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There were spectacular developments regarding the

“CHOOZ"” angle 613 In the last year or so.

Started in 2008 with weak indications for #13 ~ 0.1:
sin? f13 = 0.016 = 0.010, sinfy3 = (0.077 — 0.161), 1o

E. Lisi et al., arXiv:0806.2649
A E. Balantekin, D. ¥ilmaz, arXiv:02804.3345;

Atmospheric v data: cosd = —1 favored over cosd = +1

J. Escamilla et al., arXiv:0805.2924
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«.June 14, 2011, T2K: 2.50 evidence for 613 = 0.
. June 24, 2011, MINOS: 1.70 evidence for 6,3 = 0.

. June 28, 2011, Fogli et al.: from global analysis

more than 3¢ evidence for 613 # 0; b.f.v.: sin?#i3 =
0.025 (0.023).

- November 9, 2011, Double Chooz: #13 #0 at 1.50.

. March 8, 2012, Daya Bay: 5.20 evidence for 613 #= 0,
sin2 2613 = 0.092 + 0.016 + 0.005.

« April 4, 2012, RENO: 4.90 evidence for 613 # O,
sin22#y3 = 0.113 + 0.013 £ 0.019.

. Nu'2012 (June 4-9, 2012), T2K, Double Chooz: 3.2¢
and 3.10 evidence for 613 #= 0.

-Nu'2012 (June 4-9, 2012), Daya Bay:
sin2 2013 = 0.089 + 0.010 + 0.005.

. June , 2012, Fodgli et al., global analysis, b.f.v.:
sin? 013 = 0.0241 (0.0244), NH (IH).
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sin” 8, sin“ 8, sin® 8,

Global data: cosdé= - 1 favored over cosd = +1;
best fit: sinf13 cosd = —0.15.

Fogli ef ai., arXiv:1205.5254v3



o AmZ2 =Am3 = 7.54x 10 ° ev? =0, sin“#2 = 0.307, cos26;2 < 0.28 (30),

o |Am2 =247 (2.46) x 102 V2, sin“fs3 =2 0.386 (0.392), NH (IH),

EEH__

e 13 - the CHOOZ angle: m.:._mmpm = 0.0241 _MD.DMnE.u, MNH QIU.
Fogli et al., ar®iv:1205.5254v3



Large sin?613 = (0.01 — 0.02) - far-reaching implications
for the program of reserach in neutrino physics:
. For the searches for CP violation in v-oscillations;

. For the determination of the type of v— mass spectrum

(or of m@:mbﬂmﬁﬂb in neutrino oscillation experiments.

. For understanding the patern of the neutrino mixing
and its origins (symmetry, etc.?).

. For the predictions for the (33)g,-decay effective Ma-
jorana mass in the case of NH light v mass spectrum
(possibility of a strong suppression).

. Important implications also for the ‘“flavoured” lepto-
genesis scenario of generation of the baryon asymmetry
of the Universe.



One of the next most important steps - determine the
status of the CP symmetry in the lepton sector.

The reference scheme: 3-r mixing
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PMNS Matrix: Standard Parametrization

1 0 0
U=vVP, P=|0¢e: 0O q
0 0 &
c12013 S12013 s13e 7
V = | —si1oco3 — c10803513€”  c1oe03 — s12s03s13€” soacis
S12823 — C12023813€")  —C12823 — §1202381367  €23013

® 55 = Sin m.m.u, Cig = C05 m.m.u, m.m.u_m = _”D,W_,
e 4 - Dirac CP-violation phase, 4 = [0, 27],

e 01, vz - the two Majorana CP-violation phases.
S. .M. Bilenky, J. Hosek, S.T.P., 1980

o Am2 =Am2 2 7.54x10°° ev? = 0, sin®#;5 = 0.307, cos26;12 = 0.28 (30),

» _bﬁwﬁﬂ_ = 247 (2.46) x 102 V2, sin® @3 =2 0.386 (0.392), NH (IH),

e 3 - the CHOOZ angle: m.:._mmum = 0.0241 _HD.DMLL.U: M H _.MHIU_.
Fogli et al., arXiv:1205.5254v3



« Dirac phase é6: vy < vy, by < by, L 71 A%  Jcp xsinfyssing:

P1 Krastev, S.T.P., 1088
k #k H - . . .
Jop=Im{Uyq UpULU} = wm_:mEm Sin 2653 5in 2613 cosfy3sin &

Current data: |Jop| & 0.045 (can be realtively large!)
« Majorana phases as1, a31:

