 8
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are the Majorana phases in the leptonic mixing matrix assoasymmetry is generatgdve have alsd,,=h133=0, so the
ciated with the two lighter neutrino mass eigenstatgsy,,  Only nonzero coupling constant of the typg is hras
respectively. =hys,. Given the value of the right-handed neutrino masses,
Under these circumstances, the weak interaction eiged+ andhv, the five conditions in Eq¢14) and(15) can be
stater; decouples from the other twm,, v5 in the neutrino  Solved using the mass formula in EG) to find a relation
mass matrix. A simple choice of parameters which leads tdetween the complex Yukawa coupling constahts(i,]
this decoupling is1,;;=0 forj=2,3,h,;;=0 fori=2,3and  =2,3) and the complex parametéRsandhr,;.
ht11=hyq;=hyj,=0 for j=2,3. Equation(13) is then auto- Note that the presence bf andB—L—onatmg 2'—>2 scat-
matically satisfied folkk=1 andi=2,3, which means that tering processes leads to a moderate modification of the nu-

: kTR ical factors in Eq(9). However, this modification de-
processes corresponding to the operatpish31*(i=2,3) Merca _ ) . .
that violateL ;, while conserving., are avoided. If we fur- pends on details and we will thus ignore it.
ther take {1=0, L,-violating and L-conserving processes

from the operator,T,h; T} (j=2,3) are also absent. More-
over, our choice ohyj, ensures that no such processes from \We saturate the gravitino bound on the reheat temperature
operators of the typ&T J:1* appear. Equatiofil?) with i by takingT;,=10'° GeV, which is acceptablgL0] provided

=1 (i=2,3) receives contributions only from the tggn thatthe branching ratio of the gravitino decay to photons and
with j=1 (j=2,3). Also,L- andL ;-violating processes from photinos ii less than un_ity. We also fix the parametéo the

the operators; 1,1+ T¢ do not exist for our choice of param- value 10°". The cosmic microwave background explorer
eters. Note that there are ig-violating processes in equi- (COBE value of the quadrupole anisotropy of the CMBR

-~ -6 i ~
librium from the superpotential termi$h, eTl;, hyjl;eTly. ((aT/T)o=6.6x10"") [38] is then reproduced fax=1.44

. Nt X 10 # (>« as it should and M=3.53x 10'° GeV. Thus,
Z:‘;o‘??yhpgf,ls.'*bld“l violating processes come from the op mir=4.99x 10'* GeV. The spectral index of density pertur-
1h2h;

1, WhichisL; andLs conserving, though.  pations comes out practically equal to unity.

The fact tha/; = 0 implies that no primordial ; asymmetry We now wish to demonstrate that our leptogenesis mecha-

is generated, as one can see from EBsand(6)—(8). Also,  nism can easily reproduce the best-fit value of the BAU,

the L, andL; asymmetries cannot turn info, asymmetry p,/s~8.66x 10 1%, derived from the recent WMAP dafé]

by 2—2 scattering processes since, as explained, there aigith a natural choice of parameters. For simplicity, we ap-

no such processes in equilibrium that simultaneously violatgroximate all the right-handed neutrino masses to the same

L, andL; or L. All these facts allow us to ignore the first yajue M ,c. (Note that we do not make use of resonance

family and concentrate on the two heaviest families. effects for degenerate heavy neutrinos, so this approximation
From the recent global analysi87] of neutrino oscilla-  will not strongly influence our resultsEquation(15) implies

tion data, we take the best-fit value of the atmospheric neunat h,3o= —R*h,33 and h,,s=Rh,,,. (Note thath,zs#0

trino mas% diﬁerence, WhiCh, in the case of the normal hi- for a nOnvanishing_3 asymmetry to be producécﬁubstitut_

erarchical scheme, yields the valog=5.1x10"2 eV for ing these in Eq(14), we then obtain

the heaviest neutrino mass. Also, the mixing angjg is

VII. NUMERICAL RESULTS

identified with its best-fit value, which is abowt4, andm, mM | 2 1
is taken equal to zero consistently with the fact that we are h,,=*i 5 PN (16)
considering only atmospheric neutrino oscillations. So, the 2(hy) (1+R%)
neutrino mass matrix elements in EG.1) must satisfy the "
following restrictions: [ MzM e 1
v33= = 2 *2)1/2" (17)
1 2(h,) (1+R*?)
M, 22= M, 33= M, 23= 5 M3. (14 and
(Note that, in the case of three neutrino flavors, our choice of R—R* 2hT23(h2>2
parameters supplemented, for consistency, with a vanishing + = (19
m; vields the extra restrictiorh,;;=0.) These equalities (1+R)M(1+R*?)12 hTmzM ¢

