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Introduction

Introduction

The current astrophysical experiments provide a new handle to test BSM
physics:

Dwarf spheroidal galaxies
(dSph).
Galactic Center γ-ray excess.

Antiprotons to protons
ratio.
Positrons to electrons
ratio.

Could this be new DM signals?
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Theoretical Framework Sterile neutrino portal

Sterile neutrino portal: Set up of the model

Figure: Escudero, Rius and Sanz (1607.02373)

L = µ2
HH
†H − λH(H†H)2 − µ2

φφ
†φ− λφ(φ†φ)2 − λHφ(H†H) (φ†φ)

−
(
φΨ(λa + λpγ5)N + YLLHNR + h.c.

)
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Theoretical Framework Sterile neutrino portal

Sterile neutrino portal: Set up of the model

In this model we have two particles in the hidden sector: The
fermionic DM and the scalar mediator that allow the DM annihilation
to Sterile Neutrinos.

The main feature of this model is that it connects the generation of
neutrino masses and the DM.

For any (Mψ, MN) in the ranges (1 - 3000) GeV we can always obtain
the correct relic density using MΦ and a perturbative coupling!!

Ωh2 ' 10−37cm2

〈σV 〉 −→ 〈σV 〉 ' 2.2× 1026cm3/s
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Theoretical Framework Sterile neutrino portal

Sterile neutrino portal: Set up of the model

Direct detection at one loop. Depends on the Higgs portal term:
λHφ.(H

†H) (φ†φ)

Annihilation DM only depends on
(
φΨ(λa + λpγ5)N

)
λHφ as small as we want to evade the Direct detection constrains.
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Theoretical Framework Sterile neutrino portal

Seesaw Mechanism

Light neutrino masses are generated via TeV scale type I seesaw
mechanism. The mass matrix in the basis (να,Ns) is given by:

Mν =

(
0 MD

MT
D MN

)
= U∗Diag(Mν ,M)U†

Where Mν is the diagonal matrix with the three lightest eigenvalues of
Mν , of order M2

D/MN , and M contains the heavier ones, of order MN .(
να
Ns

)
L

= U∗
(

νi
Nh

)
L

The mass eigenstates n = (νi ,Nh) are related to the active and sterile
neutrinos, (να,Ns).
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Theoretical Framework Sterile neutrino portal

Seesaw Mechanism

The unitary matrix U can be written as:

U =

(
Uαi Uαh
Usi Ush

)
At leading order in the seesaw expansion parameter, O(MD/MN):

Uαi = [UPMNS ]αi Uαh = [MDM
−1
N ]∗αh

Usi = −[MDM
−1
N UPMNS ]∗si Ush = I

At this order the states Nh and Ns coincide.

Miguel G. Folgado Sterile Neutrino portal with γ-rays IPMU 8 / 37



Theoretical Framework Sterile neutrino portal

Decay channels of the sterile neutrinos

3-body decays:

Γ(N → νqq̄) = 3ACNN [2(a2
u + b2

u) + 3(a2
d + b2

d)]f (z)

Γ(N → 3ν) = ACNN

[
3
4
f (z) +

1
4
g(z , z)

]
Γ(N → lqq̄) = 6ACNN f (ω, 0)

Γ(N → νl l̄) = ACNN(3(a2
e + b2

e )f (z) + 3f (ω)− 2aeg(z , ω))

The functions f (z), f (w , 0) and g(z ,w) can be found in Dittmar,
Santamaria, Gonzalez-Garcia and Valle (Nucl. Phys. B 332 (1990) 1).

z = (MN/MZ )2 ω = (Mω/MZ )2

A =
G2
FM

5
N

192π Cij =
∑3

α= UαiU
∗
αj
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Theoretical Framework Sterile neutrino portal

Decay channels of the sterile neutrinos

If MN > MW 2-body decays to SM particles are open:

Γ(N →W±l∓) =
g2

64π
|UαN |2

M3
N

M2
W

(
1−

M2
W

M2
N

)2(
1 +

2M2
W

M2
N

)

Γ(N → Zνα) =
g2

64πc2
W

|CαN |2
M3

N

M2
Z

(
1−

M2
Z

M2
N

)2(
1 +

2M2
Z

M2
N

)

Γ(N → hνα) =
g2

64π
|CαN |2

M3
N

M2
W

(
1−

M2
h

M2
N

)2
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Theoretical Framework Sterile neutrino portal

Indirect signalsTheoretical Framework Sterile neutrino portal

Indirect signals

Nψ

φ

Nψ

X
X

X

X
X

X

X

X
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After hadronization the
final states of the process
are:

X = γ, P̄, e+, ...