— V] <= Vyp, V] <= Vp not sensitive;
S.M. Bilenky, J. Hosek, 5. T.F.,19280;
F. Langacker, 5. T.F., G. Steigman, %. Toshev, 1987

— _ﬂﬂwuv_ in (33)o,—decay depends on x91, X371
— [{(p— e+ ) etc. in SUSY theories depend on w0y 31;
— BALU, leptogenesis scenario: nmu QMH_M_H

e sgn(LAms ) = sgn(Ams,) not determined

atm
Amz,  =Am3; >0, normal mass ordering

DEM.: ID,Emu -0, inverted mass ordering

Convention: 121 < Mo < M3 - NMO, M3 < M1 < M9 - IMO

Ty <& Tho <. T1a, MNH,

Mg <& T < o, IH,

o ot z -

m1 = mz = ms3, Miss >> Amiy,, QD m; = 0.10 eV,



Dirac CP-Nonconservation: ¢ in Uppns

Observable manifestations in

— — !
v« vpy, V= vp, LUE=epT
e not sensitive to Majorana CPVP (kD1, (X31]

CP-invariance:
M. Cabibbo, 1978

= M. Bilenky, J. Hosek, 5. T.F., 1220;

B B V. Barger, 5. Fakvasa et al.,1980.
Ply—w)=Flir—ip), I#=1=e,pur
CPT-invariance:

P (v — ) = P(ir — &)
I =1U'"1 Pl —u1y) = Pliy — i)
T-invariance:
Ploy — ) = Plow — 1), 1FT
3 —mixing:
A = Ply —w) — Pl =), 1 #U=eur

h_“h__._u_luu_ﬂslvtﬁu_lhu_ﬂﬁﬁlvsu_ = I
_”._ i 0T (e,1)
._._“Hm_u“_ — .h.._m_“_n_u“_ — Ih._._”_n_u“_

F.I Krastev, S. T.F., 1288; V. Barger, S. Fakvasa et al., 1920



In vacuum: hm”nmmu.__.“_ = Jepkac H

Jop =1Im .mmh..u Uuz U m_ﬂL. = Im_.: 2012 85N 2023 5iN 2012 COS 12 5N &

FAY
F™° — sin( aWE+m_3_H mﬁsi_i mun_

In matter: Matter effects violate PL Krastev, 5.T.P., 1988

CP: Pluy — ) #+= Pl — )
_HH_UI_I . ..mU_Hm.._.__. —_— m.._.__.._u ..‘+| .mU_Hml.._.__.._ —_— ml.._.__.u
F. Langacker et al., 1987

Can conserve the T-invariance (Earth)

FPly — wp) = Ploy — 1),

In matter with constant density: b.m_m o — Lﬁwﬁ Fmat

r__._._n_ﬁ |_.,__un R
CP
Rop does not depend on #2z and 8, |Rop % 2. m

F.I. Krastev, 5. T.F., 1988

F. Harrison, 5. Scott, 2000



Fephasing Invariants Associated with CPVEF

Dirac phase 4:
Jop =1 {Ua U US U }
C. Jarlskog, 1985 (for quarks)

_P-, T- violation effects in neutrino oscillations
F. Krastev, S. T.F., 1988

Majorana phases ooy, !

Si=Im {05}, S:=Im{lU.sU5  (not unigue); or
L =Im{UaU5), 8= Im (U2U%)

J.F. Nieves and F. Pal, 1987, 2001
G.C. Branco et al., 1986
A.AL Aguilar-Saavedra and G.C. Branco, 2000

CP-violation: both Im {Ual5} #= 0 and Re {UalU5} # 0.
S1, Sz appear in |[<m>=| in (33)o.-decay.

In general, J-p, 51 and Sz are independent.



Absolute Neutrino Mass Measurements

The Troitzk and Mainz *H s-decay experiments

m,, < 2.3 eV (95% C.L.)
It is expected that the following sensitivity will be reached:

KATRIN : e, ~ 0.2 eV

Cosmoloaical and astrophysical data, the CME data of the WMAF experiment,
combined with supernovae data and data on galaxy clustering imply (depending
on the model complexity and the input data used):

Y m;<(03-13)evV (95% C.L.)
Y K..M. Abazajian ef al., arXiv:1103. 50283
The WMAF and future PLANCK experiments can be sensitive to
Y} m; =04 eV
J

Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAF and FLANCK experiments may allow to determine

> my 5 =£0.04 eV.
j



M, from the See-Saw Mechanism

F. Minkowski, 1977,

M. Gell-Mann, P. Ramond, R. Slansky, 1979
T. Yanagida, 1979;

F. Mohapatra, G. Senjanowvic, 1920,

e Explains the smallness of »—masses.

e Through leptogenesis theory links the v—mass generation to the generation
of baryon asymmetry of the Universe Yg.

