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After the high precision measurement of sinf#3 = 0.15
(Daya Bay, RENQO), one of the next most important

goals of the future research in neutrino physics - deter-
mine the status of the CP symmetry in the lepton sector.

All compelling v— oscillation data is compatible with 3-v
Mmixing:

3
v (z) = .MH UpviL(z), l=ep,T.
-..ﬂ”

EB. Pontecorvo, 1957; 1988 1967

£, Maki, M. Makagawa, S. Sakata, 1962;

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
Neutrino Mixing matrix.



The current ‘“reference scheme’”: 3-r mixing

mn
_EVHMQW_Q%VU vit m; #0; l=epu 1, n=3;
=1

m
Er@v” .MH Q&Ernavdﬁrnavnﬁuﬂno“hHm::L..
.HHH

The PMNS matrix U - 3 x 3 unitary to a good approxi-
mation (al least: |U;,| & (<<)0.1, l =e,u, n=4,5,...).

Vi, MM #= 0: Dirac or Majorana particles.

Data: the 3 vs are light: v1 23, m123 5 1 eV.
3-v mixing: 3-flavour neutrino oscillations possible.
vy, E; at distance L: P(vy —vr) #0, Plyy — vy) < 1

P(vi—vp) =Py — vy, E, L, U, qﬁ.m. — EMV



Three Neutrino Mixing

3
L = M Tﬂ__._u_. L -
=1
7 1s The Fontecorvo-Maki-Nakagawa-Sakata n_u____._____?_mu neutring mixing matrix,

HHnH d._u 2 d._u 3

U= Hm.fH q.__.n 2 ﬂ.__._”m
H;.-..- T T

71 T2 T3

e [V - nxn unitary:

n 2 3 4
mixing angles: tn(n — 1) 1 3 6
CP-violating phases:
 v;— Dirac: tn—1(m-2) 0 1 3
» vj— Majorana: n(n— 1) 1 3 6

n =23 1 Dirac and
2 additional CP-violatina phases, Majorana phases

s.M. Bilenky, J. Hosek, 5. T.F., 1920



PMNS Matrix: Standard Parametrization

1 0 0
U=V~FP, = 0 &= 0 .
0 0 &
€12¢13 512013 s13e "
.—\\ — — 812023 — ﬁ“_.mmmmm“_.m.mm..m C1 2023 — m“_.mmmwm“_.m.mm..m 823013
S12823 — _.H_.Mﬂmwm”_.w_mm..% — 12823 — MHMDMWMHWWE C23C13

* 54 = sin _mﬁ.u; Cij = CO5 _mﬁ.u; _m.ﬁu == _”_Dd_ Wln”_,
¢ & - Dirac CPV phase, d =[0.2x]; CP Inv.: ¢ =0,7.2m,

* oz, a3 - Majorana CPV phases; CP inv.: aoysy = k(F)x, (') =0,1,2...
S .M. Bilenky, J. Hosek, S.T.F., 1980
o Am2 = Am2, = 7.54 x 1079 eV2 > 0, sinf5 = 0.308, cos26;; = 0.28 (30),

o |Am3) )| =248 (2.44) x 1073 eV?, sin?fas = 0.425 (0.437), NH (IH),

» 015 - the CHOOZ angle: sin®f;3 = 0.0234 (0.0239), NH (IH).
F. Capozzi, E. Lisi et al., arXiv:1312.287828



o sgn(Am3, ) = sgn(Am3;) not determined

Amcy, = Am3, > 0, normal mass ordering

Ami, = Am3, < 0, Inverted mass ordering
Convention: M1 < Mo < M3 - NMO, m3 < m1 < mp - IMO

my <€ mo < ma, MNH,
m3 <€ my < mo, IH,

m1 = mo = ma, Em_m_m >> Amiy,, QD; m; = 0.10 eV.



« Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin©0{3 = 0.0241 (0.0244), NH (IH).

o Am? =Am3 =7.54x10°° eV? >0, sin“#> = 0.308, cos26> = 0.28 (30),

o |[Am2) | =248 (2.44) x 1072 eV?, sin?fas = 0.425 (0.437), NH (IH),
e 615 - the CHOOZ angle: sinf;5 = 0.0234 (0.0239), NH (IH).

o lo(Am3,) = 2.6%, lo(sin’0i2) = 5.4%;

lo(|Ams, (oq) = 3%, lo(sin®f23) = 14%;
L] Hﬂnm_jmmwm“u = ”_._U_w.m:
e 30(Am3,): (6.99 —8.18) x 107° eV?; 3o(sin®fA12) : (0.259 — 0.359);

s mi_bﬁwzmu_u : 2.19(2.17) — 2.62(2.61) x 1072 eV?;
3o(sin“fy3) : 0.331(0.335) — 0.637(0.663);

e 35(sin?#y3) . 0.0169(0.0171) — 0.0313(0.0315).

Fogli ef al., arXiv:120k.5254v3
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Large sinf13 = 0.15 (Daya Bay, RENQO) + 6 = 37/2 -
far-reaching implications:

« For the searches for CP violation in v-oscillations; for
the b.f.v. one has Jop = — 0.035;

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

of the Universe (BAU).

If all CPV, necessary for the generation of BAU is due
to &, a necessary condition for reproducing the observed

BAU is
|sinf13 sind| = 0.1

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



« Dirac phase d: v < vp, vp <> vp, L #FU; AL « Jep xsindissing:

F.1 Krastev, 5. T.F., 1988

1
Jep =Im {Uaq UpULU:} = g 51N 20125iN 263 5in 2013 cOs 1 3 5N &

Current data: |J-p| < 0.035 (can be relatively large!)
« Majorana phases as1, a31:

— V] <= U1, U] <= Uy not sensitive;

S.M. Bilenky, J. Hosek, S.T.P.,19280;
F. Langacker, S. T.F., G. Stelaman, S. Toshey, 1927

— _.nmqﬂwuv_ in (33)p,—decay depends on 91, &371;
— (gt — e+ ) etc. in SUSY theories depend on ooy 31;

— BAU, leptogenesis scenario: 0, 21,31



Dirac CP-Nonconservation: ¢ in Uppmns

Observable manifestations in

- - /
v« vpy, V< vp, LU =epT
* not sensitive to Majorana CPVP @91, 31

CP-invariance:
M. Cabibbo, 1978
=M. Bilenky, J. Hoselk, 5. T.F.,12280;
W. Barger, 5. Pakvasa et al.,1930.

Py —wvp) =Py —ip) . 1FU=ep,1
CPT-invariance:
P(y — ) = P(oy — 1)
=1t Py —u)=Pu—un)
T-invariance:
Plyy =) =Py —u), I#T
3/—mixing:
Lmﬁu =Py—w)—Plip—iw), [#F=ep,7

A =Py —u)— Plu—u), 1 #1

(ep)  _ alps) (e,7)
b.ﬁﬁnﬂu - L._wnnﬂu - Ib._.ﬁ_uu

F.I. Krastev, 5. T.F., 1928; V. Barger, 5. Pakvasa et a/., 1920



In vacuum: mmuﬂmf = JepF s .

Jep =IM{Ua U ULU} = = 5N 2012 8iN 2023 51N 2015 COSB1.35iN &

Foof = m_:_nbﬂ.m_ﬂhu + m_z_”bﬂ.mmmhu + m_znbﬁmhu

. F.1. Krastev, 5. T.FP., 1988
In matter: Matter effects violate

CP: Plyy — w) # Pl — )

F. Langacker et al., 1987

Can conserve the T-invariance (Earth)
Plu— w) =Pl —u) I#T

In matter with constant density: P? ) — JmatEmat

.._Em_._” _ r_,_._.mn _.u.m_ﬂ_u

m_.ﬂm_ does not depend on f-3 and _m.ﬂ _m_n:n_ m..u 2.5
F.1. Krastev, 5. T.F., 1988

F. Harrison, 5. Scott, 2000



Rephasing Invariants Assoclated with CPWVF

Dirac phase 4:
L.ﬁﬁ = Im ﬁqmu E._tm mu.*m HHMHM ;
. Jdarlskog, 1985 (for _n__._n__.xmu

