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Leptogenesis withoutCP violation at low energies
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In this paper we give a class of examples where the decays of the heavy Majorana neutrinos magRiolate
even if there is ncCP violation at low energies, i.e., where leptogenesis can take place without Majorana- or
Dirac-typeCP phases at low energies.
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There is strong experimental evidence for neutrino oscil-may be parametrized in such a way that the three low-energy
lations [1,2], thus implying non-zero neutrino masses andCP-violating phases are a function of all of them whilst lep-
mixing in the leptonic sector, together with the possibility of togenesis can be written in terms of only three ph&36$
CP violation. The most straightforward way of extending the  In this work we want to emphasize that leptogenesis can
standard modelSM) in order to incorporate neutrino masses take place even if there is noP violation at low energies.
is to add one neutrino field per generation, singlet under thdhe prospects of findinGP-violating effects at low energies,
SU(3):XSU(2)xU(1) gauge symmetry, in analogy with for instance in future neutrino factories, are extremely excit-
the quark sector. The fact that neutrinos are neutral particle®g; yet it is important to notice that leptogenesis remains in
allows for the introduction of a Majorana mass term for theprinciple a viable scenario even if 1@P violation is seen at
right-handed gauge singlets together with the usual Diradow energies.
mass term, provided that lepton-number conservation is not
imposed. This leads to the seesaw mechani8in which FRAMEWORK

accounts in an elegant and simple way for the smallness of i i
neutrino masses. Leptoni€P violation may play a crucial After spontaneous symmetry breaking, the leptonic mass
'erm for a minimal extension of the SM, which consists of

role in the generation of the observed baryon number asyrﬁ ) . )
metry of the universéBAU) via leptogenesis. In this frame- adding to the standard spectrum one right-handed neutrino

work a CP asymmetry is generated through out-of- PEr generation, can be written as
equilibrium L-violating decays of heavy Majorana neutrinos

[4] leading to a lepton asymmetty=0 while B=0 is still Lo=—| v2mil+ Ev%TCMvngI_Emﬂg tHec.
maintained. Subsequently, sphaleron proceldsesvhich are 2

(B+L)-violating and B—L)-conserving, restore B+L) 1 _

=0, thus creating a nonvanishirig Severgl groups have =— EHICM*HLHEmN% +H.c., (1)
analyzed the requirements on models leading to a viable lep-

nesig6]. At low energies th ling limit is an ex- . . .
togenesig6]. At low energies the decoupling tis ane wherem, M, andm, denote the neutrino Dirac mass matrix,

cellent approximation and there are thré&P-violating : . . .
phases in the corresponding mixing matrix, one of Diracthe right-handed neutrino Majorana mass matrix, and the

type, which could be observed in neutrino oscillatigiig (iharged 0 Iceptonh. mass rlnatnx, 'respfecr:1t|vely, ant, f
and two of Majorana type, which can be interpreted in terms_ (L ’(Vﬁ) o)T' Int 'S minimal extension of the SMaterm o
of unitary triangleg8]. The question of whether or not it is the formz» " Cm v does not appear in the Lagrangian and

possible to establish a connection between leptogenesis afie matrixM is given by

CP violation at low energies is very interesting and has been 0
addressed by several authg10]. It has been shown that, M= m) ©)
although in general this connection cannot be established, m' M

there are several frameworks where the sign and size of the
observed baryon asymmetry obtained through leptogenesiith a zero entry on théll) block. The right-handed Majo-
can be related t€P violation at low energies. rana mass term iSU(2) X U(1) invariant; consequently it

