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Leptogenesis in the left-right supersymmetric model
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We analyze the effects of the current neutrino data on thermal leptogenesisv@d dicay in a fully
left-right extension of the minimal supersymmetric model. The model has several additional phases compared
to the minimal supersymmetric model. These phases appeabintnthe heavy and light neutrino sectors: two
CKM-type phases and four Majorana phases which give new contributio@$taolating parameters and
leptogenesis. We study observable effects of these phases on leptogenesis in most general neutrino mixing
scenarios, with either hierarchical, inverse hierarchical, or quasidegenerate light and heavy neutrinos. We
comment on the effects of these scenarios on he® decay. TheCP-violating phases in both the heavy and
light neutrino sectors of the left-right supersymmetric model have unique features, resulting in bounds on
heavy neutrino masses different from the minimal scenario in leptogenesis, and which may distinguish the
model from other supersymmetric scenarios.
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[. INTRODUCTION allieviate such problems, although again, in (S} right-
handed neutrinos must be added to the existing theory. The
Baryogenesis through leptogenesis is one of the most agequirement of a viable leptogenesis is a test that any GUT
pealing mechanisms to generate the observed baryon asy$fenario theory must be put through, and such analyses exist
metry in the Universe. Electroweak baryogenesis attempts tfr 9rand unified theories in which the right-handed neutri-
generate the observed baryon to entropy ratio througROS @ppear naturally, such as @0 [5].

B-violating tunneling processesphaleronsat the time of In this paper we examine. the leptogenesis in the simplest
the electroweak phase transition. TGP violation is due to supersymmetric model which accomodates naturally the

. . : . right-handed neutrinos, the left-right supersymmetric model
the asymmetric reflection of the chiral fermions from the(LRSUSY) [6-9]. Left-right supersymmetry extends the

bubble wall into the unbroken phase region, where th .
sphaleron processes convert the chirality into a baryon a gj('jvl ?ﬁéjr?eb?;%ip tsc;)(?nL:zgﬁz(oSlJLsJIE/Z)?;( Ltjrgel )Z_rgﬁp\)/v héclg(z)
lepton asymmetry, with quantum numbBr-L conserved. ;1) [6]. Originally seen as a natural way to suppress
This must be a strong first order transition in order to rap|dlyrapid proton decay and as a mechanism for providing small
turn off the sphalerons. The standard motf&M) does not  neytrino masse8], the LRSUSY model can be embedded in
generate .enoughCP V|olat|on_ through .the Cabibbo- g supersymmetric grand unified theory such ag1$0[10].
Kobayashi-MaskawdCKM) matrix, but various supersym- additional support for left-right theories is provided by
metric scenarios, such as the minimal supersymmetric stamuilding realistic brane worlds from type | strinfisd].

dard modekMSSM) and the next-to-MSSMNMSSM), do. We have shown previously that LRSUSY provides new

The interest in leptogenesis has been refueled by the olgources of leptoni€P violation through the flavor structure
servations of neutrino oscillations. Experimental data in bottof the right-handed doublef42]. Because the model is left-
solar [1] and atmospheri¢2] neutrino measurements has right symmetric, there exists a CKM matrix in the right-
provided the first experimental confirmation of physics be-handed lepton sector which is in principle different from the

yond the standard mod€SM). The most commonly ac- corresponding left-handed sector matrix. In addition to a

cepted explanation for small neutrino masses is provided bgKM-type CP-violating phase, the right-handed neutrino

the seesaw mechanig8], in which large Majorana masses mixing contains Majorana phases.

for the right-handed neutrinos induce small masses for the In this paper we investigate leptogenesis and its con-

light neutrinos. If the neutrinos are massive and mixed, lepstraints on the mass structure a@@ phases in the light and

ton Yukawa interactions are no longer flavor diagonal, ancheavy neutrino sectors. We discuss the parametrization of the
there exists a source of leptonic flavor a@d violation,  |eptonic Yukawa couplings, including the effects 6fP-
analogous to the CKM mechanism in the quark sector. In th&iolating phases and of the renormalization group equations
simplest extension of the MSSM, three heavy singlet neutrirunning of soft-breaking terms. We show the results of the
nos, right-handed neutrind®N) are neededMSSM(RN)]  analysis in several scenarios, assuming the possibility that

[4]. either the light or the heavy neutrinos may be hierarchical or

However MSSMRN) introduces right-handed singlet (quasjdegenerate, and restrict the phases and the heavy neu-
neutrinos in a rathead hoc manner, through terms in the trino mass from the requirement of viable leptogenesis in

Lagrangian, not dictated by any symmetries in the modeleach case.

