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Zapata, Jones-Pérez, Gago (PUCP) νDM bounds from TXS 0506+056 SILAFAE 2024 2 / 20



MI Bounds on ν-DM scattering

How can we put model independent bounds on ν-DM scattering?

Basic Idea

Infer ν-DM scattering properties by studying how the neutrino flux from a
source gets attenuated along its journey to the detector on Earth. [K.-Y.Choi
et al., PRD 99 (2019) 8, 083018]

What we need?

A high-energy ν source, whose ν’s already be detected,

Have a good theoretical understanding of the possible initial ν
spectrum at the source location,

Know the DM distribution along the neutrino journey to the detector.

IceCube has detected ν’s from blazars, AGN’s, and TDE’s.
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Blazars as neutrino sources

Blazars are a type of active galactic nucleus (AGN) powered by
supermassive black holes.

They emit powerful jets of relativistic particles aligned close to our
line of sight.

Blazars exhibit extreme variability across the entire electromagnetic
spectrum, from radio to gamma rays.

The jets are composed of hadrons and leptons, which interact and
generate high-energy emissions.

Through hadronic processes, blazars can produce neutrinos in
proton-proton (pp) or proton-photon (pγ) collisions.
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Blazars as neutrino sources

[Credit: IceCube/NASA]
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IceCube-170922A event

On September 22 2017, a neutrino with energy of ∼ 290 TeV was
detected by IceCube from the known blazar TXS 0506+056.

Simultaneously the flaring state of the source was observed by several
telescopes, e.g. Fermi-LAT, MAGIC, etc. [IceCube et al., Science 361 (2018) 6398]

Significance of the spatial and temporal coincidence estimated ∼ 3σ

Constrains on σνDM from IC170922A: [J.Cline et al., arXiv:2209.02713,
F.Ferrer et al., arXiv:2209.06339]
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ν emission prior to IC-170922A event

In a posterior analysis, IceCube found an excess of 13± 5 neutrinos form
the direction of TXS 0506+056 between September 2014 and March
2015. [IceCube et al., Science 361 (2018) 6398]
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2014-2015 neutrino outburst

Neutrino flux estimated by IceCube as

Φνµ+ν̄µ(Eν) = Φref

(
Eν

100 TeV

)−γ

,

with γ = 2.2 and Φref = 1.6× 10−15 TeV−1

cm−2 s−1.

Npred = tobs

∫
dEνΦν(Eν)Aeff (Eν)

tobs = 158 days ⇒ Npred ≈ 15 events.
Consistent with observation!
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DM spike around TXS 0506+056

Adiabatic growing of a black hole makes the DM density profile steeper in
the inner halo [P.Gondolo & J.Silk, PRL 83 (1999) 1719-1722]

ρ ∝ r−γ ⇒ ρ′(r) ∝ r−γsp , γsp =
9− 2γ

4− γ

where we consider γ = 1 ⇒ γsp = 7/3.

Gravitational scattering between DM and stars can dynamically relax the
DM spike profile to γsp = 3/2. [O.Y.Gnedin & J.R.Primack, PRL 93 (2004) 061302]

Outside of the spike radius, the density of dark matter halo continues to
be determined by the pre-existing NFW density profile [J.F.Navarro & C.S.Frenk &

S.D.M.White, The Astrophysical Journal 462 (1996) 563]

ρDM(r) = ρ0

(
r

r0

)−γ (
1 +

r

r0

)(γ−3)

if r ≥ Rsp
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DM spike around TXS 0506+056

If DM annihilation occurs, the spike profile becomes more cored

ρ′(r) ∝ rγsp ⇒ ρDM =
ρ′(r)ρmax

ρ′(r) + ρmax
, ρmax =

mDM

⟨σv⟩ tBH
where ⟨σv⟩ is the velocity averaged annihilation cross section and tBH the
age of the BH.

