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The Pontecorvo Prize for 2016 (24/02/2017):
Prof. Yifang Wang (Daya Bay), Prof. Soo-Bong
Kim (RENO), Prof. K. Nishikawa (T2K)

"For their outstanding contributions to the study
of the neutrino oscillation phenomenon and to the
measurement of the Thetal3 mixing angle in the
Daya Bay, RENO and T2K experiments.”

The relatively large value of the *‘reactor’” angle
f13 = 0.15 measured in the Daya Bay, RENO and
Double Chooz experiments, indications for which
were obtained first in the T2K experiment, opened
up the possibility to search for CP violation effects
IN nheutrino oscillations.
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Determining the status of CP symmetry in the lep-
ton sector is one of the principal goals of the pro-
gram of research in neutrino physics.

Information on leptonic Dirac CP violation is cur-
rently provided by the T2K and NOvrA neutrino
oscillatoion experiments (input - the data on 043);
global analyses of the neutrino oscillation data; in
the future it is expected to be provided principally
by the planned DUNE and T2HK (or T2HKK) ex-
periments.
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Of fundamental importance are also

. the determination of the status of lepton charge
conservation and the nature - Dirac or Majorana
- of massive neutrinos (which is one of the most
challenging and pressing problems In present day
elementary particle physics);

. determination of the type of spectrum neutrino
masses possess, or neutrino mass ordering (T2K +
NOvA; JUNO; PINGU, ORCA; T2HKK, DUNE);

. determination of the absolute neutrino mass scale,
or min(m;) (KATRIN, new ideas; cosmology).

The program of research extends beyond 2030.
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All compelling data compatible with 3-r mixing:

v = ) UjvjL l=epr
=1

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, M % 0: Dirac or Majorana particles.
3-r mixing: 3-flavour neutrino oscillations possible.
vu, E; at distance L: P(vy — v (o)) 70, P(vp —vp) <1

P(vi —vy) =P — vy, E,L; U, m2 m%,m?) )
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Three Neutrino MiXxing

3
VL = E Ui vie -
J=1

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,

Uel UeQ Ue3
U= U,ul U,u2 U,u3
U’Tl U7'2 U7'3
e U - n xXn unitary:
n 2 3 4
mixing angles: In(n—1) 1 3
CP-violating phases:
e v;— Dirac: f(n—1)(n—-2) 0 1 3
e v;j— Majorana: In(n—1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majorana phases

S.M. Bilenky, J. Hosek, S. T.P., 1980
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PMNS Matrix: Standard Parametrization

1 O 0
U=VP, P=[0 &5 0 :
0 0 €=
C12C13 $12C13 s13e %
V = | —s12c03 — c12823513¢”  c1oc23 — S12823513¢”  so3ci3
812823 — C12¢23513€°  —c12823 — S12C23513€"  Cp3C13

® S = sin 07;]', Cij = COSHZ'J', Hz'j = [O,g ,
e 0 - Dirac CPV phase, 6 = [0,27]; CP inv.: 6 =0, m, 2w;
e an1, a31 - Majorana CPV phases; CP inv.: asy31) = k(K)7m, k(K') =0,1,2...

S.M. Bilenky, J. Hosek, S. T.P., 1980
e Am2 = Am3, 2 7.37 x 1075 eV2 > 0, sin®012 £ 0.297, cos2012 = 0.29 (30),

o |Am3; 5] =253 (2.43) x 1073 eV?, sin? 0,3 = 0.437 (0.569), NO (10) ,

112

e 013 - the CHOOZ angle: sin?6;3 = 0.0214 (0.0218), Capozzi et al. NO (IO).
F. Capozzi et al. (Bari Group), arXiv:1601.07777v1.

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



e Am2 = Am3, 2 7.54 x 1075 eV2 > 0, sin?012 £ 0.308, cos2012 = 0.28 (30),
o \Am§1(32)| =~ D247 (2.42) x 1073 eV?, sin?6y3 = 0.437 (0.455), NO (10),

e 013 - the CHOOZ angle: sin?613 = 0.0234 (0.0240), NH (IH).

o 1o(Am2,) = 2.6%, 1o(sin?012) = 5.4%;

o 1o(|Am3, 53|) = 2.6%, 1o(sin®23) = 9.6%;

e 10(sin?013) = 8.5%);

e 30(Am3,): (6.99 —8.18) x 107> eV?; 30(sin?612) : (0.259 — 0.359);
(3c(Am3,) : (6.93 —7.97) x 1075 eV?; 30(sin?612) : (0.250 — 0.354);)

S 3a(|Am§1(23)|) : 2.27(2.23) — 2.65(2.60) x 1073 eV?;
(2.40(2.30) — 2.66(2.57) x 1073 eV?;

30(sin?623) : 0.374(0.380) — 0.628(0.641);
(30(sin“#23) : 0.379(0.383) — 0.616(0.637))

e 30(sin?613) : 0.0176(0.0178) — 0.0296(0.0298)
(30(sin?613) : 0.0185(0.0186) — 0.0246(0.0248).)

F. Capozzi et al. (Bari Group), arXiv:1312.2878v2 (May 5, 2014)
(F. Capozzi et al. (Bari Group), arXiv:1601.07777v1.)
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o« Dirac phase 6: vy <> vy, p <> vy, L 7F U A%  Jep o sinb13sin6:
P.I. Krastev, S.T.P., 1988

1
Jcp =Im {Uel UMQ U:Q U:1} = gSiﬂ 201> sin 2(923 Sin 2913 C05313 Sind

Current data: |Jop| < 0.035 (can be relatively large!); b.f.v. with § = 37/2:
Jop & — 0.035.

« Majorana phases asq, a31:

— V] £ Yy, V] <> Uy not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987

— |[<m>| in (88)o,—decay depends on a1, Q31;
— N(u— e+ ) etc. in SUSY theories depend on a1 31;

— BAU, leptogenesis scenario: 5, 2131 "
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6 = 37 /27

Jop = Im{Uc U U U |

1
3 Sin 26015 sin 2053 sin 2013 cosf13sin 9
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LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

T T T I T T 'I I T T T I L
I

5 i 7.5 8 B.5 2 2.2 2.4 26 2.8 0 0.5 1 1.5 2
AME107° eV?

025 03 035 0.01 0.02 0.03 0.3 04 05 0.6 07
siN“6,, sin“0,, SiN“0,,

F. Capozzi, E. Lisi et al., Proc. of ©v2016 Int. Conf.
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The Quest for Nature’s Message
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With the observed pattern of neutrino mixing Nature is
sending us a message. The message is encoded in the
values of the neutrino mixing angles, leptonic CP viola-
tion phases and neutrino masses. T he message can have
two completely different contents: it can read

ANARCHY or SYMMETRY.

ANARCHY:

é\ol%)e Gouvea, H. Murayama, hep-ph/0301050; PLB,

L. Hall, H. Murayama, N. Weiner, hep-ph/9911341.
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Understanding the Pattern of Neutrino Mixing:

Symmetry Approach.

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



Examples of Predictions and Correlations.

° Sin2 923 = %

. Sin? 0->3 = %(1 — Sin2913) + O(Sin4 (913).

.sin26,3 = 0.455; 0.463; 0.537; 0.545 (small uncert.).
2 ~ 1 2 | ~

e SiN“ 012 = 3 (1 +sin©013) + O(sin™ #13) = 0.340.

« and/or cosd = cos (012,023,013, 6095, ...),

Jop = Jop(012,023,013,0) = Jop(012,023,013; 6075, ...),

/5,... - known (fixed) parameters, depend on the
underlying symmetry.
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The measurement of the Dirac phase in the PMNS
mixing matrix, together with an improvement of the
precision on the mixing angles 6:-, 013 and 6»3, can
provide unique information about the possible exis-
tentge of new fundamental symmetry in the lepton
sector.
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Understanding the Pattern of Neutrino Mixing:
Predictions for the CPV Phase ).
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Neutrino Mixing: New Symmetry~?

Y

e 010 =00 =gz, 023 ="0m=7(7), 013= 55

(e
Upnns = | — % \/% — %(7) :
1 1 1
SRCREREION

Very different from the CKM-matrix!

e 015> = sin~! % — 0.020; 015 = 7/4 — 0.20,

(913 =0 + 7T/20, 923 = 7'('/4 F 0.10.
e Uppmns due to new approximate symmetry?
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A Natural Possibility (vast literature):

U= UL, (6,6 Q¢,w)Ursmpmic,. P(&1,6),
with
2 1 1 41
(3 % o (5 Es 0
Utem = —\/i \/i \/7 , Usm = ~1 :tl -
6 \3 ’ 2 72 2
> V2 U1 T
Ve ) Lz T2

® Ulep(9
trix;

Zj,éﬁ) - from diagonalization of the [~ mass ma-

o UTBI\/I,BI\/I,LC,... P(§1,§2) - from diagonalization of the v
mass matrix;

e Q(¢,w), - from diagonalization of the [~ and/or v mass
matrices.

