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Leptonic CP violation

In the lepton sector, CP violation appears in the PMNS
matrix in the CC interaction term.

For Dirac neutrinos, one phase is present.

For Majorana neutrinos, the Majorana condition forbids
neutrino rephasing: 2 additional CP-violating phases.
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Are we already seeing leptonic CPV?
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" There is a preference for
CP-violation, which is
mainly due to the
combination of T2K and
reactor neutrino data.
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Are we already seeing leptonic CPV?
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. How are we going to
discover leptonic CPV?

o - Neutrinoless double beta decay
(at least in principle)

2. What can CPV tell us?
Implications of CPV

- The origin of leptonic mixing
- Leptogenesis and the baryon
asymmetry




Neutrinoless double beta decay

Neutrinoless double beta decay, (A, Z) = (A, £+2) + 2e,
will test the nature of neutrinos.

The half-life time depends
oh neutrino properties
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® The effective Majorana mass parameter:

( 'mgg| = |m1|Uet]? + ma|Ue|? €2 + m3|Ues|” ei(o‘31_25)‘ J

/

Mixing angles (known)

CPV phases (unknown)
o Mnycr are the nuclear matrix elements




Predictions for betabeta decay

The predictions for [<m>| depend on the neutrino mass
spectrum

® NH (ml<<m2<<m3): [<m>| ~ [-5 meV

‘<m>\ ~ |\/Am%1 C082 6013 Sin2 015 + \/Am§1 in? 81362'(0439

® |H (m3<<m|~m2): I5 meV < |<m>| < 50 meV
\/ AmZ, cos 2015 < [{m)| ~ \/(1 — sin® 2015 @)Am%l < \/Am3,

® OD (ml~m2~m3): 44 meV < |<m>| < ml

[(m)| = mg |(COS2 015 + sin” 9082 613 + sin” (913672(0431 - 25)|
I




Predictions for betabeta decay

The predictions for mp, depend on the neutrino masses:

I Present bounds:
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Wide experimental program ongoing and future.
A positive sighal would indicate L violation!




Predictions for betabeta decay
The predictions for mp, depend on the neutrino masses:
: r Present bounds:
GERDA-II, CUORE,
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Determining CPV with nuless 2beta decay

NMO, [{m)ee| = 0.05 eV
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precision, then it may be 7
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Determmmg CPV with nuless 2beta decay
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However, this requires also a very _ .

precise determination of NME. 150
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What can leptonic
“CPV” tell us?

=

Two main aspects:
- Model predictions for
leptonic CPV phases




13

Hunting for the origin of leptonic mixing
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Important aspects:

- 3 maximal or close to maximal
- 012 significantly different from maximal

- 013 quite large. This poses some
challenges for understanding the origin of the flavour
structure

- Mixings very different from quark sector

@sSilvia Pascoli



Masses and mixing from the mass matrix

Neutrino masses and the mixing matrix arises from the
diagonalisation of the mass matrix

M]\{: (UT)deiagUT > ny = UTVL

N

Theory

Experiments

g ,_ _ _ .
Loc = ﬁ(eLauLaTL)WMUOSC ) WM Wlth UPMNS — U;LUV

Example. In the diagonal basis for the leptons
a b
=50

: 2b
the angle is tan260 =
14 a—C

>1 for a~cand,ora,c<b




Symmetry approach
- Choose a leptonic symmetry (e.g.A4,54, £ — T )

Ay
. For recent reviews see, e.g. S. King, 1701.04413;
B Obtaln the Z.-z. Xing, 1909.09610; F. Feruglio, A. Romanino, 1912.06028
MIXing matrix Family Generators
(POSSibl)’ invoking symmetry G S,T,U
corrections T preserved S,U preserved
to the first order &' B
predictions).
[ Charged ] [ Neutrino ]
Lepton Sector Sector
Upnvins = UlU, i

@Silvia Pascoli



Flavour symmetries lead to relations between the
masses and/or mixing angles. Examples are the so-

called sumrules, e.g.:

. 1 .
sin o3 — — = sin 013 cos o

V2

to3sTs + S15CTa/tas — Y5 (tas + si3/t23)

Sin 2(912813

COS 0 =

They do not constrain the values of the Majorana
phases. One can introduce Generalised CP symmetry:

L(t,7) — XL*(t,—7)

CP symmetry compatible with the flavour symmetry:

Xp(9) X" = p(g")

@sSilvia Pascoli



_Grs | { Her |

|
(6] (o]
coli=l

\/ Z.-z. Xing, 1909.09610

Requiring CP to be conserved in the neutrino sector
XM, X; = M?

and allows to predict the phases from Majorana masses.




