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Origin of neutrino masses |3
I

s Neutrino mass scales
o Atmospheric: Am2,, = 2.4 X 1073eV?
o Solar: AmZ, =~ 7.5 X 107 °eV?

= Clear signal for new physics beyond the SM !

s Important questions:
o What is the origin of neutrino masses?

o What are the implications to other physics?
o How do we test it experimentally?
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RH Neutrinos Vp and Seesaw Mechanism

M Minkowski 77
A L H, 1 _ Vi T e Yanagida 79
oL = IVR@A!]/ VR FL VR(D 2 VrVr +h.c. Gell-Mann, Ramond, Slansky ‘79
Glashow ‘79

m Seesaw mechanism (Mp = F(®) <K My,)

—— (0 M.\ —— (M. 0\
L=Zaovn) O M M e =L N[ " l+he. 1
2 ML M, v, 2 0 M, )N M, =-MJ =M,

Uu'™M U =diag(m1,r“r/|12,m3)
o Light active neutrinos vV
— explain neutrino oscillations

o Heavy neutral leptons N (N = vp)

e Mass My,

mixing in CCcurrent V; = U v+ 0O N€
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Review of Particle Physics

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.Ibl.gov)

Heavy Neutral Leptons, Searches for

(A) Heavy Neutral Leptons
— Stable Neutral Heavy Lepton MASS LIMITS ———

Note that LEP results in combination with REUSSER 91 exclude a fourth
stable neutrino with m< 2400 GeV.

VALUE (GeV) CLY% DOCUMENT ID TECN COMMENT
>45.0 95 ABREU 928 DLPH Dirac

>39.5 95 ABREU 928 DLPH Majorana
>44.1 95 ALEXANDER 91F OPAL Dirac

»37.2 95 ALEXANDER 91F OPAL Majorana
none 3—-100 90 SATO 91 KAM?2 Kamiokande Il
>42.8 95 L ADEVA 90s L3 Dirac

>34.8 95 1 ADEVA 90s L3 Majorana
>42.7 95 DECAMP 90F ALEP Dirac

L ADEVA 90s limits for the heavy neutrino apply if the mixing with the charged leptons
satisfies \U1 ;l2 + |U7 ,-|2 -+ |U3 ,-‘2 > 6.2x10798 at m,;g =20 GeV and > 5.1x10—10
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Yukawa Coupling and Mass of HNL

My, My

(D)
m, =5x 1071 GeV

F =

10'14 [ 11
10710 107 10° 10° 1010 101 1020
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Yukawa Coupling and Mass of HNL

\/vaN

F =

, (D)
107 m MW o, =5 x 1071 GeV
10
10_(1) """" Seesaw A R —— S
lg2 g does
107 not |

- Yo : :
10_‘5t WorI§< ' 5 Leptogenesis
%8'6 """"""""""" """""""""""""" o (Fukugita, Yanagida ‘86)
10_,; ; H H
10°
10, ,

10710 @ o Baryogenesis via neutrino oscillation
10'3 (Akhmedov, Rubakov, Smirnov '98,
10:13 z TA, Shaposhnikov ‘05)

18-14 | | | ;

10" 107 10" 10° 10" 10 10%

My [GeV]
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Mixing and Mass of HNL

2
o =0 = T

M2 T My My = 5x 1071 GeVv

10—25

10-30

101 107 10° 10° 10 10" 102
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Various Physics of HNLs

MSM TA, Blanchet, Shaposhnikov ‘05,
vMS TA, Shaposhnikov ‘05

2
O
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Target
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Baryon asymmetry of the universe (BAU)

Baryon Number B = (# of baryons) — (# of antibaryons)

( N
npg Planck 2015

— =(8.676 + 0.054) X 10~ 11 [arXiv:1502.01589]

S
. y,

Ny : Baryon number density

- Entr nsi 5
S. tropy density so00f A,
7y 5000 ¢ ——— best ACDM fit
.‘? 4000 ------- 0 50% lower
Es :
< 3000 }
- 2ooo§
™ 1000 ﬁ el
of

0 200 400 600 800 1000 1200 1400
Multipole moment ¢

[Strumia 06]
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Conditions for baryogenesis

s Sakharov (1967)

\
(1) Baryon number B is violated
(2) C and CP symmetries are violated
(3) Out of thermal equilibrium
- J

“According to our hypothesis, the occurrence of C
asymmetry is the consequence of violation of CP invariance
in the nonstationary expansion of the hot Universe during
the superdense stage, as manifest in the difference between
the partial probabilities of the charge-conjugate reactions.”
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Yukawa Coupling of HNL

My, My

(D)
107 m : | | | W, =5 x 1071 GeV

F =

10_ """" SeesaW """""""" """"""""""""" 'Leptogehesis
10 does | |
3 not
107 worlé< !

