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Building a dark matter model 
from a microscopic approach



The pure effective approach « a la Fermi »

The (Hut-)Lee-Weinberg bound (1977)
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Limits on the masses and number of neutral weakly interacting particles are derived using cosmological arguments. 
No such particles with a mass between 120 eV and 3 GeV can exist within the usual big band model Simdar, but much 
more severe, restrictions follow for parUcles that interact only gravitationally. This seems of Importance with respect to 
supersymmetric theories. 

Following an idea, put  forward by Shvartsman [1], 
Steigman et al. [2] presented arguments leading to an 
upper limit to the number of  different types of  mass- 
less neutrinos, which may be summarized as follows. 

According to the hot  big bang model all forms of  
matter in the universe, even neutrinos, are initially in 
thermal equilibrium. The total  energy density of  rela- 
tivistic particles is then given at a temperature T by 

0 = Ka T4. (1) 

a is the radiation density constant,  appearing in the 
black-body radiation law, and K is given by  

t~ = ½(nb + ~ nf). (2) 

The quantities n b and nf are the total  number of  Inter- 
nal degrees of  freedom of  the different types of  bosons 
and fermions respectively. For  a photon gas K = 1, whde 
for a mixture of  photons,  electrons, electron and muon 
neutrinos, together with their antiparticles, ¢ = 9/2. 

A second expression for the total energy density p 
is given as a function of  the expansion time t by solv- 
ing the Einstein equations in a radiation dominated 
homogeneous and isotropic universe, 

p = 3/32 rr Gt 2, (3) 

where G is the gravitational coupling constant,  G = 6.7 
X 10 -45 MeV - 2 . .  Combining (1) and (3) we get 

T = (3/32 rr Ga) 1/4 K- 1/4 t -  1/2 (4) 

* We use units such that fi = c = k = 1, and the temperature Is 
expressed in MeV. 

Adding more types of  neutrinos relative to the standard 
big bang model increases the value of  K. This would have 
the following observable effect. 

The neutron/proton ratio is given by the equilibrium 
value n/p = exp { - ( m  n - mp)/T) as long as the rate of  
weak interactions, like e.g. n + e ÷ ~ p + F e, is high 
enough. But this ratio freezes in soon after the time be- 
tween successive collisions grows bigger than, say, the 
expansion time. The mean free time is r = (oN)-1  as 
long as the electrons are relativistic. The cross section 
o " T 2 and the number density of  protons and neu- 
trons N ~ R - 3 ,  where R is the scale factor of  the ex- 
panding universe. At these early times the number of  
nucleons is far smaller than the number of  photons,  
electrons, positrons and neutrinos, so the cooling pro- 
ceeds adiabatically like T ~ R -1  . Therefore N ~ T 3 
and thus 

r = const. × T -5 .  (5) 

Putting t = r in (4), from (5) we get an effective 
temperature Tf at which the neut ron/proton ratio 
freezes in, given by 

Tf = const. X K 1/6. (6) 

When the temperature falls off further nearly all neu- 
trons are captured to form deuterium and subsequently 
helium. In the standard model Tf ~ 1 MeV ~ 1010 K and 
the abundance by weight ofhehum produced m this way 
is Y ~ 0.23 to 0.27, depending on thepresen t  density 
of nucleons in the universe. An observational upper 
limit [4] Y ~ 0.29 agrees well with the standard model. 

Increasing now the number of  neutrino types would 
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Developing a microscopical approach

Ockham’s razor (lex parsimoniae) principle :  
« Pluralitas non est ponenda sine necessitate » 

Among competing hypotheses, the one with the fewest assumptions should be selected  
(everything should be made as simple as possible..) 

Dark matter couple only with the Standard Model (SM) particles : Higgs-portal, Z-
portal, sterile neutrino. Consequences on observables are strong:  

Invisible width of the Higgs/Z, LHC/LEP production in the case of portal models, 
instability and production of monochromatic photons in the case of sterile neutrino.

These kind of models already exclude WIMP dark matter (dark matter should be heavier than ~ 200 GeV  
[1 TeV for XENON1T/LZ 2017-projection] in portal cases or lighter than 10 keV in sterile neutrino cases)

Sterile neutrino decay

SM χ

χ
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χ

χ

h/Z
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The sum is over the xenon isotopes, with rel-
ative abundance ⌘

A

. In the case of xenon de-
tector like LUX we have two contributions from
Xe129 and Xe131 and ↵SD

n

' 0.65.

It is interesting to notice that, the lower
bound on h�vi, from the requirement of non-
overclosure of the universe by a thermal relic,
turns into a lower bound on �SD

�n

which can
be tested by future experiments. Indeed, un-
der the conservative hypothesis h�vi & 2.6 ⇥
10�9 GeV�2 one obtains from eq.(9)

�SD

�n

& 1.2 ⇥ 10�38 ↵SD

n

✓
100 GeV

m
�

◆
2

cm2

(11)

Our purpose is clearly illustrated in fig.(4)
where we have plotted the spin dependent scat-
tering cross section of the dark matter on the
neutron as function of the dark matter mass
in comparison with limits of COUPP [28, 29]
and LUX [9] as well the expected sensitivity for
the future LZ detector [9, 30] and the determi-
nation, provided in [9], of the neutrino back-
ground [31], which sets the maximal sensitivity
achievable for this kind of direct dark matter
searches. We notice that, except for a little re-
gion around the Z�pole mass, the Z�portal
model is excluded for dark matter mass below
' 200 GeV, a situation comparable with the
Higgs-portal model [2].

One can also better understand the situation by
computing the ration ↵ = A

�

/V
�

necessary to
respect in the meantime the LUX and PLANCK
constraint, which is illustrated in fig.(5). We

FIG. 4. Limit on the neutron-� spin dependent cross

section s function of m� and prospect for the future LZ

project. We also present the neutrino scattering limit

[31] which is lying inside the region where dark matter

should have a non-thermal history to avoid the overclo-

sure of the Universe.

clearly see that, for dark matter mass below 1
TeV, ↵ � 1 which means that the coupling
of the thermal dark matter to the Z boson
should be almost purely axial to respect both
constraints. It is only for m

�

& 2 TeV that the
vectorial nature of the dark matter begins to be
allowed due to the weakness of spin-independent
limit set by LUX for such heavy masses.

Our determination of the limits from DM Direct
Detection have been validated by complement-
ing our analytical treatment with the numerical
package described in [29].

C. FERMI constraint

Indirect detection of dark matter is also an e�-
cient field to constraint extensions of the Stan-
dard Model. The most e↵ective limits are at
the moment given by �-ray emission in dwarf
galaxies, which can provide very strong limits
on the annihilation cross-section in view of the
large dark matter / visible matter ratio in these
objects. Limits on the DM annihilation cross-
section into fermion and W -boson pairs are pro-

WMAP/PLANCK
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[See also S. Baek et al. 1311.1035]
[See also P. Ko et al.  1507.06158]



Developing a microscopical approach

LHC+WMAP : Invisible Higgs (Z) width 
Mχ < 60 (30) GeV excluded

Conclusion of the Ockham’s razor principle

LUX + WMAP 
Mχ < 300 GeV excluded

LHC + LUX + WMAP 
Mχ > 300 GeV allowed



+
Ockham’s razor (lex parsimoniae) extended principle :  

« Everything should be made as simple as possible.. But not simpler » 
Einstein’s razor principle (Oxford 1933) 

Dark matter couples not only with the Standard Model particles but there exist a dark 
sector (can be gauged or dynamical) which plays the rôle of the mediator: Z’-portal, 

supersymmetry or KK modes. Consequences on observables are less strong:  
no constraints on invisible branching ratio, light dark matter window is re-opened.

BUT constraints on non-production of Z’  
excludes low values for gD!  

(small gD means Z’ should have been observed). 
These kind of models already exclude WIMP dark matter 

(dark matter should be heavier than ~ 300 GeV)

e+
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LHC + LUX limits

Excluded because small dark coupling gD 
 => Z’ produced abundantly at LHC:  

this gives a LOWER bound on DD cross section 
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See talk of S. Matsumoto for other examples



Developing a microscopical approach

LHC + LUX (No PLANCK!) 
Mχ < 10 GeV allowed           Mχ > 250 GeV allowed

Conclusion of the extended Ockham’s razor 
principle

Conclusion of the Ockham’s razor principle

LHC + LUX + WMAP 
Mχ > 300 GeV allowed
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Building a dark matter model 
from observations
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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Figure 1: A compilation of recent and less recent data in charged cosmic rays. Left: positron fraction.
Right: sum of electrons and positrons.

remnants etc: this possibility is discussed in detail in several contributions to these ICRC 2015
proceedings [18, 19, 20, 21]. It is however very tempting to try and read in these ‘excesses’ the
signature of DM.

Indeed, as already mentioned above, the DM particles that constitute the DM halo of the Milky
Way are expected to annihilate (or perhaps decay) into pairs of primary SM particles (such as bb̄,
µ+µ�, t+t�, W+W� and so on) which, after decaying and through the processes of showering
and hadronizing, give origin to fluxes of energetic cosmic rays: e�,e+, p̄ (and also g-rays, n ...). De-
pending on which one has been the primary SM particle, the resulting spectra differ substantially in
the details. Generically, however, they feature a ‘bump’-like shape, characterized by a high-energy
cutoff at the DM particle mass and, for e± in particular, a softly decreasing tail at lower energies.
It is thus very natural to expect a DM source to ‘kick in’ on top of the secondary background and
explain the e± excesses. The energy range, in particular, is tantalizingly right: the theoretically
preferred TeV-ish DM would naturally give origin to TeV and sub-TeV bumps and rises.

The e�, e+ and p̄ produced in any given point of the halo propagate immersed in the turbulent
galactic magnetic field. This is exactly analogous to what ordinary charged cosmic rays do (with
the only difference that ordinary CRs are mainly produced in the disk). The field consists of
random inhomogeneities that act as scattering centers for charged particles, so that their journey
can effectively be described as a diffusion process from an extended source (the DM halo) to some
final given point (the location of the Earth, in the case of interest). While diffusing, charged CRs
experience several other processes, and in particular energy losses due to synchrotron radiation,
Inverse Compton Scattering (ICS) on the low energy photons of the CMB and starlight, Coulomb
losses, bremsstrahlung, nuclear spallations... . The transport process is solved numerically or semi-
analytically using codes such as GALPROP [22], DRAGON [23], USINE [24], PICARD [25].

