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Our research’s purpose

. Strong CP problem

. Dark matter
. (small) Neutrino mass

- Baryon number asymmetry



How to explain small neutrino mass

SM+ heavy particle :

Cafl /5 -
A (LQH) (HTLI{;) + H.c. [4]

ex) Type | Seesaw [5]
e Heavy right-hand neutrino Nir, (i = 1,--- ,ny) is added.

* After integrating out N;r, neutrino Majorana mass is
created.
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Heavier than weak scale !



Leptogenesis

Seesaw model can generate baryon number asymmetry.

. Nris far from equilibrium at reheating
scale. g

. The decay process: Np — LH(or LH') N < )" .
breaks B-L and CP.
» Lepton number asymmetry is generated.

- Lepton asymmetry becomes baryon Yx —BYB T,

asymmetry by sphaleron process. 37

» Baryon number asymmetry is generated.

Yy =—B ~ 10710
A S



Dark Matter

e There are many evidence of Dark matter (DM):
- The flatness of galaxy rotation curve
- The mass distribution among bullet cluster measured
by gravitational lensing
. The formation of large-scale structure
. Cosmic microwave background (CMB) observation

« €1C-* QDMhQ ~ 0.12 [8,9]

e |n the standard model of particle physics (SM),
there are no candidate of DM, naively.

DM may be New particle.

. WIMP dark matter [10] (Symmetry stabilizes dark matter)

. invisible QCD axion [11,12] (the coupling to SM is very small)
o etc...




Strong CP problem

2
QCD 6 term is allowed in SM: Ly =+ 392932 (;ﬁ/}yg/l/w (—7 <6 <)
G
This ©’s range is -11 to 1. Naively, +TT
0 has a random value in the /o /2
range.

However 0 is very small.
(the measurement of neutron electric dipole

moment) 9 g 10—11
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What mechanism makes 06 3]

small ?



Strong CP problem (2)

QCD axion mOdeI [11,12,14,15] S | ¥p v,
ex) KSVZ axion model SU@B)c || 1 3 3

e colored fermion \II

* complex scalar .S with wine bottle potential U(1 )PQ —2 1 —1
* Additional Chiral symmetry (Peccei Quinn (PQ) >Pi & 1/2 1/2
symmetry) 1 B
X S(z) = —=(vq + a(:zr))em(m)/”a
* PQ symmetry is broken by > , and its pseudo  ;, al 9

NG-boson is axion (] .

QCD 6 term becomes small by
axion dynamical effect:
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Our research



QOur research is

The unification of Seesaw model and Axion model:

e mediator in seesaw = colored fermion in axion model

* | epton symmetry breaking = PQ (spontaneous) symmetry breaking

M C i /o [16]
7NiRNm + H.c. —yy () ¥V, r + H.c.

Majoron = Axion

— |t explains Dark matter, neutrino mass, the baryon
number asymmetry and strong CP problem.

| explain it below:--



Additional fields & their representation

_ | S | wd | oA
. S : Complex scalar with SUG)e T 1 8 | 8
wine bottle potential. SU(2)L 1|1 | 2

. U(1 0| 0 |1/2

. U4, : Color octet right-handed |—— ( )Yr — —— /
. ] U (J.)PQ = U (J.)L —2 1 ()

fermIOﬂ ( 1 = 1’ e ,TL\II ) spin () ]_/2 ()

. A : Complex scalar field
IN (8,2)1/2 :

. Additional Symmetry: U(l)pQ = U(l)chton#

. 9, v, and ®* behave as (radiative) seesaw model.
. S and \If[}z behave as invisible axion model.