10'5 ..................... .......................... e . .....................

10'14 [ 11
10710 107 10° 10° 1010 101 1020
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Baryogenesis conditions

= B and L violations
o (B+L) violation due to sphaleron

o L violation due to Majorana masses
Majorana masses < 100 GeV
- negligible for T>100 GeV

s C and CP violations
o 1 CP phase in quark sector
o 6 CP phases in lepton sector
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Baryogenesis conditions

s Out of equilibrium

o No 1st order EW phase transition as in the SM
o Heavy neutral leptons can be out of equilibrium,

If Yukawa couplings are small enough
e To ensure this condition up to T~100GeV

m) F<2x107 Lot N

th i Q

[TA, Shaposhnikov '05]

The model with HNLs with MN<100 GeV can
realize all three conditions for baryogenesis

Takehiko Asaka (Niigata Univ.) 2015/05/16



Baryogenesis via Neutrino Oscillation 16
]
m Oscillation of HNLs can be a source of BAU

Akhmedov, Rubakov, Smirnov ('98) / TA, Shaposhnikov (‘05)
Shaposhnikov (‘08), Canetti, Shaposhnikov (‘10)

TA, Ishida (‘10), Canetti, Drewes, Shaposhnikov (‘12), TA, Eijima, Ishida (‘12)
Canetti, Drewes, Shaposhnikov (‘12), Canetti, Drewes, Frossard, Shaposhnikov (‘12)
o Oscillation starts at T,o.~(My My AM)/3 .
osc™~ (Mo My AM) Medium effects

NZ 2 /’\\
T N # L N
Vv = —FTF

o Asymmetries are generated since evolution rates of L, and
L, are different due to CPV

-y
-~ ~

/ N
Lg

~
7

A\

/ \
La [ Ny o~ N3\ La

]
- *
L, FaZ Fa3

2015/05/16

~
7

A4
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Evolution of Each Asymmetry

Active Sector

]
w

4 B | I T 11 | | LI I T 11 | _
i AL, ~
— 2 | ]
\tF - —
o - -
= 1k -
:_,-: L -
o] - —
2 H ]
015 ]
e 1 —
[ 1 _
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Figure 5: Evolution of asymmetries in terms of z = Ti/T. Here we take M3z = 3 GeV,

AME/ME =107% £ = 41, sinfis =02, 6 =0, w = 7/4 and § = 37,2,
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Tpse = 2.2 TeV
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Figure 6: Evolution of asymmetries in terms of = = Ty /T. Here we take Ms; = 3 GeV,
AMB/M] =108 £ = +1,5inf3 =02, ¢ =0, w = 7/4 and § = 3n/2.



Evolution of Asymmetries EX
I

2IIIIIIIIIIIIIIII

Shaleron converts AL partially
into baryon asymmetry

[Kuzmin, Rubakov, Shaposhnikov]

'l —
r-]..'_' —
c —
e . 28
%9 0 — B:——AL[O,[ ¢O
5 [ i &
_IH f— —
o e 40 B o510 AL (T,
u — o . ot\ "W
, . S
-2 i 1 111 I 1 1 11 | 1 111 | | | I'-Thl’*.l 1 1 ]
0 5 10 15 20 25
=TT =22TeV
Figure 7: Ewvolution of asymmetries in terms of = Ty /T. Here we take My 3 GeV,
AMG/ME = 1078 £ = +1,5infy = 0.2, ¢ =0, w = /4 and § = 3r/2. n B 1 1
— = (8.579+0.109) x 10
S

[Planck 2013]
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AM s leV]

Baryogenesis Region

Region accounting for =2 = (8.55-9.00)x 10~

Canetti, Shaposhnikov ‘10 : TA, Eijima "13
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<00
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Constraints on HNLs

107

10

-10

‘\\I I 1 I I 111 I P 111 | |
‘\“‘ Direct Search
E_ \\\ w™w<0.lsec _E
: f"-,“ w<lsec :
- NH Cosmology ‘t-_ -
L1 11 I L1 11 | L1l 11 | ILI—
100 200 300 400
M [MeV]
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Task

