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FIG. 1. E↵ective diagram for dark matter annihilation

dramatically4. One could also look at the Centaurus ob-
servation like in [33] with M

Ce

= 6.3 ⇥ 1013M� and a
radius of R

Ce

= 0.17 Mpc.

Finally, taking into account also other observations like
M31, we will impose in our analysis a conservative re-
quired annihilation cross section estimated as

h�vi
��

' (2⇥ 10�33 � 4⇥ 10�32) cm3s�1 . (5)

However, for such a light dark matter particle annihi-
lating into photons, it is important to check the conse-
quences of injecting secondary particles on the recombi-
nation, leaving an imprint on Cosmic Microwave Back-
ground (CMB) anisotropies. The authors of [34] show
that the corresponding condition is given by

h�viCMB

��

. 2.42⇥ 10�27
⇣ m

s

1 GeV

⌘
cm3s�1 , (6)

which for a 3.5 keV dark matter is h�vi
��

< 8.5 ⇥
10�33cm3s�1. In fine one will then restrict ourself to the
parameter space allowing a monochromatic signal and re-
specting the CMB constraints:

2⇥ 10�33cm3s�1 < h�vi
��

< 8.5⇥ 10�33cm3s�1 . (7)

C. A posteriori

In the case of a scalar particle annihilating into two pho-
tons, the CP–even e↵ective lagrangian can be written5

L
eff

=
S2

⇤2
F
µ⌫

Fµ⌫ , (8)

4 We thank M. Yu. Khlopov for having drawn our attention to
ref. [35] for a detailed analysis on profiles concerning gamma ray
production from so called dark matter clumps

5 To simplify the analysis, we will consider a scalar dark mat-
ter candidate with CP-even couplings thorough the paper. The
other cases (fermionic dark matter, CP-odd or pseudo–scalar
couplings..) change our conclusion by factors of order of unity
and are treated in appendix.

with F
µ⌫

= @
µ

A
⌫

� @
⌫

A
µ

being the electromagnetic field
strength. The scale ⇤ is related to the mass of the par-
ticles running in the loops (see Fig.(1)) which , being
charged under U(1)

em

, should be heavier or at least of
the order of TeV. A list of generic couplings of this type
can be found in [41]. We will write in the appendix the
results we obtained in other cases.

It is important to notice that such a light dark matter
can contribute to the e↵ective number of neutrinos N

eff

.
However, it has been shown recently that a dark matter
annihilating into photons in sub-MeV masses is possi-
ble only in the case of a scalar dark matter [42]. Such
processes have already been computed in [43] and one
obtains

h�vieff
��

=
2m2

s

⇡⇤4
. (9)

Applying the constraints (7) to the annihilation cross sec-
tion (9) one obtains

10 GeV < ⇤ < 15 GeV . (10)

This value is obviously far below any accelerator limit
on charged particles. It seems then impossible to UV
complete this operator and achieve a large enough rate.
However, as we will see below, the e↵ective operators
approach cannot be applied anymore when the UV sector
contains light states.

III. A NATURAL MICROSCOPIC APPROACH

It is then natural to build a microscopic model and to
see how observables are modified. But natural in which
sense? Natural in the sense that the presence of a keV-
MeV dark matter particle naturally leads to a keV scale
dynamics, as the presence of GeV particles in the stan-
dard model naturally leads to GeV scale dynamics in
the Higgs sector. We then can suppose the presence of
a (pseudo)scalar coupling to the dark matter candidate,
and generating the keV dynamics. The simplest way to
generate such dynamics is through a ”higgs-like” portal.
We will consider by simplicity a scalar dark matter; other
dark matter spin or couplings do not change our conclu-
sions and are treated in the appendix.