need not be exact; however, we will take them as so for ) ]
simplicity. We choose to maintain tHe; asymmetry, which ~ Note that the signs di,,; andh, 33 can be chosen indepen-
requires that Eq(12) holds fori=3 and Eq.(13) for k=2, dently; however, the sign on the left-hand sitl&lS) of Eq.

i=3. So, we obtain the following extra conditions: (18) is the product of the two.
The LHS of Eq.(18) is imaginary. Therefore, the real part
h*,,+ Rh5,=0, of the RHS of this equation must vanish, which gives
hv22h332+ hV23h:33: 0' (15) RehT23: - M . (19)
2(h,)?

where R={3/{,. Applying the results of the previous dis-
cussion, we requirés to be nonzero and,=0 (so noL,  This implies that
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_D* 2 100
R-R -2 Im(hrp9)(hy) —it (20

(1+R2)1/2(1+R*2)1/2_ hymsM ¢

which yields
E|R|*+2[(1+ €5 cos 20— 1]|R|?+ &2=0,  (21)

wheree is the phase of the complex parame®eiThis equa-
tion admits real solutions for|R|? provided that
—1=<cos 2<(1—&)/(1+£). They turn out to be nonnega-
tive and are given by

M; (10" GeV)

IRI?= ¢ 2{[1—(1+&*)cos 2p] = (14 £7)2
X[(1+ £%)cog2¢—2 cos 2o+ (1—£2)]Y2.
(22 25

5 6 7 8 9 10 M
From Eqgs.(2 d(6)—(9), that, i , th
gs.(2) and (6)—(9), we see that, in our case, the MVC(1011 GeV)

baryon asymmetry is proportional @h7{{,h,sdmR| for
given Me,My=m;,/2=2.5x10" GeV. Using Egs.(17) FIG. 3. The solutions ofg/s=8.66<10 1 in the M My
and(20), we can further show that this expression is propor-piane for Imhy,;=0.02 (solid lineg or 0.04 (dashed lines The
tional to {3h7{£,£Y?RY? (1~ cos 2p)""*. As discussed in Sec. values of all the other parameters are given in the text.
Il, the parametergs, |{»|, and|{s|=|R||{,| should not ex-
ceedM/Mg=7x10"3. To maximizeng/s, we saturate this result with the best-fit value of the BAU from WMAP. The
limit on ¢4 and on|¢,| or |5] for |R|<1 or|R|>1 respec- resulting solutions in th&/,.-M plane are shown in Fig. 3
tively. with the solid or dashed lines corresponding to higs

In the former case, the baryon asymmetry, which is=0.02 or 0.04 respectively. Note that there are two branches
«h7] €| ¥ R|*2(1 - cos 29)*4 can be further maximized by in each case, one with ,c>m;,; and one withM ,c<m;.
choosing the positive sign in the RHS of E§2) and taking  They correspond to the two possible signs of the denomina-
cos 2p=—1. We then gefR|=(1+ ¢ ?)Y2+|£ %, whichis  tor in the RHS of Eq(8) for eys. Actually, this quantity, as
always>1. Our requirement thgR| does not exceed unity it involves ans-channel exchange of a° boson, can be
is fulfilled only asymptotically, i.e., foté&|—, where|R] easily enhanced by lettinm;,; approach thes® pole. This
—1. The baryon asymmetry is therh7|£|Y? and is maxi- fact allows us to achieve the WMAP value of/s with
mized by maximizinghT and |Imhy,4. It would thus be natural values of the parameters. It is important though to
desirable to set both these quantities equal to unity. The patress that there is no need to get too nearithgole for
rameterhy can be readily fixed to unity and this improves the reasonable values d¥l;. In fact, the solution is very far
naturalness of our scheme. Howevelifi h1,4 is too large, ~ from being unnaturally close to this pole.
some moderate cancellations between different contributions As mentioned in Sec. V, the explidR-parity violation in
to the neutrino mass matrix are required. So, we take valuesur model, which is required for leptogenesis, has some low-
of [Imhy,4 that are smaller than unity, but greater than, sayenergy signatures that come from dimension-four effective
1072 to be consistent with the requirement thék>1 for scalar vertices and may be observable in the future colliders.
M+ not much bigger tham;,/2. Such signatures may typically be the three-body slepton de-

