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Setting

The standard model (SM) of particle physics

is a successful construction based on

i) experimental input

ii) renormalizability & gauge invariance

originally neutrinos taken to be massless

new i): neutrino oscillations

⇒ extend SM by adding terms that give mass

to neutrinos à la ii): Extended SM (ESM)

How well does the ESM describe our universe?

- add inflaton

- cold electroweak baryogenesis:

after EW-scale inflation, tachyonic EW transi-

tion biased by CKM CP-violation

- dark energy: renormalized cosmological const.

- dark matter: sterile neutrinos?
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ESM and Seesaw

Add νR and ν̄R to the SM lagrangian

LESM = LSM + ∆L
∆L = −(ē ν̄)ϕΛPRν − ν̄Λ†PLϕ†

(
e
ν

)

−1

2
ν̄C†MPRν +

1

2
ν̄CM†PLν̄T

three families

ϕ : Higgs doublet

Λ : Yukawa coupling matrix

M : Majorana mass matrix

PL =
1− γ5

2
, PR =

1 + γ5

2

C : charge conjugation matrix
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Higgs field v.e.v. v = 246 GeV

D = Λv/
√

2 : Dirac mass matrix

Lfree
ν = −1

2
NTC†(γµ∂µ ρ1 +MRPR +MLPL)N

N =

(
ν
νc

)
, νc = (ν̄C)T , ρ1 =

(
0 1
1 0

)

MR =

(
M DT

D 0

)
, ML =

(
0 D∗

D† M†

)

diagonalize M, unitary VR,L, VT
Rρ1VL = 1

VT
RMRVR = VT

LMLVL = m

N = (VRPR + VLPL)n, nc = n

Lfree
ν = −1

2
nTC†(γµ∂µ + m)n

m =

(
ma 0
0 ms

)
diagonal 6× 6 matrix
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simplifying model

VL =

(
V 0
0 W

) (
C S
−S C

) (
i 0
0 1

)

C =




cos θ1 0 0
0 cos θ2 0
0 0 cos θ3




S =




sin θ1 0 0
0 sin θ2 0
0 0 sin θ3




V , W ⇒

ML →
(

0 Dd
Dd Md

)
diagonal Dd & Md

(
C −S
S C

) (
0 Dd

Dd Md

) (
C S
−S C

)
=

(
−ma 0
0 ms

)

ms ' Md, ma '
D2

d

Md
seesaw

θ ' Dd

Md
, θ2 ' ma

ms
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Sterile-Neutrino Dark-Matter

small mixing angles θk, k = 1,2,3

ma : active neutrino masses

ms : sterile neutrino masses

incorporate neutrino-oscillation phenomenology

lightest sterile neutrino = dark matter?

assume

1keV < ms < 1MeV little seesaw

Constraints:

seesaw, production, lifetime, diffuse extragalac-

tic background radiation (DEBRA), supernova
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¤ seesaw

θ2
k =

mak

msk

WMAP, SDSS, Lyman-α
∑

k

mak < 1eV

⇒ msk < 1.0 θ−2
k eV, k = 1,2,3

oscillations

∆m2
a12 ≈ 8× 10−5,∆m2

a23 ≈ 2.6× 10−3 eV

normal hierarchy

ma1 > 0, ma2 > 0.009, ma3 > 0.05 eV

ms1 > 0, ms2 > 0.009 θ−2
2 , ms3 > 0.05 θ−2

3 eV

inverted

ma1 ' ma2 > 0.05, ma3 > 0 eV

ms1 > 0, ms1 ' ms1 > 0.05 θ−2 eV

Fig: seesaw band
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¤ production

`3 + `4 → `2 + νs, ¯̀3 + ¯̀4 → ¯̀2 + νs

Dodelson & Widrow, Dolgov & Hansen
(

∂

∂t
− ȧ

a
p

∂

∂p

)
fs(p, t) ≈ 2 sin2 θ

42

π3
G2

F T4 p fa(p, t)

cold electroweak baryogenesis

Trh ≈
(

30
π2g∗

)1/4
100 = 43 GeV, g∗ = 86.25

L ' B, negligible lepton asymmetry

νs-production stops when the νa-decouple around

T ≈ 3 MeV

integrate: T ∝ a−1 ∝ t−1/2

fa(p, t) = f(p/T ), fs(p, t) = c(t)(p/T )f(p/T )

⇒ ns ≈ cstT3
rh θ2 na ≈ 2.5× 1013 θ2 na
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if all dark matter is νs:

Ωa =
msns

ρc
= 0.3 ⇒ ms ≈ 6× 10−13 (θ2)−1

Abazajian, Fuller & Patel – Dolgov & Hansen:

matter effects ⇒ θ → 0 as T À 100 MeV,

⇒ ms ≈ (0.35− 0.13)(θ2)−1/2 (!)

Fig: out of seesaw band ⇒ only lightest sterile

possible
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¤ lifetime

νs → νaj + νak + νal

1

τ
= Γ = 2

sin2 θ G2
F m5

s

192π3

τ > 10Gy ⇒ ms . 2150 (θ2)−1/5

other steriles should have decayed

e.g. τother > 60 s

Fig: ms < 107 − 106 eV, mother > 108.5 eV?
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¤ DEBRA

νs → νak + γ

br =
Γγ

Γ
=

27α

8π
' 1

128

differential energy flux

Ed2F

dΩdE
=

Γγ

4π

ns0

H0

(
E

ms/2

)3/2

<
1MeV

E
cm−2 s−1 sr−1

Γγ = cstm5
s θ2, ns0 = Ωs ρc/ms, Ωs = 0.3

⇒ ms < 300 (θ2)−1/5 eV∗

Fig: ms < 106 − 105.5 eV

¤ supernova θ2 . 10−10

*) Dolgov & Hansen similar; Abazajian, Fuller & Patel:

ms ≈ 1000 (θ2)−1/5 eV
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constraints in ms − θ2 plot:

Log10(ms(eV)) versus Log10(θ
2)
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black: seesaw

red: production, Trh = 43 GeV (full), Abazajian, Fuller

& Patel, and Dolgov & Hansen (dashed)

blue: lifetime τ < 10 Gy (lower), τ < 60 s (upper)

green: DEBRA (full), Abazajian, Fuller & Patel (dashed)
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Conclusion

• ESM, little seesaw, no prejudice

• sterile-neutrino dark matter and cold elec-

troweak baryogenesis appear compatible

ms < 1 MeV, other steriles much heavier

• ms out of seesaw band

ma = ms θ2, very light

absolute masses

ma2 ' 0.009 eV, ma3 ' 0.05 eV normal

ma1 ' ma2 ' 0.05 eV inverted

• more analysis needed, matter effects
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