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Cosmic rays and neutrinos

GRB AGN
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Cosmic rays and neutrinos

The interaction of high energy protons with photons would produce an UHE neutrino flux

p + γ → ∆+ → p + π+, p + π0

π+ → µ+ + νµ

µ+ → e+ + νe + ν̄µ

UHE neutrinos may be detected on earth (IceCube)
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Cosmic rays and neutrinos

E. Waxman and J. Bahcall, Physical Review Letters 78, 12 (1997).
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Cosmic rays and neutrinos
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Cosmic rays and neutrinos

The IceCube detector
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Cosmic rays and neutrinos

IceCube

Pierre Auger

IceCube Collaboration, Nature 484, 351 (2012

The Pierre Auger Collaboration, arXiv: 1304.1630v1 (2013)
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Cosmic rays and neutrinos
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Hummer, Baerwald, Winter, PRL 108, 231101 (2012)
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Cosmic rays and neutrinos

Gao, Kashiyama, Meszaros, Astrophys. J. 772 (2013) L4
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Cosmic rays and neutrinos

IceCube Phys. Rev. Lett 111 021103 (2013)
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Cosmic rays and neutrinos

νe
νµ
ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

 ·
ν1ν2
ν3



P(νl → νl ′) =

∣∣∣∣∣∑
i

UliU∗l ′ie−i(m2
i /2E)L

∣∣∣∣∣
2
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Cosmic rays and neutrinos

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13


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Cosmic rays and neutrinos
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Spin precesion

current constraints on the neutrino magnetic moment are of the order of µν ∼ 10−12µB .
Magnetic field in a GRB or AGN are expected to be very strong.
Evolution equation

i
(
ν̇lL
ν̇lR

)
=

(
0 µνB⊥

µνB⊥ 0

)(
νlL
νlR

)
Conversion probability

P(νlL → νlR ; r) = sin2
(∫ r

0
µνB⊥(r ′)dr ′

)
µνB⊥r ≈

π

2

A. Cisneros, Astrophysics and Space Science 10 (1971) 87-92.
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Spin precesion

A. M. Hillas, Ann.Rev.Astron.Astrophys. 22(1984)

J. Barranco, O.G.Miranda, C.A. Moura, A. Parada,
Phys. Lett. B 718 (2012) 26
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Spin precesion

P.Mehta and W.Winter,arXiv:1101.2673v2 (2011) J. Barranco, O.G.Miranda, C.A. Moura, A. Parada,
Phys. Lett. B 718 (2012) 26
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Spin precesion
Evoution equation:

i
(
ν̇lL
ν̇lR

)
=

(
0 µνB⊥

µνB⊥ Ve

)(
νlL
νlR

)
, Ve =

√
2GF (Ne − Nn/2)

Conversion probability:

P(νlL → νlR ; r) =
(2µνB⊥)2

V 2
e + (2µνB⊥)2

sin2
(1
2

√
V 2

e + (2µνB⊥)2 r
)
.

Source Ve (eV) µB (eV)
GRBs 2× 10−34 10−13
AGNs 10−27 6× 10−20
SNRs 10−37 10−28
Galactic Disk 5× 10−39 5× 10−29
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Spin precesion

Evolution equation:

i
(
ν̇lL
ν̇xR

)
=

(
Ve − δ µνB
µνB δ

)(
νeL

νxR

)

conversion probability

PνeL→νxR =
(2µνB⊥)2

(2δ − Ve)2 + (2µνB⊥)2
× sin2

(1
2

√
(2δ − Ve)2 + (2µνB⊥)2 r

)
where:

δ = (∆m2/4Eν) cos 2θ, Ve =
√
2GF (Ne − Nn/2)

for GRBs, Ve ∼ 10−34eV .
where Eν = 1016eV , ∆m2 ∼ 10−18eV 2
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Neutrino decay

φνα(E ) =
∑
iβ
φsource
νβ

(E )|Uβi |2|Uαi |2e−L/τi (E)

Rνe :νµ =

( cos θ12 cos θ13
| − sin θ12 cos θ23 − sin θ13 sin θ23 cos θ12eıδ|

)2
, (1)

Pakvasa, Joshipura, Mohanty, 1209.5630
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Neutrino decay