In the case wherfR|>1, we should saturate the limit on cay processes
|£5] rather than the limit onZ,|, which yields that the _ _ L
baryon asymmetry is-h7] £|Y4R| ~Y3(1— cos 20)Y4. This is l,—hihoh; and T,—hyl5l3, (23
maximized by choosing the negative sign in the RHS of Eq. ) ] ]
(220 and taking again cos2=—1, which gives |R] which can easily be kinematically allowe{Note that, for
=(1+¢ ?)Y—|¢'<1. So, marginal consistency is our choice of parameters, similfy decay processes do not
achieved again fof¢|> 1, where|R|— 1. The baryon asym- appear, although they may be present in the general)case.
metry is againch7]£|*? and is maximized by takingiy  The effective coupling constants of the processes in(E3).
=|Imhq,g=1. As in the previous case, we takg=1 and  are {,h’,,+ {3h},; and {3h7,5 respectively. Using the rela-
[Im hyyg~1072. The result is obviously the same in both tion h,,3=Rh,,, and substitutind,,, from Eq.(16), we can
cases to a good approximation. The phasé.,of appropri- easily show that the magnitude of the former coupling con-
ately adjusted in each case so that we obtain the maximatant becomes=|Z,||2 Imh,dY3(M ,c/M1)¥2 in the large
baryon asymmetry. |€| limit. For Imhy,3=0.02 and takingM,c=M+, which

For eachM ,c,Mt=m,/2, we calculate the BAU using holds near the right corner of the solid line in Fig. 3, we find
Egs. (6)—(9) with Im h;,3=0.02 or 0.04 and values for the that the magnitude of the effective coupling constants of the
other parameters as explained above. We then compare tpeocesses in Eq23) is about 1.4 10 % and 1.4<10™* re-
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spectively. The corresponding decay rates are then of orddrhe initial lepton asymmetry is created in the subdominant
10 8 GeV and 10'° GeV respectively for mass of the de- decay of the inflaton to a lepton and an electroweak Higgs
caying slepton~1 TeV and assuming that there is an appre-superfield via the interference of one-loop diagrams with
ciable gap between this mass and the sum of the masses rfht-handed neutrino and SU(2 }riplet exchange respec-
the decay products. tively. The existence of these diagrams requires the presence
It is finally interesting to point out that, as one can readily of some specific superpotential couplings that explicitly vio-
show, our scheme fails to provide any useful predictions fotate the U1) R symmetry andR parity. However, the broken
the so far undetermined or not so accurately determined paR parity need not have currently observable low-energy sig-
rameters in the neutrino mixing matrix, i.e., the thi€e- natures, although it may have signatures detectable in future
violating phases and the mixing anglg;. The reason is that colliders. Also, the LSP can be made stable and, thus, be a
the number of parameters is such that successful leptogenegisssible candidate for cold dark matter.
is possible whatever the values of the complex phases and In our analysis, we took into account the constraints from
0153. neutrino masses and mixing. There exist, in our model, two
separate contributions to the neutrino mass matrix, which
VIIl. CONCLUSIONS originate from the usual seesaw mechanism and from the
) . SU(2), triplet superfields. The constraints arising from neu-
We proposed a scenario of nonthermal leptogenesis folyino masses and mixing alone are not very stringent. How-
lowing supersymmetric hybrid inflation, in the case wheregyer, the requirement that the primordial lepton asymmetry
the decay of the inflaton to both heavy right-handed neutring,ot pe erased by lepton-number-violating processes before
and SU(2) triplet superfields is kinematically blocked. The the electroweak phase transition is a much more stringent
primordial lepton asymmetry is generated through the directonstraint on the parameters of the theory. Taking into ac-
decay of the inflaton into light particles. We implemented ourcount these constraints we found that the best-fit value of the

scenario in the context of a Simp|e SUSY GUT model thatBAU from the recent WMAP data can be eas”y achieved
incorporates the standard version of SUSY hybrid inflationsith natural values of parameters.

The u problem is solved via a (1) R symmetry that forbids
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