P. Frampton, STP, W. Rodejohann, 2003
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ULcy Ugramsy UgreMy UngMm:

(1 1 \
- B
C C
U c= —1/2\/—% L\/—% 853 . u— T symmetry : 6053 = Fn/4;
523 __ 523 c¥
\ V2 V2 T3
v v V3 1
_ 512 C12 1 V3 1
Ugr = © Upem = | — —— |, 6%, =nx/6.
GR gl/ji v, HGM 2\/5 2\\//_5 \/5 1o =m/
212 12 \/7 1 3 1
\ V2 J \ " 2v2 2v2 V2 )

Usram: Sin260%, = (24+r)"1 £ 0.276, r = (1 +5)/2
(GR: r/1; a/b=a+b/a, a > b)

UgrMm: SiN 912 = (3 — 7“)/4 = 0.345.
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e UTBM: 595 = 1/3, 833 = 1/2 s75 = 0; s33 = 0 must be
corrected; if 63 # 7/4, s33 = 0.5 must be corrected .

e Usm: 875 = 1/2, 833 = 1/2, s93 = 0; si3 = O,
s75, = 1/2 and possibly s5; = 1/2 must be corrected.

Urem(em): Groups Ag, T' (S4), ... (vast literature)

(Reviews: G. Altarelli, F. Feruglio, arXiv:1002.0211; M. Tanimoto et al., arXiv:1003.3552;
S. King and Ch. Luhn, arXiv:1301.1340)

« Ugra: Group As,...; s33 = 0 and possibly s, = 0.276

and s3; = 1/2 must be corrected.
L. Everett, A. Stuart, arXiv:0812.1057;...

« U _c: alternatively U(1), L' =Le— L, — Ly
S.T.P., 1982
e ULc: 835, =1/2, s33 =0, s45 - free parameter;

s23 = 0 and s, = 1/2 must be corrected.
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«Ugrg: Group Dig,...; s33 = 0 and possibly s, = 0.345
and s3; = 1/2 must be corrected.

e Uyg: Group Dis,...; s33 =0, 53, = 0.25 and possibly
s53 = 1/2 must be corrected.

For all symmetry forms considered we have: 6073 = 0O,
They differ by the value of 075:

TBM, BM, GRA, GRB and HG forms correspond to
sin?#%, = 1/3; 0.5; 0.276; 0.345; 0.25.
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Examples of symmetries: Aa, Sa, Da, Asg
From M. Tanimoto et al., arXiv:1003.3552

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



Group | Number of elements | Generators Irreducible representations
Sa 24 S, T, U 1,1, 2,3, 3
Ag 12 S, T 1, 1,17, 3
T’ 24 S, T, R 1, 1,17, 2, 2,2" 3
As 60 S, T 1, 3,3,4,5
Dio 20 A, B 11, 1o, 13, 14, 21, 22, 23, 24
D1» 24 A, B 11, 15, 13, 14, 21, 22, 23, 24, 25

Number of elements, generators and irreducible representations of some
discrete groups.
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How does it Work.

i Flavour symmetry group
f (non-Abelian discrete)

Residual symmetries of
GB G‘J the CL and neutrino

mass matrices

Sum rules for cos 8

v;, Majorana mass term, m; #my, j F=k=1,2,3: G, = Z> X Z>, Z>
Ge = 4o Zp, N> 2 Zn X Ly ym > 2
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v;, Majorana mass term, m; #= my, j 7= k =
1,2,3: Gy = 2> X Zo, Z>

(max. G, = Z> X Z> X Z»>» + G, subgroup of
SU(3): max. Gy = Z» X Z»)

Ge — ZQ; Zn, n > 2; Zn X Zm, n,m
(max. Ge =U(1) xU(1) x U(1)
group of SU(3): max. G = U(1) x U(1))
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In models with Gy = Z> X Z>:

U, - determined up to re-phasing on the right and per-
mutations of columns; the latter can be fixed within a
specific model.

In models with G, = Z>:

U, - two free parameters, one angle and a phase, as long
as the neutrino Majorana mass term does not have addi-
tional “accidental” symmetries, e.g., the u—7 symmetry;

otherwise, determined up to re-phasing on the right and
permutations of columns.
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« TBM form of Uy:

from G = Aa, Gv = Z> (S generator of A4 is unbroken)

©u — 7 accidental symmetry.
G. Altarelli, F. Feruglio, arXiv:1002.0211; see also, e.g., I. Girardi et al., arXiv:1509.02502

« TBM form of Uy:

from Gy =1T', G, = Zy (+ TST? element of T’ - unbro-
ken) + i(x), v (x), | = e, u, 7 - triplets of T".

« BM form of Uy:

from Gf = Sa, Gy = Z> u — 7 accidental symmetry.
G. Altarelli et al., arXiv:0903.1940; see also, e.qg., I. Girardi et al., arXiv:1509.02502
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M. - charged lepton mass matrix (L-R con-
vention).

Ue: UdMcMIU, = diag(m2, m2,m2).
Ge - residual symmetry group of MeM;f:

p(ge) T MeMip(ge) = MeM,
ge: an element of Gg;
p: the unitary representation of G, acting

on lL(a?);
p(ge): action of Ge on I (x), l = e, u, .

o(ge) and MeM;f commute: both are diago-
nalised by Ue.
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M, - neutrino Majorana mass matrix (R-L
convention).
U,: ULM,U, = diag(m1, mo, m3).

G, - residual symmetry group of M,:

p(g) T Myup(gv) = My,

gy: an element of G,;
the unitary representation of G, acting

on vi(x);
p(gy): action of G, on vy (x), l =e,u,T.

o(gy) and MiMV commute: both are diago-
nalised by U,.
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None of the symmetries leading to Utgpn, Ugp OF
other approximate forms of Uppns Can be exact.

Which i1s the correct approximate symmetry, i.e.,
approximate form of Uppns (if any)?

In the cases of U, given by Utgm, Ugm, €tc. the

requisite corrections of some of the mixing angles
are small and can be considered as perturbations to
the corresponding symmetry values.

Depending on the symmetry leading to Utgnm ems
etc. and on the form of Uyg,, one obtaines diiffer-

ent experimentally testable predictions for the sum
of the neutrino masses, the neutrino mass spec-

trum, the nature (Dirac or Majorana) of v; and the
CP violating phases in the neutrino mixing matrix.

Future data will help us understand whether there
IS some new fundamental symmetry behind the ob-

served patterns of neutrino mixing and Am%.
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For arbitrary fixed 67, and any 033
(“minimal” and “next-to-minimal” cases):

tan 63
Sin 26015 sin 013

COsé = cos 20% 5

+ (sin? 612 — cos? 4,) (1 — cot? O3 sin?613)] .
S.T.P., arXiv:1405.6006
T his results is exact.

— 1 1—25sin? 013
2 1—Siﬂ2013 .

“Minimal” case: sinZ 6o
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Predictions for o

Assume: 0 _
e Upyns = U|ep(%,5 ) Q(v¥,w)UteM.BM,GR,HGFP (£1,82) |

R UlJfelo - minimal, such that

I) Slﬂ913 0.16; BM: sin 9122031
i) sin 923 can deviate significantly (by more than
sin©6y3) from 0.5 (b.f.v. = 0.40-0.45 or 0.55-0.60).

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



The “minimal” = simplest case (SU(5) x T",...)
Ulep = 0§5(015); now Q = diag(e’?, 1,1);

sint 3, sint#>3 - negligibly small (SU(5) x T7,...).
Thus, 015, 003,013,8 - functions of #%,,¢ and 6%,.
023 = 023(013), 0 = 6(012,013,075)(")

The exact sum rule will be given later.

fa 2 - 1—25“’12913 ~J i 2
sin 923_2(1_Sin2913)_0.5(1 sin<613).

PrOblem for UTBM,BM,GRA(B),HG |f Sin2 923 % 044—045
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Larger correction to sin? 053 = 0.5 might be needed.

Next-to-Minimal case: Ugp = U|ep(9{2,9§3),
Q = diag(l,e™ W, e~ Ww).

“Standard” Ordering:

Ulep (045, 053) = 043(053)071,(64,) (GUTSs typically);

in many theories - a consequence of mZ < m3 < m2.
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In all cases TBM, BM (LC), GRA, GRB, HG:
« New sum rules relating 615,013, >3 and o;

e Jop = Jop(012,023,013,6) = Jop(012,023,013; 675).