Model γsp ⟨σv⟩ [cm3/s]

BM1 7/3 0

BM2 7/3 10−28

BM3 7/3 3× 10−26

BM1’ 3/2 0

BM2’ 3/2 10−28

BM3’ 3/2 3× 10−26

Table: tobs ∼ 109 years.
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Column Density

The probability for neutrinos to scatter from DM in the spike depends on
the DM column density, defined as

ΣDM =

∫ ∞

Rem

drρDM(r)

If we consider Rem = RBLR ≈ 0.0227 pc we get [P. Padovani, et al., arXiv:1901.06998]

Model BM1 BM2 BM3 BM1’ BM2’ BM3’

γsp 7/3 7/3 7/3 3/2 3/2 3/2

⟨σv⟩ [10−26 cm3/s] 0 0.01 3 0 0.01 3

ΣDM [1028 GeV /cm2] 16.07 10.14 3.78 8.70 8.09 3.78

The cosmological and Milky-Way galactic contributions to ΣDM are
negligible compared to that of the DM spike.
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Flux attenuation: Cascade equation

The neutrino flux attenuation due the scatter with DM along their journey
to the detector can be described by [C. A. Argüelles et al., PRL 119, 201801 (2017)]

dΦ

dτ
= −σνDMΦ+

∫ ∞

Eν

dE ′
ν

dσνDM

dEν
(E ′

ν → Eν)Φ(E
′
ν)

where τ = Σ(r)/mDM is the accumulated column density.

First term: energy loss due to ν-DM scatterings,

Second term: redistribution of ν energy from high to low energies.
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dEν
(E ′

ν → Eν)Φ(E
′
ν)

where τ = Σ(r)/mDM is the accumulated column density.

First term: energy loss due to ν-DM scatterings,

Second term: redistribution of ν energy from high to low energies.

A first estimate: Neglecting the second term

ϕobs

ϕem
∼ e−σνDMΣDM/mDM ⇒ σ ≲ O(1)mDM/ΣDM

to get at least ∼ 60% suppression of the emitted ν flux.
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The neutrino flux attenuation due the scatter with DM along their journey
to the detector can be described by [C. A. Argüelles et al., PRL 119, 201801 (2017)]

dΦ

dτ
= −σνDMΦ+

∫ ∞

Eν

dE ′
ν

dσνDM

dEν
(E ′

ν → Eν)Φ(E
′
ν)

where τ = Σ(r)/mDM is the accumulated column density.

First term: energy loss due to ν-DM scatterings,

Second term: redistribution of ν energy from high to low energies.

A first estimate: Neglecting the second term

ϕobs

ϕem
∼ e−σνDMΣDM/mDM ⇒ σ ≲ O(1)mDM/ΣDM

⇒ σ ≲ 6.2× 10−30cm2mDM

GeV
(BM1)
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Assumption: σ ∝ E n
ν

We consider a cross section σνDM with a power-law dependence with
neutrino energy

σνDM(Eν) = σ0

(
Eν

E0

)n

,

with the energy reference E0 = 100 TeV, and n = 1, 0,−1,−2.
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We consider a cross section σνDM with a power-law dependence with
neutrino energy

σνDM(Eν) = σ0

(
Eν

E0

)n

,

with the energy reference E0 = 100 TeV, and n = 1, 0,−1,−2.
For the differential cross section, we can consider a scattering isotropic in
the center of mass frame and approximate

dσ

dEν
(E ′

ν → Eν) ≈
σ(E ′

ν)

E ′
ν

=
σ0
E0

(
E ′
ν

E0

)n−1

. (1)
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Assumption: σ ∝ E n
ν

We consider a cross section σνDM with a power-law dependence with
neutrino energy

σνDM(Eν) = σ0

(
Eν

E0

)n

,

with the energy reference E0 = 100 TeV, and n = 1, 0,−1,−2.
We demand that Nobs ≳ 6.55 events. (90% C.L. lower limit on the
number 13± 5) , with

Nobs = tobs

∫
dEνΦobs(Eν)Aeff (Eν)
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Limits on ν-DM scattering
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Limits on ν-DM scattering
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Results

Bounds obtained on DM-neutrino cross section, with σ = σ0(Eν/E0)
n,

where E0 = 100 TeV.
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Alternative neutrino fluxes

Flux Φν reference Color Npred Rem [pc] ΣDM [1028 GeV/cm2]

IceCube Red 15 0.0227 16.07

Fig 1d of Gasparyan et al 2021 Black 6.8 4.86× 10−3 84.6

Fig 3 of Xue et al 2021 Green 11.5 1.94× 10−3 261

Fig 3 of Liu et al 2019 s = 1.6 Purple 15.7 9.72× 10−3 37.85

Fig 2 of Wang et al 2022 caso 2 Blue 6.83 0.0324 12.08
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Fig 1d Gasparyan et al. 2021

Fig 3 Xue et al. 2021

Fig 3 (s=1.6) Liu et al. 2019

Fig 2 Wang et al. 2022
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Bounds on other fluxes
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Bounds on other fluxes
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Summary

We use the 2014-2015 neutrino outburst form TXS 0506+056 to constrain
σνDM , testing different energy dependence and neutrino fluxes.