Some supersymmetric grand unified theo(88SY GUT’9 The paper is organized as follows: We review the LR-
SUSY model and its sources of leptonic flavor D@ vio-
lation in Sec. Il. In Sec. Il we outline each light and heavy

*Email address: mfrank@vax2.concordia.ca neutrino mixings considered and discuss leptogenesis.
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Complementary constraints on the light neutrino sector com&Ve describe briefly leptonic mixing in LRSUSY. After sym-
from the neutrinoless double beta decay, presented in Semetry breaking, the neutrino mass Lagrangian becomes
IV. In Sec. V we include a numerical analysis and provide
some general restrictions on the mass and phase parameters. —2/;maSS:7E|\/| VVR+;IC?Mt . (2)
We conclude in Sec. VI.
There are 6 weak neutrino eigenstates which form
Il. LEPTONIC PHASES IN THE LEFT-RIGHT

SUPERSYMMETRIC MODEL V% —
. ) Ng= vE=Cr . 3
The left-right supersymmetric model adds supersymmetry VR

to the left-right gauge symmetry group, SU(XSU(2)s _ _ _ _

X U(1)g_, . It contains three generations of quark and lep-To find the neutrino mass eigenstates, we pierform a unitary
ton chiral superfields and left and right gauge bosf8is transformationvg=U v, such thaU™™M U=M, is a diag-
The Higgs sector consists of two Higgs bidoublets,onal, positive mass matrix, and

®,(%,3,0) andd,(3,3,0), required to give nonvanishing L L
Cabibbo-Kobayashi-Maskawa quark mixing, and of Higgs =~ 3N Setho=—-NM N 4
triplet fieldsA, (1,0,2) andAg(0,1,2), introduced to provide Lmass 2VLMpPRTRLC= 7 SRV, @
spontaneous symmetry breaking of the group SW(2) -

XU(1)g_, to U(1)y. Triplets rather than doublets are pre- yith N=vg+ vi=vg+Crg, and

ferred because they provide an implementation of the seesaw

mechanism[7]. In supersymmetry, the number of triplets Ut
must be doubled. Thus new triplet$, (1,0~2) and U:( ) (5)
6r(0,1,—2), with quantum numbeB—L=—2, are intro- Ur

duced to ensure anomaly cancellation in the fermionic sector. R R
The superpotential of the LRSUSY model is where v =U »i=U (P .N) and vg=Ugrg=Ug(PgN).
Similarly, the charged lepton mass matrix is formally diago-

W=Y QT 7@, 7,Q0+ YL T ry®; mL o1V p(LT7pA L nalized by the unitary transformatiott"M,UL=M, , with
I\7I| a diagonal,positive 83 mass matrix. The physical lep-

ton fields arel_g=U} gl r and we define the leptonic
+Miij(Tzq>iTTzq)j)+WNR (1) Cabibbo-Kobayashi-Maskawa matrix as

+ LCTTzARLC) +M LR[Tr(AL5L+ ARﬁR)]

with Wyr possible nonrenormalizable terms arising from KCKM Tty (6)
higher scale physics or Planck scale effddt3]. In Eq. (1), - LoL
Yo and Y are the Yukawa couplings for the quarks and
leptons with bidoublet Higgs bosons, respectively, ahg

is the coupling for the leptons and triplet Higgs bosons. Left- . . . .
right symmetry forces al¥ matrices to be Hermitean in the We work in the basis in which lepton mass matrices are

. . . | |
generation space an¥, g matrix to be symmetric:Yy, dlagongl to a high Ieyel of precision; ths, and Ur are
ity oyt ' proportional to the unit matrix. The mass matrix for the light
—ToLy» TLRT VLR

. . . . _neutrino statesM, can then be diagonalized by the unitary
Neutral Higgs fields acquire nonzero vacuum expectation

values(VEV’s) through spontaneous symmetry breaking Ofmatrlx U:
both parity and SU(2y:

KEM T=ufug. @)