S.T.P., arXiv:1405.6006
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e Jop = Jop(012,023,013,0) = Jop(012,023,013;0Y5).

« TBM case: 6§ = 3n/2 or w/2; b.f.v. of 6;;:
0 = 263.5° or 96.5°, cosd = —0.114, Jop = F0.034.

« GRAM case, b.f.v. of 0;;: 6§ = 286.8° or 73.2°
cosd = 0.289, Jop = F0.0327.

« GRBM case, b.f.v. of 0;;: ¢ = 258.5° or 101.5°;
cosd = —0.200, Jop F 0.0333.

« HGM case, b.f.v. of 0;;: 6 =298.4° or 61.6°
cosd = 0.476, Jop = F0.0299.

« BM, LC cases: 6 =, cosd = —0.978, Jop = F0.008

The results shown - for NO neutrino mass spectrum; the results are prac-
tically the same for 10 spectrum. (Best fit values of ¢;;: F. Capozzi et al.,

arXiv:1312.2878v1.) ST P arXiv:1405.6006
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By measuring coso or ¢ one can distiguish between
different symmetry forms of U,!

Relatively high precision measurement of o will be
performed at the future planned neutrino oscilla-

tion experiments, (DUNE, T2HK) see, e.g., A. de
Gouvea et al., arXiv:1310.4340; P. Coloma et al.,
arXiv:1203.5651; R. Acciarri et al. [DUNE Collab.],
arXiv:1512.06148, 1601.05471 and 1601.02984.
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Statistical analysis, likelihood method;

input “data”: sin26y3, sin26yo, sin20yo, 6

from F. Capozzi et al., arXiv:1312.2878v2 (May 5,
2014).

2
x<(Ccos )
L(coséd) x exp (— 5 )
Nno confidence level interval of values of cosé:

L(cosd) > L(x2,) - L(x? = n?)

min

I. Girardi, S.T.P., A. Titov, arXiv:1410.8056
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8 - X
05, = sind/V2+ 1) |

o1, = sin/V3) |

NINF

8 -
Y, =sint(vV3-r/2) |

I. Girardi, S.T.P., A. Titov, arXiv:1410.8056

Venice, 14/03/2017
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No-

N
t

6y, = sin}(1/V3) |

————————

e
.

oy

0.02  0.04 9P

I. Girardi, S.T.P., A. Titov, arXiv:1410.8056
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TBM, GRA, GRB, HG: J = 0 excluded at 50, 40,
40, 30 confidence level.

At 30: 0.020 < |Jcp| < 0.039.

BM (LC), b.f.v.: Jcp = 0;
at 30: —0.026 (—0.025) < Jep < 0.021 (0.023) for NO
(IO0) neutrino mass spectrum.
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Prospective precision:
5(sin2615) = 0.7% (JUNO),

5(sin?613) = 3% (Daya Bay),

5(sin260-3) = 5% (T2K, NOvA combined).
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1.0
e BM ”
: ————— GRB
0.8} e TBM
: — GRA
HG
O L
Z 0.6}
= .
S
S
= .
E 0.4}
i .
0.2}
OO*JJL
—-1.0 -0.5 0.0 0.5 1.0
COS O

I. Girardi, S. T.P., A. Titov, arXiv:1410.8056
b.f.v. of sin®#;; (Capozzi et al., 2014) + the prospective precision used.
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1.0
R e B N[
- — (GRB
0.8} — TBM
- — (GRA
HG
o
Z 0.6
o)
o
@)
< .
E 0.4t
& |
0.2
0.0 \ . J “ .

1.0 —05 0.0 0.5 1.0

COS 0
I. Girardi, S.T.P., A. Titov, arXiv:1410.8056

The same, but for Sin2 61> = 0.33 (the BM prediction dependence on
ia2
SN ng).
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1.0

0.8}

Likelihood [10O]
<
o

—
™~

0.2}

0.0

BM
GRB
TBM
GRA
HG

_J

\

J .\

1.0

0.5

0.0 0.5 1.0
COS O
I. Girardi, S.T.P., A. Titov, arXiv:1410.8056

sin? >3 = 0.557 (b.f.v.: C. Gonzales-Garcia et al., 2014, 1O case).
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For, e.g., |cosd| < 0.93 (76% of values of ), and
A(cosd) =0.10(0.08):

ASA(coss) /1 — 0.932 = 16° (12°).

Planned to be reached, e.g., in T2HK.

Thus, a measurement of cosd in the quoted range
will allow to distinguish between the TBM/GRB,

BM (LC) and GRA/HG forms at ~ 30 C.L., if

sin2615, sin®#13 and sin26,3 are measured with the
prospective precisions.

Distinguishing between GRA and HG forms at 3¢
C.L. requires lo(coséd) = 0.03 (if b.f.v. of cosé at

one of the two maxima).

TBM and GRB cannot be distinguished at 30 C.L.

with the prospective uncertainties on sin{;

for zero uncertainties on sin% (infinite precision),
can be distinguished if 1o(coséd) = 0.03.

I. Girardi, S.T.P., A. Titov, arXiv:1504
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In I. Giradi et al., arXiv:1410.8056, we have inves-
tigated also the dependence of the predictions for

cosé on sin?613 and sin?61» when the latter are var-
ilied In their respective 30 allowed intervals In the

cases of 05; # 0 and 655 = 0. In the latter case:

f 2 _ 1—25“’]2913 ~J  cin?
Sin< Oy3 = 2(1—sin2813) —0.5(1 SN 913).

The predictions for coso are very similar in the two
cases are very similar.
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Sum rule for coséd: U = U;r Uy = (Ue)Jf v, Qo

Results shown for: ﬁy = UTBI\/I,BI\/I,LC,GRI\/I,HGI\/I and
Ue = R15 (655);

Ue = R§§(953)RI§(9§2) (figures);

Ue = R13 (653);

Oe = Ra3(653) R13(613).
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The same method can be wused for obtain-
ing predictions for Ieptonic Dirac and Ma-
Jorana CP violation iIin a large number of
cases, see S.T.P., arXiv:1405.6006; I. GQGi-
rardi et al.,, arXiv:1410.8056, arXiv:1504.00658,
arXiv:1509.02502, and arXiv:1605.04172.
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Sum rule for cosd: U = U;r Uy = (ﬁe)T v, Qo

In 1. Girardi et al., rXiv:1504.00658, results for
Uy = Rp3(053 = —7/4) R13(073) R12(075), 073 # O,

1) 107 5, 675] — [7r/20, —7 /4], [7/10, —7 /4],
[sin—1(1/3), —x/4], [x/20,sin"1(1/v/2 F )], [x/20,n/6],
i) [0Y3,0Y,] = [n/20,sin"1(1/v/3)], [x/20,7/4],
[7/10, /4], [Sin_1(1/3),7r/4], [7‘(‘/20,5”1_1(\/3—7”/2)],

and

Ue = sziw?z)’ R§31(953)RI211(9§2)?
Ue = Rl_31(9§3)r Has (053) R13(013):
Ue = R13(013) R15(012).
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In I. Girardi et al., arXiv:1509.02502, sum rule for

cos§ were derived when U and/or U, of U = Ul U, =

()T WU, Qqy, are partially (or fully) determined by
residual discrete symmetries of the lepton flavour
symmetry groups G; = Sz, Ag, T' and As.

The following cases of residual symmetries G and
(G, were analysed:

l. Ge=Zand G, =Z,, n>2 Or Z, X Zm, n,m > 2;

2. Ge=Z,,n>20r Ge =2, X Zpmy, n,;m>2 and G, = Zo;

3. Ge = Z> and G, = Z;

4. G, is fully broken and G, = Z4,, n>2 or Z, X Zuy, n,m > 2,

5. Ge=Z,, n>20r Z, X Zm, n,m > 2 and G, is fully broken.
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In the case of Ge = Z» (G, = Z»), Ue (U,) is deter-
mined up to a U(2) transformation in the degenerate
subspace.

