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Introduction

« Neutrino mass model with the Majorana mass term given by the coupling with wave dark matter
« The Majorana mass of neutrino varies in time following the ¢
* Previous works considering the Majorana mass term given via coupling as small perturbation

« What if the coupling term is dominant in determining the Majorana mass of neutrinos?

Completely new phenomenology: second leptogenesis etc.
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1. Dark Matter and the Majorana Mass of Neutrinos
2. Heavy Majorana Neutrinos and Leptogenesis

3. Second Leptogenesis
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Dark Matter and the Majorana Mass of Neutrinos
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The Majorana Mass of Neutrinos

_ I | 0 mp)\ (VS
L =— mplVplVp — §mRI/MI/M = — 5 (I/L V%) (mD mR) (I/]Z) + h.c.

Dirac (SM extension) Majorana

Mass eigenstates

_ mp is dominant: mixing is maximal
v cospr sinfpgr v r o _ _
v, ] ~ \ —sinfrp cosfrr) \vp + hee. - Quasi-Dirac (or pseudo-Dirac) neutrinos

mp is dominant: mixing is small

1

where sin?0;,p=—-[1-— i
2 vmp +4mi, - . .
- Majorana neutrinos
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Majorana Mass Term and Wave Dark Matter

Majorana mass term by Yukawa coupling
1 —C
,C = _i(MOi —|— gz’¢)VR,z’VR,i —|— h.C.

« We assume that this scalar field ¢ is a dark matter
field, with its oscillation generated by some initial
misalignment from its potential minimum at 0.

Initial
misalignment

» The equation of motion is given as

V(¢)

. .9
b+ 3Ho + 3

=0  V(¢) = zm3¢?
b0 = \/2ps/my
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Majorana Mass Term and Wave Dark Matter

Wave dark matter ¢

 Small mass in the range of 10722 eV < my < 30 eV

 Slow and coherent oscillation with period of T' = 27/my = O(ps) ~ O(year)

Varying Majorana mass

« Amplitude of the Majorana mass oscillation mgro = goo

 Value of Majorana mass varies in time: mpr(t) = My + gp(t) = My + mp,o cosmet

Modulation of v; and v,
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Zero Bare Mass: Dirac-Majorana Type Oscillation

mg
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Majorana
‘ } Quasi-Dirac

Majorana

If bare mass is zero, the Majorana
mass can be smaller than Dirac mass
at some time period.

Neutrinos behave as Majorana
particles when mp/mp is small, and
as quasi-Dirac particles when mp/mp
is large.

Periodic modulation of mpr makes
neutrinos oscillate between quasi-Dirac
and Majorana states.

‘Dirac-Majorana Neutrino Type Oscillation’
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Zero Bare Mass: Dirac-Majorana Type Oscillation

Conditions and Characteristics M,
1/2 —99 n
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< t. Iy
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102 o | - Likely significant for the present time,
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1024 02 (018 0TS o2 0 while negligible in the early universe

mg (GV)
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Zero Bare Mass: Dirac-Majorana Type Oscillation

Implications on Ov33 experiments

* Neutrinoless double beta decay (0Ovpf)
turns off when the neutrinos are in

106 W Y_
mp

.y >
quasi-Dirac phase. ©
 The length of this ‘off’ period is § 103
determined by the ratio of mp and mg
0

« If mpg o is much bigger, neutrinos are
mostly in Majorana phase

Mee(t) (V)

« If mp is comparable to mr.o, significant 10-6
D-M oscillation effect .
Quisi— Qugsi-
10-9 Majorana _Difac Majorana Difac Majorana
0 T/4 T/2 3T/4 T
Time
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Nonzero Bare Mass

Zero vs. Nonzero bare mass
» The decreasing of Majorana mass term stopped by nonzero M,

E (eV)

M (a) (w/ bare mass)
1017 N aamaa M(a) (w/o bare mass)
T(a)

1015

1013 -

Leptogenesis may occur multiple times!

109 -

10~20 10-18 10-106 10~ 14 10~ 12 10-10
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Nonzero Bare Mass

Parameters for Majorana mass

« Majorana mass determined by M,, My and my

E (eV)
] M(a) (w/ bare mass)
1017 N aamaa M(a) (w/o bare mass)
r T
M, “
1013 -
1011 L
109 -
107 -
10—20

We assume that M., > M,

The neutrinoSMajorana mass starts to
decay as a 2

To ensure that the neutrinos are
Majorana particles along the evolution
of the universe, one also assume

My > mp
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Nonzero Bare Mass

Cosmological expansion and the Majorana mass

E (eV)

] M(a) (w/ bare mass)
1017 N aamaa M(a) (w/o bare mass)
1013 -

1011 L
109 -
107 F
10—20 10—18 10—16 10—14 10—12 10—10

Heavy neutrino mass can be extremely
high in the early universe while being
small in the current universe.

