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CP violation in neutrino oscillations
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1 physical CP phase

- RHNs look very natural
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Standard model matter fields + 3 RH neutrinos
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Standard model matter fields + 3 RH neutrinos
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Standard model matter fields + 3 RH neutrinos
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Standard model matter fields + 3 RH neutrinos
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Standard model matter fields + 3 RH neutrinos
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1 physical CP phase

- RHNs look very natural
- SM charges de-guantized!
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Charge dequantization in the SM with Dirac neutrino

1
3272

SU(3) x SU(2) x U(l) gauge anomalies A x Tr ({T,, Ty} T.) ngpbuv

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
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Charge dequantization in the SM with Dirac neutrino
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Charge dequantization in the SM with Dirac neutrino

SUE) x SU(2) x U(1) gauge anomalies  Ac ox o Tr ({Ta, T} T.) Eg, FH

Assume Dirac neutrinos: Nz =(1,1,Yx)

SU(2)* U(1): 6Yy + 27, =0

U(I1)3: 12Y5 +4Y2 1 6Y ! 6Yp ! 2YR! 2Yy =0

Yukawas: Ypij@i<H>DRj —I—YUij@i <I:—I>UR3‘ ‘|‘YEz‘jL_Lz' <H>ERj +YNijL_L’i <I:I>NRJ

—YQ—I—YD—I—YH:O —YL+YE—|—YH:O
!YQ—I—YU! Yy =0 —Yr +Yny — Yy =0

Solution: |Yg = +¢ —sYn, Yy =+2 —3Yn, Yp = —3 —2Yy,

Y, =—14Yn, Yg=—-14Yy Yy €R

R. Foot, H. Lew, and R. Volkas, J.Phys.G G19, 361 (1993)
Michal Malinsky, IPNP Neutrino colloquium 2019

/ [/ many



Neutrino masses

Dirac mass

m! ! r + h.cC.

Charged currents 3 —=(34*U,;vp W, + h.c.

V2

0

C12C13 $12C13 S13€
= 1) )
U= | —812C23 — C12523 813€"’  C12C23 — S12523813 € $23C13
i& is
$12893 — C12C23813€"°  —C12893 — S12C23 S13€"°  C23C13

1 physical CP phase

- RHNs look very natural
- SM charges de-quantized!

Michal Malinsky, IPNP Neutrino colloquium 2019



Neutrino masses

Dirac mass Majorana mass

m! ! g+ h.c smyp CYr + hc.

Charged currents 3 —=(34*U,;vp W, + h.c.

V2

0

C12C13 $12C13 S13€
= 1) )
U= | —s12C3 — C12523 513"’  C12C23 — S12823513€ $23C13
is is
§12823 — C12C23513€ —C12823 — S512C23 513€ C23C13

- RHNs look very natural
- SM charges de-quantized!

Michal Malinsky, IPNP Neutrino colloquium 2019



Neutrino masses

Dirac mass Majorana mass

m! ! g + h.c. imap; Cyr, + hec.

Charged currents 3 —=(34*U,;vp W, + h.c.

V2

C12€13 $12€13 S13€”" 1
= 1 %) 11
U= | —812C23 — C12523 513€"°  C12C23 — S12523513 € $23C13 e
1) 1) Xe)
S12823 — C12C23513€"°  —C12823 — S12C23 S13€"°  C23C13 e ?

- RHNs look very natural
- SM charges de-quantized!

Michal Malinsky, IPNP Neutrino colloquium 2019



Neutrino masses

Dirac mass Majorana mass

m! ! g+ h.c smyp CYr + hc.

Charged currents 3 —=(34*U,;vp W, + h.c.

V2

C12€13 $12€13 S13€”" 1
= 1) %) (4851
U= | —812C3 — C12523 513€"°  C12C23 — S12823513 € $23C13 e
1) 1) Xo"
S12823 — C12C23513€"°  —C12823 — S12C23 S13€"°  C23C13 e 2

3 physical CP phases

- RHNSs look very natural
- SM charges de-quantized!

