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Outline

*Phenomena beyond SM

1. Neutrino mass

2. Dark matter

3. Matter and Anti-matter asymmetry
Explanation by right-handed neutrinos



Mass in Standard Model

Left-handed: 3 Right-handed: 3

 Mass term in SM

- _ vy,
electron: —Lonass = yL;®er + h.c. L = (GL)
‘ m(erer + erer) (D) = (S)
neutrino: —Lmass = yL_L&?ﬂz + h.c. x

Vi is not in SM, so neutrino mass =0



Motivation
V Mass by experiment: mg — m% — ((),()()868@\/')2
(‘13 Cappozi et. al.) mg B (mg 1 m%)/2 _ (0.04946V)2

Vi can explain neutrino mass

ESA/Planck

26.8%

Problem in cosmology:
*Dark matter

DEE= A 68.3%

*Matter-anti-matter asymmetry

Q. All solved by v, ? A. YES (Conclusion)
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Neutrino mass m,
W

General mass term

—,Cmass — % (ﬁ VR) (ML ]ywv> (VE> -+ h.c.
y' R VR
Block diagonalization (M ,yv<<Mg)
m, 0 my, = M —v*yMg'y" () light
(7 i)

m, and M, are diagonalized by mixing matrix U, V

mdlag UTmyU*

M8 = VIMRV*



Interaction of vj

Weak Electromagnetic
interaction interaction

e, O O
e X O
Vv, o X
Vp X X

- Vi interact weakly by mixing with v, -> Dark matter

Life time: T ~ 1077'(] (for M, = TkeV, 07 = 10719)



Production of v, DM

Assumption 1: v; were in thermal equilibrium
-> Introduce new gauge interaction
(e.g., Left-right model, GUT)

-> DM is thermal relic

€E VR

€Rr VR

Advantage of thermal relic:

1. No need for assuming initial abundance of v,

2. Simple calculation of abundance today

3. Colder than other mechanism (‘94 Dodelson, Widrow)
->weaker constraint from Ly-a



Production of v, DM

« Problem of thermal relic: Over production

S Gey Am? : constant
= Qp, 2 10Qpy
> Qpy ~ 0.3
Safter ;

- Solution: Diluted by Entropy production s — She f

Assumption 2: v, decay produce entropy Safter ~ 10
be fore



Vr1, Vg, Was in equilibrium

~P-

Vy, decay produce baryon and dilute vg,

Thermal history

n/s A freeze out

T ("13 Bezrukov,Kartavtsev,Lindner)
f N, decay
0.416/g. : parameters considering m, (this work)
po/M; f——F- —— s s N,->DM
N,

——————————————— === Baryon

0.86x10° 1= =T---n /',
| |
|




Entropy production P
Ratio of entropy N e Lra
before and after v,, decay: Jar = (YV7)ar
10 ~ Saftefr X 1 [y, = (5'9)22 M,
Sbefore FNQ ST

keV \ M
)20 = 1.1 x 10714 [ === =
G0 x 10 (Ml) (1O9GeV>
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Matter-antimatter asymmetry

N, decays into lepton and anti-lepton

P ¢ P P
6 CX N; < g Lo Ny d . L_La
gaI gaI*
Ratio: 1,000,000,000 ; 1,000,000,001

Baryon number:

k

B _ 1 4%x107% (ev)
S M1
By 1-loop calculation of g,

keV M2 1
My 10°GeV g(M2/M2%)

Im[(779)3,] = 1.66 x 10~

(2)



Parameter
=3 (7 7) (0 2} (15 e

Condition:
1. Neutrino mass

m, = My, —v*yMz'y" )

2. Dark matter

keV\? [/ M,
~ ~ —14
(yTy)22 = 1.1 x 10 (ﬁ) (109G6V) (1)

3. Matter asymmetry

keV M2 1
M 109GeV g(M3/M3) (@)

Im[(779)3,] = 1.66 x 10~



Result

Masses of Vet ) 1 keV, M, > 10°GeV

Yukawa coupling: v = iVV(XSiag)l/ZR(M%iag)lﬂ

1 0
0 0
0 1

=)

0
X,/ =m, — ML, XSiag = VVTXVVV* R ~ 1
0

Mixing of N,

02 — (gy) 1102 _ X + X3|Ra1 |?
! M? M, |




COnStra|ntS on VRl DM Detection?@7keV

@ (arXiv: 1402.2301, 1402.4119)

\

1078 &

10710 &

sin?20

10712 &

Ly—«a
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Summary

Model:
* neutrino mass explained by heavy v;
* Vg, DM produced as thermal relic (over production)

* Decay of v, dilute v;, and produce matter-anti-matter
asymmetry

Conclusion:

- m,, DM, asymmetry of matter can be explained
simultaneously
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—a1—kJ/DES
SWVEREERDOEARIRRE
Via = ozz'V}/L' + HOéIVEI

Our = (mpM ™)1

BNZa—kM) /L BBICKYSBWVERE/ERZT S
= Y bl Ajﬁ\r
a=e,l,T N, »
g(UT©);;

ENZa— )/ DRIGEZRET DK

liml
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-glx) 7




Tremaine-GunniZ 5%

_ P
Q - <U2/3>3/2
n
_ 33/2mDM <p2>3/2
< max f(p) = (92[7)3)43

_ 3 2
dSph(Coma Berenices q=>5x10""~2x10"7,
F)DEA: 0= M/pc

! (km/s)?

. 1/4
1.0k
m > 1.0 eV(5 . 10_3)




X-ray  bound

r _ 9 apm G2 sin® 6 m>
Vs—>YVg 2567T4 EM Y s

1 . 5 Mg \°
= sin“ 6 <—)
1.8 x 10%' s keV




INDA AR

. CPv, D5 ) IIMEH EFE |
B EMSDT N .

A IS WNBvDERE o e
YEsNBLITR
Yo s X €10 Y7 i

CPDBEAL:  _  (D(Ni— La®) — (T(N; — L")
17 S AN = La®)) + (T(N; = Lo0%))}

EFEEICLYLT F/a&(é;g'\'JT/aﬂ | 2%

B—7_9 L



EFHE

EFE ~ 3 x ]()53 erg, (09 Kusenko)

lerg=10"-7)
M_sun=2.0*10"30kg

Py, total ™ 1 % 1043g Cm/S.

px = (1.4Mg)v ~ 3 x 10* ( gcm/s

1000 km/s)

(V)
~ 0.03 |
( 1000 l<m/s> Py total

1%~5%<{bL\DIEFE A THATES



C-—
-~

%: l'|§
< o B \Y
s & |9 13 S
T N ! [y i —
3T S |€ S E~3T(r,)
E 3T(r_)8| b ICR +
i i®
r, r_ r_ r,
n+et =p+ v,
p+e =n-+v,,
o(te,tv)#o(te,lv)
V(US):Os

V(ve) = =V(ve) = Vo(3Ye — 1+ 4Y,,),

- o

31\1‘,3)1/3 k-B

=~
K]

_ eGr
V(UM,‘L’) - _V(V,u,r) — VO(Ye — 1+ 2Yve) + —

V2

T4

Aky  1Aks  4ev/2 prepy” .
k 6k 3m2 g2

_001( e )( Un )1/2 20 MeV \° B
7 \100 MeV/ \ 80 MeV T 3x10%G/°




m(keV)

20.0
15.0

10.0

7.0

5.0

3.0

2.0
1.5

1.0 !

\
\

delayed pulsar kick

excluded region

(no MSW)

1x107" 2x107"

510" 1x107"° 2x107"°

sinZ0

5%107"° 1x107°