It is well known that in the case of three generations withcan have a value much above the sealef the electroweak
no left-handed Majorana mass term there are G- symmetry breaking, thus leading to the see-saw mechanism.
violating phases in the leptonic secfdrl]. It is possible to  The neutrino mass matrix1 is diagonalized by the transfor-
choose a Weak Basi®VB) where all of these phases only mation

appear in the Dirac-type neutrino mass matrix. These phases -
VI M*V=D, 3

*On leave from GFP-Grupo de'sica de Partulas, Dept. de where D= (_jlag(mVl’sz’_m”s’MVl’MVz’MVs)’ V\{'th m,, and
Fisica, Instituto Superior ‘Bmico, Av. Rovisco Pais, 1049-001 M, denoting the physical masses of the light and heavy
Lisboa, Portugal. Email address: mrebelo@thwgs.cern.ch anMajorana neutrinos, respectively. It is convenient to wyite
rebelo@alfa.ist.utl.pt andD in the following form:
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From Eq.(3) one obtains, to an excellent approximation,

(4)

1
KM mnmTK* —
K mM m'K*=d, (5)
together with the following exact relation:
R=mT*D L (6)

In the WB where the right-handed Majorana neutrino mass is
diagonal, it also follows to an excellent approximation that

R=mD % (7)

Equation(5) is the usual seesaw formula with a unitary

matrix. The neutrino weak-eigenstates are related to the ma

eigenstates by

ViL) ( i=1,2,3)
N/ \e=12,...6" ®

12 =Viva = (K,R)
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gz
=—2

1
{(M k)zlm((RTR)jk(RTR)jk)E

a My k#
VX 1
X I(xk)+—1_xk) R'R),’ (11)

with the lepton-number asymmetry from théieavy Majo-
rana particle,A!, defined in terms of the family number

asymmetryAAl;= NI, — N, by

> AAL
A= (12

> (NI NI

The sum ini runs over the three flavois=e u 7, M are the
beavy neutrino masses, the variablg is defined asxy
=M/M?and  1(x) = Vxi 1+ (1+x)log(xi/ (1+Xx)]-
From Eq.(11) it can be seen that the lepton-number asym-
metry is only sensitive to th€P-violating phases appearing
in m'm in the WB, whereM andm; are diagonalor equiva-
lently in R'R).

and thus the leptonic charged-current interactions are given

by

g — -
- _(llL’Y,u,KI] VJL+|IL7,LLRIJNJL)WM+ H.c.

V2

From Egs.(8), (9) it follows thatK andR give the charged-
current couplings of charged leptons to the light neutrinos
and to the heavy neutrindé; , respectively. The unitary ma-
trix K, which contains all the information aboGP violation
at low energies, can be parametrized as

©)

K=pP.U,P, — U,P, (10)

with P.=diaglexp(£:).expié,).exp(és)), and P,
= diag(1,exp{ay).exp{ay)) leavingU,, with only one phase

LEPTOGENESIS WITH NO CP VIOLATION AT LOW
ENERGIES

Let us go to the WB wher& andm, are diagonal, real
and positive =D) and choose a matrix of the form[13]

m=iU P,\dO°\D,

where \d and D are diagonal real matrices such that
Jdyd=d, VD yD=D andO¢® is an orthogonal complex ma-
trix, i.e. O°O°T=1 but O°0O°"+#1. In this WB all CP-
violating phases appear im. From Eq.(13) together with

Eqg. (5) we obtain the matrixX given by Eq.(10) and in
general it will violate CP. The physical relevance of this
expression for the study of viable leptogenesis and its con-
nection with low energy physics was emphasized by I. Ma-

(13

as in the case of the Cabibbo, Kobayashi and Maskawa m&ina at SUSY0214]. Particularizing fore, = a,=0 together
trix. Since P, can be rotated away by a redefinition of the With p=0, there is noCP violation at low energies. Yet

charged leptonic fieldsK is left with three CP-violating

leptogenesis is sensitive to the combinatimfm, which is

phases, one of Dirac type and two of Majorana character given by

aq and as.