Michal Malinsky, IPNP Neutrino colloquium 2019



Neutrino masses
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- RHNSs look very natural - kills SM

- SM charges de-quantized!
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L and B are not sacred in the SM

Violated anyway by quantum anomalies (at the renormalizable level)
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L and B are not sacred in the SM

Violated anyway by quantum anomalies (at the renormalizable level)
® |nstantons (at zero T) cause 9q + 3[ < ()
"He — et 1o,

A ~ 10—0(200)

® Sphalerons (at high T) make the tunneling more efficient = > early Universe

Kuzmin, V. Rubakov, M. Shaposhnikov, PLB 155, 1985
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Actually, we like LNV and Majorana neutrinos..

Neutrinoless double beta decay

See talks by Fedor Simkovic, David Waters,...
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Actually, we like LNV and Majorana neutrinos..

Difficult to decipher CP conservation from CPV in Ov2beta
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0.001
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lllol'ml 0.01 1 1 lllll6.1 1 1 llllll1
m . [eV]
S.T. Petcoy, Int.).Mod.Phys. A29 (2014) 1430028
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Neutrino masses
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Neutrino masses

Dirac mass Majorana mass
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Charged currentsZ > EK%W‘LUMVLWM + h.c.
C12€13 S12€13 s13€™ % 1 |
U= | —s12c3 — C12523513€°  C12Ca3 — S12823513€%  Sa3C13 e’ |
512523 — 0120233136“s —C12823 — S12C23 3136'5 C23C13 el2

3 physical CP phases

- RHNs look very natural - kills SM lepton number symmetn
- SM charges de-quantized! - not gauge invariant !!!
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Seesaw type | - Majorana mass term for single

P. Minkowski, Phys. Lett. B67,421 (1977)
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P. Minkowski, Phys. Lett. B67,421 (1977)
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Seesaw Iindicates a large new scale!
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Why we like heavy Majorana neutrinoes...

T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett. B631(2005) 151

RH neutrinos as DM: Stability is the main concern...

H
> mu :killed b L T
MN MHAH . Kllle Y > r\i .
VA L
. N | L .
MmN > Me: killed by o>
0
small but non-negligible LH component in N
\
. . N 6 L 4 v
MnN < Me : radiative decay > -

GIM suppressed, OK

keV-ish RH neutrino acceptable, lighter would be “too hot”.
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Why we like heavy Majorana neutrinoes...
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Figures from Chakrabortty et al., 2012
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Why we like heavy Majorana neutrinoes...

Diagrammatics; Heavy neutrinos also feel gauge interactions!
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Why we like heavy Majorana neutrinoes...

Diagrammatics:

(m)

A x g* =t
e

Figures from Chakrabortty et al., 2012

Michal Malinsky, IPNP

Heavy neutrinos also feel gauge interactions!
0
10

PR s | 2
0% -40=
lightest mass (eV)

A x g* E in
: M,
|

P |

107"

10"4 " aal N

16 10°

This may even dominate if M is in the TeV region

or if there are RH currents around TeV

Neutrino colloquium 2019
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ISCPV In the PMNS matrix really needet



Thengissue of the SM

1 ]Illll I 1 lllill] 1 1 lllllll 1 )

Baryon to photon # density:

BB = pg = (6.1£0.3) x 10710
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Thengissue of the SM

1 lIllll I 1 lllllll

1 1 llllll' 1 I

Baryon to photon # density:

BB = pg = (6.1£0.3) x 10~10

This is actually
a huge number!

Symmetric initial conditions:
(Standard model)

nem ~ 10718

10'12 Lo oa ol Lyl L1 L
- -10 -g
107" 10 N 10 1078
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Baryon assymmetry upper limit in a B-symmetric Univer

Baryon-antibaryon annihilation rate: o X —=

Hubble rate in a RD Universe: H ~ ——

] oo out:  TBB - B
B-annihilation freeze-out FO ™ 16g(0.04 x mgMpo)

~ 20 MeV

NEQ; | 10 18

Relic number density: S
Y FO
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Cooking up a primordial baryon asymmetry

1967: SacharovOs baryogenesis conditions
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Cooking up a primordial baryon asymmetry

1967: SacharovOs baryogenesis conditions

¥ Baryon number violation
this is clear...