Important implications on the
leptogenesis scenarios

23 Jan 2024 High1 Workshop 2024



2

Heavy Majorana Neutrinos and Leptogenesis
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Matter-Antimatter Asymmetry and Leptogenesis

Leptogenesis: Natural explanation of baryon asymmetry of the universe (BAU)

* Process of lepton number violating decay of heavy Majorana neutrinos

« Denoting the right-handed neutrino as N,

Difference

N — (D N — (@' > Net lepton number generated

['(N; — £®) — T'(N; — (PT)

CP asymmetry factor ¢; = =
ymmetry “ T T(N;, = (@) + D(N; — (@)
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Matter-Antimatter Asymmetry and Leptogenesis

Standard leptogenesis-baryogenesis model

 Production of nonzero lepton number by different amount of N — ¢® and N — (®T

* Lepton number converts into baryon numbers via B — L conserving sphaleron process

S

28
= (E — 1) (B— L) - same order
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Leptogenesis and the Scale of Majorana Mass

Mininal leptogenesis scenario and the neutrino mass

: : M, M.
« Heaviest neutrino mass with M5 ~ 10'®> GeV and adapting the same mass hierarchy —1 2

with the charged leptons Mz~ Ms
2

—> Light neutrino mass 10726V
M3

- Lightest heavy neutrino mass M; ~ 10'° GeV

« Asymmetry mostly generated by the lightest (A7)
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Leptogenesis and the Scale of Majorana Mass

Casas-lbarra parametrization

Yukawa coupling strength y = V2M /> Rin/2Ut /v

Heavy neutrino mass Light neutrino mass

« Heavy neutrino mass with M; ~ 10' GeV gives large enough coupling and asymmetry.

« Coupling is suppressed for much lower heavy neutrino mass, cannot generate enough baryon numbers
using the minimal scheme.
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Leptogenesis and the Scale of Majorana Mass

Resonant leptogenesis scenario

« Heavy neutrinos with nearly degenerate mass spectra gives the enhancement of asymmetry

. M?2 — M2\YM?
S(JB)O(Z("')' 5 ( k2~ J)4J2 5
@8 % T TME - M2+ MTE /M

Same asymmetry with smaller neutrino mass

« The mass now can be low as order of TeV (should be higher than the sphaleron decoupling scale)
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Leptogenesis and the Scale of Majorana Mass

Mass varying neutrinos and BAU generation

* In our model of varying Majorana mass, the heavy neutrino masses can be even lower than
TeV scale since the neutrino mass can be decreased after the sphaleron decoupling.

« Since this small heavy neutrino mass results in small coupling, we adapt the resonant
leptogenesis scenario in our calculations in order to produce enough asymmetry.

{\ /\ /\ /\ /\ /\ /\ /\ AW Sub-GeV heavy neutrinos can successfully explain BAU!

ITTTVYYYY

mp

mg(t)

o
Lept(inesis

Time
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Second Leptogenesis
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Second Leptogenesis: Decoupling the BAU & LAU

Motivation for the second phase of leptogenesis

23 Jan 2024

58 60 62 6420 3.0

NL

_ np—ng

Ty

L

n x 1019

2 3
T 2imeur v (Tv) ~ (7.5732) x 1072
—~ = \9_30
6¢(3) T

108 Discrepancy

np = BB~ (6.14+0.25) x 10710
Ty

« Adding another leptogenesis stage after the
sphaleron energy can boost only lepton asymmetry!

High1 Workshop 2024



Second Leptogenesis: Decoupling the BAU & LAU

Schematic diagram for second leptogenesis

T~ M,
in out
(a) N LG _
Sphaleron
Sphaleron ? decoupling
L,B
T~ M. T'~M,

(b) N in 1 st out . in 2nd out

Sphaleron
Sphaleron t decoupling l

LB )4
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Second Leptogenesis: Decoupling the BAU & LAU

Triple crossing of the temperature and mass

* Neutrinos out of the initial thermal bath

. . . E (eV
> re-enter > re-exit: triple crossing v

« Temperature of the universe is
monotonically decreasing

 The neutrino mass should not be constant
in order to realize this condition

DM induced mass variation of neutrinos
can achieve this!

1020 | 10~18 | 10-106 | 10~ 14 | 10~ 12
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Variation of Mass and the Second Leptogenesis

Natural achievement of triple crossing

w

¢ dilution by cosmic expansion oc a2

M(T)

Constant by M, domination

Constant by Hubble friction

T>M(T% T<M(T)

T>M(T) I'<M(T)

M* T* TN
T
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Variation of Mass and the Second Leptogenesis

3 flavor resonant leptogenesis scenario

« Since we will use resonant leptogenesis model, the mass of three heavy neutrinos are almost
identical, which ensures same behavior of three masses.

» Mass differences can come from both bare mass term and the coupling term, where those from
the bare mass does not change but those from the DM coupling follows scaling behavior by
cosmic expansion as shown before.

