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Neutrino Minimal Standard Model (VMSM)

[Asaka, Shaposhnikov (05)] [Asaka, Blanchet, Shaposhnikov ('05)]

The SM extended by three right-
handed neutrinos with masses smaller

than electroweak scale.
N{ D™
My, ~ O(10)keV
[F1| ~ O(107)

N2,3 V OSC. Amsol = 7.54 X 10_56V2 [Lairl]\glilsl;ezx,oshnikov ('08)]
Am2, =243 x 1073eV? (rogrietal (12)
BAU YB ~ &8 &8 % 10_11[WI\/IAP collaboration ('10)]
Mg — M.
My ~ O(1)GeV AM = —2 ; ® « My

F2,3 i 0(10_7)



Neutrino Minimal Standard Model (’Vl\/lSlVl)

[Asaka, Shaposhnikov ('05)] [Asaka, Blanchet, Shaposhnikov ("05)]

These particles are testable!

N

Ny 3

DM
Through radiative decay
N1 > v —I—@
D B E—
v Osc. Am2,=7.54x 10 "eV? e Shor

[Laine, Shaposhnikov ('08)]
Am2, = 2.43 x 1073eV? [Fogrietal (12)

BAU YB ~ 8.8 X 10_11[WI\/IAP collaboration (’10)]
With weak interaction through the neutrino mixing

e.g. K+—>N23—|—€

Nay =& v, G v, G -



Fine-tunings in the vMSM

3.5 keV line in X-ray spectra of
the Andromeda galaxy and the
Perseus galaxy cluster
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We discuss a flavor symmetry
to explain this fine-tunings

A4

MN ~J O(l)GGV AM =

F2,3 ~ 0(10_7)

Mg — Mo

<K Mpn



A possible symmetry in the vMSM

Start from the case which all fine-tunings are exactly satisfied
1.M1:Oand Fa1:0

A chiral symmetry : N; — e*L N,
A U (1) symmetry: N, — e **L N,
]/\73 — eiaLJ/\\f/g

.o fQ/_ 0 M
—> Mass matrix : M_<MN 0 )

These symmetries are equally described by one U (1) symmetry
Field Nl NQ Ng
U(l)g charge || a —1 41| a=1/na (n,=2,3,4,..)




Global U (1) symmetry

Field ]’\71 NQ Ng La
U(1)g charge || a -1 +1 | +1
a=1/n, (ny,=2,3,4,...

U (1) exact Lagrangian

— ~ ~ ~ My = ~
L = Loy + Npid "N — FasLoHN — TN N§N3 + hec.

~

where F_3 = c.3 Fp Fo :Typical Yukawa coupling constant

Cq3 : Real and order unity

—> BSM phenomena can not be explained
DM : No M, =0
v Osc. : No All active neutrinos are massless
BAU : No No CP violation



Global U (1) symmetry

Introduce two singlet scalar, X2 and Xa

Field Nl NQ Ng L, X2 Xa
U(l)g charge || ¢ -1 +1 | 41|42 a

Assumption: My < Mpyn and FaI OCFO azl/na

Mnrn— —
L = Lsu+ Npid,v*Ny — casFoLa HN3 — TNNCN3

di1 M (X;
2 A
di2 M Nl —__  disM o\ =
_ 12N [ X, NeN, — 13IVIN [ X NN
2 A 2 A

doo M N <X2
A

B d33;WN ()f) NeNs + hec. at the leading order of X

(car, drg = O(1))

3 'I’La—l -
— CalFO <%) L—aHNl —

) NeN,

— Ca2FO (?)L HN2— )NNQ




Global U (1) symmetry breaking

After the symmetry breaking,

Mass matrix

=~ pois 1z Mas The VEVs of X lized by A
iy iy iy e SO are normalize

M= | My My M y

M3y M3z, Mss
di1(Xa)?  diz{Xa)™ ' diz(Xa)™ !

= Mpn | d21{Xa)™ ! d22(Xx2) 1
d31{Xa)™ 1! 1 d3z(Xx2)
Yukawa coupling constants
=~ _ The structure of mass matrix and
Fo1 =c melF,
Nal e1{Xa) 0 hierarchy of Yukawa coupling
Foo = caz{x2)Fo constants can be induced by the

~ symmetry breaking parameters
= ca3Fp

3
|




Implication from 7 keV dark matter

From the diagonalization of mass matrix,

My ~ Mj; ~ (Xa)*MnN

_3 (1GeV 2
I:> <XCL> ~ 2.6 X 10 for Ml — 7keV
N
In this case, N1 ~ Nl ,
|[Fa1| >~ |Fa1| = <Xa>1_n°’F0 for |Fy,| =2 x 10718
Fo
—p F, ~ | 1| — 2 % 10_13<Xa>1_na

(Xa)™e 1

1 1_na
1GeV 2
~ 2 x 1013 <2.6 x 1073 ( ) )
M




Implication from neutrino oscillation

The dark matter candidate is decoupled from the see-saw mechanism
due to the smallness of couplings.

See-saw mass matrix is given by

_ o (H)?
Muz a2Fa3

(H)?
o F02<X2>
M N M N

When we choose |M,| =5 X 10~ 2%cV (atmospheric scale),

M, | Mn \ 2 M~ \2 /(X
Fo:<| | N) =4><10—6( N) ()
(x2) (H)2 1GeV 100

where X = 1/+/(x2) controls the magnitude of Yukawa coupling.

|MV|MN
F§(H)?