Dorame, Miranda, Valle, 1303.4891
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Neutrino decay

Baerwald, Bustamante, Winter, JCAP 10(2012)020
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Neutrino decay

Le Lµ Lτ νRe νRµ νRτ h S1 S2 S3 σ

SU(2) 2 2 2 1 1 1 2 1 1 1 1
U(1)H −2 −2 −4 2 2 4 0 0 0 −2 -2

Table: Model field content and transformation properties

Lν = YmDij
L̄iνRj h + MijνRi Sj + (2)

YMσij
νRi Sjσ + Yµij SiSj + µσij SiSjσ,

Dorame, Miranda, Valle, 1303.4891
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Neutrino decay

Γ(νi → νj + J) =
g2

ij
16π

(mi + mj)
2

m3
i

(m2
i −m2

j ) ,

where

J =
√
2 Imσ.
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Neutrino decay

Mν =

 0 mT
D 0

mD 0 MT

0 M µ

 ,

mD =

 ma mb 0
mc md 0
0 0 me

 ,M =

 0 0 M1
0 0 M2
0 0 0

 , µ =

 M8 M9 0
M10 M11 0
0 0 0


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Neutrino decay

Can we relate this process with a neutrinoless double beta decay search?

(A,Z )→ (A,Z + 2) + 2 e− + J

Γ0ν = |〈gee〉|2 |MJ |2 GJ(Q,Z )
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Neutrino decay

Figure: Left panel: Correlating majoron-emitting J0νββ coupling 〈gee〉 to 〈g12〉.
Right panel: Correlating Rνe :νµ to 〈gee〉
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Sterile neutrinos, dark matter and resonant effects

Pαβ =
1
4

∣∣∣∣∣∣
3∑

j=1
Uαj

{
eiΦ+

j + eiΦ−j
}

U∗βj

∣∣∣∣∣∣
2

Pαβ =
3∑

j=1
|Uαj |2|Uβj |2 cos2

(
∆m2

j L
4Eν

)

Esmaili, Farzan, 12(2012)014
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Sterile neutrinos, dark matter and resonant effects

Esmaili, Farzan, 12(2012)014
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Sterile neutrinos, dark matter and resonant effects

Evolution equation,

i d
dt

(
να
νs

)
=

1
4E Mα

(
να
νs

)
, (3)

where,

Mα =

 −∆m2
i4 cos 2θ + Vναf + Vναχ ∆m2

i4 sin 2θ

∆m2
i4 sin 2θ ∆m2

i4 cos 2θ + Vνsχ

 , (4)
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Sterile neutrinos, dark matter and resonant effects

∆m2
i4 cos 2θ = 2E (Vναf + Vναχ − Vνsχ) . (5)

With

Vναf =
1
4

g2

m2
W

(Nα − Nn/2) =
√
2GF (Nα − Nn/2) ; (6)

Vναχ ∼ gναgχ
m2

I
Nχ = G ′να

Nχ = εναχGF Nχ ; (7)

Vνsχ ∼ gνs gχ
m2

I
Nχ = G ′νs Nχ = ενsχGF Nχ . (8)

As a result,

∆m2
i4 cos 2θ = 2EGF [

√
2(Nα − Nn/2) + (εναχ − ενsχ)Nχ] . (9)
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Sterile neutrinos, dark matter and resonant effects

Ref (gχ)(gν)
(mI/MeV )2 ενeχ ενsχ mχ (eV)

Aarssen (0.7)(10−6−10−1)
10−2−100 0 105 − 1015 1012

Mirror (1)(1)
(30MW )2 0 10−3 109

Fayet < 10−6
(100)2 < 105 0 107

Mangano < 10−3
100 < 108 0 107
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Sterile neutrinos, dark matter and resonant effects

Figure: Fayet(dark blue box) and Aarssen et al (light blue box). The dark matter
density value was considered as to coincide with the estimate for the halo region
(ρχ = 0.3 GeV cm −3). E = 1018 eV (left panel) and E = 1015 eV (right panel).
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Conclusions

IceCube has detected the first neutrino events in the energy region of PeV.
However, more events, especially muon neutrino events are necessary to
have a better picture, both from the astrophysical as well as from the
particle physics point of view.
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