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CP Violation in Neutrino Oscillation

+ With leptonic Dirac CP phase 6 #0 =
leptonic CP violation

* Predict different transition probabilities for
neutrinos and antineutrinos

P (VQ_’VB) = P (—\751_'\7[3)

* One of the major scientific goals at
current and planned neutrino experiments
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Connection to Low Energy Observables

e Lagrangian at high energy (in the presence of RH neutrinos)

L= ZL,LW“(?ML@- —|—ERZ.Z"}/'LL(9,UJ6RZ. +NRii'7uauNRi
1

41)‘};7'51%1%%HJr + hijNp L, H — 5 iiNr,NR, + h.c.

in f;; and M;; diagonal basis —

hj; general complex matrix:



Group Work

How many mixing angles and CP phases
does h;; have at high energy?



Connection to Low Energy Observables

e Lagrangian at high energy (in the presence of RH neutrinos)

L= ZL,L.Z"}/'M(?MKLZ. —|—ERZ.Z"}/'LL(9M6RZ. +NRii'7uauNRi
1

+fijer b, H + hijNpg,lr, H — > Mi; Ng,Ng, + h.c.
in f; and M;; diagonal basis —
9-3 = 6 mixing angles
9-3 = 6 physical phases

hj; general complex matrix: {

e Low energy effective Lagrangian (after integrating out RH neutrinos)
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How many mixing angles and CP phases
does /;; have at low energy?



Connection to Low Energy Observables

e Lagrangian at high energy (in the presence of RH neutrinos)

L= ZLii’Yua,uKL,- —|—§Rii’y“a’u€Ri +WR,£757“8MNRZ.
1

+fijer b, H + hijNpg,lr, H — §MijNRiNRj + h.c.
in f;; and Mj diagonal basis —

9-3 = 6 mixing angles
9-3 = 6 physical phases

h;; general complex matrix:

e Low energy effective Lagrangian (after integrating out RH neutrinos)
2

_ ) i
Leps = lr,iv"Oulr, +er 17" Oper, + fiilerLL, HT+§ > hidhiglr ot h.c.
k

in f;; diagonal basis — .
6-3 = 3 mixing angles
6-3 = 3 physical phases

h;j; symmetric complex matrix: {

e high energy — low energy:
numbers of mixing angles and CP phases reduced by half



Observation of Neutrino Oscillations
= CP violation in lepton sector

= Leptogenesis
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Standard Leptogenesis

observation of neutrino oscillation
SO(10) GUT:

¢(16) — (QLa ucRa 6?%7 %7 €L7 V%)

hierarchical fermion masses:

My < Mp_1 ~ Mgur
N: Majorana fermion

RH neutrino decays — lepton number asymmetry
N—-/(¢H N-—/(H
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Standard Leptogenesis

e most general Lagrangian in lepton sector

1
Ly = fijERiijHT + hiijingH — §(MR)ij7%iVRj + h.c.

e mass generation
me = fv, mp=hv << Mg

OmD

¢ See-saw mechanism in neutrino sector (mg MR)
 resulting effective masses

T
v Vivp+Vivi, N~vp+vg

e basic idea:
e T < Mg: out-of-equilibrium decays of N = AL

Luty, 1992; Covi, Roulet, Vissani, 996; Flanz et al,

® Sphaleron processes AL — AB 1996; Plumacher, 1997, Pilaftsis, 1997;

Buchmuller, Plumacher, 1998;
Buchmuller, Di Bari, Plumacher, 2004
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Standard Leptogenesis

Fukugita, Yanagida, 1986

« CP asymmetry in RH heavy neutrino decay:

« quantum interference of tree-level & one-loop diagrams = primordial lepton number
asymmetry

leptons antileptons
ZQT(Nl — / H)—F(Nlﬁg ﬁ)
€1 — —
FOS DNy > Lo H) +T(Ny — 6, H)

Leptonic CP violation = AL «  [D(Ny — €, H) — (N1 — o H)| 20
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Standard Leptogenesis- Asymmetry

 Tree-level: N; — H+ ¢, where a = (e, y, 7)
 total decay width

1

= — (hh")uM;
5 (hh')

[p, =) [F(NZ- — H +/0,) +T(N; — H + Za)]

-

e AL from N2 3 decays at T >> M+: wash out by L-violating
interactions of Ny = N1 decay dominate

 out-of-equilibrium condition T < H
1

T=DM;

e heavy neutrinos not able to follow equilibrium particle
distribution @ T < M1

« N1 decay — AL
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Standard Leptogenesis- Asymmetry

o CP Asymmetry from interference of tree and 1-loop
diagrams

e Total Asymmetry

B Za [F(Nl — faH) — F(Nl —

€1 = S [F(N1 — U H) + T'(Ny
1 1 ]\4@.2 ]\4@.2
G 2 et () (55|

i=2.3
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Standard Leptogenesis- Asymmetry

e vertex corrections

- @) = VE[L- (L4 2)ln E2)]
4 N; L

e wave function renormalization

for ’Mz — M1| > |FZ —Fﬂ:

g(z) =
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Standard Leptogenesis- Asymmetry

e Hierarchical RH neutrino masses: M, <« M,, M;
 total asymmetry

3 1 M
€1~ — Im< (hyh, Zi}
: 87 (hyhl)11 Z {( )i M;

