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1. Introduction

Neutrino masses

> Neutrinos are massless in the SM

> The tiny neutrino masses may also indicate BSM
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> Seesaw mechanism is one of compelling descriptions:
[Minkowski '77; Yanagida '79; Gell-Mann, et al. ’79; etc.]

- ] - 1 ) ™\ heutrino mass:
L = Lsy + NrigNg — (y,LHNg + h.c.) — E(MRN/C?;NR +h.c.) m o~ (Yo Vew)®
- _ 1w [0 mp[m +he V Vs
mass = "5 | Np mp Mg Ng s 100 GeV)?
(199 BeV)™ 01 ev
\_ o 8X) m~ hmgey ~ 01 e

> Right-handed neutrino mass (Mg) violates B—L, which may lead to BAU,
but



1. Introduction

Spontaneous B—L breaking

> Let us simply consider the model that a scalar condensate violates B—L symmetry

L = Loy + NgidNg — (v, LHNg + h.c.) — %( NENg + h.c.) — V(H, o)

-----------------------------------------------------------------------------------------------------

V(H, 0) = M(|HI? = v + Ao (0P = VB + Aon(0] = VB_)(HI? = V&) |

-----------------------------------------------------------------------------------------------------

> Then, Nr acquires its mass through VEV of the singlet scalar
AV

Mr=9nVB—L ( VB_L=(0) )

> Spontaneous U(1)s—. breaking leads to a Nambu-Goldstone
boson called “Majoron”

= (Va1 + p/V/2)e"/(V2ve-1)

x: Majoron

P

Re[o] so-called “Singlet Majoron mode|” [Chikashige, Mohapatra, Peccei, '80]
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Majoron dynamics
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Majoron dynamics
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Majoron dynamics
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L =Lgy + NgidNg — (y,LHNg + h.c.) — %( NENg + h.c.) — V(H, »)

> @Global B—L symmetry might be explicitly broken by
gravitational effect: [Giddings, Strominger, '88; Akhmedov et al., ‘92]

(75 (76 07 Majoron acquires a mass
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PL PL PL (n=567,.)
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Majoron dynamics

> B—L would be a good symmetry in the very early universe

T L =Lgy + NgidNg — (y,LHNg + h.c.) — %( NENg + h.c.) — V(H, »)
7 O~ RS
s 4 > @Global B—L symmetry might be explicitly broken by
.c"% -1 - gravitational effect: [Giddings, Strominger, '88; Akhmedov et al., ‘92]
"\E v ( ) (75 (76 07 Majoron acquires a mass
= pL(O) = + + + o - () Mp x [Mg/Mp]—2)/2
o) M Mz M3 X PL R/ MpL
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% }4 (n )
D > B—L is broken before/during inflation so that Nr
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Q
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2. Spontaneous leptogenesis via Majoron oscillation

Dynamical level splitting by background Majoron

> Leptons in the thermal bath feel the background Majoron oscillation

1 Oux +
Lot = Lo+ mXPx — L1 L+ —

m,

2 M R Vew

> This derivative coupling affects the kinetic term

Liin D L3I — m — (0, /Mg)y")L

(LH)(LH) + - - -

> Suppose the coherent Majoron oscillation is homogeneous, lepton kinetic

term is modified as

Lkin D L(i —m— 11,7°)L <,

> Then, we have the modified dispersion relation:

-

S level splitting
_ 2 . 2
E = i\/ PI% +m? + 1, % (effective chemical potential)

_’ ng.=n—mxu, does notvanish even
when the particles are in thermal equilibrium.

\

(c.f. spontaneous Baryogenesis [Cohen and Kaplan, '87] )

-------------------------------------------

Majoron field value

: X/ xo

1
: H:m/\,
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Boltzmann equation (by taking the background Majoron into account)
8tn,- + 3Hn,- - C[n,-]
> Without uy-term, collision terms are given by
Cl[m] =/d”1d”2d”3d”454(P1 + P2 — P3 — Pa)
X [—|Mizoaal (1 £ B)(1 £ ) + [Maso2[*BE(1 + f)(1 £ £)]

> By remembering the non-zero u,-term raises the energy shifts, the collision
terms are modified, for example,