How can we obtain this
final spectra?

Sarah
SPheno
Madgraph
Pythia
MicrOMEGAs
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Theoretical Framework Sterile neutrino portal

Indirect signals from the model

Uncharged particles:

γ-rays
Galactic center
excess.
Dwarf spheroidal
galaxies.

Charged particles:

Antiprotons (p̄)

Antiproton excess.

Positrons (e+)
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Probing the model with DM indirect searches γ-rays

γ-Spectrum of Neutrino Portal Model

10 1 100 101 102 103

E [GeV]
100

101

102

103

E2 d
N

/d
E

 [G
eV

] M = 500 GeV MN = 10 GeV
MN = 20 GeV
MN = 45 GeV
MN = 400 GeV

10 1 100 101 102 103

E [GeV]
100

101

102

103

E2 d
N

/d
E

 [G
eV

] MN = 20 GeV M = 50 GeV
M = 80 GeV
M = 200 GeV
M = 400 GeV

Variations in the DM and N masses induce changes in the shape of the
spectrum.
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Probing the model with DM indirect searches γ-rays

Can the model fit the GCE?

Two sources for the GCE in our analysis:

Φ = Φastro + ΦDM

E > 10GeV : Extension
of the Fermi bubbles.

E < 10GeV : DM annihilation.

The spectral shape of the Fermi bubbles is described by a power law
times an exponential cut off. We assume the same form for the
astrophysical contribution to the GCE.

Φastro = NE−αe−E/Ecut
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Probing the model with DM indirect searches γ-rays

Can the model fit the GCE?

For the DM component, the differential flux of photons from a window
with size ∆Ω, is given by:

dΦγ

dEγ
(Eγ) =

J

8πM2
DM

∑
f

〈σv〉f
dN f

γ

dEγ
(Eγ)

In this equation J is the J-factor that encapsulates the information
about the dark matter distribution:

J =
∫

∆Ω dΩ
∫
ρ2
DM(s)ds ρΨ(r) = ρs

(
r
rs

)−γ (
1 + r

rs

)−3+γ
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Probing the model with DM indirect searches γ-rays

Can the model fit the GCE?

χ2 =
∑
i ,j

(Φobs
i − Φm

i )Σ−1
i ,j (Φobs

j − Φm
j ) (1709.10429)

For each point of the DM model, (Mψ,MN), we vary N, α,Ecut and
J-factor for find the best fit in this point Φm

best and save χ2
best .

We create a set of 105 pseudo-random data normal distributed with
mean at Φm

best according to Σ−1
i ,j .

We compute χ2 between Φm
best and each of the 105 data.

We create a χ2 distribution using this data.
The integrated χ2 distribution up to χ2

best gives the p-value of the
model.
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Probing the model with DM indirect searches γ-rays

Can the model fit the GCE?

10 1 100 101 102 103

E[GeV]

10 9

10 8

10 7

10 6

10 5

E2 d
/d

E
[G

eV
/c

m
2 s

]

Sterile Neutrino Portal DM
Astro. high energy tail
Total. Fit 2 = 24.878, pval=0.8
Syst. modeling bck
Syst. scan GP
Ackermann et al. 2017

Two sources for the GCE:

Φ = Φastro + ΦDM

Best fit point (Mψ, MN):

(55, 51) GeV

Very impressive p-value:

P − value ' 0.8 !!
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Probing the model with DM indirect searches γ-rays

Can the model fit the GCE?
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Probing the model with DM indirect searches γ-rays

Dwarf spheroidal galaxies (dSphs)

The GCE is not the only constraint that we can use over the γ-rays.
No excess has been detected by Fermi-LAT from the dSphs.

Test statistic (TS) to obtain 90% C.L. upper limits on the DM
annihilation cross section.

gamLike v.1.0

TS = −2 ln(L0/L)
L0 → No DM case

L → (Mψ, MN) point

If TS > 2.71 the parameter space point is excluded because it is not
compatible with the background at 90% C.L.
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Probing the model with DM indirect searches γ-rays

Dwarf spheroidal galaxies (dSphs)
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Probing the model with DM indirect searches γ-rays

Is this new constraint compatible with the GCE fit?

