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Introduction .
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BvMSM (Neutrino minimal standard model) (T.Asaka, S.8lanchet, M.Shaposhnikov (105),

T.Asaka, M.Shaposhnikov (‘05) ]
vMSM: SM + 3 right-handed neutrinos (vg)

. . 1 .
Lomsm =Lsym + VRO vR — FarLo®vpr — g(MM)IJVRIVRJ + h.c.
M Seesaw mechanism |Mp| = |F(®)| <« My < Agw ~ O(100GeV)

3 heavy neutrino

N, is DM candidate
N,, N; explain neutrino mass and BAU

Purpose of study : Impact of entropy production by N, ; decay on DM physics in the vMSM




Motivation 1 — Constraint on DM candidate

The DM candidate N,

Mass : O(1keV)
N1 behaves as WDM.

M Free-streaming length
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(tgq ~ 10 sec, tyg ~ 107sec)

W The lower limit of the DM mass ( Lyman-a )

M, > 8keV  [A. Boyarsky, et al ,arXiv.0812.0010]
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[M. Laine, M. Shaposhnikov, (‘08)]

Considering the X-ray and Lyman-a constraints, the allowed region of DM is very limited.



Motivation 1 — Impact of Entropy Production

There is a possibility that the entropy production is induced by the N, ; decay before BBN.

case 1

If N, ; decay increase the entropy by AS
the A becomes suppressed as,

woEDP
AFS

)\WEP _ .
B ASs

The lower limit of DM mass from structure
formation is relaxed.
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M, >8keV — | |
AS [M. Laine, M. Shaposhnikov, (‘08)]

We would like to know how large AS is obtained in the vMSM.




Motivation 2 — Evaluation of the previous work

Evaluation of the entropy production rate AS in the vMSM have been carried out.

[T.Asaka, M. Shaposhnikov, A. Kusenko (‘06) }
B The maximal value of AS in the previous work
- AS =29 (Tx > 0.7MeV ]
- AS =10 [ Tg > 4MeV
However, there were the unsatisfactory points.

1. Evaluation of the lifetime of the N, ; was incomplete.
( In particular the decay modes into meson were not included.)
2. Only specific Yukawa coupling constant is considered.

We would like to solve these points.

1. All decay modes Including the decay into meson.
(example : N -y, Kl, Bl)
2. All parameter region in the Yukawa coupling constant .




Results

10% g To evaluate the maximal of AS
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All parameter region in Yukawa coupling constant
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B The constraint on the reheating temperature
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When M is lighter than 800MeV, the maximum
of AS becomes suppressed.

B The maximal value of AS in this work

AS =24 at My = 800MeV

[T. Asaka, T.K. in preparation]
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Results

W Impact to dark matter physics

M, > 8keV

[A. Boyarsky, et al ,arXiv.0812.0010]
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The lower limit of DM mass is relaxed and the allowed region of DM becomes wider.




Summary

In this talk, We discussed the Entropy Production by N, ; decay in the vMSM.

M In the Evaluation of the Entropy Production

“We calculated the decay width for the possible decay modes of N, ,.

“We evaluated AS with all free parameter in the Yukawa coupling constant.

HResults

* By constraint from the cosmic background radiation, we got AS < 24,
“The DM mass limit is relaxed by the influence to free-Streaming length.

"By the entropy production, the baryon number asymmetry and the dark matter
abundance are diluted. These values have to be produced more larger by AS.
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The Entropy Production by N, ; Decay

Consider the case that N, ; decoupled from heat bath and behave Non-relativistic.

—4
R3 X P 1 PR X R If N, 5 has a long lifetime,
PN there is a region where the energy of N, 5
dominates the energy of the universe.
L Lifeti
ong HIeIme If N, ; decay to the radiation in this area,
much entropy can be produced.
Number of N, , @( R
is fixed. pN
: _ Entropy
. Non-Relativistic S Production

Decoupling Decay R

We had better check if N, ; lifetime is sufficiently long
to evaluate the produced entropy of the universe.



Decay of N, ,
lo
. . c © S
Eneutrino mixing: Yra = UaiVi + Oa1 N7 Nas VL Nos vy
|F(®)] <« My < O(100GeV) 0= ”‘;é_q’” <1 v z
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In the vVMSM, N, 5 has a weak interaction that suppressed by mixing matrix ©.

= We can expect that N, ; lifetime is sufficiently long.
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Upper limit of N, ; lifetime

We have to fix Yukawa coupling constant and N, ; mass to calculate their lifetime.

N, 3 mass: Mpyo = Mpys = My

Lifetime t [sec]

Yukawa coupling : Consider all free parameter region
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B The rough behavior of lifetime t

[Cln 2M (3-body decay)
[Cln 2MN3 (2-body decay)

If N, ; mass is light,
their lifetime is sufficiently long.




Evaluation of The entropy Production rate

B The Evaluation formula of entropy production rate in the vMSM

T, : temperature of N, ; decoupling

[ R.J. Scherrer, M.S. Turner, Phys. ReV.
D31 (1985) 681 ]
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Constraint from the cosmic background radiation

WmThe upper limit of N, 3 lifetime 104 = T T T TOm T O 1 1T

T < 0.12 sec -, -
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In the vMSM, the upper limit of N, 5 lifetime is
lower than 0.12s in the region M, > 800 MeV. AS <24
[T. Asaka, T.K. ("13) ]




The Yukawa coupling constant

i
I: _ _UDV1/2QDN1/2

Vv

U : PMINS matrix (3 mixing angles and 2 CP phases)

DV = diag(ml, m,, m3) (m is the mass of light neutrinos.)

D, =diag(M,, M,)

(0 0 )
Q. =| CoSw —SIinw

 &Sinw &Cosw )

(M is the mass of heavy neutrinos.)

COSw —SIiN W
Q. =| Esinw&cosw
0 0

Free parameter : M2, M3, Rew, Imw, ¢, Dirac phase, Majorana phase