UM, U =M7, ®
(A), =0, <A>R:( 0 0), WhereM',?:diag(mvl,myz,myz). Given the fact that neutri-
vg O nos are Majorana particles, thg matrix can be expressed

as
and
ki, O U =KE""(6,6)P(¢), ©)
<CD>1,2:< / iw)' . _i _i
0 K2 whereP(¢)=diag(e '1,e"'¢2,1) and
|
C13C12 C13812 S
KEKM(g,8)=| —CosS1o— SpaS13C1€"°  CoCir—SpsS1391€'° SaCaz |, (10

io i5
S23S12— C3513C1€" —Sp3C12— Cp351351€' CoC13
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with c;(s)ijzcos(sin)%j . The mixing aqgles?ij a_md theC_:P—_ 1 |m[(YN)ik(YN)iI(YtR)kIM]
violating phases can be measured in neutrino oscillation - .
experiments. 2m [(Yn)*[PMy,
A similar analysis for the heavy neutrino sector yields the
matrix Ug which can be expressed as x| 1— iln(1+xkA) , (13)
Xka
Ur=Kr™(B.0)P(¢), (1) where x=(My, /My)? X =(My, /M2)? and Yy

= (k1 YL+ kY2 (k2 + k)?) is the Dirac neutrino Yukawa
where P(y)=diag(1e 2,6~ i%s). KgKM(,B ) has the coupling. The first term of the asymmetry is given by the

f he CKM i in the left-hand but i interference of tree and one loop level of the ordinary vertex
same form as the matrix in the left-hand sector, but Isy, 4 self-energy diagrams involving anotheirtual) right-

a function of the independeittinknown anglesf;; ando.  handed neutrino. The Yukawa coupliivg, appearing in the
Thus the neutrino sector of the LRSUSY contains four Ma-t5rmy|a is the one responsible for the neutrino Dirac mass.

jorana and two Dirac phasétiree in the light and three in The second term in the contribution is a LRSUSY specific
the heavy neutrino sectorwhich is realization of the con-  tarm and comes from a virtual scalar triplet Higgs field in the
ventional seesaw modg14]. Intergenerational and left-right 545116 coupling to the leptons and is a new contribution to
slepton mixing are responsible for the off-diagonal nature Oﬁepton asymmetry in LRSUSY. Additionally in LRSUSY, one

the matrices, for flavor an@P violation and thus for lepto- 51 obtain a lepto€P asymmetry from the decay of each of
genesis. Using the Casas and lIbarra parametrization fopq triplet HiggsA, bosong15]:

Yukawa couplings we writ¢4] o
TAF =1t 1) =T (AL =+ )

€r=2

1 . AF 1+ 1) +T (A =T+
(Y0ki= 553 980 M Wi M) ¢ Bl G el
X R diag My, My, vma) (Ui, L, 25 ImL )i YR Yerhize*]
—o- Sy,
1 T Z [(YiR)ij IPME+| ]2
(Yirhi= 2~ (URkdiag M, My, M) (UR :
12 xin 1+ . (14)
XkA

with Ry, an auxiliary complex orthogonal matrix. Explicit Note that in LRSUSY the leptogenesis depends on a different
expressions for the Yukawa couplings as functions of neuset of Yukawa couplings from the lepton flavor violating de-
trino masses and mixings can then be obtained for variousays, unlike MSSM17].
assumptions about light and heavy neutrino mixings and hi- The above formula is valid for the case in which the
erarchy. We use relationships already established betwedreavy neutrinos have all different masses. If the right-handed
the mixing in the heavy and light neutrino sectors in modelsneutrinos are completely degenerate, the generated lepton
with the seesaw mechanism. asymmetry is zer¢18]. But if only two of the heavy neutri-

nos are approximately degenerate in mMsrs,i:MNj, the

CP asymmetry is enhanced due to self-energy contributions
and the above formula must be modified to include these

Leptogenesis is generated by tG® asymmetry which ~contributions[19,20:

Ill. LEPTOGENESIS IN LRSUSY

appears in the interference between tree-level and one-loop 12
heavy Majorana neutrino decays. Th# asymmetry pro- e~1 i IM(YNYn)ik
duced by the out-of-equilibrium decays of each of the heavy : 87 (=i |Yi,§|2
neutrinosN; in LRSUSY is given by[15]
1 ImIY) (Y (YER) M k]
[(N;—1,®*) = T(N;— I, D) 27 T%i [(Yn) ¥ [*My,
€= —
R D(N— 1 @)+ T (N;— 1, D) AMEM Ty,
X , 15
. (AME-METE "
1 IM(YNYN)ik Pk
=== 2 —owp W In| 1+ — 2_n12 a2 s vk
87 X Y2 Xk where AM{=M§, —My, and FNi—[(Ek¢||YN| )I8m My,
is the decay width of theéth heavy neutrino. The lepton
2 } asymmetryy, is related to theCP asymmetry through the
X—1 relation
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n —ng €
S O«

yL=

with g, the effective number of degrees of freedom, (
=220 in LRSUSY andd the dilution factor which accounts