1=2,3

e near degenerate N; and N;: enhancement from self-
energy diagram resonant leptogenesis

 allowing low M1
 solving gravitino over-production problem
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Standard Leptogenesis - Washout

e asymmetry can be washed out by inverse decays and
scattering processes

 out-of-equilibrium condition

I'y _ My, (hyhl)11
Hlr—ar,  (L7)(32m) /g M

<1

r

+ expansion rate of the Universe H = 1.66 g r

mp

e constraint on effective mass

2 2
I
D1 & 4y /G~ 1073 eV

e g= : # of relativistic dof (SM: 106.75 ; MSSM:
228.75)
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Standard Leptogenesis - washout

. nr — ﬁL €1
 final amount of asymmetry Y = - = mg—
*

e K: parametrizing washout effects
e out of equilibrium condition Tp, <H

T=DM;

e asymmetry can be washed out by inverse decays
and scattering processes

e Boltzmann equations
« EW Sphaleron effects AL — AB
 final B asymmetry

o= 8Nf—|—4NH
> 22N;+ 13Ny
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Standard Leptogenesis - Washout

e Precise value for k: Boltzmann equations
« Main relevant processes in thermal bath
e decay of N: 1

N—>€—|—H7 N—>Z—|—E N ‘@/

 inverse decay of N:

Mu-Chun Chen, UC Irvine Baryogenesis through Leptogenesis



Standard Leptogenesis - Washout

e 2-2 scattering

e AL =1
[s-channel] : Nil—tg ., Nil—tg
[t-channel] : Nit«flq , Nyt L7
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Standard Leptogenesis - Washout

e 2-2 scattering
e AL=2
(H—~(H , W—HH, ({—HH

e T > M1: strong enough to keep N1 in equilibrium

« T <M1:weak enough to allow asymmetry
generation
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Standard Leptogenesis - Washout

« Boltzmann equations — evolution of N1 density and (B-
L) number density

dN N, .
L = —(D+8)(Ny, — N
dNp_
dB L = —61D<NN1 — Nﬁg) — WNB_L
<
_ (FD7F5'7FW) . %
(D,S,W): H,Z , Z = T

 D: decay and inverse decays
« S: AL =1 scatterings
« W: inverse decays + AL = 1, 2 scatterings
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Standard Leptogenesis - Washout

 strongly hierarchical RH neutrino masses, M1 << Mo:
e Davidson-Ibarra bound

. exp constraint m3 —ma| < \/Am3, ~ 0.05 eV

e lower bound on M1:
My > 2 x 10° GeV

= lower bound on reheating temperature

(gravitino problem)

 equivalently, m; < m; <01-02 eV
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Is Leptogenesis
Possible without LNV?



Group Work

What characteristics do you find in
sphaleron processes discussed this
morning?



Dirac Leptogenesis

Dick, Lindner, Ratz, Wright, 2000;
Murayama, Pierce, 2002; ...

« Leptogenesis possible when neutrinos are Dirac particles
« small Dirac mass through suppressed Yukawa coupling
« Characteristics of Sphaleron effects:

 only left-handed fields couple to sphalerons

e sphalerons change (B+L) but not (B-L)

e sphaleron effects in equilibrium for T > Tew

e |f L stored in RH fermions can survive below EW phase
transition, net lepton number can be generated even with L=0
initially

« for SM quarks and leptons: rapid left-right equilibration through

large Yukawa
no net asymmetry

If B=L=0 initially
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Dirac Leptogenesis

e LR equilibration for neutrinos:
e neutrino Yukawa coupling My Hvr
o rate for conversion T'; p ~ 2T

e for LR conversion not to be in equilibrium

T2
FLR,SHa tor 1T > T, H ~
! Me,
e Thus LR equilibration occur at much later time
T, T
T 5 T < TEW ——N )\2 < €q < EW
o ~ My My

M,, ~ 109 GeV  Taw ~ 102 CGev A < 107 &~9)

mp < 10 ke\//
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Dirac Leptogenesis

Dick, Lindner, Ratz, Wright, 2000
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Dirac Leptogenesis

+ Leptogenesis possible even when neutrinos
are Dirac particles (no AL = 2 violation)

« Characteristics of Sphaleron effects:

- only left-handed fields couple to
sphalerons

- sphalerons change (B+L) but not (B-L)

 sphaleron effects in equilibrium
for T > Tew

late time LR equilibration of
neutrinos making Dirac
leptogenesis possible with
primordial AL =0

Mu-Chun Chen, UC Irvine
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H. Murayama, A. Pierce, 2002

LR-Equilibration
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