S. Fukugita, T. ¥Yanagida, 19286; GUT's: M. Yoshimura, 1978,

e In SUSY GUT 's with see-saw mechanism of v—mass aeneration, the LFV decays

u—e+t+vy, T—pt+vy, T—e+v ., etc

are predicted to take place with rates within the reach of present and future
experiments.

F. Borzumati, A. Masiero, 1986,

e The v; are Majorana particles; (33)g,—decay is allowed.

See-S5aw: Dirac v-mass mp + Majorana mass Mg Tor Ng



The See-Saw Lagrangian

£(z) = Lec(x) + Ly(z) + LN (x),
Lo = |%mmﬁ_iia;aétE,
Cy(z) = Ay Ng(x) H (z) vy (z) + Y, H(x) [g(x) oy () + h.c.,
N(z) = -5 M:Ni(z) Ni(a).

i - LH ao:w_mﬁ,@__m = (v Ip), g - BH singlet, H - Higas doublet.
Basis: Mg= (M, M2, M3);, Dy = diag(M1, M2, M3), D, =diag(mi,mo, ms3).
) generated by the Yukawa interaction:

— LY = M N gH () (z), v = 174 GeV, v A = mp — complex

For Mp - sufficiently large,
my o~ v2 A MG A = Udans m329 UL s -

Yo =A=+vDxyx B VD, (Uspans)/va, all at Mg ; R-complex, R' R =1.

16 J.A. Casas and A. Ibarra, 2001
In GUTsS, Mg < Mx, Mx ~ 10 Ge\V:

in GUTs, e.g., Mg = (10°,1012,10%°) GeV, mp ~1 GeV.



Yy == Dy R vVDy (Uppns) ' /vu, all at Mpg;

R-complex, RTR =1.

1A, Casas and A. Ibarra, 2001
Dy = Qmmmﬁb\mﬁf Mo, F_._._B\__ﬂwvu Dy, = QE@AET mo, va.

Models: R - CP conserving (SU(5) x T"); CPV parame-
ters in R determined by the CPV phases in U (class of
\ﬁ# gﬂﬂm_mv.

_._.mxw_l_wm zeros in Y,: CPV parameters in R and U - re-
ated.

In GUTSs, Mr < My, My ~ 101° GeV;

in GUTs, e.g., Mp = (10°,1012 1019 GeV, mp ~ 1
GeV.



The CP-Invarinace Constraints
Assume:  C(7)) ' =v;, CIND'=Ni, 4. k=1,2,3.

T he CP-symmetry transformation:

Uce Nij(2) ULy = 7PN, 7" =ipl = +i,
Ucpvi(z) Uy = ¢ rou(a’), n" =ipl = +i.
CP-invariance:
..u_..“.h — ‘u_.u__._ _Mﬂ.m_w_,_qﬁ.hﬂ.u; ﬁh ﬂ_ma ' .u — ..._.“. M“. m“. [ = e, 1, T,
Convenient choice: of =i, " = (7" = 1):
Npo= Aipy, pp =1,
ﬁﬂ = Uypy, pj = *1,
“_m — .mu_n".___“um...__q.___“uﬂ“. .....__.“.W”..._.“.M“.W“. _H”_m:__.h“...__u“.

.u___,.”_m__.; qhu, m.”_:_ﬁ - elther real or purely Imaainary.

Relevant quantity:

Pimi = R BRmUp Uy kEFm,

CP:  Phmt = Pikt (07 )2 (00)7 (05)* = Pikmi s IM(Pjgra) = 0.



Pigmi = Bjg Hjm Upp Upm » k #=m,
CP: deml —  Fikmi nﬁu.ium (P7)° (Pin)” = Pirmes IM(Pjp) = 0.
Consider NH N;, NH v Piaz. = Hio Fis U5 Uss
Suppose, CP-invrainace holds at low £: 6 =0, a2 =, as =0.
Thus, U, U,z - purely imaginary.

Then real Ri2 R13 corresponds to CP-violation at “high' E.



Baryon Asymmetry

Yg =288 = (6.1+0.3)x10710, cmMmB
Tl

T

Sakharov conditions for a dynamical generation of Yz = 0 In the Early
Universe

¢« B number non-conservation.
¢ Violation of ¢ and C' P symmetries.

» Deviation from thermal equilibrium.