The source, DM annihilations or decays, follows r(~x), the DM density distribution in the
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We will illustrate our purpose by 3 recent « signals »

The FERMI galactic center excess

The 3.5 keV line observed by XMM Newton and X-Chandra

The PeV neutrino events measured by IceCube
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FIG. 1: Left: Folded count rate for MOS1 (lower curve, red) and MOS2 (upper curve, blue) and residuals (bottom) when the line at 3.54 keV
is not added. Right: Zoom at the range 3.0–4.0 keV.

However, significance of this results is not sufficient to con-
firm the hypothesis, they can be considered only as a success-
ful sanity checks. More results are clearly needed to preform
a convincing checking program described above.

A classical target for DM searches is the centre of our Galaxy.
Its proximity allows to concentrate on the very central part
and therefore, even for decaying DM, one can expect a sig-
nificant gain in the signal if the DM distribution in the Milky
Way happens to be steeper than a cored profile. The Galactic
Center (GC) region has been extensively studied by the XMM
and several mega-seconds of raw exposure exist. On the other
hand, the GC region has strong X-ray emission, many com-
plicated processes occur there [91–99]. In particular, the X-
ray emitting gasmay contain several thermal componentswith
different temperatures; it may be more difficult to constraint
reliably abundances of potassium and argon that in the case
of intercluster medium. Therefore the GC data alone would
hardly provide convincing detection of the DM signal, as even
a relatively strong candidate line could be explained by astro-
physical processes. In this paper we pose a different question:
Are the observations of the Galactic Center consistent with
the dark matter interpretation of 3.53 keV line of [1, 2]?

The DM interpretation of the 3.53 keV line in M31 and the
Perseus cluster puts a lower limit on the flux from the GC. On
the other hand, a non-detection of any signal in the off-center
observations of the Milky Way halo (the blank sky dataset
of [1]) provides an upper limit on the possible flux in the
GC, given observational constraints on the DM distribution in
the Galaxy. Therefore, even with all the uncertainties on the
DM content of the involved objects, the expected signal from
the GC is bounded from both sides and provides a non-trivial
check for the DM interpretation of the 3.53 keV line.

We use XMM-Newton observations of the central 14′ of the
Galactic Center region (total clean exposure 1.4 Msec). We

find that the spectrum has a ∼ 5.7σ line-like excess at ex-
pected energy. The simultaneous fitting of GC, Perseus and
M31 provides a∼ 6.7σ significant signal at the same position,
with the detected fluxes being consistent with the DM inter-
pretation. The fluxes are also consistent with non-observation
of the signal in the blank-sky and M31 off-center datasets,
if one assumes steeper-than-cored DM profile (for example,
NFW of Ref. [100]).

Below we summarize the details of our data analysis and dis-
cuss the results.

Data reduction.We use all archival data of the Galactic Cen-
ter obtained by the EPICMOS cameras [101] with Sgr A* less
than 0.5′ from the telescope axis (see Appendix, Table I). The
data are reduced by standard SAS1 pipeline, including screen-
ing for the time-variable soft proton flares by espfilt. We
removed the observations taken during theMJD 54000–54500
due to strong flaring activity of Sgr A* in this period (see
Fig. 3 in Appendix). The data reduction and preparation of the
final spectra are similar to [1]. For each reduced observation
we select a circle of radius 14′ around Sgr A* and combine
these spectra using the FTOOLS [102] procedure addspec.

Spectral modeling. To account for the cosmic-ray induced
instrumental background we have subtracted the latest closed
filter datasets (exposure: 1.30 Msec for MOS1 and 1.34 Msec
for MOS2) [103]. The rescaling of the closed filter data has
been performed to reduce to zero flux at energiesE > 10 keV
(see [104] for details). We model the resulting physical spec-
trum in the energy range 2.8–6.0 keV. The X-ray emission
from the inner part of the Galactic Center contains both ther-
mal and non-thermal components [93, 94]. Therefore, we
chose to model the spectrum with the thermal plasma model

1 v.13.5.0 http://xmm.esa.int/sas
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫

µ

spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < E

dep

< 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with E
dep

> 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫

µ

spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be
seen from Fig. 2, the required shape of energy spectrum
is recurring in all the shown channels. The e−e+ channel
shows the importance of EW corrections (which are in
fact quite large!): despite the fact that no hard neutrino
channel is present at tree level, a sufficiently hard neu-
trino spectrum can be still obtained with a 40% branch-
ing ratio in e−e+, thanks to the major role played by
cascade radiation of massive gauge bosons (see [22, 23]).
This fact may appear surprising, so we provide in the fol-
lowing a qualitative justification. First of all, even if one
mostly radiates “soft” gauge bosons, in a splitting pro-
cess (say e−e+ → e−W+ν) both the soft and the hard
neutrino spectra are populated: the low-energy one via
the soft (single or multiple) W decay process and the
high-energy one via the ν’s which the electrons have con-
verted into. Secondly, while naively these processes are
suppressed by a power of α (weak fine structure) with
respect to the three level, the presence of large logarith-
mic factor (of the type α log(m2

DM/m2
W )) makes these

“corrections” sizable for massive particles, at the level of
10% or larger of the tree-level result (for more technical
details see e.g. [23]). As a consequence, by varying both
lifetime and branching ratio within a factor of only a few
with respect to the naive fit obtained with the νν̄ tree-
level diagram, one is capable of fitting the spectrum even
in the absence of tree-level neutrino emission. From the
model building point of view, a DM decay to e−e+ and
νν̄ can be naturally constructed from the coupling of DM
to the weak SU(2) lepton doublet (να, ℓα). For an equal
decay branching ratio in the two components of the dou-
blet, the corresponding modification of the parameters
{τ, bH} with respect to the pure νν̄ case best fit param-
eters is thus less than a factor 2. Other choices for the
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FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

ν flux (blue-dashed).
Both the observed events and predictions include background
events due to atmospheric neutrinos and muons [3].

final states (including for example massive gauge bosons,
top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for il-
lustrative purposes in the following we shall concentrate
on our benchmark case which presents the most marked
differences with respect to a featureless power-law spec-
trum of astrophysical origin.
The number of events at IceCube can be calculated by

convoluting the flux at Earth with the exposure of the
detector, such that the number of events in the bin ∆iEν

is given by

Ni =

∫

∆iEν

(

dJh
dEν

+
dJeg
dEν

)

E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported
exposure in [20]. The result of our analysis is shown in
Fig. 3. In this figure the red (solid) and blue (dashed)
curves correspond to expected number of events from DM
decay with the spectrum of Fig. 1 and a generic E−2

ν

spectrum, respectively; and the black points with error
bars show the observed events. The following comments
about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is
fixed mainly by requiring two PeV events, i.e. the
last energy bin.

2) The DM lifetime τDM = 2 × 1027 s is mainly de-
termined by the low energy part of events. Let
us mention that the assumed value of DM lifetime
is compatible with the lower limit on τDM obtained
e.g. in [8] from the data of IceCube-22 [21], but the
two cannot be compared at face value. In fact, two
issues should be taken into account: i) the lower
limit in [8] is calculated with the assumption of
bH = 1, and as described there, the limit should be
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its mass MA extracted from the combined constraints [24–26] from

SuperK [27], ANTARES [28] and IceCube [29]
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where �DM and MDM are expressed in GeV. Noticing
that there is no background from cosmological neutrino
at energies above 100 TeV, one can deduce the limit set
by IceCube from the non-observation of events above 3
PeV. IceCube took data during 3 years, so asking 3 ⇥
�
events

. 1 one obtains for f
astro
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1 eV
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(17)
If we take MA = 1 PeV, one obtains h . 8 ⇥ 10�11 for
MR ⇠ 1014 GeV, ⌘E = 0.4 and m

1

= 1 eV.

One can generalize our study to lower masses, down
to the GeV scale, taking into account the combined con-
straints [24–26] from SuperK [27], ANTARES [28] and
IceCube [29]. The limit on the lifetime of A as function
of MA is depicted in Fig. 1. The resulting constraint
in the (MA, h) parameter plane is shown in Fig. 2 for
di↵erent values of MR. We see that natural values of
MR (& 1012) GeV leads to upper limit on h . 10�5, for
MA > 1 TeV.

We note that despite the fact that a dark matter source
for the PeV events of IceCube are less motivated since the
discovery of the third event “big bird”, one can also com-
pute the relation between h and MR to observe the rate
of 1 event per year for a 1 PeV dark matter candidate.
We obtain from eq.(16) h ' 1.3 ⇥ 10�10 for MR = 1014

GeV .

We also made a more detailed analysis, taking into ac-
count a simulated NFW galactic profile ⇢NFW for the
milky–way. Our result di↵ers from the constraint with
fastro = 1 only by a factor of a few (2-3). Indeed,
compared to an annihilating scenario, due to the lack
of quadratic enhancement in the signal, the role of the
(better determined) local density is more prominent. We
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can thus anticipate little dependence of our conclusions
on the specific galactic halo used for the analysis.

IV. DARK MATTER AND A DYNAMICAL
SEE-SAW

A. The model

We would now like to ask whether or not, the scalar
A can be incorporated into a dynamical mechanism for
generating neutrino see-saw masses. Instead of the cou-
pling of A to ⌫R in Eq. (2), let us couple the right handed
(sterile) sector to a complex scalar field � = Seia/vS . We
assume that � is responsible for the breaking of some
global symmetry so that S acquires a vev. Here, we
would like to stay as general as possible, and show that
our framework can in fact be an illustration of any ex-
tension to the SM with dynamical breaking occurring at
an intermediate scale. We now rewrite the Lagrangian as

L = L
SM

+ L⌫ + L
�

(18)

with

L⌫ = � hp
2
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One can generalize our study to lower masses, down
to the GeV scale, taking into account the combined con-
straints [24–26] from SuperK [27], ANTARES [28] and
IceCube [29]. The limit on the lifetime of A as function
of MA is depicted in Fig. 1. The resulting constraint
in the (MA, h) parameter plane is shown in Fig. 2 for
di↵erent values of MR. We see that natural values of
MR (& 1012) GeV leads to upper limit on h . 10�5, for
MA > 1 TeV.

We note that despite the fact that a dark matter source
for the PeV events of IceCube are less motivated since the
discovery of the third event “big bird”, one can also com-
pute the relation between h and MR to observe the rate
of 1 event per year for a 1 PeV dark matter candidate.
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count a simulated NFW galactic profile ⇢NFW for the
milky–way. Our result di↵ers from the constraint with
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can thus anticipate little dependence of our conclusions
on the specific galactic halo used for the analysis.

