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Signal from DM annihilations in the Sun

χ

Capture of dark

matter in the Sun e, µ, τ

if χχ→ SM particles → neutrinos!

Leptons are

registered at

NTs

νe , νµ, ντ

I DM particles scatter o� nuclei in the Sun
I DM can become gravitationally trapped (mDM ∼> 5 GeV)
I Accumulation and annihilation of DM in the center of the
Sun

I Neutrino �ux should be observed from the direction
towards the Sun

I IceCube, SuperKamiokande, ANTARES, BUST (Baksan)
and BDUNT (Baikal)
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Neutrino signal from DM annihilations in the Sun

I DM scattering on nucleons (σSD and σSI )

I DM space distribution in the Sun: n(r) = n0exp(−r2/R2
DM),

where RDM ∼ 0.01RSun

√
100 GeV /mDM

I Energy distribution and �avour composition at production

depend on annihilation channel. Benchmark channels: bb̄,
W+W−, τ+τ−, νν̄

I Expected muon neutrino �uxes from dark matter annihilation

in the Sun

Φνµ =
ΓA

4πR2
×

∑
νj ,ν̄j

∫ mDM

Eth

dEνjPνµ(Eνj ,Eth)
dNprod

νj

dEνj

Pνµ(Eνj ,Eth) - probability to obtain muon neutrino at the

detector level: depends on neutrino interactions (NC and CC)

and oscillations in vacuum and in the media of the Sun and

Earth
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Neutrino signal from DM annihilations: interactions and
oscillations

NC, CC interactions, ντ regeneration

Survival probability (at the same Eν)
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Changes of neutrino interactions due to New Physics could

a�ect the neutrino signal from DM annihilations!
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Non-Standard Interactions of neutrino

E�ective four-fermion SM lagrangian (Q � mW )

Leff =
[
−2
√

2GF (ν̄βγ
µPLlβ)(f̄ γµPLf

′) + h.c.
]

−2
√

2GF

∑
P=PL,PR

gβP (ν̄βγ
µPLνβ)(f̄ γµPf )

Non-standard neutral current neutrino interactions (conserve

electric charge and color) can result from the SM extensions

LNSI
eff = −

∑
P=PL,PR

εfP
αβ2
√

2GF (ν̄αγ
µPLνβ)(f̄ γµPf )

One of the consequences � modi�cation of matter e�ects in

neutrino oscillations
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Matter NSI

Ĥ =
1

2E
Udiag(m2

1,m
2
2,m

2
3)U† + diag(Ve , 0, 0)+Veε

m,

εm =

 εee εeµ εeτ

εµµ εµτ
εττ

 , εαβ =
∑

f ,P=PL,PR

εfP
αβ

Nf

Ne
, Ve = ±

√
2GFNe

The values of ε-s depend on the matter content (Sun, Earth, ...)

Biggio, Blennow, Fernandez-Martinez (2009), Ohlsson (2013)

|εEarth
αβ | <

 4.2 0.33 3.0
... 0.068 0.33
... ... 21

 , |εSun
αβ | <

 2.5 0.21 1.7
... 0.046 0.21
... ... 9.0


Recently, Esmali & Smirnov 2013 (IceCube, atmospheric neutrinos)

|εµτ | ∼< 0.018, |εµµ − εττ | ∼< 0.09 (90% CL)
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Standard picture of the oscillations of WIMP neutrinos

I Let us neglect neutrino interactions

I At production: Lehnert, Weiler (2007)

ρν(0) =
∑

α wα|α〉〈α| = we |νe〉〈νe |+wµ|νµ〉〈νµ|+wτ |ντ 〉〈ντ |

i d
dx νf =

2∆31U

 0
α

1

U† +

 Ve(r)
0

0

 νf ,

where ∆ij =
δm2

ij

4E , α = ∆21
∆31

I In the center of the Sun:

|1, r = 0〉 = |νe >; |2, r = 0〉, |3, r = 0〉 ≈ 1√
2

(|νµ〉 ± |ντ 〉)
I Instantaneous eigenstates: Hm(r)|m, r〉 = Em(r)|m, r〉

|α〉 =
∑

k

(Um)αk (r = 0)|k, r = 0〉

ρν(0) =
∑

α wα(U∗m)αk (Um)αl |l , r = 0〉〈k, r = 0|
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WIMP Neutrinos in the Sun

In the adiabatic regime: |ψm(r)〉 � evolution states.

ρν(r) =
∑
α

wα(U∗m)αk (Um)αl |l , r〉〈k, r |e−i
∫ r

0 dr(El (r)−Ek (r))

Phase factors are large - decoherence

ρν(r) ≈
∑

k

(U∗m)αk (Um)αk |k , r〉〈k , r |

The probability to �nd a muon neutrino

PνSun→νµ = 〈µ|ρ(Earth)|µ〉 =
∑

α,i wα|Um
αi |2|Uµi |2

Adiabaticity is violated in the Sun for E ∼> 10− 30 GeV near level

crossing (MSW resonances)

PνSun→νµ = 〈µ|ρ(Earth)|µ〉 =
∑

α,i wα|Um
αi |2Pji |Uµj |2,

where Pji are probabilities of level crossing.