When the residual symmetry is large enough,
namely, Ge=2Z,, n>2 0or Ge = Zp X Zm, n,m > 2 and
Gy =2ZoxZy (Gy=Zp, n>20F Zp X Zy, n,m > 2) for
Majorana (Dirac) neutrinos, U. and U, are fixed (up

to diagonal phase matrices on the right, which are
either unphysical for Dirac neutrinos, or contribute
to the Majorana phases otherwise, and permuta-

tions of columns) by the residual symmetries of the

charged lepton and neutrino mass matrices.
In the case when the discrete symmetry Gf iIs fully

broken in one of the two sectors, the corresponding
mixing matrix U or U, IS unconstrained and contains
INn general three angles and six phases.
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Predicting the Majorana Phases in UpnNs

012(055)023(053)diag(1, e, e 7“)003(653)012(055) P,

diag(1, e21 ¢i€31)

U

P

Can be shown to be equivalent :co: -
U)= O12(0{5)diag(1, e, 1)023(023)012(8Y5) P(&21, €31 +
B
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1
5 (1 — 25sin 055 cos B3 cos(w — W) )

Sin? O3
¢ = arg (e—ilb COS 953 + e “sin 9%3) ,
v = arg ( - e—i?ﬁ COS 9%3 —|— B_iw Sin 9%3) ;

diag(1, e’ "1ty | g = — ¢,

~oi
|

U = 012(075)diag(1,e'?,1)003(023)012(0%5) P
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%zﬁeQ_Bel—l_&—la

a3

7—5624‘54-531

_ _ 5
Beo = arg(U;1) = arg <812823 — €12Cp3513€ ) ,

O‘21
Ber —m =arg(Urpe 2) = arg (—612823 — 81262381365) :
Using the b.f.v. of sin?6;; ,

for TBM, GRA, GRB, HG forms: (.1 = £(6° — 7°),
Beo = £(12° —13°), Beo — Be1 = £(18.7° — 19.6°);

BM (LC) form: B.q & +1.87°, Beo = £2.6°, Ben — By =
+4.35°,

S.T.P., arXiv:1405.6006
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The simplest case: 65; =0, 8 = 0.

Generalised CP invariance: &1 =0 or m, £€31 = 0 or .

I. Girardi, S. T.P., A. Titov, arXiv:1605.04172
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T he predictions obtained for cos¢d are valid in a large
class of theoretical models of (lepton) flavour based
on discrete symmetries.

J. Gehrlein et al.,, “An SU(5) x As Golden Ratio
Flavour Model”, arXiv:1410.2095;

I. Girardi at al., *‘“Generalised Geometrical CP
Violation in a 71’ Lepton Flavour Model”,
arXiv:1312.1966, JHEP 1402 (2014) 050.
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T’ model of lepton flavour: Utgpm, 0 = 37/2 or /2.
I. Girardi, A. Meroni, STP, M. Spinrath, arXiv:1312.1966

e Light neutrino masses: type I seesaw mechanism.
o Uj - Majorana particles.
« Diagonalisation of M,: Urgm®, © = diag(1,1,1(2))

e UTpM '‘COrrected” by
Uk, Q = R12(0,) Ro3(053)Q, Q = diag(1,€'?, 1)

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



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

o« T': double covering of A, (tetrahedral symmetry
group).

T 1, 1 1" 2 2o 2" 3

« T model: t.r(x),,(x), Y, (x) - triplet of T”;
ep(x),up(x) - a doublet, Tp(x) - a singlet, of T
ver(), v, r(x),vrr(x) - a triplet of T

the Higgs doublets Hy(z), Hy(x) - singlets of T”.

« The discrete symmetries of the model are T’ x Hcp X
Zgx Z3 x Z3 x Zo, the Z, factors being the shaping sym-

metries of the superpotential required to forbid unwanted
operators.
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Predictions of the T/ Model

« m1 2 3 determined by 2 real parameters + b2
1 2 _ 1 NO

miq mo m3’

NO, A: (mq,mo,m3) = (4.43,9.75,48.73) - 1073 eV,

NO, B: (mq,ms,m3) = (5.87,10.48,48.88) - 1073 eV,
IO : (mq,mo,m3) = (51.53,52.26,17.34) - 1073 eV,

3
NO A: Y m;=6.29x10 % eV,
=1

J

m; = 6.52 x 1072 eV,

Mw

NO B:
1

m; = 12.11 x 10”2 eV,

10O : ]

I M w <
HM I
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o 912,923,913,5, a1, 31 determined by 3 real parameters.

Given the values of 615,053,013, 0, an1, @31 are predicted:

§ = 371/2 (266°) (or 7/2 (94°));

NO A: aonq = 47.0° (OI’ —47.00) ( 27‘(‘),

31 = —23.8° (OI’ —|—23.80) (—I— 27‘(‘) :

The model is falsyfiable.
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LEPTOGENESIS
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M, from the See-Saw Mechanism

P. Minkowski, 1977.

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

R. Mohapatra, G. Senjanovic, 1980.

e Explains the smallness of yr—masses.

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

S. Fukugita, T. Yanagida, 1986; GUT's: M. Yoshimura, 1978.

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

w—e+~vy, T—u+~v, T—>e-+vy, 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; (58)o,—decay is allowed.

See-Saw: Dirac v-mass mp + Majorana mass Mpr for Ny
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In GUTSs, M13< My, Mx ~ 1016 Gev;

in GUTSs, e.g., M1 3 = (1011,1012/1013) Gev, mp ~ 1
GeV.

TeV Scale (Resonant) Leptogenesis:

M 23 ~ (10%2—103) GeV (requires fine-tuning (severe));
observation of N; at LHC - problematic (low production

rates); observable LFV processes: u — e+ v, u — 3e,
QU — e conversion.
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Can the CP violation necessary for the generation
of the observed value of the Baryon Asymmetry of

the Universe (BAU) be provided exclusively by the

Dirac and/or Majorana CPV phases in the neutrino
PMNS matrix?

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



Demonstrated in (incomplete list):

S. Pascoli et al., hep-ph/0609125 and hep-ph/0611338.

E. Molinaro et al., arXiv:0808.3534.

A. Meroni et al., arXiv:1203.4435.

C. Hagedorn et al., arXiv:0908.0240.

J. Gehrlein et al., arXiv:1502.00110 and arXiv:1508.07930.
J. Zhang, Sh. Zhou, arXiv:1505.04858 (FGY 2002 model).
P. Chen et al., arXiv:1602.03873.

C. Hegdorn, E. Molinaro, arXiv:1602.04206.

P. Hernandez et al., arXiv:1606.06719 and 1611.05000.

M. Drewes et al., arXiv:1609.09069.

G. Bambhaniya et al., arXiv:1611.03827.
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The Seesaw Lagrangian

L(z) = Lcc(x)+ Ly(z) + LY (2),
Lec = — %mmmmm) WeT(z) + h.c.,
Lyv(z) = XNy Nip(z) H'(z) i(x) + Y, H(2) Ip(z) i (z) + h.c.,
() = —%Mimaﬂ Ni(e).

Y - LH doublet,y),) = (v 1), lg - RH singlet, H - Higgs doublet.
Basis: Mpr = (Ml, Mo, M3); Dy = diag(Ml, Mo, M3), D, = diag(ml,mg,m3).
M) generated by the Yukawa interaction:

—Ly = MNuNigHT ()Y (z), v =174 GeV, v\ = mp — complex

For Mp - sufficiently large,

my, >~ v® XD A = Upyins Dy Ubns -
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my =~ 02 )\TDxfl A = UlgI\/INS Dz/ U|J:[>|\/||\|57

A=Yy
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Yo =X=+Dx R vVDy (Uppns) /v, all at Mp;

R-complex, RTR=1.

J.A. Casas and A. Ibarra, 2001

Dy = diag(M1, M2, M3), D, = diag(mi,mo, m3).

T heories, Models:

« R - CP conserving (SU(5) x T', A. Meroni et al.,
arxiv:1203.4435; S4, P. Cheng et al., arXiv:1602.03873;
C. Hagedorn, E. Molinaro, arXiv:1602.04206).

e« CPV parameters in R determined by the CPV phases
in U (e.g., class of A4 theories).

o Texture zeros in Yy,: CPV parameters in R determined
by the CPV phases in U

(Frampton, Glashow Yanagida (FGY), 2002: Nj o, two

texture zeros in Yy, LG in FGY model: J. Zhang, Sh.
Zhou, arXiv:1505.04858).
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The CP-Invarinace Constraints
Assume: Cw)l =v;, C(NT' =N, 5,k=1,2,3.

The CP-symmetry transformation:

Ucp Nj(2) ULy = Ny o N;j(@'), 0" =ipl = +i,
Ucpvi(z) ULy = nf youn(a), " =ipl = +i.
CP-invariance:
o= ANy it j=1,2,3, l=e,p,T,
Convenient choice: ' =i, nl = (n" =1):
o= e, py =+l
UZ;' — Uljp;{) p]V::l:]-)
;k — R]kpéva7 ]ak: 1a2737 ZZG,M,T,

N, Ui, Rji, - either real or purely imaginary.

Relevant quantity:

Pitmi = RixRim U, U, k#=m,

CP:  Phy = P (072 (00)? (07)° = Pigni,  IM(Pjgys) = 0.
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Pjkmi Rix Rim U, Ui, K #E=m,
CP:  Phyi = Pinu(p))?(00)? (00)° = Pikmi>, IM(Pjmi) = 0.
Consider NH N;, NH v: P123; = R1o R13 U, Urs
Suppose, CP-invrainace holds at low E: 6§ =0, a2 =m, a31 =0.
Thus, U, Ur3z - purely imaginary.