IV. DARK MATTER AND A DYNAMICAL
SEE-SAW

A. The model

We would now like to ask whether or not, the scalar
A can be incorporated into a dynamical mechanism for
generating neutrino see-saw masses. Instead of the cou-
pling of A to ⌫R in Eq. (2), let us couple the right handed
(sterile) sector to a complex scalar field � = Seia/vS . We
assume that � is responsible for the breaking of some
global symmetry so that S acquires a vev. Here, we
would like to stay as general as possible, and show that
our framework can in fact be an illustration of any ex-
tension to the SM with dynamical breaking occurring at
an intermediate scale. We now rewrite the Lagrangian as

L = L
SM
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with
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II. MODEL

We consider a dark sector with a dark Higgs field � and a Dirac fermion DM � associated
U(1)X gauge symmetry. Their U(1)X charges are assigned as follows 2:

(Q
�

, Q�) = (1, 1).

We begin with the following renormalizable and gauge invariant Lagrangian including just
one singlet right-handed (RH) neutrino N and one lepton flavor (more Ns and/or flavors
can be easily generalized):

L =L
SM

+
1

2
N̄i/@N �

✓
1

2
mNN̄

cN + yL̄ eHN + h.c.

◆
� 1

4
Xµ⌫X

µ⌫ � 1

2
sin ✏Xµ⌫F

µ⌫
Y

+Dµ�
†Dµ�� V (�, H) + �̄

�
i /D �m�

�
�� (f �̄�N + h.c.) , (2.1)

where L = (⌫ l)T is a left-handed (LH) SM SU(2) lepton doublet, H is the SM Higgs
doublet, Xµ⌫ = @µX⌫ � @⌫Xµ is the field strength for U(1)X gauge field Xµ, F

µ⌫
Y is for SM

hypercharge U(1)Y , and ✏ is the kinetic mixing parameter. Two types of Yukawa couplings,
y and f , can be taken as real parameters, ignoring CP violation for simplicity. We define
covariant derivative as Dµ = @µ � igXXµ. Since we are interested in explaining the IceCube
PeV events in terms of DM � decay, we shall take m� ⇠ PeV. Other parameters in our
model are free variables.

The scalar potential V of this model is given by

V = �H

✓
H†H � v2H

2

◆
2

+ ��H

✓
H†H � v2H

2

◆✓
�†�� v2�

2

◆
+ ��

✓
�†�� v2�

2

◆
2

, (2.2)

Both electroweak and dark gauge symmetries are spontaneously broken by the nonzero

vacuum expectations values of H and �: hHi = �
0, vH/

p
2
�T

, h�i = v�/
p
2 . Here vH '

246GeV is the same as SM value but v� might be taken as a free parameter. In the unitarity
gauge, we can replace the scalar fields with

H ! 1p
2

✓
0

vH + h(x)

◆
and � ! v� + �(x)p

2
. (2.3)

Note that h and � shall mix with each other thanks to the Higgs-portal operator, (the ��H

term) 3. Through this mixing, � can decay into SM particles. Another important mixing
happens among three neutral gauge bosons, photon Aµ, Zµ and Xµ. Such a mixture would
enable an extra mass eigenstate Z 0

µ (mostly Xµ) to decay SM fermion pairs. Then DM
� scattering o↵ nucleus is possible by the Z 0 exchange, and the cross section essentially
depends on ✏, v�,mZ0 . It is easy to choose small ✏, or heavy masses to evade the constraints
from DM direct detection [54].

When the right-handed neutrino N is much heavier than �, we can integrate it out and
obtain an e↵ective operator,

yf

mN

�̄�H†L+ h.c., (2.4)

2 A similar setup with di↵erent dark charge assignments has been considered for the AMS02 positron

excess [48]. One may also use discrete symmetries, see Ref. [49] for example.
3 The �h� term can also help to stabilize the electroweak vacuum [50–53].
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FIG. 1. Neutrino spectra from DM � decay with m� ⇠ 5 PeV and lifetime ⌧� = 1/� ⇠ 2⇥ 1028s.
The left panel shows individual contribution of di↵erent final states from �’s decay, ⌫ (blue dot-
dashed curve) and h/� (red dashed curve), respectively. The right panel presents the galactic (blue
dashed curve) and extragalactic (red dot-dashed curve) neutrino flux.

10�6GeV/cm3 and ⌦� ' 0.27 is DM �’s fraction. The Hubble parameter H is related to its
present value through

H = H
0

p
⌦

⇤

+ ⌦
m

(1 + z)3 + ⌦r(1 + z)4,

⌦�, ⌦m

and ⌦r are energy fractions of dark energy, all matter, and radiations, respectively.
We shall use the latest results from Planck [57] for numerical evaluation.

IV. NUMERICAL RESULTS

To compute the neutrino flux from DM decay, we first need to calculate the total and
di↵erential three-body decay width for � ! �+h+⌫. In the heavy � limit, we have obtained
the total width

� ' m3

�

768⇡3

✓
yf

mN

◆
2

, (4.1)

and normalized di↵erential decay widths

1

�

d�

dE⌫

' 24E2

⌫/m
3

�, 0 < E⌫ < m�/2, (4.2)

1

�

d�

dEh

' 12Eh (m� � Eh) /m
3

�, 0 < Eh < m�/2, (4.3)

1

�

d�

dE�

' 12E� (m� � E�) /m
3

�, 0 < E� < m�/2. (4.4)

The details of the calculation are given in the Appendix where complete formulas with
nonzero mass parameters are also presented. The above di↵erential widths are essential
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To give a rough impression for the relevant parameter ranges, we can perform an order-
of-magnitude estimation (complete formulas and details of calculation are given in the Ap-
pendix):

�
3

(� ! �h⌫) ⇠ m3

�

96⇡3

✓
yf

mN

◆
2

⇠ 1

1028sec
(2.11)

) yf

mN

⇠ 10�36GeV�1, (2.12)

which shows the required value for the combination yf/mN . If one additionally assumes that
N should be responsible for neutrino mass through the usual Type-I see-saw mechanism,
then we have y ⇠ 10�5

p
mN/PeV. Therefore we would have y ⇠ 1 and f ⇠ 10�22 for

mN ⇠ 1014GeV and, y ⇠ 10�5 and f ⇠ 10�25 for mN ⇠ PeV. In any case, f is very tiny and
seems unnaturally small. However, it is still natural a la ’t Hooft [55] since taking f = 0
enhances symmetries of the theory, namely DM number conservation 6. In later discussion,
we shall take y, f,mN as free parameters, unless specified.

III. NEUTRINO FLUX FROM DM DECAY

The neutrino flux from dark matter decay is composed of galactic and extragalactic
contributions which are equally important as we shall see below. Galactic neutrino flux at
kinetic energy E from DM decay in our Milky Way dark halo is given by

d�G
⌫

dE⌫

����
E⌫=E

=
1

4⇡

X

i

�i

Z 1

0

dr
⇢G� (r0)

m�

dN i
⌫

dE⌫

����
E⌫=E

, (3.1)

where �i is partial width for decay channel i, dN i
⌫/dE⌫ is the neutrino spectrum at pro-

duction, r0 =
p

r2� + r2 � 2r�r cos ✓, r is the distance to earth from the DM decay point,
r� ' 8.5kpc for the solar system and ✓ is the observation angle between the line-of-sight and
the center of the Milky Way. For the galactic DM density distribution, we use the following
standard NFW profile [56],

⇢G� (r0) = ⇢�

hr�
r0

i 1 + r�/rc
1 + r0/rc

�
2

, (3.2)

with parameters rc ' 20 kpc and ⇢� ' 0.4 GeV/cm3. For decaying dark matter the flux
is not very sensitive to DM density profile, so our discussions and results will still apply if
another di↵erent profile is used.

We can also get the extragalactic or cosmic contribution from a formula similar to the
above one, by taking cosmic expansion into account, namely the red-shift e↵ect [24]:

d�EG
⌫

dE⌫

����
E⌫=E

=
⇢c⌦�

4⇡m�

X

i

�i

Z 1

0

dz

H
dN i

⌫

dE⌫

����
E⌫=(1+z)E

, (3.3)

where E 0 is red-shifted to E as E 0 = (1 + z)E, the red-shift z is defined as 1 + z = a
0

/a
with present scale factor a

0

being normalized to 1, the critical energy density ⇢c = 5.5 ⇥
6 The DM current jµ� = �̄�µ� is conserved in the limit f ! 0.
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In Case A, the discussion is a bit more subtle, as far as
the experimental constraints are concerned. For medi-
ator masses lower than a hundred keV, the mass scale
⇤ must reach very high values (& 1016 GeV) to escape
experimental exclusion bounds. Still such region of the
parameter space is not acceptable since it would lead to
a very heavy parameter m̃. Then for higher masses of
the mediator (m

�

& 300 keV) more reasonable values of
⇤ are allowed, and we are left with lower bounds com-
ing from LEP (mentioned above) and upper bounds on
⇤ arising from CMB dilution and BBN perturbations.
Di↵erent choices of ⇤ will then lead to di↵erent pairs of
(m

�

, m̃), as depicted in Fig.(3)

FIG. 3. (m�,m̃) parameter space allowed by the � flux measure-

ments in the case of a heavy mediator (Case A), for di↵erent values

of ⇤. The red shaded region indicates where m̃ is higher than m�.

In order to fix ideas, and anticipating results of section
V, we indicated in red in the figure the region where m̃ &
m

�

. This shows clearly, that imposingm
�

& 300 keV sets
an upper limit for ⇤, giving approximately

⇤ . 1000 TeV . (17)

Furthermore, the lower limit ⇤ & 5 TeV mentioned in
section IIIA – still acceptable if there is some strongly
coupled hidden sector generating the e↵ective mass scale
⇤ – imposes an upper limit on the mediator mass, m

�

.
50 MeV6. One would thus expect from this model that
the mediator mass lies in the region

300 keV . m
�

. 50 MeV . (18)

6 As mentioned in previous sections, assuming that the e↵ective
coupling between the mediator � and the photons comes from
some perutrbative heavy physics sets a stronger limit on ⇤ lead-
ing to masses of the mediator m� . 5 MeV.