CP-, T- violation effects In neutrino oscillations
F. Krastev, 5. T.F., 1988

Majorana phases o1, 31

S =Im{UaU5}, So=Im{UxU5} (not unique); or
Sy =Im{UAUSL}, S, =Im{U2Us}

A.F. Nieves and P. Fal, 1987, 2001
G.C. Branco et al., 1986
A.AL Aguilar-Saavedra and G.C. BEranco, 2000

CP-violation: both Im{UU/,U*} =0 and Re{U U5} # 0.
S1, Sz appear in |[<m>| in (33)g.~decay.

In general, J-p, 51 and 5> are independent.



Predictions for the CPV Phase ¢

Theories with U ~ Utgm BM,GR,...
(+ “minimal” correcting U; giving sinf1{3 = 0.15,
sin? 6,3 = 0.4,5iN% 01, = 0.31):

0 = (019,023, 613)

L. Marzocca, S.T.F., A, Romanino, M.C. Sevillia, arXiv:1302.

For U ~ @Fﬁm_ﬂ”

0 =3w/2orw/2 (6 =266° or § = 94°)

L. Marzocca, S.T.F., A, Romanino, M.C. Sevillia, arXiv:1302.

1" model of lepton flavour: Utgpm ., 6 = 37/2 or w/2.
[. Girardi, A. Meroni, STF, M. Spinrath, arxiv:1312.1966

Models with U ~ Ugpg:



O. Marzocca, S. T.FP., A, Eomanino, M.C. Sevillia, arxiv:1302.



The next most important steps are:

« determination of the status of the CP symmetry in the
lepton sector;

« determination of the nature - Dirac or Majorana, of
massive neutrinos.

« determination of the neutrino mass hierarchy:

« determination of the absolute neutrino mass scale (or
min(m;)).



Absolute Neutrino Mass Measurements

Troitzk, Mainz experiments on 3H —3 He + e 4+ ve:
my, < 2.2 eV (95% C.L.)

We have my, = m1 23 in the case of QD spectrum. The
_._._whﬂﬁH_.:m_ KATRIN experiment is planned to reach sen-
sitivity

KATRIN: my, ~ 0.2 eV

I.e., It will probe the region of the QD spectrum.

Cosmological and astrophysical data imply (depending
on the model complexity and the input data used):

> m; < (03-13)eV (95% C.L.)

J
K..M. Abazajian et al., arAiv:1103. 5023



Mass and Hierarchy from Cosmology

Cosmological and astrophysical data on Muu.ﬁﬂu” the Planck 4+ WMAP (low I < 25)
+ ACT (large | == 2500) CMB data 4+ ACDM (6 parameter) model + assuming

3 llght massive neutrinos, Implies
MEH =3 < 0.66eV (95% C.L.)
7

Adding data on the baryon acoustic oscillations (BAO) leads to:

Y mj=x<023eV (95% C.L.)

J

Data on weak lensing of gaalaxies by large scale structure, combined with data
from the WMAFP and Planck experiments might allow to determine
N m; d 2 (0.01 — 0.04) eV.

Ail!

NH: >~;m; < 0.05 eV (30);

IH: ©°;m; > 0.10 eV (30).



These data imply that

n...”...wtu___. <<< Em_t_ﬂ, n........wﬁ. q — u, G, ﬁ, __uq; S, b
For my, S 1 eV: my,/my, S 107°

For a given family: 1072 < myq/mgr S 102



M, from the See-Saw Mechanism

F. Minkowski, 1977,

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

F. Mohapatra, G. Senjanovic, 1980.

e Explains the smallness of »—masses.

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

5. Fukugita, T. Yanagida, 1926, GUT's: M. Yoshimura, 1978,

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

w—e+t+vy, T—pt+vy, T—et+ ., 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)o,—decay is allowed.

See-Saw: Dirac v-mass mp + Majorana mass Mg for Ng



The See-Saw Lagrangian

£P(z) = Leclz) + Ly(z) + LN (),
Lo = — %m 12(2) Yo vip(z) W (z) + hec.
Cy(z) = Mg Ng(x) H'(z) vy (z) + Y H(z) Ig(a) ¥y (z) 4+ h.c.,
(=) = -5 M Ni(z) Ni(a).