Leptogenesis

+ The heavy Majorana neutrinos N, are in equilibrium in the Early Universe
as far as the processes which produce and destroy them are efficient.

e When T < M, N, drops out of equilibrium as it cannot be produced
efficiently anymore.

o ITT(N, = b ()T (N, — et ¢7), a lepton asymmetry will be generated.

s« Wash-out processes, like T 4/ - N, ¢ + T - 4+ 7T, etc. tend
to erase the asymmetry. Under the condition of non-equilibrium, they are
less efficient than the direct processes in which the lepton asymmetry is
created. The final resullt is a net (non-zero) lepton asymmetry.

¢ This lepton asymmetry i1s then converted into a baryon asymmetry by
(B + L) wviolating but (B — L) conserving sphaleron processes which exist
within the SM (at T = Mgwsge).-

. Fukugita, T. Yanagida, 1926,



In order to compute Yg:

1. calculate the CP-asymmetry:

. 1_H.?_.“_. — P~ m_._nu_ — 1_”.?_.“_. — ot m_lu_
(N, — @ )+ T(N, — D)

21

2. solve the Boltzmann equation to account for the wash-out of the
asymmetry:

Y = ke

Bty

where & = x(m) is the “efficiency factor”, m is the “the wash-out mass
parameter” - determines the rate of wash-out processes;

3. the lepton asymmetry is converted into a baryon asymmetry:




Baryon number violation in the SM

Sphaleron processes

SU(2) instantons lead to effective 12 fermion interactions:
O(B + L) = Migriqrdril;

These would induce AF = AL = 3 processes:

ur+dr+cp+sp+tp+br+vep v, +vrn — dp+br+sg

However, at T = 0 the probability of such processes is M ~ ¢ 47/a . 107165,

At finite T, the transitions proceed via thermal fluctuations with an un-
suppressed probability: I ~ aT*.

Sphaleron processes are efficient for

Tew ~ 100 GeV < T' < 1017 Gev

V. Kuzmin, V. Rubakoy, M. Shaposhnikow, 1985



Leptogenesis

Yp =" 086 x 1071 (n,: ~ 6.3 x 10719)

)

|12

V= —-102 E K

Y. Buchmidller, M. Plimacher, 1998;
W, Buchmiuller, P. &i Bari, M. Plumacher, 2004
ls— efficiency factor: K~ 1071 —10"3 £ = 1077,

£: ¢'P—, L— violating asymmetry generated in out of eguilibrium Ng;—decays in
the early Universe,

TNy = @ F) =T (Ny — dT )
COM(Ny — @ ) (N — pti)

<1

M.A. Luty, 1992

L. Covi, E. Roulet and F. Vissani, 199G;
M. Flanz et al., 199&;

M. Flimacher, 1997,

A, Filaftsis, 1997,

Kk = K(), T - determines the rate of wash-out processes:

bt +0 = Ny, 4Dt = b 40T, etc.
W. Buchmuller, F. DI Bari and M. Flumacher, 2002;
G. F. Giudice et al., 2004
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Low Energy Leptonic CPV and Leptogenesis

Assume: My, <€ M- <€ M5
Individual asymmetries:

1/2 3/2 w7t
m.__fm.”_. Im AMUM_; E..”__.____ E__“n..__. _HJ....__ .m__.q.m“_.u..m”_. __”nu
2] = — 5 5 . v =174 GeV
l6mv Muu. m _.m_“Em_
_,u__F _m 2 2
— |~ v 1/2 prs
= = Mm;wﬁ_ﬁa Ul » l=ep .

My

The “one-flavor' approximation - Ye - - "small’:
Boltzmann egn. for n(Ny) and AL = A(L.+ Ly + L),

Y; He(z)lg(x)dy- out of equilibrium at T ~ M.
One-flavor approximation: My ~ T > 10'° GeV

22
3p; IM ﬁiﬁm:u
21 — M 11— — = 5
16w Mrﬁww_m”_._ﬁ"_

!

— — 2

my = MEH|M§_HH_M;_ .
! k




Two-Flavour Regime
At My ~T ~ 10'° GeV: Y; - in equilibrium, Y., - not;

wash-out dynamics changes: 7, ﬁ%

N1 — ﬁ‘u_n_.n mm + ._u_m_.t ___.,___M + A1- ﬂhl_u I_I..H....n_l. _“._uﬂ_.n_mm + ._u__n_.tt__m + ._”__n_..._.ﬁh%u + _n_u.u_l — Ny,
T+ 7., 1, +7 — N+, et

£1r and (1. + £1,) = =2 evolve independently.
T hree-Flavour Regime

At My ~T ~ 10° GeV: Y., Y, - in equilibrium, Y. - not.

H

£1+, £1. and =1, evolve independently.