. : : : L o\ To A o
. After PQ breaking,¥{; 's Majorana mass is generated: — ;v (S) (Wi},)°W; — He.

| assumed that O(101)TeV < Mg < My, < 10%GeV in my analysis.
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neutrino mass

Neutrinos gain mass through radiative correction:

9 M2 N2 vy 2
\[\1’} 11]. 7;,1."!! l\"'[\ljk + INO

w\/l S \ U Z ]Z/A }! [ 7') =
( v f_ o7 5 s sk (i’\[\f;}b o m(z))z
9 o Mgpapo = M, g0
<H> f" <H> '2,-\.—,‘4!“ KL mg = A 5 [md
N\ 5
heavy I \ * J/
N

/
o o
/ \
[ |<_‘ <« 7
Lepton # Lepton #
l (.S) ;

Lepton number’s breaking is occurred by S,
the mediator ¥ixr 's mass comes from PQ scale.
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As axion model « &«

/
N /

<I>\/<I>

The fields which work as axion \
IS

mOdel Lepton#n r Lepton #
(S)
e Colored fermion W,

e Complex scalar S
e PQ number = Lepton number L(¥3) =1, L(S) = -2

2
. 93 o O(T) ~A YAy
Lo =+ 302 (9 o /(3W)>GWG Stron_g CP problem
* 0 is solved.
Quh? ~0.1802 [ Yol Brw) \ Axi h DM
a 1%\ 102 Gev ) 71 xion behaves as .
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L eptogenesis
(preliminary)



the picture of Leptogenesis in our model

. ¥/i is far from equilibrium at the reheating
scale.

. After reheating, the process vi — @AM L
creates Lepton number asymmetry.

. U4, is colored particle. ¥;’s thermalization in
our model is faster than the one of right-
handed neutrino N;r in the type | Seesaw
model.
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Parameter setting from DM and neutrino data

. PQ scale v, < determined by DM relic density
ve/ (3ny)
1012 GeV
— v, =~ 7.1 x 10 GeV

1.19
QDMhz 20.189?( ) . Ny — 3, HL — (r)(l)

. coupling h% < determined by Neutrino Mass Matrix

=12 hikp? [ — R AT T+ Hoe
My)ij ~ = L (Mp < M SAE A
JYRVRE"S S LI

ik * diag »T rdiag
h’\I’ ? o0 UP MNS V My °R \/]\[\I’
)

(R: complex orthogonal matrix)
(I assumed Normal Hierarchy in my analysis.)

¢

A5 (H'®*)*’s coupling
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numerical solution of Boltzmann equation

. After reheating , ¥z is | MW1=10"GeV, A5=10"
thermalized quickly. During it, \0:’0 Yivtes
Lepton number asymmetry is "
. Yy YAB
created. '
e
. After generating and washout -
of Lepton asymmetry are | My,
b I d L -t t 0.140625 0.140650 0.140675 0.140700 0.1407 ~ ’
alanced, Lepton asymmetry | |
becomes stabilized. ‘
I_l MW1=10""GeV, A5=1072
. In order to create sufficient | y
'"'B . Yeq
baryon number: ¥ === ~ 10 o
- A :
the lightest Yir ’'s mass is:
My, > 2x10%GeV
YAB
_— —2 ~ —2 1079+
(A5 = 1072 My, ~ 10 2My,,) " B
F 02 03 04 0"
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The prediction of reheating temperature

In order to explain baryon number asymmetry,
the reheating temperature is bounded:

2 x 10"°GeV S My, S Treheat S Va

~ ~J

. The lower bound comes from the baryon
number asymmetry.

. The upper bound comes from the Domain wall
problem.
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Summary

. Our model can explain DM, strong CP problem,
neutrino mass and baryon number asymmetry.

. In our model, the mediator In seesaw model becomes
colored fermion in axion model. This mediator’'s mass
comes from PQ scale.

. Based on the leptogenesis, our model can predict the
reheating temperature: 2 x 10'°GeV < My, < Treheat <
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Flavor Changing Neutral Current (FCNC)

Losg, = 97 Qi ®ATA u p + g7 Q, ®* T4 d,, + H.c.

Amy is the mass difference in K° — K9 mixing.

A m(b A

xp
AmA

exp
Am o

2 3
gu,dAQCD

‘) | exp

— (3.484 +

+0.006) x 10~ 1°GeV 8]

Assuming that CI)A 's contribution to Amg
is in the error and Gu.a ~ O(1),

Mg

> 0(10%)TeV
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LFV process

Based on leptogenesis, ¥/ is heavy.
S0, LFV process in our model meets the experimental [imit.