IV. RELIC ABUNDANCE

A. State of the art

Computing the relic abundance in models with a very
weak annihilation cross section and a keV dark matter
particle is highly non-standard. Indeed, it is well known
from the standard lore that a hot dark matter candidate
leads to a relic density

⌦h2 ' 9.6⇥ 10�2 g
eff

g
s

(x
f

)

⇣ m
s

1 eV

⌘
, (19)

where g
eff

is the e↵ective number of degrees of freedom
of the dark matter candidate and g

s

the e↵ective num-
ber of degrees of freedom for the entropy. Eq.(19) gives
m

s

' 5 eV if one wants to respect PLANCK [2] limit
⌦

DM

h2 = 0.1199 ± 0.0027. However, this condition is
valid only under the hypothesis that the dark matter
is in thermal equilibrium with a common temperature
T with the thermal bath. In the case of the line sig-
nal observed in the clusters, the cross section necessary
to fit the result is far below the classical thermic one
h�vi

therm

= 3⇥10�26cm3s�1. This idea had led previous
studies to rule out scalar dark matter candidates lighter
than O (MeV) [37]. In fact, the dark bath, composed of
the light mediator � and the dark matter S cannot be in
equilibrium with the standard plasma.

There are several ways to address this issue. A first possi-
ble attempt to solve the problem, proposed in [6] and [7],
is to suppose that the dark matter is produced through
the freeze in mechanism: the interacting photons annihi-
late to produce the dark matter in the inverse process of
Fig.(2). Yet it is not possible to get the right relic den-
sity in this way since, solving the Boltzmann equation in
this case would produce too much dark matter. Indeed
equilibrium dark matter density would reach quickly a
value that would overclose the Universe.

Another way to solve the problem was proposed in [54,
55] where the authors noticed that the condition (19) is
not valid anymore if the temperature of the hidden sector
T
h

is di↵erent from the one of the thermal bath T . In
this case, one can compute the temperature T

h

needed to
obtain a 3.56 keV particle respecting the relic abundance
constraint. Yet, as we will see in what follows, we still
need the hidden sector content to be richer in order to
provide new dark matter annihilation channels leading to
the right relic abundance. This will be done adding to
the model a right-handed sterile neutrino.

B. Dark matter annihilation into sterile neutrinos

One way of solving the lack of annihilation of dark matter
described above is to assume that a right-handed sterile
neutrino couples directly to the mediator scalar particle

4

FIG. 2. Microscopic diagram for dark matter annihilation

L
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� �m2
s

2
S2 � m2

�

2
�2 � m̃�S2 +

�

⇤
F
µ⌫

Fµ⌫ . (11)

We assume the parameter m̃ to be a free mass scale pa-
rameter. However such coupling can be explicitely gener-
ated by symmetry breaking in renormalizable models, as
illustrated in section V. In the latter case, m̃ is expected
to be at most of the same order of magnitude than m

�

since it gets its value from the vev of a field � = v
�

+ �
after spontaneous symmetry breaking. Furthermore this
is what would be more generally expected if m̃ is gen-
erated by whatever dynamical mechanism involving only
� and the light field S. The mass scale ⇤ is related to
the mass of heavy particles integrated in the loop. In
a perturbative set up with N charged fermions running
in the loop ⇤ ⇠ 4⇡

Nh�↵
M
 

, where h
�

is the Yukawa cou-

pling of � to the charged fermions of mass M
 

. Using
the constraint M

 

& 500 GeV from collider searches and
perturbativity one finds that the minimum natural val-
ues for ⇤ are ⇤ ⇠ 50� 500 TeV, whereas ⇤ ⇠ 5 TeV can
only be obtained in a strongly coupled hidden sector.

Such a lagrangian gives for the annihilation cross section
(process depicted in Fig.(2) )

h�vimicro

��

=
4m2

s

m̃2

⇡⇤2(4m2
s

�m2
�

)2
. (12)

B. X-ray line

Depending on the hierarchy between the masses of the
mediator � and the dark matter particle S, the condition
(7) leads to two kinds of constraints :

Case A : m
�

& m
s

(Heavy Mediator),

m
�

' (12.3 � 17.6)

r
m

s

3.5 keV

r
m̃

⇤
GeV

(13)

Case B : m
�

. m
s

(Light Mediator),

m̃

⇤
⇠ (1.63� 3.36)⇥ 10�13 . (14)

Both cases give at first sight viable results. One can un-
derstand easily why it is so in the microscopic approach
compared to the e↵ective operators approach of Eq.(9).
Indeed, as recently emphasized by the authors of [40] for
the LHC analysis of mono jet events, the e↵ective opera-
tors approach ceases to be valid once the ultraviolet (mi-
croscopic) theory contains some light mediators, which is
exactly our case. This comes from two powers less in ⇤
in the computation of observables: heavier states become
now reasonably heavy compared to the result Eq.(10).

We will see however that experimental bounds on light
scalar particle interactions with the electromagnetic sec-
tor are strongly restrictive.

C. Experimental Bounds

As we just mentioned above, interactions of a light scalar,
or axion-like particle (ALP) with the visible sector is
very much constrained by collider data (LEP) and astro-
physics. Indeed bounds on pseudoscalar particles inter-
acting with photons (see [46]) have been studied, using
LEP data from ALEPH, OPAL, L3 and DELPHI, and
shown that the coupling of the pseudoscalar with pho-
tons cannot exceed a value of 2.6 ⇥ 10�4GeV�1 for a
mediator of mass m

�

. 50 MeV, which means, in terms
of our mass scale

⇤ & 3 TeV [m
�

. 50 MeV] . (15)

Furthermore, one of the most restrictive constraints on
ALPs comes from the non-observation of anomalous en-
ergy loss of horizontal branch (HB) stars via a too im-
portant ALP production [47]. Indeed those contraints
impose

⇤ & 1010 GeV [m
�

. 30 keV] , (16)

for a mediator mass up to m
�

. 30 keV. At higher
masses arise constraints coming from the CMB and BBN
studies, setting lower limits on the coupling with photons.
A nice review on the subject can be found in [48, 49]. Var-
ious astrophysical constraints on ALP mass and coupling
to photons are summarized in, e.g. [50].

These constraints on our model essentially put lower
bounds on ⇤. Indeed, for a light mediator (Case B)
HB experiments impose that the mass scale ⇤ takes very
high values (& 1010 GeV). In this case, as indicated by
Eq.(14), one would need the tri-linear coupling to be of
order m̃ & 10�3 GeV. However, in this case, since m

�

is assumed to be smaller than the keV scale, one would
conclude that m̃/m

�

& 103 which is, as mentioned in
the previous section, quite unnatural. We will then con-
centrate our study on Case A, where the mediator � is
assumed to be heavier than the dark matter field S.
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in the computation of observables: heavier states become
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HB experiments impose that the mass scale ⇤ takes very
high values (& 1010 GeV). In this case, as indicated by
Eq.(14), one would need the tri-linear coupling to be of
order m̃ & 10�3 GeV. However, in this case, since m

�

is assumed to be smaller than the keV scale, one would
conclude that m̃/m

�

& 103 which is, as mentioned in
the previous section, quite unnatural. We will then con-
centrate our study on Case A, where the mediator � is
assumed to be heavier than the dark matter field S.

keV γγ observation

XMM Newton

�obs

��

' 5.2⇥ 10

�5
photons cm

�2
s

�1
at 3.55 keV

M31 

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).
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Combining 2 signals: 3.5 keV + SIDM [Y.M., T. Toma 1506.02032]
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B. The self-interaction process

In our model, four diagrams contribute to the self-
interaction process. They are depicted in Fig. 1. Once
the scalar part of � takes a vev it becomes possible to
re-express the combination of the four diagrams as
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It is interesting to note that the cross section is of the
form �
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/ m2
a

/m4
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and then null for m
a

= 0, whereas
if one counts only the quartic vertex aaaa, it should be
proportional to 1/m

a

and could then potentially diverge.
The mechanism is similar to the Higgs contribution oc-
curring the WW scattering in the Standard Model. This
can be easily understood as m

a

can be considered as
the pseudo-goldstone boson breaking a U(1) symmetry.
This fundamental feature would not have been observed
in the framework of an e↵ective approach with generic
couplings of the form µ̃saa in the Lagrangian, µ̃ being
a free mass parameter. It is thus the dynamical struc-
ture of our model which defines completely its couplings.
Another interesting point is that for a MeV scale medi-
ator, one does not need to invoke very large values of
� to obtain self-interacting cross section observable by
the Hubble telescope. For instance, in the case m

a

= 3
keV and m

s

= 1 MeV, one obtains �
aa

/m
a

' 7�2 cm2/g
which is in the order of measurable values for reasonable
values of � ' 1.

C. Monochromatic photon

In the framework of any ”axion-like” particle model, it
is natural to suppose that a light scalar couples to the
electromagnetic field through the CP-even Lagrangian
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being the electromagnetic field
strength. The strength of the coupling 1/⇤ can be un-
derstood, in a UV completion, as heavy (& 300 GeV to
respect LEP constraint) charged fermions running in tri-
angular loops. Several experiments restrict severely ⇤
from the Horizontal Branch (HB) stars processes to the
LEP or dump experiment constraints. We will review
them in detail in the next section, but roughly speaking,
the coupling of a scalar to photons is completely neg-
ligible (⇤ & 1010 GeV) for m

s

. 300 keV due to HB

FIG. 2. Feynman diagram for dark matter annihilation into
two photons.

constraints. However, for m
s

& 300 keV, a window is
open, allowing values of ⇤ as low as 10 GeV. In a UV
complete model, such low values of ⇤ can be understood
if the number of fermions running in the loop is relatively
important (of the order of 10).

The presence of sA
µ

A
⌫

coupling generates naturally the
production of monochromatic photons from the s-channel
annihilation of the dark matter candidate a as depicted
in the Fig. 2. The annihilation cross section for aa ! ��
is given by [15]
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This is one of the main results of our work: it is in-
deed surprising that asking for reasonable values for self-
interacting cross section, of the order of 1 cm2/g, one
obtains naturally a monochromatic keV signal of the or-
der of 10�33 cm3s�1 which corresponds exactly to the
magnitude of the signals observed by XMM Newton [14]
in the Perseus cluster.

Another interesting point is that ⇤, representing the only
Beyond the Standard Model (BSM) scale of the model
can be deduced directly by measurements, independently
of the other parameters of the model. This prediction
can then be directly tested by other mean (accelerator or
astrophysical experiments). This economical procedure
renders the analysis of the model very compelling.
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This is one of the main results of our work: it is in-
deed surprising that asking for reasonable values for self-
interacting cross section, of the order of 1 cm2/g, one
obtains naturally a monochromatic keV signal of the or-
der of 10�33 cm3s�1 which corresponds exactly to the
magnitude of the signals observed by XMM Newton [14]
in the Perseus cluster.