Then real Ri» R13 corresponds to CP-violation at “*high” E due to the interplay
of R and U.: Im(P123T) =0 (')
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Baryon Asymmetry

Y ="8""B =(6.1+0.3)x10710,  CwmB

Ty
Sakharov conditions for a dynamical generation of Yz # 0 in the Early
Universe
e B number non-conservation.
e Violation of ' and CP symmetries.

e Deviation from thermal equilibrium.
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Leptogenesis

e T he heavy Majorana neutrinos NN, are in equilibrium in the Early Universe
as far as the processes which produce and destroy them are efficient.

e When T < M;, N7 drops out of equilibrium as it cannot be produced
efficiently anymore.

o If T(N1d¢T) A2 (NPT /¢7), a lepton asymmetry will be generated.

e Wash-out processes, like &+ + ¢ Ny, ¢~ +dtd~ 441, 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.

e T his lepton asymmetry is then converted into a baryon asymmetry by
(B + L) violating but (B — L) conserving sphaleron processes which exist
within the SM (at T 2 MEWSB)-

S. Fukugita, T. Yanagida, 1986.
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In order to compute Yp:

1. calculate the CP-asymmetry:

(N1 = @ £F) —T(Ny — dt )
(N1 —> d )+ T(Ny — Do)

€1

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

YL:/{&I

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:

Vo = — Zke, s 21/3, g, =215/2

g«
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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:

O(B + L) = NiqriqriqrilLi

These would induce AB = AL = 3 processes:

ur,+dp+cp+sp+tp+bp+ver+vun v — dp+br+5p

However, at T = 0 the probability of such processes is [/ ~ e 4™/ ~, 107165,

't Hooft, 1976
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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):
)V ~a*T?,

Kuzmin, Rubakov, Shaposhnikov, 1985;
Arnold et al., 1987 and 1997.

Sphaleron processes are efficient (in the case of interest) at
Tew ~ 100 GeV < T < 10*? GeV

Can generate B# 0, L # 0 at Tgw < T(< 10'? GeV) from (B — L)g # 0 (with
(B — L) = const.).
Harvey, Turner, 1990
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Leptogenesis
Yp ="~ 86 x 107 (ny: ~ 6.1 x10719)

112

Y= —-3x103 €K

W. Buchmuller, M. Plumacher, 1998;
W. Buchmuller, P. Di Bari, M. Plumacher, 2004
K— efficiency factor; kK~ 1071 —1073: € 2 10".

€. CP—, L— violating asymmetry generated in out of equilibrium Ngj—decays in
the early Universe,

(N1 > 0t) =T (N1 = dT )
(N1 > d )+ T (N = dte)

€1

M.A. Luty, 1992;

L. Covi, E. Roulet and F. Vissani, 1996;
M. Flanz et al., 1996,

M. Plumacher, 1997;

A. Pilaftsis, 1997.

K = Iﬁ:(m), M - determines the rate of wash-out processes:

Ot +0"N1, £~ +DPTD™ 4T, etc.
W. Buchmuller, P. Di Bari and M. Plumacher, 2002;
G. F. Giudice et al., 2004
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Low Energy Leptonic CPV and Leptogenesis

Assume: M < My < M3
Individual asymmetries:

3M; Im (ng m;/QmZ/QUZ}Ullelek)
1670 > mi | Rl

€1 — —

, v=174 GeV

2
. \All|2 2

mp = —— —— Zlem Ulk ) l:€7,u77_

The “one-flavor” appro><|mat|on - Yeur - “small”:
Boltzmann egn. for n(N;1) and AL = A(L.+ L, + L;).

Y, H(x)lp(z)vy - out of equilibrium at T ~ M.
One-flavor approximation: M1 ~ T > 1012 GeV

2 p2
3M1M%ZMmﬁ%)
€1 = Zé“u:— 5 >

] 167'("0 kak}|le}|

mp = Zﬁz = ka|le|2
z 2

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



Two-Flavour Regime
At My ~ T ~ 1012 GeV: Y; - in equilibrium, Y., - not;

wash-out dynamics changes: 7, TZF

N1 — (Mee; +App; F A7) + T (Aeer +Aupy + Air77) + T — Ny
T, + CDOT]g, T + TJNl + vy, etc.
e1r and (e1. 4+ €14) = €2 evolve independently.

Three-Flavour Regime

At M1 ~T ~ 10° GeV: Y;, Y, - in equilibrium, Y, - not.

€1r, €1 and g1, evolve independently.

Thus, at M; ~ 10° — 1012 GeV: L,, AL, - distinguishable;
L., L,, AL., AL, - individually not distinguishable;

Le + L[Lr A(Le _I_ LIL)
A. Abada et al., 2006; E. Nardi et al., 2006
A. Abada et al., 2006
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Individual asymmetries:
Assume: My < Mo < Mz, 102 < M; (~T) < 1012 Gev,

30, IM (Zj,k mgl'/sz/QUf}Ulelek)
16mv? > mj|Ryl?

The baryon asymmetry is

y 12 417 N 390 _
~ — € ——m en | ——m- :
B 37¢. \ 2"\ 589" "\ 589

—~ -1 _ -1.16 \ ~
__ my 0.2 x 107 3eV
n(m) ~ - + -
8.25 x 102 eV my

Y = —(12/37) (Y2 + Y;),

Yo=Yeq,, e2=c¢€1c+c1u, m2=mic+ miy,
A. Abada et al., 2006; E. Nardi et al., 2006
A. Abada et al., 2006
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Real (Purely Imaginary) R: €1; # 0, CPV from U

€le t €1yt €1r =2+ €1, =0,

1/2  3/2,.,
30, 1M (ng mj/ mk:/ UTjUTlelek‘>

€1r — —

16702 DMy |R1;]°
T R T

- _ : 5 , R1jR1, = £ |R1;Rug|,
167w > ;M | Raj
3My Dy Sy 2 (ms 4 my) | RajRugl Re (U7, U |

= F - 5 , R1;R1;, = £i|R1; R
167v > my | Rl

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

CP-Violation:  Im (UXUx) # 0, Re(U5Ur) # 0

12 €1 390 _ 417 _
Yp = —— N\ —=mr| —n| —gzm2
37 g 589 589
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mi < mo K m3, M1 < M3z, RioRiz —real; mi1 =0, Ri1 = 0 (/N3 decoupling)

1 — 3M1 \/ Am%l ( Ang) ) 4 |R12R13|
T > 5 %
167v Am31 (2:;;) ‘R12‘2—|— ‘R13‘2
Am%
X [ 1=—=== | Im (U;2Us3)
vV Amsz,
Im (U:2U73) — —C13 [(323823012 sin (%) — 033512513 sin (5_%>]

azo =7, § =0: Re(UXU,3) =0, CPV due to the interplay of R and U.
S. Pascoli, S.T.P., A. Riotto, 2006.
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M1 < My < M3, m1 < ma < m3 (NH)
Dirac CP-violation
azo =0 (27), 23 = m (0); B23 = P12 + B13 = arg(R12R13).

|R12| = 0.86, |R13 2=1— |R12|2, |R13| = 0.51 - maximise ‘YB‘Z

M
Vil 222.1x 10713]sin g ( 513 ) < ! ) .

0.15/ \ 10° GeV
Yp| 2 8 x 1071, M; £ 5x 10 GeV imply

|sinf13 sind| & 0.11, sinfi3 = 0.15.

The lower limit corresponds to

Jcp| 2 2.4 x 1072
FOR az2 =0 (27), B23 =0 (7):

|sinf13 sind] & 0.09,  sinf13=20.15; |Jcp| & 2.0 x 1072

Realised in a theory based on the S; symmetry: P. Cheng et al.,

arXiv:1602.03873.
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The requirement sinf13 < 0.09 (0.11) - compatible with

gh1e5Daya Bay, RENO, Double Chooz results: sinfi3 =

|sinf13sind| & 0.11 implies |sind| & 0.7 - compatible
with 6 & 37/2.

sinf13 = 0.15 and § = 37 /2 imply relatively large (ob-

servable) CPV effects in neutrino oscillations: Jcp =
—3.5x 1072
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M <« My < M3, m1 < mp < m3 (NH)
Majorana CP-violation
0 = 0, real Riz, Ri3 (B23 = 7w (0));

azp = 7'(‘/2, |R12|2 = 0.85, |R13|2 =1- |R12|2 = 0.15 - maximise |€T| and |YB|Z

Am2 M sin 2
Y| %2.2><1012< m31>( = )' (as2/2)]

0.05 eV 10° GeV sinw/4

(2)

We get |Yg| & 8 x 1071, for M; 2 3.6 x 101 GeV, or |sinazz/2| 2 0.15
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M1 < My < M3, m3z < m1 < ma (IH)

mz = 0, Ri13 = 0 (N3 decoupling): impossible to reproduce ngs for real R11R12;
Y| suppressed by the additional factor Am2 /|Aszs| = 0.03.