Normal hierarchy: 1-3 and 1-2 resonances for neutrino

Inverse hierarchy: 1-2 resonance in neutrino and 1-3 for

antineutrino
NSI and neutrino signal 9
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Examples

Normal νe (up) and ν̄e (down) Inverse νe (up) and ν̄e (down)
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NSI: εeτ and εττ

Hf = 2∆31U

 0
α

1

U† + Ve

 1 0 εeτ

0 0 0
εeτ 0 εττ


νf = R13(θ̃ε)ν̃, tan 2θ̃ε = −

2εeτ

1− εττ

H̃ = 2∆31Ũ

 0
α

1

 Ũ† + Ve

 1 + ε2
eτ

0
εττ − ε2

eτ

,
where Ũ = R†

13(θ̃ε)U
Center of the Sun: �avour states are mass states. For ε << 1 the state |e〉 decouples

H̃23 = 2∆32R23(θ̃23)

(
0 0
0 1

)
R†

23(θ̃23) + (εττ − ε2
eτ )Ve

(
0 0
0 1

)
Diagonalize it by ν̃ = R23(θ′23)ν′

tan 2θ′23 =
2∆32 sin 2θ̃23

2∆32 cos 2θ̃23 + (εττ − ε2
eτ )Ve

New 2− 3 resonanse!
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NSI: εµτ and εττ

Hf = 2∆31U

 0
α

1

U† + Ve

 1 0 0
0 0 εµτ
0 εµτ εττ


Matter term can be diagonalized by νf = R23(θ̃23)ν̃, where tan 2θ̃23 =

2εµτ

εττ

At ε� 1 the state |νe〉 decouples in the center of the Sun

H̃32 = 2∆32R23(θ23 − θ̃23)

(
0 0
0 1

)
R†(θ23 − θ̃23) + Ve

√
4ε2

µτ + εττ

(
0 0
0 1

)
Diagonalized by ν̃ = R23(θm

23)νm

tan 2θm
23 =

2∆32 sin 2(θ23 − θ̃23)

2∆32 cos 2(θ23 − θ̃23) + Ve
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Examples: εeτ = −0.1

Normal νe (up) and ν̄e (down) Inverse νe (up) and ν̄e (down)
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E�ect of the Earth: εττ = 0.1

νµ ν̄µ
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Full signal simulation: overview

I We use our C program; compare results with WIMPsim

I Initial neutrino spectra at the center of the Sun: PYTHIA

I Annihilation point near the center of the Sun

I Neutrino oscillations, 3× 3 scheme

I Matter e�ects: solar model, J.N.Bahcall, A.M.Serenelli½ S.Basu
(2005); earth PREM model.

I NC and CC interactions (including τ -mass e�ects) in the Sun and
the Earth: change in neutrino �uxes and spectra

I ντ regeneration: ντ → τ− + ..., τ− → ντ , ν̄e , ν̄µ + ... - secondary
neutrinos
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Comparison with WIMPsim: νµ spectra at 1 a.u.

For the same initial neutrino spectra

 0.001

 0.01

 0.1

 1

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

dN
ν/

dz
 (

an
n-1

)

z=Eν/mDM

b b, mDM = 100 GeV

νµ at production
WimpSim, νµ at 1 a.u.

our calculations, νµ at 1 a.u.

 0.001

 0.01

 0.1

 1

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

dN
ν/

dz
 (

an
n-1

)

z=Eν/mDM

W+W-, mDM = 100 GeV

νµ at production
ντ at production

WimpSim, νµ at 1 a.u.
our calculations, νµ at 1 a.u.

 0.001

 0.01

 0.1

 1

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

dN
ν/

dz
 (

an
n-1

)

z=Eν/mDM

τ+τ-, mDM = 100 GeV

ντ at production
νµ at production

WimpSim, νµ at 1 a.u.
our calculations, νµ at 1 a.u.

 0.001

 0.01

 0.1

 1

 10

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

dN
ν/

dz
 (

an
n-1

)

z=Eν/mDM

W+W-, mDM = 1000 GeV

νµ at production
ντ at production

WimpSim, νµ at 1 a.u.
our calculations, νµ at 1 a.u.

NSI and neutrino signal 16



empty

NSI: εeµ = −0.1, normal hierarchy
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NSI: εeτ = −0.1, inverse hierarchy
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NSI: εττ = 0.1, inverse hierarchy
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NSI: εττ = −0.1, inverse hierarchy
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Muon neutrino �ux

I Expected limit on neutrino �ux ≈ N̄90

Sν
eff×T

I E�ective area Sνeff =

∫ mDM
Eth

dEνS(Eν ,Eth) dNν (Eν )
dEν∫ mDM

Eth
dEν

dNν (Eν )
dEν

I We use e�ective area for NT-200: τ+τ− and bb̄ (normal)

τ+τ− (normal) bb̄ (normal)
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Summary

I Analysis of in�uence of NSI on neutrino signal from dark

matter annihilations in the Sun has been performed

I It is shown that NSI can considerably change the propagation

of WIMP neutrino

I We can expect 10-50% corrections to the upper limits on

neutrino �ux for bb̄, W+W− and τ+τ− annihilation channels

due to NSI
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Thank you!
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Systematic uncertainties from neutrino interactions

I Neutrino oscillation parameters: ∼< 4− 5% for W+W− and

bb̄, ∼< 7− 8% for τ+τ−

I Neutrino nucleon cross section - up to 10%, larger for

Eν < 10 GeV but smaller for higher energies

I NSI can result in larger uncertainties!
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