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W e review som e recent results on the connection between CP violation at low
energies and Leptogenesis in the fram ework of speci ¢ avour structures for
the fundam ental leptonic m assm atrices w ith zero textures.
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1. Introduction

N eutrinos have m asses which are much an aller than the other ferm ionic
m assesand there is largem ixing in the leptonic sector. T he Standard M odel
(SM ) of electrow eak Interactions cannot accom m odate the observed neu—
trino m asses and leptonic m ixing since in the Standard M odel neutrinos
are strictly m assless: the absence of righthanded com ponents for the neu-
trino elds does not allow one to write a D irac m ass temm ; the fact that
the lefthanded com ponents of the neutrino elds are part of a doublt of
SU (2) rules out the possbility of introducing M a prana m ass term s since
these would violate gauge symm etry; nally, in the SM ,B L is exactly
conserved , therefore M a prana m ass temm s cannot be generated neither ra-
diatively in higher ordersnor nonperturbatively. T herefore, neutrino m asses
require physics beyond the SM . A t present, this is the only direct evidence
for physics beyond the SM . T he origin of neutrino m asses rem ains an open
question. It is part of a wider puzzle, the avour puzzle, with questions
such as whether or not there is a connection between quarks and leptons
explaining the di erent pattems of avour m ixing in each sector and the
di erent m ass hierarchies. In the seesaw fram ework'(® the explanation of
the observed am allness of neutrino m asses is related to the existence of
heavy neutrinos w ith m asses that can be of the order of the uni cation
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scale and have profound im plications for cosm ology.M ixing in the leptonic
sector leads to the possibility of leptonic CP violation both at low and at
high energies. CP violation in the decay of heavy neutrinos m ay allow for
the explanation of the observed baryon asymm etry of the Universe (BAU )
through leptogenesis® N eutrino physicsm ay also be relevant to the under—
standing of dark m atter and dark energy as well as galaxy-cluster form a—
tion. R ecent detailed analyses of the present theoretical and experin ental
situation in neutrino physics and its future, can be found in Refs. 7 and 8.

In thiswork the possibility that BAU m ay be generated via leptogenesis
through the decay of heavy neutrinos is discussed. Leptogenesis requires
CP violation in the decays of heavy neutrinos. However, In general it is
not possble to establish a connection between CP violhtion required for
Jeptogenesis and low energy CP violation 2% This connection can only be
established in speci ¢ avourm odels. T he fact that in this fram ew ork the
m asses of the heavy neutrinos are so large that they cannot be produced at
present colliders and would have decayed in the early Universe show s the
relevance of avourm odels in order to prove leptogenesis. In what follow s
itw llbe shown how the Im position of texture zeros in the neutrino Yukawa
couplingsm ay at the sam e tin e constrain physics at low energies and lead
to predictions for leptogenesis.

2. Fram ew ork and N otation

T he work described here is done In the seesaw fram ew ork, which provides
an elegentway to explain the am allness of neutrino m asses, w hen com pared
to the m asses of the other fermm ions.

In the m Inim al seesaw fram ework, the SM is extended only through
the inclusion of righthanded com ponents for the neutrinos which are sin-
gletsofSU (2) U (1).Frequently, one righthanded neutrino com ponent per
generation is introduced.T hisw illbe the case in what follow s, unless other-
w ise stated . In fact, neutrino m asses can be generated w ithout requiring the
num ber of righthanded and lefthanded neutrinos to be equal. P resent obser-
vations are consistent w ith the Introdution of two righthanded com ponents
only. In this case one of the three Iight neutrinos would be m assless.