Purely imaginary Ri11Ri15: no (additional) suppression

Dirac CP-violation

az1 =, R11R12 = ik|R11R12|, K = 1,

|R11| = 1.07, |R12|2 = |R11|2 — 1, |R12| = 0.38 - maximise |€T| and |YB|Z

. My
Yr| =28.1 x 1012 siné .
Ys| 513 Sin 9 (109 Gev)

Y| & 8 % 10711, M7 £ 5x 10 GeV imply
|sinf13 sind| & 0.02, sinf13 = 0.15.
The lower limit corresponds to

|Jcp| & 4.6 x 1073

Realised in a theory based on the S; symmetry: P. Cheng et al.,
arXiv:1602.03873.
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15
125
>i-0 .
5
2.5
or. . N

M, <€ My < M3, mp € mo < m3; Dirac CP-violation, az> = 0; 2,
real R1io, Ri3, |R12|2 —I— |Rl3|2 =1, |R12| = 0.86, |R13| = 0.51, Sigﬂ (R12R13) = -I—l;
i) az> =0 (lﬁ:/ = -I-l), s13 = 0.2 (red Iine) and s;3 =0.1 (dark blue Iine);
ii) a3zp = 27 (K,/ = —1), s13 = 0.2 (Iight blue Iine);
M, =5 x 10! GeV.
S. Pascoli, S.T.P., A. Riotto, 2006.
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0.02.
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I->
~0.02.
~0.04
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-115 -11 -105 -10 -95 -9
LoglOYB

M < My < Mz, m1 < mo < m3;, M1 =5 x 10! GeV;
Dirac CP-violation, az; = 0 (27);
|R12| = 0.86, |R13| = 0.51, sign (R12R13) = +1 (—1) (23 =0 (m), v = +1);
The red region denotes the 20 allowed range of Yg.
S. Pascoli, S.T.P., A. Riotto, 2006.
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100+
80
60

(Yg/10™h)

40
20

0 02 04 06 08 1
Rio

Mi < My < Mz, m1 < ma < ma;, M; =5 x 10! GeV;

real R1i>, Ri3, Sigﬂ (R12R13) = +1, R%Q + R%S =1, s13 = 0.20;

a) Majorana CP-violation (blue line), § =0 and az> =7/2 (k = +1);
b) Dirac CP-violation (red line), 6 = x/2 and a3z =0 (k' = +1);
Am32, sin? 012, Am32,, sin® 20,3 - fixed at their best fit values.
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1

M <L My K M3z, mzg<<mi <mop, M1 =2X 1011 GeV;
Majorana CP-violation, 6 = O;
purely imaginary Ri1R1p = Z'IQ|R11R12|, k= —1, |Rll|2 — |R12|2 =1, |R11| = 1.2;
s13 = 0 (blue line) and 0.2 (red line).
S. Pascoli, S.T.P., A. Riotto, 2006.
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M <L My K M3, mag<<Kmi <mop, M1 =2X 1011 GeV;

Majorana CP-violation, 6 = 0, s13 = O;

purely imaginary Ri1R1p = ilﬁ;|R11R12|, k= —+1 |Rll|2 — |R12|2 =1, |R11| = 1.05.
The Majorana phase ap; is varied in the interval [—x/2,7/2].

S. Pascoli, S.T.P., A. Riotto, 2006.
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M1 < M2 < M3, m3 < m1 <mz (IH)

Majorana or Dirac CP-violation

m3 7 0, R13 7 0, R11(R12) = 0: possible to reproduce Yz3" for real Ryp(;1)R13 7 0
Requires m3 2 (107> — 1072) eV, non-trivial dependence of |Yz| on ms

Majorana CPV, § =0 (7): requires M; 2 3.5 x 10'° GeV

Dirac CPV, azy31) = 0: typically requires M1 & 10! GeV

Yz| & 8 x 10711, M; £ 5x 10 GeV imply

|Si|’1 613 sin (5| 2 (0.04 — 009) .

The lower limit corresponds to

|Jcp| 2 (0.009 — 0.02)

NO (NH) spectrum, mi < (<K) mo < mas: similar dependence of |Yg| on m; if
Ri> = 0, R11R13 # 0; non-trivial effects for m; = (1074 — 5 x 1072) eV.
E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007
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No flavour effects
10% |
>
()]
O,
—
= 1011 F
B 513=02 """"
10 B 513201 ******* _
10 E.S]]‘?’.TO..O..I...I...I...I...I...I...I.-

1010 10° 10® 107 10° 10° 10* 107 107
ms[eV]

m3 < mi < mo, M < M, <K Ms, real le; M, = (109—1012) GeV, s13 = 0.2;0.1; 0;

E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007
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Low Energy Leptonic CPV and Leptogenesis: Summary

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

Nj: My < Mz < M3

The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase § in Uppmns, NO other sources of CPV
(Majorana phases in Upmns equal to 0, etc.); requires My =2 101! GeV.

mi1 << mo <K m3 (NH)Z
|sinfi3 sind| 2 0.11;  |Jcp| & 2.0 x 1072

m3 < m1 < mz (IH):
|sin 613 sin 5| = 0.02; |JC|:>| 2 4.6 % 103

B. CP-violation due to the Majorana phases in Uppns, NO other sources of CPV
(Dirac phase in Upmns €qual to 0, etc.); requires M1 2 3.5 x 1010 GeV.

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

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

_ S. Pascoli, S.T.P., A._Riotto, 2006 (7A—C ;
E. Molinaro, S.T.P., T. Shindou, Y. Takanishi, 2007 (D).

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



LOW SCALE (TeV,...) LEPTOGENESIS

The CP violation necessary for the generation of
the observed value of the Baryon Asymmetry of the

Universe (BAU) can be provided exclusively by the
Dirac and/or Majorana CPV phases in the neutrino
PMNS matrix also in the low scale (TeV, GeV,...)
leptogenesis.

P. Hernandez et al., arXiv:1606.06719 and 1611.05000.
M. Drewes et al., arXiv:1609.09069.
G. Bambhaniya et al., arXiv:1611.03827.
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Conclusions.

e The observed pattern of neutrino mixing can be due to a new fundamental (approx-
imate) symmetry of particle interactions leading to an approximate symmetry form of
the PMNS matrix. We have considered the following symmetry forms: TBM, BM (LC),
GRA, GRB and HG. Each of these forms can be obtained from a specific discrete flavour
symmetry.

e For all the forms considered 0}, = 0 and 05, = —w /4. The forms differ by the value of 67,.
Values of the neutrino mixing angles 0;; compatible with the observations are obtained
with the help of subleading (perturbative) corrections generated by U, coming from the
diagonalisation of the charged lepton mass matrix.

e The most important testable consequence of this approach to understanding the pattern
of of neutrino mixing is the correlation between the value of cosé and the values of the
neutrino mixing angles: § = §(012, 013, 023; 9’{2). The correlation depends on the underlying
approximate symmetry form of the Upmns.

e The precise knowledge of the value of sin?#,3, in particular, is crucial for testing the
predictions obtained following the approach discussed by us and for discriminating between
various cases possible within this approach.
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The measurement of the Dirac phase in the PMNS
mixing matrix, together with an improvement of the
precision on the mixing angles 6:-, 013 and 6»3, can
provide unique information about the possible exis-
tentge of new fundamental symmetry in the lepton
sector.
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Conclusions (contd.)

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.

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

Any of the CPV phases in Uppmns Can be the leptogenesis CPV parameters.
Low energy leptonic CPV can be directly related to the existence of BAU.

These results underline further the importance of the experimental
searches for Dirac and/or Majorana leptonic CP-violation at low ener-
gies.
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Leptonic CP Violation
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Dirac CP-Nonconservation: ¢ in Uppmns

Observable manifestations in

» » /
V<> vy, Visrvp, LU =ep,T
e not sensitive to Majorana CPVP (21, (31
CP-invariance:
N. Cabibbo, 1978

S.M. Bilenky, J. Hosek, S.T.P.,1980;
V. Barger, S. Pakvasa et al.,1980.