Another interesting point is that ⇤, representing the only
Beyond the Standard Model (BSM) scale of the model
can be deduced directly by measurements, independently
of the other parameters of the model. This prediction
can then be directly tested by other mean (accelerator or
astrophysical experiments). This economical procedure
renders the analysis of the model very compelling.

Which gives, for ma=3 keV and ms=1 MeV:
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more general. We want to show the strong correlation
which exists between an indirect detection signal and a
self-interacting dark matter once one builds an explicit
microscopic model. Indeed, it becomes quite prevalent
nowadays to fit any indirect/direct signal with e↵ective
cross sections, or point-like interactions ”à la Fermi”. In
this work, we want to show that building microscopic
models, with dynamical symmetry breaking, not only
puts stringent bounds between observables, but also pre-
dicts phenomena which are not present in a pure e↵ective
approach.

Interestingly, the authors in [23] were trying to address
a similar problem in the case of exciting dark matter,
and long range interaction. Our framework being anni-
hilating dark matter and contact interaction, our model,
discussions, results and prospect are completely di↵erent.
The letter is organized as follow. After a short descrip-
tion of our model in section II, we compute and analyze
the self-interaction process combined with the monochro-
matic signal in section III. Section IV is devoted to the
discussion and signatures in terms of direct and indirect
detection prospects in more general cases. We draw our
conclusions in section V, while the appendix contains al-
ternative scenarios.

II. THE FRAMEWORK

A. Minimal model

We study in this section the case of a pseudo-scalar dark
matter with scalar mediator. the reader can find in the
appendix the formulae in the case of a fermionic dark
matter. This model was built with success to inter-
pret the recent monochromatic signal observed in dif-
ferent clusters of galaxies [15]. Indeed, the scalar, or
pseudo-scalar particle is by definition a self-interacting
particle. The Higgs boson, unique observed spin 0 parti-
cle, is a self-interacting particle through its quartic cou-
pling. Several others self-interacting candidates has been
proposed in the literature, but usually it was spin 1/2
particles. In this case, they needed to invoke specific pro-
cesses (like Sommerfeld enhancement, or strong interac-
tion) to compensate the dimensionality of the 4 fermion-
couplings. They faced the same situation than Fermi
before the discovery of the gauge boson. In the case
of scalar dark matter �, the self interaction �

4 |�|4 is al-
ways allowed by a global U(1) invariance and induces
obligatory a self-interaction process. Moreover, in the
framework of spontaneous symmetry breaking, a strong
correlation exists between the vacuum expectation value
(vev) of � , its mass and the quartic coupling � implying
predictions on the self-interacting cross section. This is
what we propose to discuss in this section.

The general renormalizable potential for a scalar complex
field |�|2 field respecting a Z2 symmetry is

FIG. 1. Feynman diagrams for dark matter self-interacting
cross section.

V� = �µ2|�|2 + �

4
|�|4. (1)

After a spontaneous breaking of the symmetry ”à la
Higgs”, it is straightforward to re-express the potential as
function of the fundamental components of � = v+ s+iap
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s

=
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2µ =

p
�v. The Lagrangian is typ-

ical from the spontaneous breaking of a global U(1) sym-
metry, with the appearance of a as the massless pseudo-
goldstone mode. It was introduced in [15] to interpret the
keV monochromatic signal from Perseus. However, it is
important to notice that if our U(1) symmetry was exact
(prior to picking up a vev), m

a

would remain massless
to all orders in perturbation theory. In what follows, we
will assume that the U(1) symmetry is broken by non-
perturbative e↵ects down to a discrete Z

N

symmetry. It
is actually standard in string theory that all symmetries
are gauged symmetries in the UV.1
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generated by the mechanism.
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In 2015, Massey et al. [1504.03388] found an offset of 
1.67 kpc between the center of the halo and its stars. 
Interpreting as self interacting DM they obtained:
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ena which are not possible in a pure e↵ective approach.

Interestingly, the authors in [22] were trying to address
a similar problem in the case of exciting dark matter,
and long range interaction. Our framework being anni-
hilating dark matter and contact interaction, our model,
discussions, results and prospect are completely di↵erent.
The letter is organized as follow. After a short descrip-
tion of our model in section II, we compute and analyze
the self-interaction process combined with the monochro-
matic signal in section III. Section IV is devoted to the
discussion and signatures in terms of direct and indirect
detection prospects in more general cases. We draw our
conclusions in section V.

II. THE FRAMEWORK

A. Minimal model

We study in this section the case of pseudo-scalar dark
matter with scalar mediator. the reader can find in the
appendix the formulae in the case of a fermionic dark
matter. This model was built with success to inter-
pret the recent monochromatic signal observed in dif-
ferent clusters of galaxies [14]. Indeed, the scalar, or
pseudo-scalar particle is by definition a self-interacting
particle. The Higgs boson, unique observed spin 0 parti-
cle, is a self-interacting particle through its quartic cou-
pling. Several others self-interacting candidates has been
proposed in the literature, but usually it was spin 1/2
particles. In this case, they needed to invoke specific pro-
cesses (like Sommerfeld enhancement, or strong interac-
tion) to compensate the dimensionality of the 4 fermion-
couplings. They faced the same situation than Fermi
before the discovery of the gauge boson. In the case
of scalar dark matter �, the self interaction �

4 |�|4 is al-
ways allowed by a global U(1) invariance and induces
obligatory a self-interaction process. Moreover, in the
framework of spontaneous symmetry breaking, a strong
correlation exists between the vacuum expectation value
(vev) of � , its mass and the quartic coupling � implying
predictions on the self-interacting cross section. This is
what we propose to discuss in this section.

The general renormalizable potential for a scalar complex
field |�|2 field respecting a Z2 symmetry is

FIG. 1. Feynman diagrams for dark matter self-interacting
cross section.

V� = �µ2|�|2 + �

4
|�|4. (1)

After a spontaneous breaking of the symmetry ”à la
Higgs”, it is straightforward to re-express the potential as
function of the fundamental components of � = v+ s+iap

2

with v = h�i =
q

2
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µ. After absorbing the constants we
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with the mass m
s

=
p
2µ =

p
�v. The Lagrangian is typ-

ical from the spontaneous breaking of a global U(1) sym-
metry, with the appearance of a as the massless pseudo-
goldstone mode. It was introduced in [14] to interpret the
keV monochromatic signal from Perseus. However, it is
important to notice that if our U(1) symmetry was exact
(prior to picking up a vev), m

a

would remain massless
to all orders in perturbation theory. In what follows, we
will assume that the U(1) symmetry is broken by non-
perturbative e↵ects down to a discrete Z

N

symmetry. It
is actually standard in string theory that all symmetries
are gauged symmetries in the UV.1

1
See [25] for a concrete example in the same framework where it

has been shown that, in the meantime, a hierarchy m
a

⌧ m
s

is

generated by the mechanism.
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B. The self-interaction process

In our model, four diagrams contribute to the self-
interaction process. They are depicted in Fig. 1. Once
the scalar part of � takes a vev it becomes possible to
re-express the combination of the four diagrams as

�
aa

m
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=
�2m
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32⇡m4
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1� 4m

2
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m

2
s

⌘2 ,

' �2m
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32⇡m4
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, m
s

� m
a

. (3)

It is interesting to note that the cross section is of the
form �

aa

/ m2
a

/m4
s

and then null for m
a

= 0, whereas
if one counts only the quartic vertex aaaa, it should be
proportional to 1/m

a

and could then potentially diverge.
The mechanism is similar to the Higgs contribution oc-
curing the WW scattering in the Standard Model. This
can be easily understood as m

a

can be considered as
the pseudo-goldstone boson breaking a U(1) symmetry.
This fundamental feature would not have been observed
in the framework of an e↵ective approach with generic
couplings of the form µ̃saa in the Lagrangian, µ̃ being a
free mass parameter. It is thus the dynamical structure
of our model which defines completely its couplings. An-
other interesting point is that for a MeV scale mediator,
one does not need to go in regime of very large values
of � to obtain self-interacting cross section observable by
the Hubble telescope. For instance, in the case m

a

= 3
keV and m

s

= 1 MeV, one obtains �
aa

/m
a

' 7�2 cm2/g
which is in the order of measurable values for reasonable
values of � ' 1.

C. Monochromatic photon

In the framework of any ”axion-like” particle model, it
is natural to suppose that a light scalar couples to the
electromagnetic field through the CP-even Lagrangian

L
s��

=
s

⇤
F
µ⌫

Fµ⌫ , (4)

with F
µ⌫

= @
µ

A
⌫

� @
⌫

A
µ

being the electromagnetic field
strength. The strength of the coupling 1/⇤ can be un-
derstood, in a UV completion, as heavy (& 100 GeV
to respect LEP constraint) charged fermions running in
triangular loops. Several experiments restrict severely
⇤ from the Horizontal Branch (HB) stars processes to
the LEP or dump experiment constraint. We will review
them in detail in the next section, but roughly speaking,
the coupling of a scalar to photons is completely negligi-
ble for m

s

. 300 keV due to HB constraints. However,

FIG. 2. Feynman diagram for dark matter annihilation into
two photons.

for m
s

& 300 keV, a window is open, allowing values of
⇤ as low as 10 GeV. In a UV complete model, such low
values of ⇤ can be understood if the number of fermions
running in the loop is relatively important (of the order
of 10).

The presence of sA
µ

A
⌫

coupling generates naturally the
production of monochromatic photons from the s-channel
annihilation of the dark matter candidate a as depicted
in the Fig. 2. The annihilation cross section for aa ! ��
is given by [14]
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When m
a

⌧ m
s

, the above cross sections can be simpli-
fied to
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By eliminating � in both expressions, it becomes possible
for each energy E
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= m
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to express �v
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as function of ⇤ and �
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.
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◆3/2
s

�
aa

/m
a

1 cm2/g
cm3/s.

This is one of the main results of our work: it is in-
deed surprising that asking for reasonable values for self-
interacting cross section, of the order of 1 cm2/g, one
obtains naturally a monochromatic keV signal of the or-
der of 10�33 cm3s�1 which corresponds exactly to the
magnitude of the signals observed by XMM Newton [13]
in the Perseus cluster.