(x2) =

1GeV ™2
~ (4 x 10'°)(7 x 107 6)"a—1 < - )

M



Consequence from flavor symmetry

Ng 2 3 4 5]
(2) | 29x10° 2 14x10° 98x10 0| ™
X [19x1073 071 27x102 1.0 x 10° N

Ng = 2, 3 excluded (Xxz2) should be much smaller than unity

ng,G =4 OK!
Ng > D excluded BAU can not be realized due to strong
washout
For ng = 4
“ _5 [ 1GeV 2
<X2> ~ 1.4 X 10
Mn AM ,
- , M — ~ X~
X = (x2)" 2 :267( N) — | My
1GeV

—

S—

5 1GeV
AM ~ Moo ~ Mzg ~ <X2>MN — 1.4 X 10 GeV [V
N



Parameterization of Fir for N2 3

From see-saw mass matrix M, = —MDMglMg ,
F=— UD2 Q D2
< )

- Dz = diag(y/m1, /a2, v/ms3)

— D2, = diag(\/ My, / M3) = diag(/Mnx — AM,\/ My + AM)
— U : PMNS-matrix

Y J When I 1
- ) = CoOsSw —Ssinw = en lmw > 1,
F x exp[Imw] = X,

(e.g.NH) \ &sinw £cosw

W :complex parameter
£ = +1 X and X, can be identified

Neutrino osc. is guaranteed as long as this parameterization is relevant.



Baryogenesis via RHv Oscillation

In this model, “decay” is not effective because of My < T,
but “Right-handed neutrino oscillation” can works as the source

to produce lepton asymmetry.
IFgIlAgZ
AL'TSF XX g:I AM
A, = Im[Fo3[FTF)32F*,]
AM

— Resonance = Smaller is favored

— Tsr vs. Tosc = (MN AM MO/?’)%
(My=7x10""GeV)
—> Too smallis excluded

X
— Large enhances the asymmetry
— Washout = Too large is excluded
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Implication from BAU
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The blue band is the suggestion from this flavor symmetry including
the theoretical uncertainty, described by

AM ~ MnX?



Implication from BAU

3
NH 10 IH
102
3
X
10’
10°
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My[MeV] Mn[MeV]

The region between red solid lines is the suggestion from this flavor
symmetry

In the region enclosed cyan line BAU can be explained

—)> This flavor symmetry indicates lighter mass region



Constraints for N2 3

Experimental bounds

So far several experiments (PS191, NuTeV, CHARM, ...) have been
performed to search the heavy neutral leptons, however the
particles have not been discovered yet.

=) Upper bounds of interaction strength
= From |F|? o< X2 , upper bound of X,

Cosmological bounds

If heavier right-handed neutrinos decay after the beginning of Big
Bang Nucleosynthesis (1 sec), the decay products would spoil the
prediction of standard BBN.

=—> Upper limit of lifetime : 7w < 0.1 sec for Mn > m,

(one flavor case)
—1 2
= From 7 & I'nv o< F“, lower bound of X,



Result

3 3
NH 10 H 10

102 = 102 _
3 - 3 -
S i X _
10’ = 10 =

100 | L 100 Cl

500 1000 1500 500 1000 1500
My[MeV] My[MeV]

Blue line : Experimental bound Green line : BEN bound

In the yellow region heavier right-handed neutrinos are allowed
from the two types of constraint, and can also generate observed
baryon asymmetry in the parameter space suggested by the flavor
symmetry.



Summary

We discuss the global U (1) symmetry as a possibility to explain
the fine-tunings of Yukawa coupling constants and masses of right-
handed neutrino sector in the vMSM.

Taking into account the decaying dark matter with 7 keV mass, the
flavor symmetry suggests that the interaction of heavier neutrinos
is relatively strong and the mass difference is not too small

(X ~ 270, AM ~10"° GeV for My =1 GeV).

We show that the model which is based on the flavor symmetry is
consistent with several observations.

Furthermore, heavy neutral leptons in that region
might be investigated by near future experiment!

- Search for Hidden Particle : SHiP SHiP

Search for Hidden Particles
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Explicit expressions for parameters

. ( M, | My ) 4% 10 (MN)%(X)
0 ~ p— -
|CO¢2||CG3|<X2><H>2 \/|Ca2llca3| 1GeV 100

|MV|MN
|caz||Cas|Fg (H)?
410 X (710" ea|? [ 1GEV "2
B ( Mn )

(X2) ~

|Caz||Cas||di1]|™e—1

AM ~ |d|Mn{xz2) (d =d2z = d33)



Parameters forn, = 4
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Baryogenesis via RHv Oscillation

[Akhemedov, Rubakov, Smirnov('98)] [Asaka, Shaposhnikov(’05)]

1. Lepton “flavor” asymmetry is generated by flavor changing
processes in LH
sector

2. “Total” lepton asymmetry is produced in RHv sector by the lepton

flavor asymmetry and flavor difference of Yukawa couplings
1OIIIlIIIlIIIIIIIlIII
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3. The same amount lepton asymmetry
with opposite sign is generated in LH sector 5
due to the lepton number conservation at
T > Mn

4. The lepton asymmetry in LH sector is
partially converted to baryon
asymmetry by Sphaleron effect
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