(16)
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1 1
my, my=mg+ Amsolv mz~m; + Amatmv

My, @ My, MNS:eﬁ:eﬁ:l. (21)

for the washout processes. The produced lepton asymmetry (4) Quasidegenerateg and hierarchicab, :

y, is converted into a net baryon asymmeiry through

(B+L)-violating sphaleron processg4|:

£ 8N;+4Ngy
yB:fnyL:é;__lyLa

with Ny andNg the number of fermion families and Higgs

doublets, respectively, which gives

1

Ye="35YL (18)

The determination of the dilution factor involves the integra-

tion of the full set of Boltzmann equatiohg1].

For the purpose of investigating leptogenesis, we consider

SN i, 1P

my~0, my~ \/Wiop Mz~ \/Witm,
My, ~Mpn, <My, (22)
(5) Quasidegenerateg and inversely hierarchical, :
mz~0, mlzmzzm,
My, ~Mpy, <My, (23)

(6) Quasidegenerateg and (quasjdegenerate, :

my, My=my+ om Amsoh Ma~m; + Amatmv

2m

the most general cases of hierarchical, inversely hierarchical

and degenerate neutrinos, and we distinguish the following

cases:
(1) Nondegenerateg and hierarchicab :

-~ - 2 _ 7
m;~0, my~+\Amg,, Mg~ yAmg,

My, @ My My,=ex @ eq @ L. (19

2

(2) Nondegenerateg and inversely hierarchical, :

2
~0, my=my=+\Amg,,

My, My, @ My, =eyieq:l. (20)

1

(3) Nondegenerateg and (quasjdegenerate, :

(D(YNYDi~

2
LYY (YR~

3
—/Am?
2v RU ZSinzﬁ atm(

My
<2>(YNYL>”~mAm§Im<(uoiz(uurz

|\/|§3
LYY (YR~ m

Am?

(3)(YNY)ij~ i+

" VAM; \/Amg"' )i2(UD O, (UDis(UD*
[ m —_— . 7 _+ . M y
V2SI atm A gtm( Li2(UL 2N, Liz(UL)j3

atm( (UD (U2 (UR)i —5

atm

MN3
v2sirtB T 2my

MN]_%MN2<MN3' (24)

with ey the hierarchy parameter in the heavy neutrino sector.
By consideringey<1(>1) one could analyze the case for
hierarchicaland inverse hierarchidabrdering of heavy neu-
trinos.

Relationships between light and heavy neutrino masses
and mixings have been obtained by inverting the relation-
ships for the seesaw mechanism, and their effects were ana-
lyzed previously in lepton flavor conserving and violating
decays[12]. We use these relationships to express matrix
elements of MPTmP) in terms of the light and heavy neu-
trino masses and mixings. These cases correspond to the fol-
lowing expressions for the Yukawa couplings which appear
in the asymmetry:

m?2 M2
soI N>

—— (U (U 2(UR)—5 2

atm Ng

2+ (Up)a(U )SI(UR):I) ,

Vi, UL)is(UD)%
M_N3+( Dis(Ujz |,

M2
2+ (U a(Up)z(U R):I) :

N3

Mn,
(UL)|2( L)]ZM
N3

sol

Am 2

atm

( L)|3(UL)13) ‘|
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Mﬁs MNl Amgtm Amgol Mﬁz
Y)ik(Yn)i (YF ~———— | M8 (Ur)i + U U Ur)ii——
[OYN) (YN (YiR) k] oolsiig| ki R)kIMN3 2m, Amitm( L 2k(Up)a( R)kIMEIS
+(UL)3k(UL)3I(UR):I)]v
My Am? My
(YY)~ ———JAmZ ol Y )(UD)S—— 4+ (UD)is(U D)5 25
()( N N)IJ UZSiﬁZ,B atm( A gtm( L)|2( L)JZMN3 ( L)lS( L)]3 ( )
. MMy, , AmZ,, . M,
[(YN)ik(YN)iI(YLR)kI]%WVAmatm > (UoadUa(Uriu+ (Va(VDa(Urdiay— |
2vgv“sineg Amgm, N,
t MN3 2 * MN2 *
(5)(YNYN)ij~mAmatm (UL)iZ(UL)jZW+(UL)i3(UL)j3 :
3
* MNsMNl 2 * *MN3
LYW (YN (iRl S———— AMgm| (U2 U a(Ur)ia+ (VD) a(Vsi(Ur)iagg— |-
2vgv St B Ny
2 2 M
f N | s Al Aoy e TN
(6)(YNYNij 02SiP 3 my 6;j + 2m, Amgtm(UL)Q(UL)]‘ZMNS(UL)|3(UL)J’3 ,
Yo Vel | Ut 2 ATl G Ung
. . ~———|' M —+
ViV (Yl =% 2| maa(Urliat 5, A, Uak(U)21(Ur)i