W ith one righthanded neutrino com ponent per generation the num ber of
ferm donic degrees of freedom  for neutrinos equals those of allother ferm ions
in the theory. H ow ever neutrinos are the only known ferm ions which have
zero electrical charge and this allow s one to w rite M a prana m ass temm s for
the singlet ferm ion elds. A fter spontaneous symm etry breakdown (SSB)
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3
the leptonic m ass term  is of the form :
I—'m= [_EmD RO+5ROTCMRRO+fml]§}+h£:=
- [E TeMm 0. 0 .
= 2nL ny, + Imik ]+ hee (1)
with the6 6matrixM given by:
0
M= P (2)
m 5 M g

the upperscript 0 In the neutrino ( ) and charged lepton elds (1) is used
to indicate that we are still in a weak basis (W B), ie., the gauge currents
are still diagonal. T he charged current is given by:
Ly = %w*f o4 he: (3)
Since the M aprana m ass term  is gauge invariant there are no constraints
on the scale ofM y .The seesaw lin it consists of taking this scale to bem uch
larger than the scale of the Dirac massmatricesmp and m ;. The D irac
m ass m atrices are generated from Yukawa couplings after SSB and are
therefore at m ost of the electrow eak scale. A s a result the spectrum of the
neutrino m asses splits into tw o sets, one consisting of very heavy neutrinos
w ith m asses of the order of that of them atrix M g and the other set w ith
m asses obtained, to a very good approxin ation, from the diagonalisation
ofan e ective M a prana m assm atrix given by:
1 T

Mere = Mpo—Mp (4)
R

This expression show s that the light neutrino m asses are strongly sup-
pressed w ith respect to the electrow eak scale. T here is no loss of generality
in choosing a W B wherem ; is realdiagonaland positive. T he diagonaliza—
tion of M is perform ed via the unitary transform ation:

viIM v=>D (5)

where D = diagmi;mo;m3;M ;M 5;M 3), with m; and M ; denoting the
physicalm asses of the light and heavy M a prana neutrinos, regpectively. Tt
is convenient to write V. and D in the follow ing block form :

K G do

; D = : (6)
S T 0D

T he neutrino weak-eigenstates are then related to the m ass eigenstates by:

iL i= 1;2;3
= Vi L = X ;G)

.
1L N i =1;2;26 (7
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and the leptonic charged current interactions are given by:

g —_ —_

Ly = p—z 1, Kij jL+J§L GiijL W + hc: (8)
with K and G being the charged current couplings of charged leptons to
the light neutrinos ; and to the heavy neutrinos N 5, respectively.

In the seesaw lim it them atrix K coincides to an excellent approxin ation
w ith the unitary m atrix U that diagonalisesm s 0fEq. (4):

1
U¥mp m, U =d 9)
Mg

and them atrix G veri es the exact relation:
G=mpT D! (10)

and is therefore very suppressed.

In a general fram ework, with M symm etric, w ithout the zero block
present n Eqg. (2) the 3 6 physicalmatrix (K ;G ) of the 6 6 unitary
m atrix V. would depend on six independent m ixing angles and twelve In—
dependent CP violating phases!! This would be possble with a further
extention of the SM including a H iggs triplet. T he presence of the zero
block reduces the num ber of independent CP violating phases to six1? In
the seesaw fram ew ork m assive neutrinos lead to the possibility of CP vio—
Jation in the leptonic sector both at low and at high energies. CP violation
at high energies m anifests itself in the decays of heavy neutrinos and is
sensitive to phases appearing in them atrix G .

3. Low Energy Leptonic Physics

T he light neutrino m asses are obtained from the diagonalisation of m <¢¢
de ned by Eq. (4) which isan e ective M a pranam assm atrix.T he unitary
matrix U that diagonalisesm ¢r In the W B where the charged lepton
m asses are already diagonal real and positive is known as the Pontecorvo,
M aki, N akagawa,Sakata (PM N S)m atrix,*> and can be param etrised as:*

i
C12C13 S12C13 s13e
_ i ]
U = S 12023 C 12523513€ C12C23 S 125238138 S23C13 P (11)
i i
S12S23 C 12C23S13€ C 12523 S 12C23S13€ C23C13