P, - LH ao:w_mﬁ@hﬁ = (v I), g - BH sinalet, H - Higgs doublet.
Basis: Mp= (M, Ms, M3); Dy =diag(My, Ms, M3), D, =diag(mi,.mo, m3).
M ) generated by the Yukawa interaction:

— LY = M NigH () (z), v = 174 GeV, v\ = mp — complex

For Mp - sufficiently large,

my = 07 X Mgt A = Ubyns m0°° Ulyys -
v=A=+Dxn R VDy (Uppans) /vy, all at Mg ; R-complex, R R =1.
J.A. Casas and A. Ibarra, 2001
In GUTs, Mg < Mx, Mx ~ 101° GeV;

in GUTs, e.a., Mg = (10%,10'2,10'5) GeV, mp ~ 1 GeV.



my, ~v2 AT MY N = Upyns m329 UL yns

A=Y,



Yo =X=+Dx R vVDy (Uppns)T/vu, all at Mpg;

R-complex, RTR =1

1A Casas and AL Ibarra, 2001
Dy = diag(Mq, Mo, M3), D, = diag(m1, mo, m3).

Models: R - CP conserving (SU(5) x T"); CPV parame-
ters in R determined by the CPV phases in U (class of
Ag Eﬂ.ﬁ_m_mv.

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

In GUTs, Mp < Mx, My ~ 1010 Gev;

in GUTs, e.g., Mp = (10°,10'2,10%°) 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:

(N — @ F) —T(Ny — @+ ¢7)
(N — @ )+ T (N — d+ )

£1

2. solve the Boltzmann (or similar) equation to account for the wash-out
of the asymmetry:

Y. = ke

—

where « = k(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:
Cs

Yo = —ks

O



Baryon number violation in the SM

Instanton and Sphaleron processes

SU(2) instantons lead to (leading order) to effective 12 fermion (B + L)
nonconserving, but (B — L) conserving, interactions:

.“_U:M.m I_I .H..u — _I_”_m__h”_m_.h”ﬁ__h”_wh”

These would induce A = Al = 3 processes:

ur+dr+cp+sp+tp+bptver+vup+vr, = dp+br+Sg
However, at T = 0 the probability of such processes is '/V ~ e 47/ ~ 107165,

't Hooft, 1976



At finite T, the transitions proceed via thermal fluctuations (over the
barrier) with an unsuppressed probability (due to sphaleron (static) con-
figurations - saddle “points” of the field energy of the SU(2) gauge - Higgs

field system):
M /V ~a*T?.

Kuzmin, Rubakov, Shaposhnikow, 1985;

Arnocld et al., 1987 and 1997,
Sphaleron processes are efficient i: the case of mz—.,m-.mm—“u at
Tew ~ 100 GeV < 1' < 10 Gev

Can generate B =0, L0 at T < Tew(< 10 GeV) from (B — L)g #= 0 (with
(B — L) = const.).
Harvey, Turmer, 1990



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-violation

azo = 0 (27), oz = w (0); G2z = 12+ 13 = arg(R12H13).

|R12|? = 0.85,

Riz|? =1 — |R12® £ 0.15 - maximise |e-| and |Yg|:

N
Ya| =£2.8 % 107 sin 4| AE|J s
0.2 109 GeV

Yz| = 8 x 10711, A £ 5 x 101 GeV imply
|sinfiz sind| = 0.11, sinfi= = 0.11.

The lower limit corresponds to

|Jcp| = 2.4 x 1072

FOR a3z =0 (27), 23 =0 (7):

|sin @13 sind| = 0.09, sinf1z = 0.09; |Jep| = 2.0 x 1072



The requirement sinf13 < 0.09 (0.11) - compatible with
the Daya Bay result: sinfy3 = 0.15.

sin@i3sind| = 0.11 implies |sind| & 0.7 - compatible
with § 22 37/2.

sinf13 = 0.15 and § = 3x«/2 imply relatively large (ob-
servable) CPV effects in neutrino oscillations:
—35x 1072,

!