Thus, at My ~ 107 — 101° Gev: L., AL, - distinguishable:
L., L, AL, AL, - individually not distinguishable;

Le—+ Ly, A(L:~+ L)
A, Abada et al., 2006; E. Nardi et al., 2006
A, Abada et al., 2006



Individual asymmetries:

Assume: My € M> < Ms, 10° £ My (~T) = 10%° GeV,
m.__..xm..”_. Im AMMWEHHMEMHM T _Fq.m“_.u.m”_._mv

16mve Muu. e _hﬂm.“Em_

S — -

M
.u___. MJM
ﬂw__ _ “_..__“.x_ .P M.m“_.rﬂﬁ.“_.._.__m ¥ ' [ = e, t, T

T he baryon asymmetry is
12 417 390 _
w,m -~ = Ammﬁh@wﬁmv+mqqhﬁﬁqvv .

37q,
—— —1 _ —1.16
—_ My 0.2 x10 eV
n () = Am.mm % 10-3 m{v + A E v

—(12/37) (Yo + Y37),

—1

=
|

Yo=Yy, e=s1.+e1, mo2=mi. + mi,
AL Abada et al., 2006; E. Mardi et al., 20068

A, Abada et al., 2006

o



Real (Purely Imaginary) R: €1; # 0, CPV from U

fSlet 81+ 81 =52 21, = 0,

1/2 3/2
Im ﬁmu.wﬂﬁm nﬂ._mx

UZUsi Ry m;v

30
E1r — - )
16mv? > | Hil
3My 2 ipes Ewhﬁ_wﬁmﬁx — ;) By RypIm ﬁﬁ_ﬁ ")
- - 16 2 2 : “..m“_...w.m”_.__ﬁ =+ _.m“_...w..m”_._m_ 5
T >.;mj | Fyj
12 1/2 o
3M1 2k Eh.x EK (my + m;) |R1;Ry| Re *_,ﬁ__ﬁ.ﬁ.i -
= Fig—2 5 BBy = £i| Ry Ry
v 2. ™y | R
S, Pascoll, S.T.F., A. Riotto, 2006,
CP-Violation: I (U*U.) #0, Re(U%U.) 7 0;
12 =1~ 390 _ 417
Yg = — 5 1 My | — | —mz
37 q. K580 589



my <€ mp <€ mz, My <€ Moz, HRisHiz — real;, mp =0, R =0 (N3 decoupling)

o= 3M, fﬁ A.D.EM vu u_mﬁm_pm_
167w Amg, Awﬁ.ﬂmpm |R1o|2 4 |Ry3|2
—
* HIE I (17 7503)
Im(UZUrz) = —c3 |c23sz3c128IN A%u — 53512513 m_:ﬁml %i

azz =m, 6 =0: Re(U3U,3) =0, CPV dueto H
S. Pascoli, S.T.P., A. Riotto, 2006.



My < M2 < M3, m1 < m2 € m3 (NH)
Dirac CP-vioclation

azp =0 (2m), Goz = (0); Foz = B2 + F13 = arg( Rz H3).

|R12|2 2 0.85, |R13|2 = 1— |R13|2 2 0.15 - maximise |e;| and |Yg|:

0.2 0% GevV
Y| = 8 x 1071, M, £ 5 x 10 GeV imply

7
Ya| =£2.8 x 1072 sin 4] AE|J TH|HV .

|sinfiz sind| < 0.11, sinfhs < 0.11.

T he lower limit corresponds to

|Jcp| = 2.4 % 1072

FOR asz2 =0 _MMﬂ.u, .__m__-mw =0 mﬂ.u”

|sinfhz sind| = 0.09, sinfl1z = 0.09; |Jep| = 2.0 x 102



My < M2 < M3, m1 < mo2 € m3 (NH)
Majorana CP-violation
60 =0, real Ri2, i3z (823 = m (0));

X372 = ﬂ..HM. _.mwm_m = G.mm: _.mwm_m =1- _mwm_m = (0.15 - maximise _mu._ and _mﬂw_”

Yg| =2 x1071°

0.05 eV 10° GeV /

We get |Yg| = 8 x 101, for M = 3.6 x 10'° GeV, or |sinasz/2| < 0.15



My < M2 < M3, m3 < m1 < m2 (IH)

ma = 0, Hiz = 0 (N3 decoupling): impossible to reproduce Y25 for real Ri1 Ris;

|Yg| suppressed by the additional factor Am? /|Am3| = 0.03.
Purely imaginary Ry Ri2: no (additional) suppression

Dirac CP-violation
oy = m, Hi1 Rz = ik|Ri1Biz|, s = 1;

|R11| £ 1.07, |Riz|® = |R11]? — 1, |Ri2| £ 0.38 - maximise |e,| and |Yg|:

My
109 GeV
Yg| = 8 x 10711, My £ 5 x 10 Gev imply

Yg| 228.1x 10 1% |s13 sind|

|sinfiz sind| = 0.02,  sinths = 0.02.