A. The scalar model

We will work in the framework of a scalar portal �, cou-
pling directly at tree-level to dark matter, but indirectly
to the standard model through loops. This is a typical
secluded dark matter type of model [44]. The lagrangian
can then be written for a scalar dark matter
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Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse; 
http://arxiv.org/abs/1402.4119
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�→ �-ray line at 3.5 keV (>3 � significance)

Bulbul et al. Boyarski et al.rray

L. Heurtier Planck Conference, Paris, May 2014

E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein, S. W. 
Randall; 

 http://arxiv.org/abs/1402.2301 
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Some decaying/exciting interpretation
Sterile neutrino Axion-like particle Exciting DM
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What about annihilating DM?
Standard belief

L =

Z RPe

0
4⇡r2n2

DM h�vi�� =

Z RPe

0
4⇡r2

✓
⇢(r)

ms

◆2
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FIG. 1. E↵ective diagram for dark matter annihilation

dramatically4. One could also look at the Centaurus ob-
servation like in [33] with M

Ce

= 6.3 ⇥ 1013M� and a
radius of R

Ce

= 0.17 Mpc.

Finally, taking into account also other observations like
M31, we will impose in our analysis a conservative re-
quired annihilation cross section estimated as

h�vi
��

' (2⇥ 10�33 � 4⇥ 10�32) cm3s�1 . (5)

However, for such a light dark matter particle annihi-
lating into photons, it is important to check the conse-
quences of injecting secondary particles on the recombi-
nation, leaving an imprint on Cosmic Microwave Back-
ground (CMB) anisotropies. The authors of [34] show
that the corresponding condition is given by

h�viCMB

��

. 2.42⇥ 10�27
⇣ m

s

1 GeV

⌘
cm3s�1 , (6)

which for a 3.5 keV dark matter is h�vi
��

< 8.5 ⇥
10�33cm3s�1. In fine one will then restrict ourself to the
parameter space allowing a monochromatic signal and re-
specting the CMB constraints:

2⇥ 10�33cm3s�1 < h�vi
��

< 8.5⇥ 10�33cm3s�1 . (7)

C. A posteriori

In the case of a scalar particle annihilating into two pho-
tons, the CP–even e↵ective lagrangian can be written5

L
eff

=
S2

⇤2
F
µ⌫

Fµ⌫ , (8)

4 We thank M. Yu. Khlopov for having drawn our attention to
ref. [35] for a detailed analysis on profiles concerning gamma ray
production from so called dark matter clumps

5 To simplify the analysis, we will consider a scalar dark mat-
ter candidate with CP-even couplings thorough the paper. The
other cases (fermionic dark matter, CP-odd or pseudo–scalar
couplings..) change our conclusion by factors of order of unity
and are treated in appendix.

with F
µ⌫

= @
µ

A
⌫

� @
⌫

A
µ

being the electromagnetic field
strength. The scale ⇤ is related to the mass of the par-
ticles running in the loops (see Fig.(1)) which , being
charged under U(1)

em

, should be heavier or at least of
the order of TeV. A list of generic couplings of this type
can be found in [41]. We will write in the appendix the
results we obtained in other cases.

It is important to notice that such a light dark matter
can contribute to the e↵ective number of neutrinos N

eff

.
However, it has been shown recently that a dark matter
annihilating into photons in sub-MeV masses is possi-
ble only in the case of a scalar dark matter [42]. Such
processes have already been computed in [43] and one
obtains

h�vieff
��

=
2m2

s

⇡⇤4
. (9)

Applying the constraints (7) to the annihilation cross sec-
tion (9) one obtains

10 GeV < ⇤ < 15 GeV . (10)

This value is obviously far below any accelerator limit
on charged particles. It seems then impossible to UV
complete this operator and achieve a large enough rate.
However, as we will see below, the e↵ective operators
approach cannot be applied anymore when the UV sector
contains light states.

III. A NATURAL MICROSCOPIC APPROACH

It is then natural to build a microscopic model and to
see how observables are modified. But natural in which
sense? Natural in the sense that the presence of a keV-
MeV dark matter particle naturally leads to a keV scale
dynamics, as the presence of GeV particles in the stan-
dard model naturally leads to GeV scale dynamics in
the Higgs sector. We then can suppose the presence of
a (pseudo)scalar coupling to the dark matter candidate,
and generating the keV dynamics. The simplest way to
generate such dynamics is through a ”higgs-like” portal.
We will consider by simplicity a scalar dark matter; other
dark matter spin or couplings do not change our conclu-
sions and are treated in the appendix.