Another interesting point is that ⇤, representing the only
Beyond the Standard Model (BSM) scale of the model
can be deduced directly by measurements, independently
of the other parameters of the model. This prediction
can then be directly tested by other mean (accelerator
or astrophysical constraints). This economical procedure
renders the analysis of the model very compelling.

+

One can do the same exercice for GC excess and 511 keV line Gondola et al. (P. Gondolo et al. 1406.4683
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Simplest hypothesis, a 
(pseudo)scalar Higgs-

like particle 

Such a resonance has thus the ideal properties to play a prominent role in the physics
of the particles that form the dark matter (DM) in the universe and which are the most
wanted particles in both accelerator based experiments and astrophysical experiments.
Indeed, the present wisdom summarized by the Weakly Interacting Massive Particle
(WIMP) paradigm, is that electrically neutral particle with a mass on the few 10 to
few hundred GeV mass and interacting weakly with the visible sector should be stable at
the cosmological scale and account for the DM which has a cosmological abundance that
has been precisely measured by the WMAP and Planck satellite [6, 7].

In this brief note, we investigate the possibility that the observed diphoton resonance
mediates the interactions of a spin–1

2

DM particle. We will work in a rather model
independent framework in which the new particle content associated to both partciles is
not specified and the interactions are described by e↵ective operators. We first show that
the measured value of the cosmological relic density can be reproduced for a wide range
of the DM particle masses and couplings. We then discuss the present bounds and the
future sensitivity on the these parameters from astrophysical detection experiment, both
direct such as XENON [8] and LUX [9] and more precisely in perspective of the new LZ
project. We also study indirect searches at HESS and FERMI [10]. The complementarity
of the approaches is demonstrated as they are di↵erently sensitive to the CP nature of
the mediator scalar resonance.

2. E↵ective interactions of the diphoton resonance

We start by discussing the interactions of the diphoton resonance with the SM and DM
particles. For simplicity, we consider a Majorana DM particle throughout our work,
but the generalization to a Dirac particle is straightforward. The interactions will be
described in a model independent way in terms of e↵ective operators for given J

P CP
quantum numbers of the � resonance. Two widely di↵erent possibilities might occur.

A first one is that the � particle has no direct couplings to SM fermions. In this case,
the interactions of the mediator � state with gluons and electroweak gauge bosons are
given by the following two Lagrangians. In the case of a CP–even O+ particle, one has:

L
0
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c
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with Fµ⌫ = (@µY⌫�@⌫Yµ) the field strength of the Yµ hypercharge SM gauge field; the same
holds for the SU(2) Wµ fields and the SU(3) Gµ fields. In the case where the mediator of
the interaction � is a CP–odd O� particle, one would have instead
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with F̃µ⌫ = ✏

µ⌫⇢�
F⇢� and likewise for the SU(2) and SU(3) fields. On should note would

while for LHC physics the the CP nature of the resonance should not matter much, it is
very when it comes to dark mater searches.

After electroweak symmetry breaking, the e↵ective coupling of the � state to the SM
gauge bosons can be written

c�� = c

1

cos2 ✓W + c

2

sin2

✓W , cZZ = c

1
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✓W + c

2

cos2 ✓W , cgg = c

3

(3)

There is also the possibility that the mediator �, call braginon from now on, has
direct couplings to SM fermions. For a microscopic UV version of this extension of the
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Figure 1: The parameter space in the plane [m�, g�] that is allowed by the PLANCK relic density

measurement for a resonance M� = 750 GeV and ci and ⇤ values given in eq. (6). In red (full line) and in

blue (dashed line) shown are, respectively, the scalar and pseudscalar cases. We also plot the constraint

from a total wdith of 60 GeV in magenta (dot-dashed. The left plot is for resonance that has no
couplings to the SM fermions while the right plot is when there are direct couplings to
fermions. Notes: we need to start the figure at m� = 50 GeV and stop g� at
3, to make the intersting range visible. Can we make thicker lines? And the
labels g� and mX bigger. We need a similar plot for the case with resonance
couplings to fermions and please in the 2HDM case with Yukawas, mt/v. !
YANN: the plot is the same even with this coupling to the top. I explain it in the text.
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Figure 2: Direct detection prospect in the case of a scalar braginon � (left) and indirect detection

prospect in the pseudoscalar case (right). The LZ prospect are presented from [17]

GeV. Our result is robust to this hypothesis. Indeed, it is straightforward to compute the
ratio
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As soon as the channel t̄t is opened, the annihilation to gluon gluon dominates the process
and the relic abundance computation as we checked with the software micrOmegas.

3.2 Direct detection

The scattering cross section of a Majorana exchanging a pseudoscalar particle being pro-
portional to the velocity (around 200 km/s around the earth), direct detection prospects
are null in the scenario of a pseudoscalar mediator (see ?? for instance). However, in the
case of a scalar mediator, the scattering cross section is not suppressed anymore and it
should be interesting to look at the prospect for the future detections. We show in figure
(??) left the prospect for a futur multiton experiment LZ [17] which is suppose to be-
gin commissioning in 2017. We clearly see that the region respecting WMAP/PLANCK
is not reachable by LZ, but still above the limit of neutrino scattering limit, where the
sensitivity will reach the level of detection of atmospheric neutrino. We can understand
easily why the direct detection is so unfavored in such a scenario. Indeed, the classical
Higgs-portal [?] model is a specific case of scalar portal, which is excluded by orders of
magnitude from LUX experiment. In the case of a 750 GeV mediator, even if one adds
the coupling to the charmed quark (the largest contribution for a dark matter interacting
on a nucleon), the elastic cross section is 6 orders of magnitude weaker (3 from the fact
the mediator is 7 times heavier, and 3 from the coupling to the quark charmed) than
in the classical Higgs portal. We reach at the maximum 10�12 picobarns, which is the
sensitivity that can be reached in the future multi-ton experiments.
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Conclusion: a 750 GeV mediator is not 
exclude by WMAP and PLANCK (extension 
of the WIMP  (wIMP) principle. But hard to 
see in direct detection or indirect detection 

experiment (large spectrum).



Conclusion of the observational model building  

In the experimental data approach, evading 
the classical WIMP bound, some work is 

needed concerning the primordial Universe 
physics (reheating, WIMPZILLA, freeze-in..) 
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Building a dark matter model 
from fundamental principles



Supersymmetry 
Supergravity 

String-inspired (KKLT) scenario 
Extra-dimension.. 

the dark matter candidate (neutralino, 
gravitino, sneutrino, singlino..) comes 

as a « bonus »
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Gauge coupling unification

First motivation for GUT-like models

the present normalization for c, is at least SU(5). Hence the predicted value of Btheory is
independent of the number of generations. However the overall running for the three couplings
is dependent on the number of generations and in Fig. 15 we show the behavior of the three
couplings with Ng = 3.

Figure 15: The running of the three standard model gauge couplings.

5.2 Studying SU(3)⇥SU(2)⇥U(1) Unification in Technicolor

Here we compare a few examples in which the standard model Higgs is replaced by a
technicolor-like theory. A similar analysis was performed in [146]. In this section we press
on phenomenological successful technicolor models with technimatter in higher dimensional
representations and demonstrate that the simplest model helps unifying the SM couplings while
other more traditional approaches are less successful. We also show that by a small modification
of the technicolor dynamics, all of the four couplings can unify 16.

5.2.1 Minimal Walking Technicolor (MWT)

We examine what happens to the running of the SM couplings when the Higgs sector is
replaced by the MWT theory introduced earlier. This model has technicolor group SU(2) with
two techniflavors in the two-index symmetric representation of the technicolor group. As al-
ready mentioned to avoid Witten’s SU(2) anomaly, the minimal solution is to add a new lepton
family. We still assume an SU(5)-type unification leading to c2

= 3/5. The beta function
16Since the technicolor dynamics is strongly coupled at the electroweak scale the last point on the unification of

all of the couplings is meant to be only illustrative.

72

Two medications: modifying the particle content (SUSY) or the gauge 
structure (GUT), or both (SUSY-GUT)

Care should be taken concerning the proton decay in GUT models as 
electrons and quarks belong to same multiplets
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electrons and quarks belong to same multiplets
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Table 6: NETDM models. Mint and MGUT are given in GeV. All of the values are
evaluated with the two-loop RGEs.

Model I Model II

Gint SU(4)⌦ SU(2)L ⌦ SU(2)R SU(4)⌦ SU(2)L ⌦ SU(2)R ⌦D

RDM (1,1,3)D in 45D (15,1,1)W in 45W

R1 210R 54R

R2 (10,1,3)C � (1,1,3)R (10,1,3)C � (10,3,1)C � (15,1,1)R

log10(Mint) 8.08(1) 13.664(5)

log10(MGUT) 15.645(7) 15.87(2)

gGUT 0.53055(3) 0.5675(2)
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(b) Model II

Figure 4: Running of gauge couplings. Solid (dashed) lines show the case with (without)
DM and additional Higgs bosons. Blue, green, and red lines represent the running of the
U(1), SU(2) and SU(3) gauge couplings, respectively.