with P = diag (1;e' ;e' ), and arephasesassociated to theM aprana
character of neutrinos. T here are three CP violating phasesin U
E xperin entally it isnotyet know n w hetherany ofthe three CP violating
phasesofthe leptonic sector isdi erent from zero.T he current experin ental
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bounds on neutrino m asses and lptonic m xing ares?
m % =800 10° ev? 12)
sin®(2 12) = 086" 07, (13)
jm %2,9= (19 to 30) 10° ev? (14)
sin? (2 53) > 092 (15)
sin? 13 < 0:05 (16)

with m fj m? m f.Theangle 23 M ay bem axim al,m eaning 45 ,whilst
12 is already known to deviate from this value. At the m om ent, there is
only an experin entalupper bound on the angle 3.

It isalso not yet know n w hether the ordering of the light neutrinom asses
isnomal,ie,m; < m,< m3orinverteadms < m; < m,.The scale of the
neutrino m asses is also not yet established. D irect kinem atical 1im its from
M ainz'® and Troitsk'® place an upper bound on m de ned as:

s
—
m PeiFm? (17)

i
given by m 23 &V (Mainhz), m 22 &V (Troitsk). T he forthcom ing

KATRIN experin ent'’ is expected to be sensitive tom > 02 &V and to
start taking data in 2010 '8

It is possible to obtain inform ation on the absolute scale of neutrino
m asses from the study ofthe cosn icm icrow ave radiation spectrum together
w ith the study ofthe large scale structure ofthe universe.Fora atuniverse,
W MAP combined with other astronom icaldata kads o'  m; 066
eV (95% CL).

N eutrinoless double beta decay can also provide inform ation on the
absolute scale of the neutrino m asses. In the present fram ework, in the
absence of additional lepton num ber violating interactions, it provides a
m easurem ent of the e ective M a prana m ass given by :

mee = m1U621+ m2U§2+ m;;Uez3 (18)

The present upper Iim it ism .. 09 ev?® from the HeldebergM oskow *!
and the IG EX ?? experin ents. T here is a clain of discovery of neutrinoless
double beta decay by the HeddelbergM oscow collaboration 2° Interpreted
in term sofa M ajpranam ass of the neutrino, this In pliesm . between 0.12
eV to 0.90 &V . This result awaits con mm ation from other experin ents and
would constitute a m a pr discovery.
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Tt was shown that the strength of CP violation at low energies, observ—
able for exam ple through neutrino oscillations can be obtained from the
Hlow ing low energy W B nvariant??

Trhers;hiP = 61 21 32 3150 £(hers D12 (ers )23 (hees )319 (19)

where herr = MessMers?, h1 = mmY,and 21 = @ ? m.?) with
analogous expressions for 31, 32.The righthand side of this equation
is the com putation of this invariant In the specialW B where the charged
lepton m asses are realand diagonal. In the case ofno CP violation ofD irac
type In the leptonic sector this W B invariant vanishes; on the other hand,
it isnot sensitive to the presence ofM a prana phases. T his quantity can be
com puted In any W B and therefore is extrem ely useful for m odel buiding
since it enables one to investigate whether a speci ¢ ansatz leads to D irac
type CP viclation or not, w ithout the need to go to the physical basis. Tt
is also possible to write W B invariant conditions sensitive to the M a prana
phases. T he general procedure was outlined in R ef. 25 w here it was applied
to the quark sector. For three generations it was shown that the follow ing
ur conditions are su cient ** to guarantee CP invariance:

In tr hy Mere M pe) Merr hy M pg ) 0 (20)

In tr hy Mers M ¢ )2 (M ot hime) =0 (21)

In tr hy Mere M ¢r > (M eer hym ere) Mere M c¢) 0 (22)
In det (M ee DiMere)+ ;M e Merre) = 0 (23)

provided that neutrino m asses are nonzero and nondegenerate (see also
Ref.26). In Ref. 27 altemative W B Invariant conditions necessary to guar-
antee CP invariance in the leptonic sector under less general circum stances
are given.