The computation of the lepton-number asymmetry, in this

h=m'm=.D0O"d0O°\D, (14)

extension of the SM, resulting from the decay of a heavy

Majorana neutrinoN! into charged leptong;” (i=e,u,7)
leads to[12]

2

.9 1
== ). ).y ——
A M\Z/v‘;j Im((m'm) (M m) )76~
X 1
X I(xk)+£)
1_Xk (me)”

consequently, provided that the combinati®f’d O° is CP-
violating, we may have leptogenesis even withG&t viola-
tion at low energies either of Dirac or Majorana type.

It is possible to write WB-invariant conditions which have
to vanish in order forCP invariance to hold. The non-
vanishing of any of these invariants signa$ violation
[15]. In Ref.[10Q] the following WB invariants, sensitive to
CP-violating phases that appear in leptogenesis, were de-
rived:
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I, =ImTI hHM*h* M]=M;M,(M35—M3)Im(h2,)
+M;Ma(M3—M)Im(hiy+MoMs
X (M2—M3)Im(h3y),
l,=ImTr hH?M*h* M]=M;M,(M3—M?%)Im(h3,)
+M1Mg(M3—M3)Im(hTy) +M,Mg
X (M3=M3)im(h3y), (15
l3=ImTI hH2M*h* MH]=M3M3(M3—M2)Im(h%,)
+M3M3(M3—MHHIm(hZ) +M3M3
X (M3=MZ)Im(h3;).

The second equality for ea¢hcorresponds to the evaluation

of these WB invariants in the WB where the right-handed

neutrino mass is diagonal, witl; the corresponding diago-
nal elements. The matriW is defined byH=M"M.
Choosing the matriXd°¢ of the form

O°=Aq Apz-Agg (16)

with

0

coshf, O
0 1

coshf, isinhé,,

A12: —isinh 012

0

coshf;3 0O isinhéq3
A= 0 1 0 ,
0 coshd;

7

—isinh 013

1
0
0

0
coshf,;

0
i sinh 6,3

—isinhé,; coshf,;

we obtain(simplifying the notation with cosh and sinh re-
placed by ch and sh

Rehy,= (st 61,506, 35h6,5ch6 0,
+Sh0158h0,5ChF 01,ch6 20
+5h0,35h0,:ch0,503) VM 1 M 5,

Im hy,=ishf;,chd,,ch6;5ch6,3

X(d1+d2)N1N2,
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Reh, 3= — $ho1,8h0,3ch01(d; + d2) VM 1M,
Im hy5=i[(shd,5ch?6;,ch6;5

+ sl 6,,5h0,551P 6,5chb;5) dy

+ (s 01,8h0;5ch6; 5

+ shh 58I 0,5cHP 01 ,ch6 ;1 5)d,

+5h015ch015CP 625051V M 1M 5,
Rehyg= 5h01,8h8,5,ch01,Chd5(d; + d,) VM2 M3,
IM 3= (SH 0,,5h0,5chf,5chb,5d,

+ sh@,4ch? 6, ,ch6,5chb,:d,

+h03C01CN0503) M, M 5.

Thed; are the diagonal elements of the matiithe masses
of the light neutrinos In general Irr‘nizj , 1#] do not vanish
and there is leptogenesis. On the other hand, if any obthe

is zero, these imaginary parts vanish since all products
Reh;;Imh;; contain the factor sy ,shf;58hd,5. Equations
(15) are no longer useful to discu€ violation in the limit
M,;=M,=Mj; since in this case they vanish trivially, al-
though this degeneracy does not necessarily inG#ycon-
servation at high energig40].

(18

FINAL ADDITIONAL COMMENTS

In this framework low-energy physics only enters ELf)
through the masses of the light neutrinos, which are already
constrained by experiment. In fact, Ed4) has no explicit
dependence on mixing an@P violation at low energies,
sinceK cancels out. With the present experimental knowl-
edge there is freedom in the choice of the masses of the
heavy neutrinos. Furthermore, low-energy physics is insensi-
tive to the matrixO°®. As a result one can only establish a
connection between leptogenesis abf violation at low
energies in models where additional constraints are imposed,
so that, for instance, the matrixis no longer independent of
K.
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