Jcp =



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.
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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,
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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]

i m.._m_“ﬂ.m ........
10 m_.._m_ﬂﬁ.._ |||||||
S42=0.0

PRI PR P BT BT TR BT Ar] B R A
107 10° 10® 107 10° 10° 10* 10® 107
m[eV]

ms < my < ma, My <€ M> < Ms, real Ry;;, Mp = (10°-10%2) GeV, s13 = 0.2;0.1;0;

10

E. Maolinaro, 5. T.F., T. Shindou, ¥. 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.




Yl 10"

_y

ol
-.-.l- —

. _ | , _ _ _
0.1 0.2 03 04 05 0.6 0.7 0.8 09 1
IR

m1 < mo < ms (NO(NH)), R11 =0, CPV due to R and U,
k3o — ﬂ.m_.m , 813 — 0.2 .mm = _m_. m.:.._m_mmm = D.m_m_.. _mu.m_ = H. h,__hﬁ_. = H_.DHH 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,



1.4 | |
543 €050 =015 e

. 5., C0s0=0.16

13
1.2 -54 COS0 =017
-S4a cosa =0.2

0.8
0.6
0.4
0.2

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



The preceding results: for

|Ry3|?|sin(2513)| << min(|R11 12| sin(2511,12)].
Results for arbitrary complex Rq3:

the “"high energy’” contribution to the BAU is subdom-
inat (or strongly suppressed) for, e.g., M; = 10! GeV
and arbitrary arg(R13) = @13 if

. for |[R11| < 0.5, |Ry3| satisfies |R13| & |R11];
. for 0.5 < |R11| < 1 we have |R13| < 0.5;

. and if for |[Ry1] > 1 we have |R13| < |R11l]/2.

In each of these cases we can have successful leptoge-
nesis due to the contribution to the baryon asymmetry

associated with the Majorana CP violating phase(s) in
the neutrino mixing matrix.



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.
Low eneragy 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.

Dirac and Majorana CPV may have the same source.

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

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



SUPPORTING SLIDES



Compelling Evidences for v—QOscillations: v mixing

T
_EV”MSM_EVU vi: m;i#0, l=epup,7, n=>3,
7=1

T
v (z) = .MH Ujvit(z), vj(z): mj#0,; l=en,r7.
.HHH

B. Pontecorvo, 1957; 1958; 1967,
Z. Maki, M. Nakagawa, S. Sakata, 1962;

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
Neutrino Mixing matrix.

Vi, m; #= 0: Dirac or Majorana particles.

Data: at least 3 vs are light: v1 23, m123 5 1 eV.



We can haven >3 (n =4, orn=5, or n = 6,...) If,
e.g., sterile vp, vy exist and they mix with the active
flavour neutrinos v; (7)), | = e, u, T.

Two (extreme) possibilities:

1) mgs. . ~1eV,
In this case Ve(p) — VS oscillations are possible (hints

from LSND and MiniBooNE experiments, re-analises of
short baseline (SBL) reactor neutrino oscillation data

( “reactor neutrino anomaly”, data of radioactive source

callibration of the solar neutrino SAGE and GALLEX ex-
periments ( “Gallium anomaly"):

i) Mas,. ~ (102 —103) GeV, TeV scale seesaw models;
Mys, . ~ (109 — 1013) Gev, “classical” seesaw models.

We can also have, in principle:
mg ~ 1 eV (vy,) — vs), ms ~ 5 keV (DM), Mg ~
(10 — 103) GeV (seesaw).



« Data (relativistic v's): v (v;) - predominantly LH ( RH).
Standard Theory: vy, 7y - v(x);

vir(z) form doublets with I (z), | = eu, T

yr(x)
()

« No (compelling) evidence for existence of (relativistic)
v's (¢'s) which are predominantly RH (LH): vy (77.)

If vy, vy exist, must have much weaker interaction than
vy, V. vy, vr, - sterile”, “inert”

..w”.m_t.._ﬂ

Fontecorvo, 1967

In the formalism of the ST, vg and vy - mI v fields
vr(x); can be introduced in the ST as SU(2); singlets.