Plyy—»uv)=Pi—v), l#I =epTt
CPT-invariance:
P(Vl — Vl’) = P(Dl/ — 175)

l=1U: Py —y)=Py—rp)
T-invariance:
Py =) =Plyy =), LFET
3/ —mixing:
Ag’Pl/) =Py —uv)—Py—v), £ =epn1

Aglé’l/) = P(l/l — I/l/) — P(I/l/ — l/l), [ # U

(e,w) __— A7) __ (e,T)
AT(léZP) - ATM(CP) - _AT(CP)

P.I. Krastev, S.T.P., 1988; V. Barger, S. Pakvasa et al., 1980
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3-Neutrino Oscillations in Vacuum

Py — vp) = %5 |Up; |2 U412

T 2 25>k |Ul’ Ul] Uik Ul/k| COS( Jk L — oy ]k) — &MU, T

P(v; — op) = %5 |Up; |2 U412

Am?
* * 7k

Srrii) s LU = e p, 7

qbl/l;jk — ard (Ul/] Ui; Ulk U;;k) .
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o Spatial localisation condition
AL - dimensions of the v- source (and/or detector):

QWAL/L;?k S 1.
e I iMme localisation condition
AFE - detector’s energy resolution:

2r(L/LY)(AE/E) < 1.
If 27 AL/LY, > 1, and/or 2n(L/LY)(AE/E) > 1,

P(l/l — Vl’) — P(Dl — 171/) = Zj |Ul’j|2 |Ulj|2
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In vacuum: Ag;‘%—) = JcpFrac
Jop =Im{Ue Uy UL Uiy}

1
=3 Sin 201o Sin 2053 sin 26013 cos013sino

0SsC

Am2 Am?2 Am?2
FYaC — gin 211y 4+ sin 3271 4+ sin 137,
( -5 ) 4 sin( -5 ) + sin( % )

P.I. Krastev, S.T.P., 1988

0SsC

A 2
sin(—o2lpy g puac o
2F
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In matter: Matter effects violate

CP: P — ) ZP(@o — o)

CPT : P(l/l — 1/1/) # P(171/ — 171)

Can conserve the T-invariance (Earth) P. Langacker et al., 1987

P(V] — 1/1/) = P(Vy — 1/1), 1 74: I
In matter with constant density (e.g., Earth mantle):  Al®#) = jmatpmat,

1
JESt = s sin 207% sin 207% cos 07 sin 2655 sin 6™

mat __ jvac
Jcp = Jcp Rep

Rcp does not depend on 6>3 and §: sin 2055 sin 0™ = sin 26023 sin o

Sin 2615 = 0.92, sin 2913 = 0.3: ’ch’ S 3.6
P.I. Krastev, S.T.P., 1988
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The Earth

Marntle

Nadir

Earth: R.pre = 3446 km, R, = 2885 km

Earth: N™ ~ 23 Ny em™3, N~ 57 Ngpcem™3
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The Earth

0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

x=r/Rg

FIG. 1. Density profile of the Earth.

R. = 3446 km, R,, = 2885 km; N™t 23 N, em=3, N©¢~5.7 Ny em™3
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Earth matter effect in v, — ve, vy — Ve (MSW)

P(V-v)

0.50

0.40

0.30

0.20

0.10

0.00

Nneutrinos
—=——- vacuum
antineutrinos -

L=7330km
sin’(20,,)=1.
sin®(20,,)=.1

E[GeV]/Am°[eV?]

Am? =25 x 1072 eV?, E" = 6.25 GeV; P3 = sin?0,3P%” = 0.5P2%;

Nres 2223 ¢cm~—3 Np; L7 = L?/sin 2013 = 6250/0.32 km; 2rxL/Ly, = 0.757(# 7).
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Earth mantle: up to 2nd order in |a| = |Am3,|/|Am5,| =
=5 and sin? ;3 = 0.0214:

Pr:;)z,y Mant (v, — ve) = Po + Psing + Peoss + P3.

F 2
Py = sin2 053 SN°2013 gin21( 4 — 1) A],

(A-1)°
o
P3 = a? CcOs? 0->3 SInA22912 SiHQ(AA),

Pipns = —a A?ff%(sin A)(sin AA) (sin[(1 — A)A)),

Prpss = o SA]?ffXgé(cos A)(sin AA) (sin[(1 — A)A)),
Am%l L

A= —7%

_ man 22E o~ NI
A= V2GENpan 28 = NG

vy —> Vel 0, A— (—=6), (—A)
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Rephasing Invariants Associated with CPVP

Dirac phase §:

Jop =ImM{Ua U UL U} .
C. Jarlskog, 1985 (for quarks)

CP-, T- violation effects in neutrino oscillations
P. Krastev, S. T.P., 1988

Majorana phases as1, as3i:

S1 =Im{UaU}5}, So=Im{UoU}} (not unique); or
Sy =1Im{UnUs}, Sh=1Im{UU%}
J.F. Nieves and P. Pal, 1987, 2001

G.C. Branco et al., 1986
J.A. Aguilar-Saavedra and G.C. Branco, 2000

CP-violation: both Im {U.1U}3} # 0 and Re{U.1Us} # 0 .
S1, Sp appear in |[<m>| in (B83)o,-decay.

In general, Jop, S1 and S> are independent.
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6 = 37 /27

Jop = Im{Uc U U U |

1
3 Sin 26015 sin 2053 sin 2013 cosf13sin 9
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LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

T T T I T T 'I I T T T I L
I

5 i 7.5 8 B.5 2 2.2 2.4 26 2.8 0 0.5 1 1.5 2
AME107° eV?

025 03 035 0.01 0.02 0.03 0.3 04 05 0.6 07
siN“6,, sin“0,, SiN“0,,

F. Capozzi, E. Lisi et al., Proc. of ©v2016 Int. Conf.
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LBL Acc + Solar + KL + SBL Reactors + SK Atm

4 | | | \ | I " I ||

O Ll 1 1 I 1 1 Ll L1 1 1 I 1 1 L1l 1 1 1 I 1 1 I“ 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 p II 1 Ll
65 70 75 80 85 20 22 24 26 28 00 05 10 15 2.0
2 -5 2 2 -3 2 o/
om~-/10 "~ eV AM</10 ~ eV TT
Ay T T [
3f . -
) i ] i
= 2_— ] —
1+ . -
0_.|....| P B A A ' S B B [ A
0.25 0.30 0.35 0.3 04 05 0.6 0.70.01 0.02 0.03 0.04
-2 - 2 -2
sin“0,, sin“,,, sin“0_,

F. Capozzi, E. Lisi et al., arXiv:1312.2878

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



LBL Acc + Solar + KamLAND + SBL Reactors + Aimos

4r Ce e T T , ,

I
—— NH

i 1 E 'l ‘ 1 1 E ‘ I‘;. 1 L 'l 1 1
6.5 ri 7.5 a8 85 =2 2.2 2.4 2.6 2.8 .
3mME/107° eVe AMZ10° eVv? S/7

4‘ [ T I T T T T I T T T T I T T LI i [ T T 1 T T 1 1 T 1T I T T T 1 T T L | ] T 7T

sf S e {1 4t
= e 1 %

o SRS B S 1 B

Il & B ] 1 1 I 1 1 I 1 1 I 1 1 ] 1 1 1 1 ] [ 1 1 Il Il
0.25 0.3 0.35 .01 0.02 03 0.3 O o.5 o6 o7
sin®e, , sin‘e, , sin®e,,

F. Capozzi, E. Lisi et al., arXiv:1601.01777v1
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{c) 2000 E

S.T. Petcov, Neutrino Telescopes, Venice, 14/03/2017



® Reactor
O Detector |

LA2

Double Chooz RENO

M. Mezzetto, T. Schwetz, arXiv:1003.5800[hep-ph]
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LBL Oscillation Experiments NOvA, T2K (Detec-
tor=SuperKamiokande (SK)

T2K: Tokai - Kamioka; off-axis v, v, beams, E = 0.6
GeV, L = 295 km, SK (50 kt water Cherenkov).

NOvA: Fermilab - site in Minnesota; off-axis v beam,
FE =2 GeV, L =810 km, 14 kt liquid scintillator; 2014.
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Reactor Neutrino Experiments on 643:

P3V (e — Ue) = P3 (013, Am§1(32); 012, Am3z;) =

A
1 — sin2 2673 sin?( mjgw)L), no dependence on 63, 4.

LBL Oscillation Experiments T2K
(Detector=SuperKamiokande (SK), NOvVA:

P’I?’LV(VH — Ve) — PT:?LV(9137 Am§1(32)7 9127 Am%la 9237 6)
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T2K, NOvA: up to 2nd order in |a| = |[Am3|/|Am3,| =
=5 and sin? ;3 = 0.0214:

Pr:;)z,y Mant (v, — ve) = Po + Psing + Peoss + P3.