¥ C and CP violation

I'(X-Y+B)# I'(X->Y+B)

¥ Departure from thermal equilibrium
I'(X>Y+B)#[(Y+B-X)

All this is there In the Standard Model (!)
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B+L generation during the EW phase transition

Bubble growth below the EWPT critical temperature...

<p>=0
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B+L generation during the EW phase transition

Bubble growth below the EWPT critical temperature...

Sphaleron @

Bubbles do not form for my = 125 GeV, SM CPV too weak !!!
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Baryogenesis through leptogenesis

Pert. LNV + nonpert. BNV enough for baryogenesis
Fukugita, Yanagida, PLB 174, 1986

"B = pp = (6.1 40.3) x 10710
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Baryogenesis through leptogenesis

Pert. LNV + nonpert. BNV enough for baryogenesis

Fukugita, Yanagida, PLB 174, 1986

"B — pp = (6.1+0.3) x 10710

|) Net L is generated in the RH neutrino decays:
> o [[(N1 — £oH) —T'(Ny — £o H)
> o [[(N1 = £oH) +T(Ny — £, H)

CP asymmetry: €1 =
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Pert. LNV + nonpert. BNV enough for baryogenesis

Fukugita, Yanagida, PLB 174, 1986

"B — pp = (6.1+0.3) x 10710

|) Net L is generated in the RH neutrino decays:
> o [[(N1 — £oH) —T'(Ny — £o H)
> o [[(N1 = £oH) +T(Ny — £, H)

CP asymmetry: €1 =

2) Sphalerons provide L to B transitions before EWPT
Kuzmin, Rubakov, Shaposhnikov, PLBI55, 1985
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Vanilla type-l seesaw leptogenesis

CP asymmetry (hierarchical limit, flavor-blind):

3 1 7
er 1" Im [(YNYN)%i
3T (YnYy )11 z':zz:,s M,
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Vanilla type-l seesaw leptogenesis

CP asymmetry (hierarchical limit, flavor-blind):

" 3 1 2 i Ml

al" = Y Im [(YNYN)M -

(YNYy)11 i=2,3 B
Davidson-Ibarra bound: S. Davidson and A. Ibarra, Phys. Lett. B535, 25 (2002)

i) G
<
o] < 167 V2
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CP V In type-l seesaw leptogenesis

2 sources of CPV effects in Im  (Yy Yy )ﬁ

See tomorrow’s talk by S.T. Petcov
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CP V In type-l seesaw leptogenesis

2 sources of CPV effects in Im  (Yy Yy )ﬁ

e See tomorrow’s talk by S.T. Petcov
Casas-Ibarra parametrization: /

1 . ' .
Yo = = MJ% R, mi U
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CP V In type-l seesaw leptogenesis

2 sources of CPV effects in Im  (Yn Yy )ﬁ

s See tomorrow’s talk by S.T. Petcov
Casas-Ibarra parametrization: /

Yy = % M 2 R. mfE U
f \

high-scale phases  PMNS
M, >

Flavor-blind case: ! ! 16 V2 Im m¢ R, m, |R1,

|2
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CP V In type-| seesaw leptogenesis

2 sources of CPV effects in Im  (Yn Yy )ﬁ

o g See tomorrow’s talk by S.T. Petcov
Casas-Ibarra parametrization: /

Yy = % M {29 R. mie
f \
high-scale phases  PMNS
M, > :

Flavor-blind case: ! ! 16 V2 Im m¢ R, m, |R1,

Leptogenesis with flavour effects: MESSY...

NH: [s13s8ind| 2 0.09 sufficient for the effect to come from PMNS only
IH: For —s13cosd 2 0.1 leptogenesis requires Majorana CPV in PMNS!




Thank you for your kind attention!