The dSphs sets a stringent limit which excludes DM masses below ∼
50 GeV (90 GeV) for N masses near to 50 GeV (10 GeV).
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Probing the model with DM indirect searches γ-rays

15 years Fermi-LAT prospects for dSphs

3 times more dSphs discovered (45 dSphs).
Sensitivity increases as the square-root of the observation time.
Constraints are expected to be improved by a factor of 5.
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Probing the model with DM indirect searches Another indirect signal

e+ and p̄ spectrum
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The shape of the e+ and p̄ spectra depends on the sterile neutrino
and DM masses
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Probing the model with DM indirect searches Another indirect signal

Charge particles propagation

Based on Cirelli et al. (1012.4515)

Positrons

dΦe±

dE
(E , r�) =

ve±

8πb(E , r�)

(
ρ(r�)

Mψ

)2

〈σv〉
∫ Mψ

E
dEs

dN±e
dE

(Es)I (E ,Es , r�)

I (E ,Es , r�) is the generalized halo function and encodes the astrophysical
information and b(E , r�) is the energy loss coefficient function.

Antiprotons

dΦp̄

dK
(E , r�) =

vp̄
8π

(
ρ(r�)

Mψ

)2

R(K ) 〈σv〉 dNp̄

dE
(K )

The function R(K) encodes all the astrophysics of production and
propagation.
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Probing the model with DM indirect searches Another indirect signal

Charge particles propagation

Three propagation models:
MAX, MED and MIN. R(K) and
I (E ,Es , r�) depends on the
propagation scheme.

In our analysis we use the MED
scheme.

DM annihilation
halo prop a0 a1 a2 a3 a4 a5

MIN 0.9251 0.6464 -0.3105 -0.0917 0.0406 -0.0039
NFW MED 1.8398 0.5345 -0.2930 -0.0439 0.0252 -0.0025

MAX 2.6877 -0.1339 -0.1105 0.0170 -0.0010 0.0000
MIN 0.9455 0.6282 -0.3175 -0.0807 0.0373 -0.0036

Moo MED 1.8714 0.5922 -0.2815 -0.0629 0.0304 -0.0029
MAX 2.7960 -0.1231 -0.1164 0.0188 -0.0013 0.0000
MIN 0.9191 0.6493 -0.3104 -0.0922 0.0407 -0.0039

Iso MED 1.7969 0.4441 -0.3128 -0.0159 0.0179 -0.0019
MAX 2.5071 -0.1557 -0.0990 0.0135 -0.0005 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

Ein MED 1.8804 0.5813 -0.2960 -0.0502 0.0271 -0.0027
MAX 2.7914 -0.1294 -0.1115 0.0165 -0.0008 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

EiB MED 1.9505 0.6984 -0.3038 -0.0689 0.0331 -0.0032
MAX 3.0003 -0.1225 -0.1102 0.0138 -0.0000 -0.0001
MIN 0.9175 0.6429 -0.3133 -0.0902 0.0404 -0.0039

Bur MED 1.7426 0.3736 -0.3127 -0.0027 0.0140 -0.0016
MAX 2.3763 -0.1637 -0.0948 0.0123 -0.0003 -0.0000

Figure 9: Propagation function for antiprotons
from annihilating DM, for the different halo profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (30).
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DM decay
halo prop a0 a1 a2 a3 a4 a5

MIN 0.9175 0.6429 -0.3121 -0.0910 0.0406 -0.0039
NFW MED 1.7507 0.3892 -0.3101 -0.0070 0.0151 -0.0016

MAX 2.4353 -0.1549 -0.1004 0.0144 -0.0007 -0.0000
MIN 0.9179 0.6431 -0.3132 -0.0902 0.0404 -0.0038

Moo MED 1.7534 0.3933 -0.3095 -0.0077 0.0153 -0.0017
MAX 2.4430 -0.1541 -0.1001 0.0144 -0.0009 0.0000
MIN 0.9171 0.6434 -0.3134 -0.0903 0.0404 -0.0039

Iso MED 1.7450 0.3770 -0.3128 -0.0033 0.0142 -0.0016
MAX 2.4095 -0.1580 -0.0988 0.0139 -0.0006 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

Ein MED 1.7554 0.3959 -0.3096 -0.0082 0.0154 -0.0017
MAX 2.4466 -0.1543 -0.1007 0.0144 -0.0007 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

EiB MED 1.7600 0.4044 -0.3083 -0.0104 0.0160 -0.0017
MAX 2.4612 -0.1530 -0.1012 0.0145 -0.0007 -0.0000
MIN 0.9165 0.6419 -0.3141 -0.0898 0.0403 -0.0039