Clm] =/d”1d”2d”3d”45(51 + Ep — E3 — E4 +2/1,)0(P1 + P2 — P3 — Pa)
X [—|Miaaa|*fifa(1 £ B)(1 £ f) + |[Maa_12|°hBE(1 £ )1 £ £)]

> In our case, since the SM particles are in the thermal bath (chemical
equilibrium), we can use the distribution functions for thermal equilibrium

fi — 71

> Hereafter we use the approximation that all of the particles have Maxwell-

Boltzmann distribution

84 _ o= (Eitpi)/T
j
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Boltzmann equation (by taking the background Majoron into account)
(‘9tn,- + 3Hn,- = C[n,-]

> Then, we have a set of Boltzmann egs. for the following chemical potentials:

gauge bosons iy, Uw*, flz, |, 5
matter fermions : fe,.,  Hers  Hur, Mo,
Heris  Hegis
+ 14x3

Hur;y  Hap;y  Hdp;s  Hdp,»
:uuRq;? /.LraRi, :udRm ILLCZRi7

Higgs boson : ppo,  fip=, + 3 (ty.g=0)
=50 — 25 (parameters)

> To simplify the equations, we put the assumptions that

» neglect flavor mixings [uyi = Uy, (Y = eL, vi, er, UL, di, Ur, dr)] 7x2

- EW symmetric phase [uw: = uz= 0, du.=Hd.=qQ, Hvi=HeL=HL, Hn+=Hro=HMH] + 5

- Yukawa interactions are in the thermal bath [ur=L1-lUer=1uR-La=1a-LdR] + 3

- sphaleron process is in the thermal bath [3uq+u=0] + 1

- neutrality condition of the universe [2Ny(lua-1uL)+(4Ng+Np)iH=0] +1=24

> All of the chemical potentials can be written in terms of only one chem. pot.

- 44Ny + Ny) 52 B .
— We take HL SO that Nng = _28Ng+9Nh ng=—-5N nL — nl T n7 X ILLL/
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Boltzmann equation (by taking the background Majoron into account)

81*/7,' + 3Hn,- . C[n,-]
> |tis reasonable to solve the Boltzmann equation for np. =ny—moc /T
d
orn. + 3Hn, = C[n,] » MLy (& - a&) |
alr T A T T a ~ 0.5 : numerical factor
W o (ogV) :wash-out factor
Zi mz%,- . my —
(ogV) ~ 3024 determined by 2 (LH)(LH) (LH < LH', LL < H'HY)
ew ew
m, =0.05 eV, m, =10"° GeV
— : — ‘ ; 10—5 “‘I ‘ — ‘ —
- X L HEMy - !
1.0 I i 10—6 :
E : : 1077 :
S 0.5 |- : - I
L : . 1 — |
: 00p me /X\/X\WNWMOM»-W- -9 I 7g=6x10""°
s | \W - L S A Lo T
_ : 10710 I
0.5} : :
i M \ : ‘ L 10—71 R | L Lo
5x10° 1.x107 5x1074 1073 107° 1074 0.001 0.010
z =mylT z=my [T



. Spontaneous leptogenesis via Majoron oscillation

Parameter scan
diluted by expansion strong wash-out
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. Spontaneous leptogenesis via Majoron oscillation

m, [GeV]

Parameter scan
diluted by expansion strong wash-out
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> constraint on neutrino masses for successful leptogenesis
m, <55x107% eV (xo = Mg) m, <9.1x1072 eV (xo =7Mg)
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- neutrinoless double beta decay -
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OvpGp decay
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OvpBp decay ~ 718=6x10""(xo = Mp)
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Ovpp decay
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Ovpp decay
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4. Viable models

Viable models consistent with cosmological observations

> Majoron decay

Since the Majoron is very heavy, Planck scale suppressed

operators are important.
c.f.) mass operators

O.n

ex)

n=567 ..) O = 7
= J J y =" n_
MPl

before/during inflation
X
I
I

> Suppose that U(7)s—. is a gauge symmetry

' > Let us consider the case that U(7)s—. is broken by a

inf. end scalar field condensate () = Vo

o 1 S/
reheating H Z m, 3 O g9/2 l @6/2) Vo g 9o /2

OM = M MC]¢/2—4 —_— O/\Z‘D = M MQ¢/2—4
* Vip) " P
xstatsto | i} ® g%/2|H|? v (Go/2+2) Vo 0%/2|H|?
oscillate Op = L, O =
H ~ Qo /2—2 D go/2—2
my M, 1/ M. Mgy