No experimental indications exist at present whether the
SM should be minimally extended to include vr(x), and

if it should, how many vgr(x) should be introduced.



vr(x) appear in many extensions of the ST, notably in
SO(10) GUT's.

The RH v's can play crucial role

1) in the generation of m(v) # 0O,

ii) in understanding why m(v) < my, mgq,

iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each v; () there cor-
responds a v,g(x), | = e, u, T.

ST I_I wﬂwﬁﬁxv — 0 hm — ﬁﬁﬁmﬁ.. [ = €, L, T,
L=Le+ Ly + Ly = const.



The current ‘“reference scheme”: 3-r mixing

.3.._
_EVHMSM_H&V“E”E%«WO_HHmuFﬂ_ﬁ”m_
1=1

m
T.h_lﬁHv” .MH qhmﬁm_lﬁnnvu ﬁ.w._lﬁHv ” Suwmo. h”mutuﬂ.
.HHH

The PMNS matrix U - 3 x 3 unitary to a good approxi-
mation (al least: |U;,| S (<<)0.1, I =e,u, n=4,5,...).

vi, m; 7 0. Dirac or Majorana particles.

Data: the 3 vs are light: v1 23, m;23 S 1 eV,
3-r mixing: 3-flavour neutrino oscillations possible.

v, B at distance L: P(v,, —mv-)=%=0. Plv, — v,) <1



HUAT.__“ — H,_.._m‘..v = &Uﬁﬁh — Uy, E, L; U, EW — EMV



Majorana Neutrinos

Can be defined in QFT using Tields or states.
Fields: x.(z) - 4 component (spin 1/2), complex, my
Majorana condition:

C(n(x)) =&ox(z), &7 =1, C tyC = IJ.M,

— Invariant under proper Lorentz transformations.
— Reduces by 2 the number of components in yi(x).

Implications:

U(1) : xe(z) — e (z) — impossible

— vilx) cannot absorb phases.
I .m._,.quD D Qg =0, L, =0, L=0,..

Es

— xil(x): 2 spin states of a spin 1/2 absolutely neutral particle
— Xk = Xk



Propagators: W(z)—Dirac, v(z)—Majorana
<OIT(Wa(z)Wg(y))|0 >= Sos(z — ) ,
<OT(Wa(a)Ws(y))|0>=0, <O|T(Va(2)Ws(y))|0>=0.
< 0|T(xa(2)Xs(¥))|0 >= Sis(z —y)
< OIT (xal2)xs WN]0 >= —£"S . (z — ¥)Crs

< 0T (Xa(z)Xs(y))|0 >=& C 1 STa(x —y)

r—1

'ep x(x) __Unﬁu — Nlcp 70 HHHJ, Nep = L1 .



The (Mass)? Spectrum

F
Va i V2 2
) V) 3 | Am sol
a
(Wlass)? _&_Er.&a or 5
b.H_”.._. arm

W L) 3

;__EH n Am s0l Vv, ¥
Normal [nverted

Am? 2 7.6x10%eV2,  Am’, =24 x 107 eV?

atm

Are there more mass eigenstates, as LSND suggests,
and MiniBooNE recently hints?

Cue to B. Kayser



The Absolute Scale
of Neutrino Mass

v Uscillation
(Mass) A

W
m_m “v Cosmology, f Decav,

How far above zero
is the whole pattern?

Oscillation Data = vAm-? . < Mass|Heaviest v, |

Cue to B. Kayser



Predictions for the CPV Phase o
Models with U ~ Utgm:

0 =3w/2orwn/2 (6 =266° or § = 94°)

D. Marzocca, S. T.F., A. Eomanino, M.C. Sevillia, arXiv:1302.

T’ model of lepton flavour: Utgn, 0 = 37/2 or 7/2.