4. Leptogenesis
T he observed baryon asym m etry of the universe (BAU ) is given by #°

T2 W5 o6ar22) 1070 (24)
n

Tt is already established that this observation requires physics beyond the
SM 1In order to be explained.O ne of the m ost plausibe explanations is Lep—
togenesis® where out-ofequilbrium L-violating decays of heavy M a prana
neutrinosgenerate a lepton asym m etry w hich is partially converted through
sphaleron processes’’ into a baryon asymm etry. T he lepton num ber asym —
m etry "y, , thus produced was com puted by severalauthors’’** Summ ing
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over all charged leptons one obtains for the asymm etry produced by the
decay of the heavy M a prana neutrino N 5 Into the charged leptons 1; (i=
e , )

" —
NJ

2 p__
g y y 1 Xk 1 _
~ iz Dees [ (0 dmo e Yo ) - (v )] o -

2 .
g
My 2 ks 3 [(Mk)zm ((GYG )k GG )jk) 6 (I(Xk)+ Tx :kk)] R
w

(25)

where M  denote the heavy neutrino m asses, the variable x; isde ned as

Miland T(xe)= D% 1+ (1+ x)bog(:2) .From Equation (25)
J

1+ xyx

Xk =

it can be seen that, when one sum s over all charged leptons, the lepton—
num ber asym m etry is only sensitive to the CP <iolating phases appearing
ihm{mp intheW B,whereM y isdiagonal.W eak basis invariants relevant
r leptogenesis w ere derived in?

L, WTrhpHgMghy Mg ]= 0 (26)
I, WTrhpHZM  h Mg ]= 0 (27)
Iz MTrhpHZM hyMgHg ]= 0 (28)

with hp = m%mD and Hg = M gM r - These constitute a set of necessary
and su cient conditions in the case of three heavy neutrinos. See also. **

T he sin plest realisation of them al leptogenesis consists of having hier—
archicalheavy neutrinos. In this case there is a low er bound for them ass of
the lightest of the heavy neutrinos.>°~% D epending on the cosm ological sce—
nario, the range form inin alM ; varies from order 10’ Gev to 10° Gev 378
Furthemm ore, an upper bound on the Iight neutrino m asses isobtained in or-
der for leptogenesis to be viable.W ith the assum ption that washoute ects
are not sensitive to the di erent avours of charged leptons into which the
heavy neutrino decays this bound is approxin ately 0:1 ev3°{42 However,
it was recently pointed out??!5! that there are cases where avourm atters
and the comm only used expressions for the lepton asymm etry, which de-
pend on the total CP asymm etry and one single e ciency factor, m ay ail
to reproduce the correct lepton asymm etry. In this cases, the calculation of
the baryon asym m etry w ith hierarchical righthanded neutrinos m ust take
into consideration avour dependent washout processes.A sa result, in this
case, the previous upper lin it on the light neutrino m asses does not sur-
vive and leptogenesis can ]l_ge m ade viable w ith neutrino m asses reaching
the coam ologicalbound of ;m; 0:66 eV .The lowerbound on M ; does
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not m ove m uch w ith the inclision of avour e ects. Flavour e ects bring
new sources of CP violation to leptogenesis and the possibility of having a
comm on origin for CP violation at low energies and for leptogenesis.>? >

T here are very interesting alterative scenarios to them inin al leptoge-
nesis scenario brie y m entioned here. It was pointed out at this conference
that an SU (2)-singlet neutrino with a keV m ass is a viable dark m atter
candidate®® Som e leptogenesis scenarios are com patible w ith much lower

heavy neutrino m asses than the values required form inim al leptogenesis.