Bur MED 1.7352 0.3616 -0.3150 0.0006 0.0132 -0.0015
MAX 2.3956 -0.1570 -0.0998 0.0144 -0.0007 0.0000

Figure 10: Propagation function for antiprotons
from decaying DM, for the different halo profiles and
sets of propagation parameters, and the corresponding fit
parameters to be used in eq. (30).
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Decay

The so-called Fisk potential φF parameterizes in this effective formalism the kinetic energy
loss. A value of φF = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The diffusion equation is still the one in eq. (24).
In it:

- Diffusion, being governed by the electromagnetic properties of the particles, is the
same for antideuterons as for antiprotons, but of course the deuteron mass md should
replace the proton mass in the expression for the kinetic energy and the momentum.

- It is actually customary for low Z nuclei to use as a variable Kd/n: the kinetic energy
per nucleon (n = 2 in this case). We will present all results as functions of this

28

Figure: Cirelli et al. (1012.4515)
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Probing the model with DM indirect searches Another indirect signal

About e+
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e+ flux
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Probing the model with DM indirect searches Another indirect signal

And maybe... p̄?
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p/
p

MN = 10 GeV

M = 10 GeV
M = 20 GeV
M = 200 GeV
Cirelli et al. bkg

AMS-02 reports an
anti-proton excess.
There are many
uncertainties in the
propagation model. For
this reason we have not
fitted the excess.

Even so, it provides a
rough estimate of the
constraint from p̄.
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Probing the model with DM indirect searches Another indirect signal

Constraints from antiprotons

Total flux given by our model:

Φp̄(Ki ,MΨ,MN) = Φp̄,bkg (Ki ) + Φp̄,Ψ(Ki ,MΨ,MN)

where Φp̄,bkg (Ki ) is calculated in 1504.04276.

We calculate the ratio between this flux and the proton flux data
Φp(Ki ) from AMS-02.

For each point of our parameter space (Mψ,MN) we construct the
estimator:

χ2 =
∑
i

[
R(Ki )− Φp̄(Ki ,MΨ,MN))/Φp(Ki )

σi

]2
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Probing the model with DM indirect searches Another indirect signal

Constraints from antiprotons

χ2
0 is the minimum chi-squared

(only background-only case).

We can exclude points in the
parameter space (Mψ,MN)
using the condition:

χ2(MΨ,MN)− χ2
0 ≤ 4
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Figure 3: The best-fit secondary
antiproton fluxes originating from astro-
physics, for the Min, Med and Max cases,
compared to the new Ams-02 data and the
previous Pamela data. Each case assumes
a different value for the normalization am-
plitude A and for the Fisk potential. Fill-
ing. Filling. Filling. Filling. Filling. Fill-
ing. Filling. Filling. Filling. Filling. Fill-
ing. Filling.

component; in any case, a new assessment of the viable propagation parameter space would be
needed before any conclusion is drawn.

3 Updated constraints on Dark Matter

Primary antiprotons could originate from DM annihilations, or decays, in each point of the
Galactic halo. They then propagate to the Earth subject to the same mechanisms discussed in
the previous section, which are in particular described by the canonical sets of parameters Min-
Med-Max. Concretely, we obtain the p̄ fluxes at Earth (post-propagation) from the numerical
products provided in [54], version 4. Notice that these include the subtle effects of energy
losses, tertiaries and diffusive reacceleration which, as discussed at length in [21], are important
to reach a detailed prediction.

8

Figure: Giesen et al. 1504.04276.
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Probing the model with DM indirect searches Another indirect signal

Constraints from antiprotons
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Combined results

Combined results

Turning to the initial question:

Dwarf Spheroidal galaxies.
Galactic Center γ-ray excess.

Antiprotons.
Positrons.

Can the model reconcile all of these measurements?
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Combined results

Combined results
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Combined results
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Combined results
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Summary

Summary

The Fermi-LAT Collaboration confirms the existence of a γ-ray excess
in the GC peaked at 3 GeV.

Excellent fit to the GCE (p-value = 0.8) with the Sterile neutrino
portal to DM.

There is a sizeable GCE fit region allowed by the dSphs constraints.

Using the MED propagation scheme we find that current antiproton
data from AMS-02 already disfavours a large fraction of GCE fit
region.

The constraint derived of antiprotons is not conclusive, there are a lot
of uncertainties in the antiproton background and the propagation
model.
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