A 3

oA JJJ Br(ti = £7) =— & W Fo (MG, /My )hl
P 2 D
Py | 1 —6x + 322 +22% —62%1nx
€ I € Fo(x) =
> Ry 2(7) 6(1 — x)4
Br(pu — ev) _
Max ~ 10747

10°GeV < My, < 10%GeV, 107% < A5 < 1, (Br(/f[/ _> 6,7) ) llmlt

10°GeV < Ma. < 107GeV, Mg, < 107 My,
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New Yukawa coupling

Lqaoq, —gijZCDATA wp+ 93 Qi @ T d, p + Hee.
[,quq;R—th @A\IJAR—FHC

]' ) / ,
Lsy,u, = —3 vy S (VL)W r + H.c.
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Boltzmann equatlon

eq
SdYAL \Ilf‘M\% Ky (2)T(W4 - 2) e Yya — Y\I,A 1Yas
dt 27wz Y\I(j(’l‘ 6 Y;;q
dY\pA Y\I’A Y\I(;q‘ Q\II A N7
L 1 1 1 3 A
@ ST yS am, @I
1
Vo \ 2
+2,7XX\I’1\I’1 Q(Y‘I(’xl]) ,Y‘I’I\IJIXX
v,
1 (Mg \*/3x4 136 6
U XX _ ,
Y 87r4( , ) ( - +27r+ ) {4may(T = Mq,/z)}
11 /My, \*/3x4 36 12
XX¥, v, 1+ W,
! _287r4( 2 ) ( T +7r+ 7r) {4mas(T = M‘I’l/z)}
F(‘I’A — 2) =8 X [hTI;h\I/]llM\III
! 4wgw?
el ko Im(RE R (A ha i) {F (&) + 9(éx))
8w (hi,h) 1
1+
1O =vE{1-a+om Tt g0 = 2,
M\I,z
€k = \pf\=2><8,gga=2><2

—t, g
MZ



The balance between v{; 's decay
and lepton asymmetry’'s washout.

_ :‘ _ 7 _— /rU(l - —

dY AT 9\11'1“ 1\[\1;1 - A . )‘I’i\ }\I’i\ 1 YAz
s ~ T LR (2)D () = 2) [ e— e — =
dl 2TM=2 | I }\DA 6Y, " |

The first term in RHS is \IlzR decay term,
and the second term i1s washout term.

an11 An-2
MW1=10""GeV, A5=10 5x1037 |

Hechy these terms become balanced.

0.100 - Yrteq
Yy
0.001 1 1037 \\

107° 5% 1036 } —
71 I
10 v washout
AB
" 1x10%6 -
10 [ i
z 0.2 0.3 04 0.5

0.2 0.3 0.4 0.5



W 1's thermalization Is fast
due to 1ts QCD process.

The analysis with W1's QCD The analysis without W1’s QCD
process in our model. process in our model.

Az ~ O(107°) Az ~O(107%)

— MW1=10""GeV, A5=10"2 — MW1=10""GeV, A5=102
0.100 - Yyiteq ’ Yiteq

* 1072 -
0.001 ¢
1045% A
10~ |
1072 |

T I I | I I I I | I I I I | I I I I | I I I I | I I I Z I I I I | I I I I | I I I I | I I I I | I I I I | I | T
0.140625 0.140650 0.140675 0.140700 0.140725 ] 0.1425 0.1450 0.1475 0.1500 0.1525



Axion coupling with SM particle

Axion (Majoron) in our model O (LL v L1 + epyter)
couples with Lepton. 2V,
Especially, it couples with a

(Other coupling with SM particle is
Chargec |epton’8 VeC'tOI‘ current. same as KSVZ-like axion.)

However, when axion i1s on-shell, this coupling becomes zero.

iMy = —iee, (p)M" =

These A are same,

so 4 M, = ( due to Ward Takahashi identity.