* In this work, we assumed that the ratio between three Majorana masses are constant along the
expansion of the universe, where bare and coupling terms have same ratio for each flavor.

M17 M27 M3

Mass ratio unchanged
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Variation of Mass and the Second Leptogenesis

Necessary conditions for second leptogenesis

1. Triple crossing: M,; > Ty, TN, > Mo;, T > TN,

2. Theoretical constraints
mg
« Matter-like ¢: —— >

mr

» Avoid thermalization: I' < H(T)

g7
1672

3. Coupling g constraints

« Majoron, CMB free streaming, neutrino oscillations etc. (m, dependent)
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Model Setup and Simulations for Second Leptogenesis

Parameter regions satisfying the necessary conditions my = 1072 eV (T, =2.7 TeV)

» The shape and area of the region is dependent on
the value of m,; .

« \Weaker constraints are not shown in the figure.

« Sub-GeV heavy neutrino mass favored!

10g IOM’H (GGV)
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Model Setup and Simulations for Second Leptogenesis

Density equations for 3 flavor leptogenesis

dNy,
dz

dNq s
dz
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— D;(Ny, —

_ €q
— €i,apDi(NN, — Ny

@ Codes Res DeltaM N3_new.cc 3 X

@ Code$ Res Deltal

”
1/ Main program

int main()
{

long double MeL = 1.0e-1;
long double DeltaMi2 = 0.5,
long double Delta13
long double dMe1 = 1.0e-15,
double mphi = 1.0e-11
double light = 0.0e-12;
double dCP = 1.0%M_PI;
double alphal = 0.0°M_PI;
double alphaz
complexcdouble> zanglel2 = (.22+9.22°1)/5art(2.0);
conplex<double> zanglels = (.22+0.2

Se-1

PL;

2201)/zqrt(2.0);
complexcdouble> zangle2s = (8.9+9.0°I)/sqrt

)
=12, RAT.R = disg(e, 1, 1) lightestiie
zangle1s);
os(zanglels);

angle1s);

sin(zangle12) * cos(zangle23) - cos(zangle12 sin(zangle2s);
angle12) sin(zangle12) * sin(zanglel3) * sin(zangle23);
angle1s)
angle1z) cos(zangle12) * sin(zangle13) * cos(zangle23);

sin(zangle12) * sin(zangle13) * cos(zangle23);

0.0

Vi cos(zangle);
/ sin(zangle);
Vi o
1110 1 -sin(zangle);
prosivs @ ouTPUT  DEBUG s

LE TERMINAL

2.9511e-05 3.69120-07 1.77805e-10 3.45808e-152
2.975736-05 3.6903%-07 1.79%-10 1.78271e-153
3le-65 3.68951e-07 1.82186-10 8.15163e-155
3.027452-05 3.6885%-07 1.84582e-10 3.51722e-156
3.053966-05 3.68764-07 1.8707e-10 1.44577e-157
3.08036-05 3.686676-67 1.896268-10 6,054746-155

3.320360-05 3.67843¢-07 2.11988e-10 1.03759e-171
3.381546-05 3.67619-07 2.18195e-10 1.05625¢-174

WZ{P’LJ N}aﬁ

~.

Decay term

Washout term (from inverse decay)

= Numerical solving of differential
equations using C++ code
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Model Setup and Simulations for Second Leptogenesis

Behavior of B-L L T T T ]

F o NVBLe 2 5

« The value of B-L starts from zero. 0.0015F — Ny, o0 8 )

 During the evolution of the universe, the sign of the 0.0010L § ]

B-L changes by the production and decay of heavy : g ]

neutrinos. 0.0005 _ ig —

" e i o o o " oo
« B-L is negative at the time at the current universe, ~0.0005
since the observed lepton asymmetry is also positive. :

~0.0010} _

—0.00155—

1079 1077 1072 0.001 0.100 10
z= Mo /T
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Model Setup and Simulations for Second Leptogenesis

Benchmark results

T T T T T T T T T T d M()l = 0.1 Gevand M*l = 2.4 X 105 GeV
* Spllttlng AM12 ~ AMlg ~ 10_19 GeV
- Gives the lepton asymmetry of 7z ~ 5.0 x 1073

) Baryon asymmetry fixed at sphaleron decoupling
o I with value of ng ~ 6.14 x 10~1°
Z 1070F NN/‘\ « Downward peaks represents sign flips of B — L

10—9 N

LAU increased with factor of 107

10—12 1 1
10710 108
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« Varying neutrino Majorana mass via coupling with the wave dark matter
« The Majorana mass of neutrinos decreases by the dilution of the dark matter due to cosmic expansion
« Heavy neutrino mass can triple cross the thermal bath temperature, enabling second leptogenesis

« Possible explanation of the significant discrepancy between baryon and lepton asymmetries

Rich phenomenology expected in this new model!
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