Generically, invoking specific forms of the charged
lepton and neutrino mixing matrices, one can obtain
specific predictions for the Majorana phases, e.g.....

Case (O) TBM GRA GRB HG BM (LC)
Al (NO) 3423V 177 3414V 186 3429Vv17.1  342.1Vv17.9 359.0Vv 1.0
Al (I0) 342.1Vv 179 341.2Vv 188 342.7Vv17.3 3419V 18.1 357.4V 2.6
A2 (NO) 17.7v342.3 18.6Vv 3414 17.1Vv 3429 179Vv342.1 1.0V 359.0
A2 (I0) 179v342.1 18.8Vv341.2 17.3Vv342.7 18.1Vv341.9 2.6V 357.4
B1 (NO) 340.3Vv19.7 339.3Vv20.7 340.8Vv19.2 3399Vv20.1 351.7Vv8.3
B1 (I0) 345.0Vv15.0 344.1Vv15.9 345.7v14.3 3450V 15.0 —

-t B2 (NO) 15.1v344.9 16.0Vv344.0 14.4vVv 3456 15.0Vv345.0 —
B2 (I0) 20.2v339.8 21.1Vv338.9 19.6Vv340.4 20.6V339.4 9.2V 350.8
B3 (NO) 342.5Vv17.5 3414V 186 343.1Vv16.9 342.0v18.0 —
B3 (I0) 3423V 17.7 341.2Vv 188 3429Vv17.1 341.8Vv 182 —

R e 6 R S A T sason

i o B L . see also S. Petcoy,

1 B. U, = Ro3(0%3) Ri3(6%3) R1a(6%,) and vi) U, = R} (6%,), vii) U, = Ry (65,). NPB 892 (2015)  gors pucer




... and for mee to be confronted with data.

[(m)| [eV]

(m)| [eV]
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l. Girardi, S.T. Petcov,A.Titov, 1605.04172
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Another example: predictions for modular symmetries.
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F. Feruglio, Bethe Colloquium, I8 June 2020, reported in S. Petcov, Neutrino 2020
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What can leptonic “CPV”
tell us?

- the origin of the baryon
~ asymmetry (Leptogenesis in
models of neutrino masses)




Neutrino masses BSM: see saw type |

* Introduce a right handed
neutrino N
* Couple it to the Higgs

LI /vﬂ/ L=-Y,NL-H—1/2N¢MgN
Symmetry magazine /

Y207 1 2
( 0 mp ) m, = v UH GeV ~ 0.1 eV

m% My My — 1010GeV

Minkowski;Yanagida; Glashow; Gell-Mann, Ramond,
Slansky; Mohapatra, Senjanovic

See-saw type | models can be embedded in GUT theories
and explain the baryon asymmetry via leptogenesis.




The baryon asymmetry. The theory

There is evidence of the baryon asymmetry:

np = -2 "B _ (618 +0.06) x 1071
u Ty Planck, 1502.01589
In order to generate it dynamically in the Early
Universe, the Sakharov’s conditions need to be satisfied:
w - B (orlL) violation;

- C, CP violation;

- departure from thermal equilibrium.




The baryon asymmetry. The theory

There is evidence of the baryon asymmetry:

np = -2 "B _ (618 +0.06) x 1071

Ty
Planck, 1502.01589

In order to generate it dynamically in the Early
Universe, the Sakharov’s conditions need to be satisfied:

- B (or L) violation;

Neutrinoless double
- C, CP violation; beta decay

- departure from thermal equilibrium.




Leptogenesis

e At T>M, the right-handed neutrinos N are in T

equilibrium thanks to the processes which produce
and destroy them:

N < VH

® When T<M, N drops out of equilibrium
N —/(H N — (“H®

o A lepton asymmetry can be generated if

['(N — (H) £ T(N — (CH°)

® Sphalerons convert it into a baryon asymmetry.T=100

GeV
£e] Fukugita, Yanagida, PLB 174; Covi, Roulet,Vissani; Buchmuller, Plumacher;Abada et al,, ...