5. Im plications from Zero neutrino Yukawa Textures

T he general seesaw fram ew ork contains a lJarge num ber of free param eters.
T he introduction of zero textures and/or the reduction of the num ber of
righthanded neutrinos to two, allow s to reduce the num ber of param eters.
In this work only zero textures in posed in the fundam ental leptonic m ass
m atrices are considered and, in particular, zero textures of the D irac neu—
trinom assm atrix,mp in theW B whereM g and m ; are realand diagonal.
Zero textures of the low energy e ective neutrino m ass m atrix are also
very interesting phenom enologically>’ The physical m eaning of the zero
textures that appear in m ost of the leptonic m ass ansatze was analysed in
a recent work®® where it is shown that som e Jeptonic zero texture ansatze
can be obtained from W B transfom ations and therefore have no physical
m eaning.

In general, zero textures reduce the number of CP violating phases,
as a result som e sets of zero textures In ply the vanishing of certain CP-
odd W B invariants>® This is an in portant fact since clearly zero textures
are not W B Invariant, therefore n a di erent W B the zeros m ay not be
presentm aking i di cult to recognise the ansatz. Furthem ore, it was also
shown®’ that starting from arbitrary leptonic m assm atrices, the vanishing
of certain CP-odd W B invariants, together w ith the assum ption of no con—
Spiracy am ong the param eters of the D irac and M a prana m ass tem s, one
is autom atically lead to given sets of zero textures In a particularW B.

Fram pton, G lashow and Yanagida have shown®® that it is possble to
uniguely relate the sign of the baryon num ber of the Universe to CP vi-
olation in neutrino oscillation experim ents by in posing two zeros in mp ,
in the seesaw fram ew ork w ith only two righthanded neutrino com ponents.
Two exam ples were given by these authors:

0 a0 ! 0 a o0
mp = @ 20 pA or mp =@ 0 bA (29)
0y a’y

1



Aprill12,2013

13:13 W SPC -Proceedings Trin Size: 91n x 6In  m nrdark07

The two zeros In mp elim nate two CP violating phases, so that only one
CP violating phase rem ains. T his is the m ost econom ical extension of the
standard m odel leading to leptogenesis and at the sam e tin e allow ing for
low energy CP violation. Im posing that the m odel accom m odates the ex—
perin ental facts at low energy strongly constrains its param eters.

In Ref. 61 m inin al scenarios for leptogenesis and CP violation at low
energies were analysed in som e speci ¢ realisations of seesaw m odels w ith
three righthanded neutrinos and four zero textures in m p , w here three of
the zeros are in the upper triangular part of the m atrix. T his latter partic—
ular feature wasm otivated by the fact that there is no loss of generality in
param etrisingm p as:

mp =UYy ; (30)
with U a unitary m atrix and Y4 a lower triangularm atrix, ie.:
0
Vi1 0 0
Yy =@yt vy oA ; (31)

ysi el %t yszel 2 yss

w here yi; are real positive num bers. Choosing U = 1 reduces the num ber
of param eters in m p .M oreover, U cancels out In the com bination m g mp

relevant In the case of un avoured leptogenesis, w hilst it does not cancel
In mcre . Therefore choosing U = 1 allows for a connection between low
energy CP violation and leptogenesis to be established since in this case
the sam e phases a ect both phenom ena. T he nonzero entries of m p were
written in termm s of pow ers of a sm all param eter a la Frogatt N delsen®? and
chosen in such a way as to accom m odate the experin ental data. Viable
leptogenesis was found requiring the existence of low energy CP violating
e ects w ithin the range of sensitivity of the fiture long baseline neutrino
oscillation experim ents under consideration.