* MN3
+ (U s(UD (U
|\/|N1

with v2=k?+ k2, tanB= k,/k,, and where the ratios of the V. NEUTRINOLESS DOUBLE BETA DECAY IN LRSUSY
right-handed neutrino masses and mixing elements can be While neutrino oscillations measure the differences in

appéroxmja_ted as 't?] Ref12]. binati foveyt mass squares of neutrinos, and their mixing angles, the neu-
xamining e~ combinations = 0 &YNii  trinoless double betadB,,) decay measures a particular
LY (YN)i(Yir)a], we notice that several complex compination of neutrino masses and mixing elements, the

phases from both the heavy neutrino and light lepton sectorgy._called effective Majorana mass parameter:
are responsible for leptogenesis. In general, in the cases

where the triplet Higgs boson and the lightest heavy neutrino IMed=|Uom, Ul . (26)

have the same mass and same order of magnitude couplings, '

all three types of asymmetries are important. In what followsThe neutrinoless double beta decay is an important process
we investigate the consequences of leptogenesis in each sifce it would provide direct evidence for total lepton num-
the proposed schemes, assuming one process dominates ober violation. A direct observation of such a process would
the others. We are looking in particular for restrictions on themply that neutrinos are Majorana particles. The size of the
CP phases in the model and the mass of the lightest heav§fouble beta decay depends on the presence of Maj@&na
neutrino My, [22]. It is known that theCP asymmetrye, violating phases in the light sector only; thus it could set

depends on the mass of the lightest heavy neutrino. This independent constraints on the size these phases. Currently,

true for this model, though we expect the dependence to blg]:idrgﬁ)s;rsmnogsigtwcg?(;gﬁmégzrgT.J comes fiom thEGe

different in LRSUSY and in each of the scenarios studied, as
we will show in the analysis. |med <0.35 eV. (27
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In the following section, we investigate the constraints com-
ing from the neutrinoless double beta decay in addition to the / AN
leptogenesis. :

V. NUMERICAL ANALYSIS

8-10

/ \ 6-107%

-11 |

yB

/
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Due to the lepton doublet structure in LRSUSY several / - / \
mixing angles are introduced: three light neutrino mixing oo e
anglest;; , threeCP-violating light neutrino mixing angleé / e N\ \ / / \
and ¢, ,, and similarly, for the heavy neutrino sector, the ' 2y
mixing angless;; and theCP-violating anglesr and ¢, 5. In // \ / / \
addition to these, there are three charged lepton, three Higgs % \ / \
triplet bosons, three light neutrino, and three heavy neutrino & - - n P 2
mass parameters. We study the effects of the masses an.. s

mixings in the _neutrin(_) Seqtor on Iep_togenesis within the FIG. 1. The dependence of baryon asymmetgyon the Majo-
ordering scenarios outlmed in the. previous section. rana phaseys (from the heavy right-handed neutrino mixinfpr

In numerical evaluations, we fix the gauge and Yukawas_ /4 (the CKM-like phase from the left-handed light neutrino
couplings atMz, then use the renormalization group equa-matrix), for several values of the lightest heavy neutrino mass
tions (RGE’S) up to the scaléM Wiy where we introduce the My =1Xx102 GeV (solid curve, My, =5% 102 GeV (dash
heavy neutrinos, fix their masses, and the light neutrin@urve, amdl\/|Nl=101l GeV (dot-dashed curyefor scenario(1).
masses and mixing. We assume universal soft-symmetry
breaking at the GUT scalMgyr~2x 10 GeV. We then ~Yukawa couplingY, r, we chooseg=3.2x 10 GeV. This
run all Yukawa coupling matrices froMy,_ to Mgyy using ~ ensures that the largest Yukawa coupling of the triplgt

the renormalization group equations for LRSUEM]. we 'S Within experimental boundsy{g)..<0.8. The drawback
assume universality of the soft-supersymmetry breakin f such heavy scales is that thiz boson is superheavy,

~ 1 . . .
terms, then run all parameters bacH\MQVR, where the heavy we~1.5% 10'" TeV, but this is known to be the scenario

neutrinos and sneutrinos decouple and LRSUSY breaks tg;\vored by the seesaw mechanism. We thke~O(Muy,).