1. Girardi, A. Meroni, STF, M. Spinrath, arxiv:1312.1966

Models with U ~ Ugpg:

d =7

O. Marzocca, S.T.F., A, Homanino, M. C. Sevillia, arXiv: 1302,



Neutrino Mixing: New Symmetry~?

o 010 = .._wmu_ = %4_ Oo3 = %mﬁﬁ: - #ﬁl\.v 013 = %
[ 2 1 \
Af__x w_] QM _ €
Ubmns = |f_1W ﬂW |ﬂ|qu.v '
1 /1 /1
\ Vs V3 V2D )

Very different from the CKM-matrix!
¢« 1o =7/4—0.20, 6H13=0+47/20, Or3 =m/4 —0.10.

« Uppmns due to new approximate symmetry?



A Natural Possibility (vast literature):

U= Ewammﬂv ) Qo o Urememic Plas, asy),
with
(3 V5 o ) (st O
Utem = _ ______H ______M _ ______M lam = — F H_HF P
Ve V3 “V2 |’ 2 T2 2
1 1 1 1 H_HF 1
\ "V6 V3 V2 ) \ 2 T2 2

. q_ﬁ.mnnmh.ﬁ 1) - from diagonalization of the [~ mass matrix;

« Utem.BMm.Lc P(a21,a31) - from diagonalization of the
v mass matrix;

« (o, o), - from diagonalization of both the [— and v
mass matrices.

F. Frampton, STF, W. Rodejohann, 2003



Predictions for o

Assume:
» UppmnNs = q_muﬁmm%v Q(¢, p)UremMm Plaz21,a31),

o _w_u - minimal, such that

i) sinf13 = 0.16; BM: sin?6y> = 0.31 ;

i) sin26p3 can deviate significantly (by more than
sin2613) from 0.5 (b.f.v. = 0.42-0.43).

From i), i) 4+ me << my << my!

Ulbp(0%;, 1) = R12(055) Ro3(053) . Q(é,¢) = diag(1,e™, 1)

Leads to & = d(019,093,013) - new sum rules for &!

C. Marzocca, S.T.P., A. Romanino, M.C. Sevillia, arXiv:1302.



For Utpm:

B tan6y3 20 et .
Ccosd = S ein 201 s 014 14 (3sin“6012 —2) (1 — cot® fo3 sin“013)]

For Utgm + b.f.v. of 615,053,013

0 =3n/2orw/2 (6 =266° or § = 94°)

D. Marzocca, S.T.F., A. Eomanino, M.C. Sevillia, arxiv:1302.

T’ model of lepton flavour: Utgpm ., 6 = 37/2 or w/2.
I. Girardi, A. Merconi, STFE, M. Sginrath, ardiv:1312.1966



For Ugwmm:

1 2 . D
COS ) = — cot 261> tané 1 — cot“ -2 sin“ @ )
2sin 14 12 23 A 23 Hmu

For Ugp + b.f.v. of 619,093, 013:

d=

L. Marzocca, 5. T.F., A, Romanino, M.C. Sevillia, arxiv: 1302,



The next most important steps are:

« determination of the nature - Dirac or Majorana, of
massive neutrinos.

« determination of the neutrino mass hierarchy;

. determination of the absolute neutrino mass scale (or
min(m;));

« determination of the status of the CP symmetry in the
lepton sector.



Large sinf13 = 0.16 (Daya Bay, RENO) - far-reaching
Implications for the program of reserach In neutrino
physics:

» For the determination of the type of vr— mass spectrum
(or of sgn(Am?2,,,)) in neutrino oscillation experiments.

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

- For the predictions for the (33)q,-decay effective Ma-
jorana mass in the case of NH light » mass spectrum

(possibility of a strong suppression).



Large sinf13 = 0.15 (Daya Bay, RENQO) + 6 = 37/2 -
far-reaching implications:

« For the searches for CP violation in v-oscillations; for
the b.f.v. one has Jop = — 0.035;

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

of the Universe (BAU).

If all CPV, necessary for the generation of BAU is due
to &, a necessary condition for reproducing the observed

BAU is
|sinf;3 sind| < 0.09

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



Improved f energy resolution requires a B1G f spectrometer.

.. KATRIN

e\ Sosignal if m; > 0.35 eV
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Mass and Hierarchy from Cosmology
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