whether these models can give appropriate masses for light neutrinos. Next, in Sec. 5.2,
we evaluate proton lifetimes in each model and discuss the testability in future proton
decay experiments. Finally, we compute the abundance of DM produced by the NETDM
mechanism in Sec. 5.3, and predict the reheating temperature after inflation.
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the p ! e+⇡0 mode in each theory, and plot it as a function ofMX/MGUT (MX denotes the
mass of the GUT-scale gauge boson) in Fig. 5. Here, the blue and red solid lines represent
Models I and II, while the blue and red dashed lines represent the models without the DM
and extra Higgs multiplets as given in Table 4, namely Gint = SU(4)C ⌦SU(2)L⌦SU(2)R
and Gint = SU(4)C ⌦ SU(2)L ⌦ SU(2)R ⌦ D, respectively. The shaded region shows the
current experimental bound, ⌧(p ! e+⇡0) > 1.4⇥ 1034 years [34,35]. We have varied the
heavy gauge boson mass between MGUT/2  MX  2MGUT, which reflects our ignorance
of the GUT scale mass spectrum. From this figure, we see that the existence of DM
and Higgs multiplets produces a large e↵ect on the proton decay lifetime. In particular,
in the case of SU(4)C ⌦ SU(2)L ⌦ SU(2)R ⌦ D, the predicted lifetime is so small that
the present bound has already excluded the possibility. This conclusion can be evaded,
however, once the DM and R2 Higgs multiplets are included in the theory as they raise
the value of MGUT. Moreover, Model I is now being constrained by the proton decay
experiments. In this case, the inclusion of the DM and Higgs multiplets decreases MGUT.
Future proton decay experiments, such as the Hyper-Kamiokande experiment [36], may
o↵er much improved sensitivities (by about an order of magnitude), with which we can
probe a wide range of parameter space in both models.
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Figure 5: Proton lifetimes as functions of MX/MGUT. Blue solid and red solid lines
represent Model I and Model II, respectively. Blue dashed and red dashed lines represent
the cases for Gint = SU(4)C⌦SU(2)L⌦SU(2)R and Gint = SU(4)C⌦SU(2)L⌦SU(2)R⌦D
when the DM and extra Higgs multiplets are not included. The shaded region shows the
current experimental bound, ⌧(p ! e+⇡0) > 1.4⇥ 1034 years [34,35].
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proton lifetime

without dark matter

with dark matter

of DM spoils the desired unification of the gauge couplings.
In the following, we begin by discussing the origin of a discrete symmetry in a variety

of models with di↵erent intermediate gauge groups and the possible representations for
DM and the splitting of the DM multiplet. In section 3, we first demonstrate gauge
coupling unification in these models (without DM) and show the e↵ect of including the
two-loop functions in the RGE running and one-loop threshold e↵ects. We next consider
the question of gauge coupling unification in the presence of a DM multiplet. In section 4,
we discuss the criteria which select only two possible models in a specific example of the
NETDM scenario [4]. The phenomenological aspects of these models including neutrino
masses, proton decay, the production of DM through reheating after inflation will be
discussed in section 5. We also consider the case where the DM field is a singlet under
the intermediate gauge groups in section 6. Our conclusions will be given in section 7.

2 Candidates

We assume that the SO(10) gauge group is spontaneously broken to an intermediate
subgroup Gint at the GUT scale MGUT, and subsequently broken to the SM gauge group
GSM at an intermediate scale Mint:

SO(10) �! Gint �! GSM ⌦ ZN , (1)

with GSM ⌘ SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The Higgs multiplets which break SO(10) and
Gint are called R1 and R2, respectively. In addition, we require that there is a remnant
discrete symmetry ZN that is capable of rendering a SM singlet field to be stable and
hence account for the DM in the Universe [9,10]. The mechanism for ensuring a remnant
ZN is discussed in detail in Sec. 2.1, and the possible intermediate gauge groups that
accommodate the condition are summarized in Sec. 2.2.

If moreover the DM couplings are such that the candidate is not in thermal equilibrium
at early times, as in the NETDM scenario, we obtain stringent constraints on the model
structure. We will consider this subject in Sec. 2.3.

2.1 Discrete symmetry in SO(10)

SO(10) is a rank-five group and has an extra U(1) symmetry beyond U(1)Y in the SM
gauge group. The U(1) charge assignment for fields in an SO(10) multiplet is determined
uniquely up to an overall factor. We define the normalization factor such that all of the
fields �i in a given model have integer charges Qi with the minimum non-zero value of
|Qi| is equal to +1. Now, let us suppose that a Higgs field �H has a non-zero charge QH .
Then, if QH = 0 (mod. N) with N � 2 an integer, the U(1) symmetry is broken to a
ZN symmetry after the Higgs field obtains a vacuum expectation value (VEV) [6–8]. One
can easily show this by noting that both the Lagrangian and the VEV h�Hi are invariant
under the following transformations:

�i ! exp

✓
iQi

N

◆
�i , h�Hi ! exp

✓
iQH

N

◆
h�Hi = h�Hi . (2)

2

LY =
g

2
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h

2
16L.16L.126

MR = hh126i

[N. Nagata et al.; 1502.06929,1509.00809,1512.02184]
[M. Frigerio, T. Hambye; 0912.1546]
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Table 6: NETDM models. Mint and MGUT are given in GeV. All of the values are
evaluated with the two-loop RGEs.

Model I Model II

Gint SU(4)⌦ SU(2)L ⌦ SU(2)R SU(4)⌦ SU(2)L ⌦ SU(2)R ⌦D

RDM (1,1,3)D in 45D (15,1,1)W in 45W
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R2 (10,1,3)C � (1,1,3)R (10,1,3)C � (10,3,1)C � (15,1,1)R

log10(Mint) 8.08(1) 13.664(5)

log10(MGUT) 15.645(7) 15.87(2)

gGUT 0.53055(3) 0.5675(2)
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(b) Model II

Figure 4: Running of gauge couplings. Solid (dashed) lines show the case with (without)
DM and additional Higgs bosons. Blue, green, and red lines represent the running of the
U(1), SU(2) and SU(3) gauge couplings, respectively.

whether these models can give appropriate masses for light neutrinos. Next, in Sec. 5.2,
we evaluate proton lifetimes in each model and discuss the testability in future proton
decay experiments. Finally, we compute the abundance of DM produced by the NETDM
mechanism in Sec. 5.3, and predict the reheating temperature after inflation.
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the p ! e+⇡0 mode in each theory, and plot it as a function ofMX/MGUT (MX denotes the
mass of the GUT-scale gauge boson) in Fig. 5. Here, the blue and red solid lines represent
Models I and II, while the blue and red dashed lines represent the models without the DM
and extra Higgs multiplets as given in Table 4, namely Gint = SU(4)C ⌦SU(2)L⌦SU(2)R
and Gint = SU(4)C ⌦ SU(2)L ⌦ SU(2)R ⌦ D, respectively. The shaded region shows the
current experimental bound, ⌧(p ! e+⇡0) > 1.4⇥ 1034 years [34,35]. We have varied the
heavy gauge boson mass between MGUT/2  MX  2MGUT, which reflects our ignorance
of the GUT scale mass spectrum. From this figure, we see that the existence of DM
and Higgs multiplets produces a large e↵ect on the proton decay lifetime. In particular,
in the case of SU(4)C ⌦ SU(2)L ⌦ SU(2)R ⌦ D, the predicted lifetime is so small that
the present bound has already excluded the possibility. This conclusion can be evaded,
however, once the DM and R2 Higgs multiplets are included in the theory as they raise
the value of MGUT. Moreover, Model I is now being constrained by the proton decay
experiments. In this case, the inclusion of the DM and Higgs multiplets decreases MGUT.
Future proton decay experiments, such as the Hyper-Kamiokande experiment [36], may
o↵er much improved sensitivities (by about an order of magnitude), with which we can
probe a wide range of parameter space in both models.
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Figure 5: Proton lifetimes as functions of MX/MGUT. Blue solid and red solid lines
represent Model I and Model II, respectively. Blue dashed and red dashed lines represent
the cases for Gint = SU(4)C⌦SU(2)L⌦SU(2)R and Gint = SU(4)C⌦SU(2)L⌦SU(2)R⌦D
when the DM and extra Higgs multiplets are not included. The shaded region shows the
current experimental bound, ⌧(p ! e+⇡0) > 1.4⇥ 1034 years [34,35].
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of DM spoils the desired unification of the gauge couplings.
In the following, we begin by discussing the origin of a discrete symmetry in a variety

of models with di↵erent intermediate gauge groups and the possible representations for
DM and the splitting of the DM multiplet. In section 3, we first demonstrate gauge
coupling unification in these models (without DM) and show the e↵ect of including the
two-loop functions in the RGE running and one-loop threshold e↵ects. We next consider
the question of gauge coupling unification in the presence of a DM multiplet. In section 4,
we discuss the criteria which select only two possible models in a specific example of the
NETDM scenario [4]. The phenomenological aspects of these models including neutrino
masses, proton decay, the production of DM through reheating after inflation will be
discussed in section 5. We also consider the case where the DM field is a singlet under
the intermediate gauge groups in section 6. Our conclusions will be given in section 7.

2 Candidates

We assume that the SO(10) gauge group is spontaneously broken to an intermediate
subgroup Gint at the GUT scale MGUT, and subsequently broken to the SM gauge group
GSM at an intermediate scale Mint:

SO(10) �! Gint �! GSM ⌦ ZN , (1)

with GSM ⌘ SU(3)C ⌦ SU(2)L ⌦ U(1)Y . The Higgs multiplets which break SO(10) and
Gint are called R1 and R2, respectively. In addition, we require that there is a remnant
discrete symmetry ZN that is capable of rendering a SM singlet field to be stable and
hence account for the DM in the Universe [9,10]. The mechanism for ensuring a remnant
ZN is discussed in detail in Sec. 2.1, and the possible intermediate gauge groups that
accommodate the condition are summarized in Sec. 2.2.

If moreover the DM couplings are such that the candidate is not in thermal equilibrium
at early times, as in the NETDM scenario, we obtain stringent constraints on the model
structure. We will consider this subject in Sec. 2.3.

2.1 Discrete symmetry in SO(10)

SO(10) is a rank-five group and has an extra U(1) symmetry beyond U(1)Y in the SM
gauge group. The U(1) charge assignment for fields in an SO(10) multiplet is determined
uniquely up to an overall factor. We define the normalization factor such that all of the
fields �i in a given model have integer charges Qi with the minimum non-zero value of
|Qi| is equal to +1. Now, let us suppose that a Higgs field �H has a non-zero charge QH .
Then, if QH = 0 (mod. N) with N � 2 an integer, the U(1) symmetry is broken to a
ZN symmetry after the Higgs field obtains a vacuum expectation value (VEV) [6–8]. One
can easily show this by noting that both the Lagrangian and the VEV h�Hi are invariant
under the following transformations:
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Conclusion
Building a dark matter model with a microscopical approach

Building a dark matter model with an observational approach

Building a dark matter model with a fundamental approach

Mass of dark matter > 200 GeV or < 10 GeV

Need of non-thermal scenarios

Elegant but difficulties to respect all the parallel constraints 
generated by the construction 



Introducing a dark force (Z’) and relaxing the thermal equilibrium gives rise to models 
evading at the same time the Lee-Weinberg and unitarity bound. It re-open the low 

mass widow, excluded by Higgs/Z portal.

BUT, the non-observation at the LHC of any resonance (!!) exclude light messengers 

Conclusion of the microscopic approach

The WIMP scale (1-300 GeV) is disfavored by direct detection experiments 
in the WIMP framework 



The case Abell 3827 : first observation?

ESO 146-5 (ESO 146-IG 005) is the 
designation given to a group of 
interacting giant elliptical galaxies in 
the center of the Abell 3827 cluster. 
The group is well noted due to their 
strong gravitational lensing effect. 