MSSM. We do not consider any intermediate scales between N @l scenarios explored, the anglég,, 623, 615 from

M. andM . We then obtain all parameters by running the (€ light neutrino mixing matrix, ang,, B3, B13from the
RGE'S oM heavy neutrino mixing matrix are set by the solar and atmo-
Z .

4 , . ) spheric neutrino constraints and the inverse seesaw relation-
For the light neutrinos masses and mixings, we fix theships.

parameters using the large-mixing angi&A-MSW) solu- We first study the cases for nondegenerate heavy neutrino

tion as[25] masses, where we assuivg, <My, <My, [scenariog1)—

tah0,5=0.005, (3)]. We pe_rform a numerical computation of 'the bgryon
(28) asymmetry induced by the lepton asymmetry, including all
the CP-violating phases in the light and heavy neutrino sec-
tors. The dependence on the certain phases is more pro-
nounced in some scenarios and less in others. For the hier-

tarf6,,=0.36, takf,=1.4, and

and, correspondingly, the median values fomZ,, and

2 .
Amg,,:

archical light spectrum casgl), we have m;<m,
Amgtm~Am§3=3>< 1073 eV?, = \/Am520|< my= \/Amaztm. We show the dependence of the

baryon asymmetryg on phase/; (Majorana phase from the
Am2,~Ami,=3X10° eV2, (290  heavy right-handed neutrino mixingor 5= /4 (the CKM-

like phase from the left-handed light neutrino makiiix Fig.

In what follows we assuml y>My_, a scenario favored by 1, for several valuzes of the lightest heavy neutrino mass
the seesaw mechanism. In the case in whith <M, and My, =(1,5,10)<10' GeV. The asymmetry is practically in-

the triplet couplings to the leptons are negligible with respecfjep.endem of the oth'er phases. The induced baryon asymme-

to the leading right-handed neutrino contributions, the tripletIry is required to be in the rangee6|

has a negligible effect for both neutrino masses and leptoge- 1.7x10 M<yp<8.1x10 L, (30)

nesis. The situation is similar to the MSSM with right-

handed neutrinos and has been studied extensively in tHgposing these limits, the mass of the lightest heavy neutrino

literature[17]. is constrained to b#y =2.3X 10'2 GeV, about one order
The case in whichvi N, <My, but the triplet couplings to  of magnitude higher than the value obtained in MSSM with

the leptons are significant, the contribution of the triplet isright-handed neutrino27].

important, and comparable to the right-handed neutrino con- For the inverse hierarchical light spectrum, c&8g we

tribution. We will consider this case below, and look for assumem3<mlzm2z\/Ama2tm. In this case the&CP asym-

differences between this case and MSSM with right-handednhetry depends on the Majorana phage from the left-

neutrinos. In order to obtain reasonable values for the triplehanded neutrino sector, in addition to dependence on the
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YB

BN

/ ’\. o 7N
/ \é‘lo_u ‘ / . \
/ \ \

: N 2.0} / N
!/ NA s N
1o b )
‘ \y/ —\
-3 »‘2 -.1 1 2 3 §
FIG. 2. The dependence of the induced baryon asymmygton FIG. 3. The dependence of the baryon asymmegiyon the
the I|ght CKM phas% for ¢2:¢'3:7T/4 for several values of the ||ght CKM phase S5 and the Majorana phas@z for MN
lightest heavy neutrino masdly, = 1P GeV (solid curve, My, =10 GeV, for scenarid3). !
=5%x10° GeV (dash curvg and My, =10" GeV (dot-dashed
curve), for scenario(3). case, the required baryon asymmetry can be produced by