Uncertainties on: DM-spike details, DM self-annihilation, location of the
neutrino production region and initial ν-fluxes.
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We put competitive model-independent bounds for σνDM ∝ Eν and
σνDM ∼ const.

We extend the neutrino energy range of these bounds to 0.1− 106

TeV.

We introduce new bounds for σνDM ∝ E−1
ν and σνDM ∝ E−2

ν

(motivated by models with ligth scalar mediators)
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Zapata, Jones-Pérez, Gago (PUCP) νDM bounds from TXS 0506+056 SILAFAE 2024 19 / 20



Summary

We use the 2014-2015 neutrino outburst form TXS 0506+056 to constrain
σνDM , testing different energy dependence and neutrino fluxes.

Main results

We put competitive model-independent bounds for σνDM ∝ Eν and
σνDM ∼ const.

We extend the neutrino energy range of these bounds to 0.1− 106

TeV.

We introduce new bounds for σνDM ∝ E−1
ν and σνDM ∝ E−2

ν

(motivated by models with ligth scalar mediators)

For one particular ν-flux model, we set the strongest bounds.

Uncertainties on: DM-spike details, DM self-annihilation, location of the
neutrino production region and initial ν-fluxes.
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Summary

Main results

We put competitive model-independent bounds for σνDM ∝ Eν and
σνDM ∼ const.

We extend the neutrino energy range of these bounds to 0.1− 106

TeV.

We introduce new bounds for σνDM ∝ E−1
ν and σνDM ∝ E−2

ν

(motivated by models with ligth scalar mediators)

For one particular ν-flux model, we set the strongest bounds.

Uncertainties on: DM-spike details, DM self-annihilation, location of the
neutrino production region and initial ν-fluxes.

Baikal-GVD and KM3NeT are starting to get new HEν’s events alongside
IceCube.
It’s an exciting time for neutrino astronomy!
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Thank you for your attention!
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Scalar DM with vectorial mediator

If we consider DM-ν scattering involving the exchange of a vector boson
Z ′ between a complex scalar DM χ and neutrinos: In the limit mχ ≪ mZ ′

and mχ ≪ Eν , the cross section is

σνχ ≈
g2
ν g

2
χ

4πm2
Z ′

[
1−

m2
Z ′

s
ln

(
1 +

s

m2
Z ′

)]
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where s ≈ 2mχEν .
This
cross section has the limiting behaviours

σνχ ≈
g2
ν g

2
χ

4πm2
Z ′


1, Eν ≫ m2

Z ′/mχ

Eνmχ

m2
Z ′

, Eν ≪ m2
Z ′/mχ
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Scalar DM with scalar mediator

For the case with scalar DM χ and a scalar mediator ϕ the cross section in
the limit mχ ≪ mZ ′ and mχ ≪ Eν is

σνχ ≈
g2
ν g

2
χ

16π

[
1

s2
ln

(
1 +

s

m2
ϕ

)
− 1

s(s +m2
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]
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Fermionic DM with scalar mediator

For fermionic DM and scalar mediator ϕ the cross section in the limit
mχ ≪ mZ ′ and mχ ≪ Eν is

σνχ ≈
g2
ν g

2
χ

16π

[
2

s
− 1

s +m2
ϕ

−
2m2
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Fermionic DM with vectorial mediator

If we considered fermionic DM and a vector mediator Z ′ the cross section
in the limit mχ ≪ mZ ′ and mχ ≪ Eν is

σνχ ≈
g2
ν g

2
χ

4πm2
Z ′

[
2m4
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Comparison with other limits
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Highlighting text

n 1 0 −1 −2

µ 9.3237 1.5369 0.3184 0.0801

Table: Summary of values of µ for the different values of n considered.
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Bounds on other fluxes
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Results
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