A. The scalar model

We will work in the framework of a scalar portal �, cou-
pling directly at tree-level to dark matter, but indirectly
to the standard model through loops. This is a typical
secluded dark matter type of model [44]. The lagrangian
can then be written for a scalar dark matter
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Introduction The model Experimental constraints Relic abundance

Flux condition : �th

�� = �exp

��

where

�th

�� = 1.7 × 10−5 �3.5 keV
m

s

�2 � ��v���
10−32cm3s−1� ph.cm−2.s−1

�exp

�� = 5.2+3.70−2.13 × 10−5 ph.cm−2.s−1

� ��v��� � (2 × 10−33 − 4 × 10−32) cm3s−1

+ CMB constraints :

�→ 2 × 10−33 cm3s−1 < ��v��� < 8.5 × 10−33 cm3s−1

L. Heurtier Planck Conference, Paris, May 2014

Leff =
S2

⇤2
Fµ⌫F

µ⌫ h�vieff�� =
2m2

s

⇡⇤4

10 GeV < ⇤ < 15 GeVExcluded by LEP/LHC..

where Λ represent the scale/masses 
of the particles running in the loop 
(charged, LEP/LHC : Λ > 1 TeV)

Conclusion: necessity to build 
a microscopic model explicitly 

keV γγ observation



From the effective approach to the microscopic one 

Enrico Fermi

“Tentativo di una teoria dei raggi β",  

Ricerca Scientifica, 1933

GF = 10-5  GeV-2

n

p

e+

ν

GF 
n e+

ν

W+

p

GF ~ (g/MW)2  

g g

microscopic

approach

Renormalizable theory! 
and specific signatures 
(discovery of charge/

neutral current at CERN)



Applying the microscopic approach to the keV line

Leff =
S2

⇤2
Fµ⌫F

µ⌫

h�vieff�� =
2m2

s

⇡⇤4

Leff � �m2
s

2
S2 �

m2
�

2
�2 � m̃�S2 +

�

⇤
Fµ⌫F

µ⌫

h�vimicro

��

=
4m2

s

m̃2

⇡⇤2(4m2
s

�m2
�

)2

m� ' (12.3� 17.6)

r
ms

3.5 keV

r
m̃

⇤
GeV
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Constraints on scalar particle coupling to photons :

L. Heurtier Planck Conference, Paris, May 2014

keV γγ observation

Constraints on scalars coupling to γ γ 
LEP 
!
!

HB star 
!

⇤ & 3 TeV [m� . 50 MeV]

⇤ & 1010 GeV [m� . 30 keV]
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m� � 300 keV and ⇤ � 5 keV �→ m� ∈ [300keV − 50MeV]
L. Heurtier Planck Conference, Paris, May 2014L = Lkin +

µ2

2
(�2 + S2)� �

4
(�2 + S2)2 �  ̄(h1� + ih2S�5) +

�

⇤
Fµ⌫F

µ⌫

A microscopic (UV) construction « à la Higgs »



How to obtain the correct relic abundance?

⌦h2 ' 9.6⇥ 10�2 geff

gs(xf )

⇣
ms

1 eV

⌘

�L⌫ =
M

2
⌫R⌫R +mD⌫L⌫R + �⌫�⌫R⌫R + h.c.
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Hidden temperature ?

Scalar DM, Sterile neutrinos �→ a hidden bath at T
h

= ⇠(t)T
v

� New ranges of relic density allowed [Das et al., Feng et al.]

L. Heurtier Planck Conference, Paris, May 2014

h�vi�� ' 10�33 cm3s�1

h�vi⌫⌫ ' 10�26 cm3s�1

h�vi ' 10�26 cm3s�1

To respect the flux observed by XMM Newton one needs 

However, the averaged annihilation cross section needed to respect WMAP/PLANCK relic density is 