Takehiko Asaka (Niigata Univ.) 2015/05/16



Research Task

m [arget:
HNLs for seesaw mechanism and baryogenesis

o Quasi-degenerate with My = 0(0.1 — 10%) GeV
o Mixing elements 0 = M, /My
o Majorana fermions

= induce

m [ask:
Study various tests for LNV by HNLs !
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Neutrinoless double beta decay
[W.H. Furry 1939]

m 0v2p decay: (Z,A) » (Z+2,A) + 2e~

dy, ur
o Clear signal of LNV !
o Effective neutrino mass Uei \ er
_ 2 v X
meff = ml' Uei + ...
i=1,2,3 er,
" wy,

III|T| I TTTH

10° 1073
10 6 4a5 14 143 102 141 100 10 6 45 14 143 102 141 100
10710 10 "10° 10" 10~ 10 10710 10 "10° 10" 10~ 10
v [€V] v [€V]
lightest lightest
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Effective neutrino mass 24 |
I

Mefr = z m; UZ; + Z fg(M;) M; 0

i=1,2,3 1=1,2,3
active neutrinos heavy neutral leptons

fp(M) = MOVEF (M) /MOVFF (0)

W~ Ww( e 1
@ 10 E | IIIIIII| | IIIIIII| | IIIIIII| T TTH

NI el 0 & .

10° = — E

T €—M, ; ;

N | 107! E =

! / ®ei w2 = =

w= - e” 10° E

103 B ’\\‘

[ | HNLS may glve a Slgnlflcant 10-4 E| |||||||| ] |||||||| ] |IIIIII| L1 1ii
10° 102 10"  10° 10!

- = I
contribution to mg ! My, [GeV]

[Blennow, Frenandez-Martinez,
Pavon, Mnendez "10]
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. Bezrukov ‘05
Mg IN the yYMSM TA, Eijima, Ishida ‘11 =l
—

Megf = z m; Ug; + Z fp(M;) M; 0

i=1,2,3 1=1,2,3
Active neutrinos Heavy neutral leptons

o DM N; gives negligible contribution since 0, is very small
o Lightest v gives negligible contribution since m < 0(107°) eV
o Heavier N, 3 give destructive contribution to active v’'s one

TA, Eijima, Ishida ‘11

10_1 E T T TTTTT T T TTTTT T T |||||j_: 10_ E T T ||||||| T T ||||||| T T T TTTT
102 & = 107 E
5 .| 5 L f |
T 10° & =107 -
() = (] =
£ - £ -
10 = 10'45— =
10'5 | | ||||||| | | ||||||| | 11 1111l 10'5 | | ||||||| | | ||||||| | L1 11111

'
N

1072 10™ 0 10™ 10° 10

0 10
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Mgr in the vMSM m

—
s Constraints from search 4
experiments and cosmology 0" grmrryrrrr oo
restrict the predicted range el uluiututotote
of effective neutrino mass I N B,
~ 107 =
NH % o
[meff = (0.879 — 3.66) meV ] R .
107 - NH =
IH B :
10-4IIII|IIII|IIII|II
[meff = (13.8 — 47.9) meV ] 100 200 300 400

My [MeV]

TA, Eijima, Ishida
preliminary
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Inverse neutrinoless double beta decay
[T. G. Rizzo 1982]

W= . e e” - AVAVAVAVAVAL /Ty

m e e~ collision is an option of ILC
= test of LNV process: |e-e- > W-W-

m [asks

o Estimate g(e"e™ » W~W™) by HNLs for seesaw mechanism
and baryogenesis

o Study correlation between g(e"e™ » W~W™) and BAU
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LNV decays of HNL EX

w- = e” ¢

s HNLs can be produced by CC interaction
= Tests for LNV decays of HNLs
oW -se N,—-e (e qq) @ LHC, ILC, -
OB —e N —-e (e-nt) @ Super-KEKB, LHCb
oK —-e N -oe (ent) @ J-PARC
_—
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Summary
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Summary EN

m Heavy neutral leptons (right-handed neutrinos) below the
electroweak scale are well-motivated particles physics
beyond the standard Model.

o Seesaw mechanism for neutrino masses
o Baryogenesis via neutrino oscillation
o Dark matter (sterile neutrino dark matter)

m We study various tests for LNV by such heavy neutral leptons
o Neutrinoless double beta decay
o Inverse neutrinoless double beta decay (e7e™ > W~W ™)
o LNV decays of HNLs (W~ - e™ N, » e~ (e"nt), -+ )

= understand the origin of neutrino masses
as well as the origin of matter of our universe!

Takehiko Asaka (Niigata Univ.) 2015/05/16