moderately heavy right-handed neutrincMleMNz

phasess and 45 from the hierarchical case. Imposing the <10° GeV [19] in MSSM with right-handed neutrinos. In
limits for the acceptable range of the baryon asymmetry setthe next three cases we investigate this scenario in LRSUSY.
a limit My,=7X 10* GeV, about a factor of 3 higher than In the case of quasidegenerate heavy neutriM}@1
the limit obtained for the normally ordered light neutrino =My, <My, the Yukawa coupling which spans the 33 ele-
spectrum. The same phenomenon is observed for the mininent in the heavy neutrino mass matrix differs from the ones
mal seesaw mechanism and in @@ GUT scenario[6],  in the 11, 22 elements, giving rise to a different mass for the
though there the factor is closer to 10, because the depent, neutrino than thé\;, N, neutrino masses. In general, the
dence on phases is less complicated than in LRSUSY. Thgilution factor entering the Boltzmann equation can differ
dependence on the phases is similar to ¢agethus we do  from the one in the nondegenerate case. We assume, follow-
not show it in a separate plot. ing Ref.[20], that the same formula holds for the washout
Next we analyze the case in which the heavy neutrinos arfactor. We analyze first the scenario in which the left-handed
nondegenerate, but the light neutrinos egeasjdegenerate neutrinos are hierarchical, caé®). The CP asymmetry de-
my;My~my+ (1/2m;) Am3,,; mg=m; +(1/2m)AmZ,,. In pends on the CKM-like phases in the light and heavy neu-
this case, the observed leptoi@® asymmetry depends non- trino sectors ando, as well as on the left-handed Majorana
trivially on the CKM-like phased, the left Majorana phase phaseg,. We plot the dependence of the baryon asymmetry
¢,, and the corresponding phases in the right-handed sectoh the heavy CKM-phases for My, =My,=(1,5,10)
o and ;. The bound on the lightest heavy neutrino mass isy 101 gev in Fig. 4. The lightest heavy neutrino mass is
considerably relaxedMy =3.6X 10° GeV, largely due to constrained by the bound on baryon asymmetry tdvhe

the smallness of the Yukawa couplings for this case. We_VMN =2.4x 101 GeV. Though this value is an order of
2

show in Fig. 2 the dependence of the induced baryon asym- > . . .
metry on the light CKM phase for ¢é,= y/s= /4 for sev- magnitude smaller than the one obtained in scendnipit

eral values of the lightest heavy neutrino malky i

=(1,5,10)x 10° GeV. In Fig. 3 we plot the baryon asymme- A
try in terms of both light-sector phasésand ¢, (the domi- / \ o 7
nant phase parametgier My, = 10’ GeV. Asymmetries of j ' \
the required magnitude can be easily achieved in this sce- / s / \
nario with relatively light heavy neutrinos. : \

In the context of thermal leptogenesis, the bound on the / Rt / —
lightest heavy neutrino mass usually obtained Nk, -/ A 7 N
=10® GeV. This bound is barely compatible with the reheat- .// 2% -// N\
ing temperature bound,z=<10°—10° GeV, required in sev- y y
eral supergravity models in order to avoid gravitino overpro- = s = 7 . 3

duction[28]. This bound is satisfied in the scena(®), but

not in the other two cases in which the heavy neutrinos are FIG. 4. The dependence of the baryon asymmgiyon the
nondegenerate. It has been suggested that, to overcome thigavy CKM phaseo for My =My, =10" GeV (solid curve,

problem, one should consider the decays of two heavy newMy =5x 10" GeV (dash curvg andMy, =10'” GeV (dot-dashed
trinos which are quasidegenerate in mig ~My . Inthis  curve), for scenario(4).
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FIG. 5. The dependence of the induced baryon asymnygton
the Majorana phase from the heavy neutrino segtpffor 6= ¢,
=/4. for several values of the lightest heavy neutrino mdss
:MN2=108 GeV (solid curve, My =5X 10° GeV (dash curvg
andM N, = 10° GeV (dot-dashed curyefor scenario(6).