Natural solution is to introduce the right-handed neutrino which couples with Φ

with

Need to check Tremaine-Gun and Free-streaming bounds

However, there treatment is a little bit more 
subtile as we have two thermal bath: the 
Standard Model one (temperature T) and the 
system Φ-νR (temperature Th) implying in 
fact  

  
for MΦ = 3.5 keV

h�vi⌫⌫ ' 10�28 cm3s�1



Possible accelerator signatures

3

Dataset Exposure χ2/d.o.f. Line position Flux ∆χ2

[ksec] [keV] 10−6 cts/sec/cm2

M31 ON-CENTER 978.9 97.8/74 3.53± 0.025 4.9+1.6
−1.3 13.0

M31 OFF-CENTER 1472.8 107.8/75 3.53± 0.03 < 1.8 (2σ) . . .
PERSEUS CLUSTER (MOS) 528.5 72.7/68 3.50+0.044

−0.036 7.0+2.6
−2.6 9.1

PERSEUS CLUSTER (PN) 215.5 62.6/62 3.46± 0.04 9.2+3.1
−3.1 8.0

PERSEUS (MOS) 1507.4 191.5/142 3.518+0.019
−0.022 8.6+2.2

−2.3 (Perseus) 25.9
+ M31 ON-CENTER 4.6+1.4

−1.4 (M31) (3 dof)
BLANK-SKY 15700.2 33.1/33 3.53± 0.03 < 0.7 (2σ) . . .

TABLE I: Basic properties of combined observations used in this paper. Second column denotes the sum of exposures of individual observa-
tions. The last column shows change in∆χ2 when 2 extra d.o.f. (position and flux of the line) are added. The energies for Perseus are quoted
in the rest frame of the object.
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FIG. 1: Left: Folded count rate (top) and residuals (bottom) for the MOS spectrum of the central region of M31. Statistical Y-errorbars on the
top plot are smaller than the point size. The line around 3.5 keV is not added, hence the group of positive residuals. Right: zoom onto the line
region.

with such a large exposure requires special analysis (as de-
scribed in [16]). This analysis did not reveal any line-like
residuals in the range 3.45−3.58 keVwith the 2σ upper bound
on the flux being 7× 10−7 cts/cm2/sec. The closest detected
line-like feature (∆χ2 = 4.5) is at 3.67+0.10

−0.05 keV, consistent
with the instrumental Ca Kα line.3

Combined fit of M31 + Perseus. Finally, we have performed
a simultaneous fit of the on-center M31 and Perseus datasets
(MOS), keeping common position of the line (in the rest-
frame) and allowing the line normalizations to be different.
The line improves the fit by ∆χ2 = 25.9 (Table I), which
constitutes a 4.4σ significant detection for 3 d.o.f.

Results and discussion. We identified a spectral feature at
E = 3.518+0.019

−0.022 keV in the combined dataset of M31 and
Perseus that has a statistical significance 4.4σ and does not
coincide with any known line. Next we compare its properties
with the expected behavior of a DM decay line.

3 Previously this line has only been observed in the PN camera [9].

The observed brightness of a decaying DM line should be pro-
portional to the dark matter column density SDM =

∫

ρDMdℓ –
integral along the line of sight of the DM density distribution:

FDM ≈ 2.0× 10−6 cts

cm2 · sec

(

Ωfov

500 arcmin2

)

× (1)
(

SDM

500 M⊙/pc2

)

1029 s

τDM

(

keV

mDM

)

.

M31 and Perseus brightness profiles. Using the line flux
of the center of M31 and the upper limit from the off-center
observations we constrain the spatial profile of the line. The
DM distribution in M31 has been extensively studied (see an
overview in [13]). We take NFW profiles for M31 with con-
centrations c = 11.7 (solid line, [22]) and c = 19 (dash-dotted
line). For each concentration we adjust the normalization so
that it passes through first data point (Fig. 2). The c = 19
profile was chosen to intersect the upper limit, illustrating that
the obtained line fluxes of M31 are fully consistent with the
density profile of M31 (see e.g. [22, 24, 25] for a c = 19− 22
model of M31).

A. Boyarsky, O. Ruchayskiy, D. Iakubovskyi, J. Franse; http://arxiv.org/abs/
1402.4119
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Status of combined dark matter searches

Tendencies: 

Large gvisible  is strongly constrained by LHC  

Large ghidden is strongly constrained by DD experiments 

Small gvisible and ghidden are strongly constrained by WMAP (overabundance) 
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What are the possible mediators?
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Conclusions

A lot of possibilities from particle physics to explain the 3.5 keV monochromatic line

Annihilating as well as decaying dark matter possesses suitable candidates

Be careful when abusing effective approaches

Interesting accelerators signatures



Exemple of dynamical (spontaneous) realization 
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