F a2
Py = sin2 653 582_219)123 sin2[(A — 1)A],

P2
2 cos2 0r3 S'”A22912 sin2(AA),

Pipns = —a A?ff%(sin A)(sin AA) (sin[(1 — A)A)),

P3 =«

Prpss = o SA]?ffXgé(cos A)(sin AA) (sin[(1 — A)A)),
Am%l L

A= —7%

_ man 22E o~ NI
A= V2GENpan 28 = NG

vy —> Vel 0, A— (—=6), (—A)
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The results on v, — e Oscillations from NOvA are com-
patible with, and strengthened, the hint that § = 3xn/2

(A. Marone, talk at Nu2016 (July 8); F. Capozzi et al.,
arXiv:1601.01777v1).
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Expected T2HK sensitivity to CP violation
10— 77—+

L L L B
- Normal mass hierarchy
< 8
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6CP [degree]

i
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K. Abe et al., arXiv:1502.05199.
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K. Abe et al., arXiv:1502.05199.
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LBNE Sensitivity to MH & CPV

Mass Hierarchy Sensitivity (NH) CP Violation Sensitivity (NH)

LBNE 34 kt LAr
51 sin“20,,=0.09

Signal/ BG Norm. Unc. on v, (v,

1%(5%) / 5%(10%)

| |

-1 05

0
bd_,! T

Width of the band indicates variation within the 2013 allowed rage for 3,;
Exposure ~ 245kTon ~ 34 kT X 1.2 MW X (3v + 3vbar) years
Elizabeth Worchester - NOW 2014
Larx;'msa?. 7335 - LBNE Document |

CITLY Ol CUTTUTT, LN

15-17/12/2014 BCC - NuPhys2014, Queen Mary-Uni 22
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Mass Hierarchy Sensitivity (NH)

I I i
LBNE 34 it LAr, sin'2s = .00
WiEn of Bond & ous o Pe urkroen CF phase and
avers 100% of L, wluse

L=l

15-17/12/2014

Octant Sensitivity (NH)

LONE 68 ba-ymaim i 1 2 Wil
g & 3600 i 1.3 W

- FE 3 W
Fogh o xoaaenal o0
E’ Fogh 2013 3 tound on
i s i e W
Pmﬂ“'h:"-ﬂ

Other Measurements for a Comprehensive Program

One-sigma measurement uncertainties

. Petcov, Neutrino Telescopes, Venice, 14/03/2017
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DUNE could also have very good sensitivity to CP-
violation with a 60% coverage at 30 in the allowed range
of values of sin22613, for a 200 kton Water Cherenkov
or 34 kton LAr detectors (assuming it will run for 5 years
in neutrinos and 5 years in antineutrinos).

DUNE, for example, could achieve the determination of
the mass ordering at 3¢ in less then a year.
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Determining the Nature of Massive Neutrinos:

Majorana Phases in (88)q,—Decay
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Dirac CP-Nonconservation: ¢ in Uppmns

Observable manifestations in

v &> vy, V& Up LI =e, pu, T

e not sensitive to Majorana CPVP o1, (31

S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker et al., 1987

A(l/l < Vl’) — Z Ul/je_i(Ejt_pjx)U;rl
J

U=VP: P {Eitpit)pr = o=i(Ejl=p;e)

P - diagonal matrix of Majorana phases.

The result is valid also in the case of oscillations in mat-
ter: y; oscillations are not sensitive to the nature of v;.
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If v;— Majorana particles, Uppns contains (3-1/ mixing)
J-Dirac, 21, (31 - Majorana physical CPV phases

v-oscillations V] <> Vy, V] <> Uy, LU =ep,T,
e are not sensitive to the nature of /;,

S.M. Bilenky et al.,1980;
P. Langacker et al., 1987

e provide information on Am?% = m? —mg, but not on the absolute values
of /5 masses.

The Majorana nature of Vj can manifest itself in the existence of AL = +2
processes:

Kt > a +put+put
p+ (AZ) st + (A, Z-2)

The process most sensitive to the possible Majorana nature of Vj - (88)ow-
decay

(A,Z) > (A,Z+2)+e +e
of even-even nuclei, *®Ca, °Ge, 8?Se, 1Mo, '1°Cd, 13°Te, 13°Xe, °°Nd.
2N from (A,Z) exchange a virtual Majorana Vj (via the CC weak interac-

tion) and transform into 2p of (A,Z+42) and two free ¢ .
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NuclearOvBB-decay

strong in-medium modification of the basic process
dd — uue_e_(;e;e)

continuum

virtual excitation
of states of all multipolarities
in (A,Z+1) nucleus

(A,Z+2)

V. Rodin, talk at Gran Sasso, 2006
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A(BB)oy ~ <m> M(A,Z), M(A,Z) - NME,

|<m>‘ = ‘ml|Ue1|2 +m2|Ue2|2 elo +m3|Ue3|2 elas

= |m1 cf; iz +ma2 53, cf3 €7 + m3 si5 e

, 012 = 0@, 013— CHOOZ

21, 31 ((0431 — 25) — 0431) - the two Majorana CPVP of the PMNS
matrix.

CP-invariance: as1 = 0, +m, a3y = 0, £,
o1 = e =41, n31 =€ =+1

relative CP-parities of /1 and V/p, and of /1 and V'3 .

L. Wolfenstein, 1981;
S.M. Bilenky, N. Nedelcheva, S.T.P., 1984;
B. Kayser, 1984.
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A(BB)oy, ~ <m> M(A,Z), M(A,Z) - NME,

| < m > | = ‘\/ Am% Sin2 912610 —|— 7/ Am%l Sin2 913€ZﬂM

, m1 < mox << msz (NH),

|<m>| = \/mg —|— Am%3 |COS2 912 —|— ez’a Sil’]2 912 , m3 < (<<)m1 < mp (IH),

112

|<m>| m‘COSQ 912 —|—€m Sil’]2 912| , ™T1.23 =m Z 0.10 eV (QD),
912 = 9@, 913—CHOOZ; a = 21, 5M = (31-

CP-invariance: o = 0, +m, By = 0, &m;

|<m>| <5x1073 eV, NH;
VAm2;c052015 £ 0.013 eV § |<m>| < /Am2, £0.055 eV, IH;

mcos201> S |[<m>| <m,mz010eV, QD .
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0.1

0.001

S. Pascoli, RPP (PDG), 2016
sin® 013 = 0.0214 + 0.0010; § = O.

lo(Am3,) = 2.3%, 1o(sin?612) = 5.6%, 1a(|Am§1(23)|) =1.7%.

F. Capozzi et al. (Bari Group), arXiv:1601.07777
20(|<m>| ) used.
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Results from IGEX ("°Ge), NEMO3 (1°°“Mo), CUORICINO+CUORE-0
(130Te):

IGEX °Ge: |<m>| < (0.33-1.35) eV (90% C.L.).
Data from NEMO3 (1°*“Mo0), CUORICINO+CUORE-0 (%3°Te):

T(1OMo) > 1.1 x 10%* yr, |[<m>| <(0.3—0.6) eV;
T(130Te) > 4.0 x 10%* yr.
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Best Sensitivity Results from 2012-2016:

T(136Xe) > 1.6 x 10%°yr at90% C.L., EXO
T(136Xe) > 1.07 x 10%%yr at90% C.L., KamLAND — Zen
|l<m>| < (0.061 —0.165) eV.
T("°Ge) > 5.2 x 10%°yrat90% C.L., GERDA 1II

l<m>| < (0.16 —0.26) eV.
H. Klapdor-Kleingrothaus et al., PL B586 (2004),

T(76Ge) = 2.2339* x 102° yr at90% C.L.
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Large number of experiments: |[<m>| ~ (0.01-0.05) eV

CUORE - 1307e:
GERDA-II - "©Ge;
MAJORANA - "°Ge:
KamLAND-ZEN - 136xe:
(N)EXO - 136Xe;

SNO+ - 130Te:
PANDAX-III - 136Xe:
AMORE - 199Mo (S. Korea):
CANDLES - 48Ca:
SuperNEMO - 82Se, 150N(:
MAJORANA - 70Ge:
NEXT - 136Xe:

DCBA - 825¢, 150N(q:
XMASS - 136Xe:

ZICOS - %0z

MOON - 100Mmo:
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Majorana CPV Phases and |<m >|
CPV can be established provided
— |<m>| measured with A < 15% ;

— AmQ

atm

(IH) or mg (QD) measured with § < 10% ;

- €515
— az1 (QD): in the interval ~ [£ — 3T, or ~ [2F — 31 ;

— tan?6, = 0.40 .
S. Pascoli, S.T.P., W. Rodejohann, 2002

S. Pascoli, S.T.P., L. Wolfenstein, 2002
S. Pascoli, S.T.P., T. Schwetz, hep-ph/0505226

No “No-go for detecting CP-Violation via (B88)o.,-decay”
V. Barger et al., 2002
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