In order to understand how the connection between CP violation re-
quired for leptogenesisand low energy physics is established in the presence
of zeros In the m atrix m p , the follow ing relation derived from Eqg. (9) In
the W B whereM x and m ; are realpositive and diagonal is In portant:

__bP—- P—
mp = hlY) dr DR (32)
p_—
w ith R an orthogonalcom plexm atrix, Dy adiagonalrealm atrix verifying
the relation Dy Dgr = Dy and d a realmatrix with a m axinum
—P 7
num ber of zeros such that d d = d.This is the wellknown Casas and

Ibarra param etrisation 3 From this equation it ollow s that:

. P— P1P- P—
mpymp = DRRy d drR Dgr (33)
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Since the CP violating phases relevant for leptogenesis in the un avoured
case are those contained In m g mp , it is clear that leptogenesis can occur
even if there isno CP violation at low energies ie.no M a prana—or D rac-
type CP phases at Iow energies!’ Un avoured lptogenesis requires the
matrix R to be complex. In avoured leptogenesis the separate lepton i
fam ily asymm etry generated from the decay of the kth heavy M a prana

neutrino depends on the combination®® In M mp Jkxo(m  )ix M p )xo  as

wellason Im  (m g mp Jox My )i Mp ke .Thematrix U doesnot cancel
in each of these term s and it was shown that it is possible to have viable
leptogenesis even In the case of real R , with CP violation In the PM NS
m atrix as the source of CP violation required for leptogenesis.

From Eq. (32) it is clear that one zero in (m p );5 corresponds to having
an orthogonality relation between the ith row of them atrix U d and the
th coluimn of them atrix R :

P_
mp)i;=0 : U )x dkiRyy=0 (34)

Ibarra and Ross®® showed that, n the seesaw case with onl two

righthanded neutrinos, a single zero texture, has the special feature of xing
them atrix R , up to a re ection, w ithout in posing any further restriction
on light neutrino m asses and m ixing. T he predictions from m odelsw ith two
zero textures in mp were also analysed in detail in their work, Including
the constraints on leptogenesis and lepton avour violating processes. T he
num ber of all di erent two texture zeros is fieen. Two zeros I ply two
sin ultaneous conditions of the type given by Eq. (34). C om patidbility of
these tw o conditions in plies restrictionson U and ™ m ;.0 nly ve of these
cases tumed out to be allowed experin entally, including the two cases of
Eqg. (29) In this reference.

A 11 of these two zero texture ansatze satify the follow ng W B nvariant
cond ition 2°

h i,

L twmnpM/Mzgm];h; =0 (35)
with hy = m m 7, as before. It was also shown®’ that for arbitrary com plex
leptonic m assm atrices, assum ing that there are no special relations am ong
the entries of M g and those of mp this condition autom atically leads to
one of the two zero anzatze classi ed In Ref. 64. T he assum ption thatM g
and mp are not related to each other is quite natural, sihcem and M gy
originate from di erent tem s of the Lagrangian.

T here are other CP-odd W B invariants which vanish for all of the two
zero textures just m entioned, even if they arise in a basiswhereM y isnot
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diagonal. An exam ple is the Hllow ing W B invariant condition ©°

° wmpm};h; =0 (36)

I
which is veri ed for any texture with two zerosinmp nha W B wherem 3
isdiagonal, while M y is arbitrary.

The case of zero textures w ith three righthanded neutrinos was also
considered in Ref 59. In this case the W B invariant I; always vanishes for
three zero textuires In m p w ith two orthogonalrow s, which in plies that one
row has no zeros. T he case of three zeros corresponding to two orthogonal
colum ns of m p , which in this case In plies that one colum n has no zeros
leads to the vanishing of a new nvariant I, ,de ned by:

h i
L, tr MMz ; m{mp (37)

Four zero textures In the context of seesaw w ith three righthanded neu-
trinos are studied in detailin R ef. 65. It is show n that four is them axin um
num ber of zeros in textures com patible w ith the observed leptonic m ixing
and w ith the additional requirem ent that none of the neutrino m asses van—
ishes. It isalso shown that such textures lead to In portant constraintsboth
at low and high energies, and allow for a tight connection between lepto-
genesis and low energy param eters. It is possible in all cases to com pletely
goecify them atrix R in term s of Iight neutrino m asses and the PM NS m a—
trix. T hese relations are explicitly given in Ref. 65.
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