T he lower limit corresponds to

|Jep| = 4.6 x 1073



5

125
200
m ”
= 19
W ”
)
25
0
0O 1 2 3 4 5 6

0

My <& Mo < M3, m1 < mo < maz; Dirac CP-violation, az = 0; 2,

real Riz, Riz, |Ri12|? + |R13]? =1, |Rio| = 0.86, |Ri3| = 0.51, sign (Ri2R13) = +1;
i) azz =0 (& = +41), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line);

i) aze =27 (k' = —1), s13 = 0.2 {light blue line);

My =5 x 10 Gev.

S, Pascoli, S. T.P., A. Riotto, 2006,



115 <11 -105 -10 -95 -9
—..cwEﬁm

My <& Ms < Mz, my < ms < ma, M =5 x 1011 Gev,;
Dirac CP-violation, az; =0 (2m);

|R12| = 0.86, |Ri13| = 0.51, sign (RizR1z) = +1 (—1) (F2z =0 (7), & = +1);
The red region denotes the 2o allowed range of Y.

5. Pascoli, 5. T.F., A, Riotto, 2006,



100

80

(Yp/10'h)

2

0 0.2 04 0.6 0.8 _
R
My € Mz < Ms, m1 < mo < m3, M1 =5 x 101! Gev;
real mwm. mu.m, m.__m_j mmu.mmu.m”_ = |TH. mmm |_| mmm = H. e _U.M_m_“
a) Majorana CP-viclation (blue line), d =0 and as = /2 (k= 41);
b) Dirac CP-violation (red line), d = /2 and s =0 (k' = +1);
Am?, sin® 12, Am3,, sin° 203 - fixed at their best fit values.



30
25
20
15

(Yg/10'h)

10

My € Mo < Mz, m3 € my < mg;, My = 2 x 1011 GeVv,

Majorana CP-violation, 4 = 0;

purely imaginary Rii1Rio = ik|R1u1Riz|, K = —1, |R11|? — |Ri2|° = 1, |R11| = 1.2;
s13 =0 (blue line) and 0.2 (red ling).

S, Pascolil, 5. T.P., A. Riotto, 2006,



98

-99
210 |
B as 4B
2 10,1 ol
— |

~102

~103

003 0035 004 0045 005
[y VeV

My € Mo < Mz, m3 € my < mg;, My = 2 x 1011 GeVv,

Majorana CP-violation, d =0, s13 = 0;

purely imaginary Rii1Rio = ik|R11Ria|, £ = +1 |R11|° — |R12|? = 1, |R11| = 1.05.
The Majorana phase ap Is varied In the interval [—= /2, w/2].

S, Pascolil, 5. T.P., A. Riotto, 2006,



My € Mz € Mz, m3 € my < ma (IH)

Majorana or Dirac CP-violation

mz =0, Hiz # 0, B11(H12) = 0: possible to reproduce ﬂmﬁ for real Hy113H13 70
Requires ms == (10-° — 1072) eV, non-trivial dependence of |Yg| on ms

Majorana CPV, d =0 (m): reqguires My = 3.5 x 1019 GeV

Dirac CPV, asxs1y = 0: typically requires M; = 10 GeV

Yg| = 8 x 107, Ay £ 5 x 10 Gev imply

|sin#y3 sind|, sin#z < (0.04 —0.09).

T he lower limit corresponds to

|Jep| = (0.009 — 0.02)

NO (NH) spectrum, mi << (<) mo < ms: similar dependence of |Yg| on my if
Hi> =0, R11F1s # 0; non-trivial effects for m1 = (107% —5 x 10°2) eV.
E. Maolinaro, S. T.P., T. Shindou, %. Takanishi, 2007