In order to compute the baryon asymmetry:

|. evaluate the CP-asymmetry
- I'(N - (¢H) —T'(N¢— (°H°)
€ =
I'(N - (H)+T'(N¢ — (cH°)

2. solve the Boltzmann equations to take into account
the wash-out of the asymmetry

YL — ke
¥ 3.convert the lepton asymmetry into the baryon one
k
Yp = —cse~107° — 10 %€
)

12 .
ForT < 10 GeV, flavour effects are important.
26




Is there a connection between low E CPVY and BAU?

€ depends on the CPV phasesin Y,

Z M ; One f
€ X % (Yl/ YT ) 2 . _J ap:?'O):\I{\:):t:on

and in the U mixing matrix via the see-saw formula.

m, = U*m;UT = —YVTM§1YVU2

Let’s consider see-saw type | with 3 NRs.

High energy Low energy
Y, 9 6 uy 3 3

. 3 phases missing!




Does observing low energy CPV imply BAU?

In see-saw type |, let’s consider the case of low energy

CPV (R real) in presence of flavour effects.

NO,M; = 10''GeV

_10"2 ‘ '
M= 1012GeV Intermediate flavour regime:

-------- 1 10°GeV < M, <10'2GeV

“ i
| e = (0.515 — 3.94¢13) 513 x 105 sin 8
I e =211 x 10 Tsin 2L
& f 2
ir- Moffat, SP, Petcov, Turner, 1804. 05066, 1809.08251
E: SP, Petcov, Riotto, PRD and NPB 2007;SP 2014
TR a0 200 a0
A full study shows that low energy CPV can give an
important (even dominant) contribution to the BAU.
M For Majorana CPYV, effects larger by a factor of ~10.




Conclusions

® There are current intriguing hints of CP-
violation. Future LBL experiments will hunt for
the delta phase and potentially measure it with

* precision. Neutrinoless double beta decay could
point towards Majorana CPV.

e CP violation can related to flavour models.

. ® CP-violation and L violation, are the key
ingredients of leptogenesis.
Neutrinoless double beta decay may give a strong
indication (even if not a proof) of leptogenesis as
the origin of the baryon asymmetry.




More details on the low-high energy connection

We try to separate the low energy parameters
(measurable in experiments) and the high energy ones
on which one cannot get information.

The Casas-lIbarra parameterization is useful:

U*\/mi/mUT = —YVT\/Mgl\/M};lYVUQ

U*\/mi/mUT = —YVT\/M]?@\/M—;YV?ﬂ
=1




More details on the low-high energy connection

We try to separate the low energy parameters
(measurable in experiments) and the high energy ones
on which one cannot get information.

The Casas-lIbarra parameterization is useful:

U*\/mi/mUT = —YVT\/M}gl\/MleVUQ

U*\/miE/miU]j: ~Y,'y/ Mglﬁ(RT\ / M;Y,ﬂﬂj
( )

~ 1 » ] T

Yyv o~ @\ miUpyins

\. /1 ATJ

high energy untestable low energy parameters
parameters




As the simplest example, M| << M2<<M3.
In the one flavour case (MIz10'2 GeV) (pre-2018)

3, 1m (Zapomy” 3/%UZﬁR1ﬁR1p) 3, 1m (X m3RE,)

E1 = — =
- lem? Ysmg |Rig|’ 167V 3 Ry

The low energy phases do not enter directly: observing
CPV DOES NOT imply a baryon asymmetry.

If flavours can be distinguished, the low energy phases
enter directly the baryon asymmetry.

.o
. __ M (zﬁp UgpUapRip lp)
=

2
167tv Zﬁmﬂ‘ﬁlﬁ




Low mass flavour regime: M| <10°GeV

Ri1 Ri2  Ras M, =7108GeV
R=~ | £iRo R Ro3 '

Ms3= 3My= 9M,|
—Ro9 +i1R99 +1Ro3

A special structure of the R g

matrix is required. R22>>1,

enhancing the CP asymmetry
without affecting neutrino

0 50

100 150 200 250

5 P] 5 300 350
masses (at three level). Going to lower masses requires
J finetuning as one-loop mass contributions are important

=

High mass (unflavoured) regime: M| >10'2GeV

Due to washout which is affected by flavour, even at high
masses the low energy CPV phases play a role.