( Tosc ~ /M, Mp, )
go: U(1)s—L charge of ® (qo = 10)

> We will demonstrate the case of go = 10
> After ® acquires VEV, Zi0 discrete symmetry remains
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Z10 model
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> Decay operator: O
> Decay temperature:

Tdecay ~V MPIrD
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> When Tgecay < O(1) MeV, the Majoron decay
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Z10 model
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> Decay operator: O ~ (M&/MS)o|H|?
> Decay temperature:

Tdecay ~V MPIrD
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4 R X
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> When Tgecay < O(1) MeV, the Majoron decay
spoils BBN.

J

> Majoron domination temperature:

Toom ~ (M&/Mg) Tosc(~ (Mg/Mg))\/ Mpim,,)
(+ Px(Tdom)/Py(Tdom)=1)

> When Tgecay < Taom, Majoron dominates the
universe, and dilutes baryon asymmetry.
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Z10 model
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> When Tgecay < Taom, Majoron dominates the

L A

universe, and dilutes baryon asymmetry.

\.
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1016‘[ place if possible.

> When Mg < Tose, Nr is in the thermal bath,
and conventional leptogenesis would take




4. VViable models

Z10 model
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L=

> Decay operator: O ~ (M4 /M3)o|H|?
> Decay temperature:
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> Majoron domination temperature:

Toom ~ (M&/Mg)) Tosc(~ (Mz/ M§|)\/ Mpim, )
(+ Px(Tdom)/Py(Tdom)=1)
> When Tdecay < Tadom, Majoron dominates the

universe, and dilutes baryon asymmetry.
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> When Mg < Tose, Nr is in the thermal bath,
and conventional leptogenesis would take

> Majoron is thermalized by x-H-H interaction.
> Thermalization temperature:

Tin ~ 1.1 x 108 (Ma/10"GeV)*”° GeV
> When my < T, Majoron is thermalized.
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10'° \%{ place if possible.

> |socurvature perturbation: Hin/(2riMg) < 10-°
> Since Hosc < Hinf, at IeaSt Hosc/(zr[MR) < 10'5
should be satisfied.

> When Mg < Tose, Nr is in the thermal bath,
and conventional leptogenesis would take

> Majoron is thermalized by x-H-H interaction.
> Thermalization temperature:

Tin ~ 1.1 x 108 (Ma/10"GeV)*”° GeV
> When my < T, Majoron is thermalized.




4. VViable models

Z10 model

> Decay operator: O ~ (M&/MS)o|H|?

> Majoron mass: m® ~ [M2/Mg]"/?

> 0(1-0.1)% fine- tunlng IS needed.

> Decay temperature:
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\% place if possible.

> |socurvature perturbation: Hin/(2riMg) < 10-°
> Since Hosc < Hinf, at IeaSt Hosc/(zr[MR) < 10'5
should be satisfied.

> When Mg < Tose, Nr is in the thermal bath,
and conventional leptogenesis would take

> Majoron is thermalized by x-H-H interaction. |
> Thermalization temperature:

Tin ~ 1.1 x 108 (Ma/10"GeV)*”° GeV
> When my < T, Majoron is thermalized.




4. VViable models

Z10 model Z12 model
107 107
11 11
10 Thermal Ng 10
1010 1010
S S
O O
S 10° S 10°
= =
& &
10° 10°
107 107
Thermal x Thermal x
10° | | | 10° |
1071 1012 1073 1074 1075 1076 1071 1012 1073 1074 1075 1076
Mg [GeV] Mg [GeV]

> Majoron becomes rather stable in Z72 model, and thus, viable regions become narrow
> 0(1-0.1)% fine-tuning is also needed in Z72> model



Summary

Summary

» We have studied a novel leptogenesis scenario;
spontaneous leptogenesis.

» All of the necessary ingredients are automatically
equipped in the Lagrangian:

L = Loy + NridNg — (v, LHNg + h.c.) — %( NENg + h.c.) — V(H, o)

» The neutrinoless double beta decay is a good probe
of our scenario.

» We have shown that some viable models can be
constructed.