M, [GeV]
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ma < my < ma, My < M> < Ms, real By;; M = (10°—-10%°) GeV, 513 = 0.2;0.1,0;
Ry ; varied within |Ry3|? + |R12|? + |Fiz]® = 1; ao1,031, 0 varied in [0,27];
min(Mi) for given ms: |Yg| = 8.6 x 10711; absolute minima of Mjy:
mz = 5.5x107% 5.9x 1072 eV, azx = 7/2, My =3.4 (3.5) x 1010 GeV.
E. Molinaro, S. T.P., T. Shindou, %. Takanishi, 2007
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m, [107 eV]

mz < my < mo (IH), B11 = 0, real R12F13, Majorana CPV;
a3z = /2, s13 =0, My = 10 GeV; R%,/R7; = ms/ma. maximises |e;|;
i) san(R1oR13) = +1; ii) sgn(R12R13) = —1.
E. Maolinaro, 5. T.F.,, T. Shindou, %. Takanishi, 2007
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m1 < m2 < mz (NO(NH)), Fi12 =0, real F11 s, Majorana CPV, s13 =0;
san( Ry R13) = —1, sinf23 = 0.50, M; = 1.5 x %10 GeV;
raz = 2w /3;m/2; w/3 (red, blue, areen lines).

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007



Low Energy Leptonic CPV and Leptogenesis: Summary

Leptogenesis: see-saw mechanism; N; - heavy EH v's;
N;, v - Majorana particles

T he observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase & in Uppns, no other sources of CPV
(Majorana phases in Upmns equal to 0, etc.):; requires M, = 10 GeV.

my <€ mo < msz (NH):

|sinf13 sind| < 0.09,  sinfiz < 0.09; |Jep| = 2.0x 1072

m3 <€ m1 < mo (IH):
|sinfhz sind| = 0.02, sinthz = 0.02; |Jep| = 4.6x 1077

E. CP-vioclation due to the Majorana phases in Ugans, No other sources of CPV
(Dirac phase in Upnmns equal to 0, etc.); requires My, = 3.5 x 10'° GeV.

C. CP-violation due to both Dirac and Majorana phases in Ugpns.

D. Yg can depend non-trivially on min(m;) ~ (107° — 1072) eV.

. 5. Pascoli, S T.FP., A._Riotto, 2006 (A-C);
E. Molinaro, S.T.FP., T. Shindou, %. Takanishi, 2007 (D).



Complex R: g1; #0, CPV from U and R
my < omo < mz (NH), My <= Moz, m1 =0, Bip =0 (N3 decoupling)
RY, + Rz = |Ripf?e™7= + |Rysl?et?oe = 1,

|R12|? sin2p10 + |R13|? sin2p13 = 0 sgn(sin2p12) = —san(sin 2p13) .

1+ |Rul*—| Rl

T sin2p1o = +4/1 — cos22ypy0,

cosZypip =

1—|Rua|*+| Rusl* . ;
COS2ip13 = _mh_uh_ﬂ.__u 13| , SiN2p13 = F/1— cos?2yp13.
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m1 < mo < ms (NO(NH)), R11 =0, CPV due to R and U,
k3o — ﬂ.m_.m , 813 — _m_. m.:.._m_mmm = D.m__m_. _mu.m_ = H. .__.Eq“_. = H_.D”: mm,___._____“
Y5 Ane| (R CPV, blue), |Y§Awmx| (I CPV, areen), total |Yg| (red line)
E. Maolinaro, S.T.F., 2008
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m1 < mo < ms (NO(NH)), R11 =0, CPV due to R and U,
k3o — ﬂ.m_.m , 813 — _m_. m.:.._m_mmm = D.m_h__.. _mu.m_ = H. .__.Eq“_. = H_.D”: mm,___._____“
Y5 Ane| (R CPV, blue), |Y§Awmx| (I CPV, areen), total |Yg| (red line)
E. Maolinaro, S.T.F., 2008



Low Energy Leptonic CPV and Leptogenesis (contd.)

E. Interesting case: CPV due to the Majorana phases in Ugpys and the R-phases

ms € my < mo (IH), My < Moz, ms =0, Im(R;) =0.

RL +RL,+R;=1

[Riy[Ze®7 4 By e 4+ Rig = 1,

|R11]? sin2¢11 + |R12|? sin2p12 = 0.

Y5 Anel o< |R11|? sin(2¢11) (U1 |? — |Ura|?) - can be suppressed:

|U-1|? — |Ura|? = (57, — €55 )555 — 4512612523¢23513C0Sd = —0.20 — 0.92 513 COSJ .
5iN? P10 = 0.3, sin®f3 = 0.5: (—sin#z cosd) = 0.15

(sin® 12 = 0.38, sin®fzs = 0.36: 0.06 = (—sinf3 cosd) = 0.12)
E. Molinaro, S. T.P., 2008, 2010,
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Yg!- 10"

IR,

ma <€ my < m2 (IH)), Bz = 0, Majorana and RE-matrix CPV,
k2] — ﬂ.m_.m . n|.mu.w COs _wu = _U_.”_.,_m__. _.m:._ =1.2 . L_.EJ. = “_._m_: mm.___.____.“
Y5 Ane| (R CPV, blue), |Y§Awx| (I CPV, areen), total |Yg| (red line).
E. Maolinaro, S.T.F., 2008