FIG. 6. The dependence of the baryon asymmegyon the
Majorana phases from the light and heavy neutrino se¢toand
5 for My, =My, =10° GeV, for scenarid6).
does not sufficiently alleviate the high neutrino mass prob-
lem. X 10" 2<|m,d=<5.3x 10 2, a much larger value, since it is
The situation is practically the same in scenai®, in  dominated by atmospheric neutrino constraints. Finally, for
which we consider the case of quasidegenerate heavy neutdegenerate light neutrinos, scenari@ and (6), |m.¢ de-
nos and inversely hierarchical light neutrinos. Though thepends on the anglé);, but the here the most stringent de-
leptonic CP asymmetry depends significantly on a slightly pendence is on the values of the common neutrino mmass
different set of phasess( ¢,, and ¢;), the lightest heavy so that to a good extentmgd~m,;. As long as m;
neutrino mass is bound b N, =My, =>2.2X 10" Gev, <0.1 eV (a fairly conservative estimatewe obtain|mg
practically the same as for the hierarchical light neutrinos<0.1 eV, which is the sensitivity expected to be achieved by
case. The dependence on the phases is similar to(dxse the new generation of neutrinoless double beta decay experi-
thus we do not show it in a separate plot. ments.
The case in which the heavy neutrinos are inversely hier-
archical can be explored by setting the ordering parameter in VI. CONCLUSION
the heavy neutrino secto#y>1. This analysis produces
similar results to the cases studied, thus not requiring sepa- We have presented an analysis of the effects of Majorana
rate investigation. and CKM:-like phases in the heavy and light neutrino sectors,
In the case in which both the light and heavy neutrino@s well as of heavy neutrino masses, on leptogenesis in a
spectra are quasidegenerai®), the observed leptonicp  fully left-right supersymmetric model. In this model, leptonic
asymmetry depends nontrivially on the CKM-like phage ~CP Violation is introduced by two CKM-type phases and
the left Majorana phasé,, and the corresponding phases in four Majorana phases. We express the heavy neutrino mix-

the right-handed sectos; and 5. In this case, the lightest iNgs as functions of the light neutrino parameters using
heavy neutrino mass is bound by, ~M,.=>3.5 Present constraints from atmospheric and solar neutrinos
1 2

within the LMA of the MSW. In LRSUSY, leptogenesis is

x 10% GeV, alleviating somewhat the compatibility problem I ;
with the reheating temperature. We show in Fig. 5 the depenf—urther e.nhanc'ed by the con'trlbutlc.)r) of the Yukawa COUP"r?g
the Higgs triplet bosons, in addition to the usual leptonic

dence of the induced baryon asymmetry on the heavy sect .
ukawa couplings.

:\i/gl;altoe rsatnr?egr\]/?/sgguft(r)irng_mig Tr/i ggrSSig)e)ZEilo'\ga(I;J:\? ox:e We use these parameters to study leptogenesis and com-
Ny " ’ _ ment on neutrinoless double beta decay in LRSUSY. We look
plot the dependence of the baryon asymmetry on the Majoy; general scenarios with either nondegenerate, or quaside-
rana phases, and ¢5 for My, =My, =10° GeV in Fig. 6. generate heavy neutrinos, distinguishing in each between
Finally, we analyze the constraints arising from the neucases with normally ordered, inversely ordered and quaside-
trinoless double beta decays. These test only the light negenerate light neutrinos. In general, sufficient lepOR
trino mixing matrix elements and masses, and thus cannaisymmetry necessary for explaining the baryon asymmetry
distinguish between cases with quasidegenerate or hierarchif the Universg BAU) through leptogenesis can be obtained
cal heavy neutrinos. For the case of hierarchical left-handeth LRSUSY, but for rather large values for the heavy neu-
neutrinos, scenario$l) and (4), |meJ depends predomi- trino masses, usually an order of magnitude larger than in
nantly on the CKM angle5, but for every value of the angle MSSM(RN). This is the distinguishing feature of all sce-
8, |med <1072 eV, due to the LMA-MSW constraint com- narios, though they each differ in the detailed dependence on
ing from the solar neutrino mixing. For inversely hierarchicalthe CKM- and Majorana-like phases in the heavy and light
light neutrinos, scenariad®) and(5), the effective Majorana neutrino sector. Imposing the large mixing-angle scenario of
mass parameter depends only on the angle and 2.9 the MSW, we obtain the smallest value of the mass of the
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lightest right-handed neutrino for the case of nondegeneratgin Im.d<0.1 eV, which is the sensitivity expected to be
heavy neutrino and quasidegenerate light neutrino. achieved by the new generation of experiments.

If one analyzes all six scenarios presented here, it appears In conclusion, the dependence on the light and heavy neu-
that in LRSUSY quasidegeneracy in the light neutrino sectotrino masses, mixings, andP-violating phases in the
plays a more important role than quasidegeneracy in theRSUSY model exhibit different features from the MSSM
heavy neutrino sector, the latter of which fails to provide thewith right-handed singlet neutrinos. It can be used to test the
enhancement needed for compatibility between the heaviieavy neutrino sector masses and mixings within the context
neutrino mass and the reheating temperature. For thef leptogenesis, but also to serve as a distinguishing signal of

guasidegenerate light neutrino spectrum, valuesﬁ/lq‘;z.f1 of

O(10'—10°) GeV are possible, while in all other cases we

expect thatM =10 GeV.

supersymmetric left-right models.
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