We have shown in the article that for a certain range of values of sin(f13) cos(d)
in the case of IH light neutrinc mass spectrum and hierarchical heawvy
Majorana neutrino mass spectrum, the "high eneray’ contribution to the
baryon asymmetry of the Universe will be strongly suppressed if the com-
plex Riz element of the R-matrix satisfies the Inequality: |Ris|?|sin(2&13)] <<
min( |R11|?|sin(2511)]. |Ri2/?| sin(2&12)| ). In this Addendum we extend the anal-
ysis to the case of arbitrary complex His: we abandon the condition on
|R13|?| sin(2&13)| aiven above and determine the ranges of values of |Ris| for
which the indicated strong suppression of the "hiagh eneray’” contribution to the
baryon asymmetry still takes place even when the phase of Ri3, 13, is allowed
to assume large CP-violating values. In this case the contribution to the corre-
sponding CP asymmetry due to the low energy Majorana CFP violating phases is
essential for producing baryon asymmetry compatible with the observations.

It follows from the numerical analysis performed in this Addendum that for, e.q9.,
M, = 101! GeV, the scenario described above is realised and we have subdominant
(strongly suppressed) “high energy” contribution to the observed value of the
baryon asymmetry for arbitrary @13 ifi) for |R11| < 0.5, |R13| satisfies |R13| = |R11|;
ii) for 0.5 £ |Ry1| < 1 we have |Rys3| < 0.5, and if iii) for |Hy1| > 1 we have
|R13| < |R11]/2. In each of the cases 1) - ii1) we can have successful leptogenesis,
as our results show, due to the contribution to the barvon asymmetry associated
with the Majorana CP violating phase(s) In the neutrino mixing matrix.



The results obtained In the present Addendum are illustrated In next figure where
we show the total baryon asymmetry Yz (red dots/line), the purely “high energy”
contribution (blue dots/line) and the “mixed” term as function of |Hiz| for fixed
values of |Ri1| and |Ri3|. The lightest neutrino mass ms is set to zero and
the lightest RH Majorana neutrino mass corresponds to M; = 1011 GeV. The
figure is obtained for sin(f13) cos(d) = —0.2. In the upper left panel, we have set
|F11| = 0.7 and have taken a real Ri3, with R13 = 0.3. The phase of Ri1, $11, was
varied in the interval [3x/2,2%], while the Ei» = _mpm_mﬂ: Is determined by the
orthogonal condition: Rj, 4+ Rj, + R7; = 1. In all the other panels of Fig. 1 we
consider a complex B3 = |Ry1s|e*= and the “hiah eneragy"’ phase &3 was assumed
to take random wvalues in the interval [0,27]. We plot the behavior of each term
contributing to the baryon asymmetry as a function of |Eiz| for fixed |Ri1| and
| 13|, following the procedure described above.
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Total baryvon asymmetry Yz (red dots), “high energy’ term (blue dots) and
“mixed"’ term (green dots) vs |Riz| for My = 10 GeV, m3z = 0, an = /2,
s1z = 0.2, d =, complex Hii, Hiz, and i) |R11| = 0.7 and real Hi3 = 0.3 (upper
left panel); ii) |R11| = 0.7 and |Riz| = 0.3 (upper right panel); iii) |R11| = 0.4
and |Hiz| = 0.4 (middle left panel); iv) |H11| = 0.4 and |H;3z| = 0.2 (middle right
panel); v) |R11| = 1.3 and |Ri3| = 0.6 (lower left panel); vi) |R11] = 1.5 and
|F13| = 0.7 (lower right panel). The figures in the upper right panel, the middle
and lower panels are obtained for complex Rys. The horizontal lines Indicate the
allowed range of the barvon asymmetry: Yg = (8.77 £0.24) x 10~ 11,




Conclusions

The see-saw mechanism provides a link between the :~-mass generation
and the baryon asymmetry of the Universe (BAU).

Any of the CPV phases in Ugyns can be the leptogenesis CPV parameters.

Obtaining information on Dirac and Majorana CPV is a remarkably chal-
lenging problem.

Dirac and Majorana CPV may have the same source.
Low eneray leptonic CPV can be directly related to the existence of EAU.

Understanding the status of the CP-symmetry in the lepton sector is of
fundamental importance.

These results underline further the mportance of the experimental
searches for Dirac and/or Majorana leptonic CP-violation at low ener-
gies.