This group of interacting galaxies 
was found 1.4 billion light years 
away in the center of Abell 3827. A 
huge halo of stars is surrounding 
their interacting nuclei. 

In 2015, Massey et al. [1504.03388] found an offset of 
1.67 kpc between the center of the halo and its stars. 
Interpreting as self interacting DM they obtained:

10 R. Massey et al.

Table 3. Parameters of the best-fit, fiducial mass model constructed by Lenstool. Positions are relative to the peak of light emission,
except for the cluster-scale halo, whose position is relative to the peak of emission from galaxy N.1. Quantities in square brackets are not
fitted. Errors on other quantities show 68% statistical confidence limits due to uncertainty in the lensed image positions, marginalising
over uncertainty in all other parameters.

�

v

[km/s] x [00] y [00] e ✓ [�] r

core

[00] hrmsii [00] �

2

/dof log
10

(E)

Fiducial model: 0.26 49.3/23 �26.4
N.1 190+8

�12

�0.61+0.14
�0.12 �0.46+0.20

�0.14 0.25+0.15
�0.04 101+22

�22

[!0]

N.2 219+18

�38

�0.13+0.28
�0.46 �0.48+0.30

�0.30 0.09+0.12
�0.09 174+22

�37

[!0]

N.3 254+17

�14

0.09+0.25
�0.25 �0.36+0.18

�0.29 0.25+0.04
�0.10 30+11

�13

[!0]

N.4 235+20

�34

�0.99+0.39
�0.34 �0.01+0.35

�0.27 0.19+0.12
�0.09 121+22

�54

[!0]

N.6 18+44

�1

[0] [0] [0] [0] [!0]

Cluster 620+101

�58

6.18+1.33
�1.04 2.30+1.86

�1.51 0.70+0.01
�0.24 61+3

�4

30.12+9.23
�6.43

scale halo. Contrary to the results from Grale, the mass
associated with galaxy N.3 is coincident with the position of
its light emission within measurement error; the mass within
1.005 of Grale’s o↵set peak is a lower 1.07 ⇥ 1011 M�. The
mass associated with N.4 is o↵set at only marginal statis-
tical significance but, intriguingly, the o↵set is in the same
direction as that measured by Grale.

5 INTERPRETATION

We have modelled the distribution of mass in the cluster us-
ing two independent approaches: free-form Grale and para-
metric Lenstool. The general agreement between methods
is remarkable, both in terms of total mass and many details.

The most striking result is that the mass associated with
galaxy N.1 is o↵set from its stars, 1.0001±0.39 east-southeast
with Grale or 0.0076+0.34

�0.37 southeast with Lenstool (lin-
early adding statistical and method-induced errors). That
the measurements are consistent with each other, and re-
silient to small changes in the strong lens identifications (see
appendix B), supports a robust conclusion that the o↵set is
real. To combine the analyses we note that, although they
start with mostly identical input data, uncertainty on their
final constraints is dominated by the highly-nonlinear recon-
struction procedures, which are independent. We therefore
average the best-fit values with equal weight and add their
errors in quadrature, to infer a combined constraint on the
o↵set between mass and light

� = 0.0089+0.26
�0.27 = 1.62+0.47

�0.49 kpc (68% CL). (1)

The strong lens configuration makes galaxy N.1 the best
measured of all the cluster members, but both Grale and
Lenstool provide marginal evidence for an o↵set in galaxy
N.4, andGrale suggests a similarly unexpected distribution
of mass near in N.3.

Interpreting an o↵set between mass and stars is di�cult.
It could feasibly be caused by di↵erent tidal forces or dynam-
ical friction on the di↵erent-sized dark matter/stellar haloes;
partially stripped gas (or unrelated foreground/background
structures) that contributes to the total mass (Eckert et al.
2014; Roediger et al. 2014); or a displacement of the light
emission due to recent star formation triggered in stripped
gas. However, to first order, tidal forces do not alter the
peak position. Archival Chandra data also show no sub-
structure near this cluster core. The e↵ectively zero star for-
mation we observe also suggests that broad band emission

should trace stars that existed before the merger. Instead,
Williams & Saha (2011) interpreted the o↵set in terms of
dark matter’s self-interaction cross-section �

DM

/m, using a
toy model of interactions equivalent to an optical depth (see
their equation (3)3 and see also Massey, Kitching & Nagai
2011; Kahlhoefer et al. 2014; Harvey et al. 2014). If stars in
the infalling galaxy are subject only to gravity, but its dark
matter also feels an e↵ective drag force, after infall time
t
infall

, dark matter lags behind by an o↵set

�(t
infall

) ⇠ GMc`MDM

⇡ s2
DM

r2
DM

�
DM

m
t2
infall

, (2)

where Mc` is the mass of the cluster interior to the in-
falling galaxy, which has dark matter mass M

DM

and cross-
sectional area ⇡s2

DM

, at clustercentric radius r
DM

. Adopt-
ing mean masses from our Grale and Lenstool analyses,
Mc` =3.54⇥1012, M

DM

=1.19⇥1011, parameter s
DM

=4.001
following Williams & Saha (2011), and r

DM

= r=8.003, then
propagating 10% errors on the masses and 0.005 errors on the
sizes, suggests

�/m ⇠ (1.7± 0.7)⇥10�4

✓
t
infall

109 yrs

◆�2

cm2/g. (3)

The infall time must be less than 1010 years, the age of
the Universe at the cluster redshift. Given the lack of ob-
served disruption, collinearity (and common redshift) of
N.1–3, they are likely to be infalling on first approach from
a filament, and moving within the plane of the sky. Thus
t
infall

<⇠109 yrs, the approximate cluster crossing time, and
assuming this conservative upper bound places a conserva-
tive lower bound on �/m. If any component of the motion
is along our line of sight, the 3D o↵set may be larger, so
our assumption of motion exactly within the plane of the
sky is also conservative. Using a di↵erent set of strong lens
image assignments (see appendix B), we recover the 6 kpc
o↵set and correspondingly larger cross-section of Williams &
Saha (2011). These image assignments are now ruled out by
our new IFU spectroscopy, which unambiguously traces the
morphology of the lens, even through foreground emission
and point sources in the broad-band imaging.

We have also measured the mass to light ratios of the
four central galaxies. Each of them retains an associated
massive halo. There is no conclusive evidence to suggest

3 Note that the prefactor in equation (4) of Williams & Saha
(2011) should be 6.0⇥103 rather than 6.0⇥104.

c� 2014 RAS, MNRAS 000, 1–15

Massey et al. obtained a lower limit because the clusters have interacted 



Combining XMM and SIDM [Y.M., T. Toma; 1506.02032]
2

more general. We want to show the strong correlation be-
tween an indirect detection signal and a self-interacting
dark matter once one builds an explicit microscopic ex-
ample. Indeed, it becomes quite prevalent nowadays to
fit any indirect/direct signal with e↵ective cross section,
or point-like interaction ”à la Fermi”. In this work, we
also want to show that building microscopic models, with
dynamical symmetry breaking, not only puts stringent
bounds between observables, but also predicts phenom-
ena which are not possible in a pure e↵ective approach.

Interestingly, the authors in [22] were trying to address
a similar problem in the case of exciting dark matter,
and long range interaction. Our framework being anni-
hilating dark matter and contact interaction, our model,
discussions, results and prospect are completely di↵erent.
The letter is organized as follow. After a short descrip-
tion of our model in section II, we compute and analyze
the self-interaction process combined with the monochro-
matic signal in section III. Section IV is devoted to the
discussion and signatures in terms of direct and indirect
detection prospects in more general cases. We draw our
conclusions in section V.

II. THE FRAMEWORK

A. Minimal model

We study in this section the case of pseudo-scalar dark
matter with scalar mediator. the reader can find in the
appendix the formulae in the case of a fermionic dark
matter. This model was built with success to inter-
pret the recent monochromatic signal observed in dif-
ferent clusters of galaxies [14]. Indeed, the scalar, or
pseudo-scalar particle is by definition a self-interacting
particle. The Higgs boson, unique observed spin 0 parti-
cle, is a self-interacting particle through its quartic cou-
pling. Several others self-interacting candidates has been
proposed in the literature, but usually it was spin 1/2
particles. In this case, they needed to invoke specific pro-
cesses (like Sommerfeld enhancement, or strong interac-
tion) to compensate the dimensionality of the 4 fermion-
couplings. They faced the same situation than Fermi
before the discovery of the gauge boson. In the case
of scalar dark matter �, the self interaction �

4 |�|4 is al-
ways allowed by a global U(1) invariance and induces
obligatory a self-interaction process. Moreover, in the
framework of spontaneous symmetry breaking, a strong
correlation exists between the vacuum expectation value
(vev) of � , its mass and the quartic coupling � implying
predictions on the self-interacting cross section. This is
what we propose to discuss in this section.

The general renormalizable potential for a scalar complex
field |�|2 field respecting a Z2 symmetry is

FIG. 1. Feynman diagrams for dark matter self-interacting
cross section.

V� = �µ2|�|2 + �

4
|�|4. (1)

After a spontaneous breaking of the symmetry ”à la
Higgs”, it is straightforward to re-express the potential as
function of the fundamental components of � = v+ s+iap

2

with v = h�i =
q

2
�

µ. After absorbing the constants we

obtain

V� =
m2

s

2
s2 +

p
�

2
p
2
m

s

s3 +

p
�

2
p
2
m

s

a2s

+
�

16
s4 +

�

16
a4 +

�

8
a2s2

(2)

with the mass m
s

=
p
2µ =

p
�v. The Lagrangian is typ-

ical from the spontaneous breaking of a global U(1) sym-
metry, with the appearance of a as the massless pseudo-
goldstone mode. It was introduced in [14] to interpret the
keV monochromatic signal from Perseus. However, it is
important to notice that if our U(1) symmetry was exact
(prior to picking up a vev), m

a

would remain massless
to all orders in perturbation theory. In what follows, we
will assume that the U(1) symmetry is broken by non-
perturbative e↵ects down to a discrete Z

N

symmetry. It
is actually standard in string theory that all symmetries
are gauged symmetries in the UV.1

1
See [25] for a concrete example in the same framework where it

has been shown that, in the meantime, a hierarchy m
a

⌧ m
s

is

generated by the mechanism.

3

B. The self-interaction process

In our model, four diagrams contribute to the self-
interaction process. They are depicted in Fig. 1. Once
the scalar part of � takes a vev it becomes possible to
re-express the combination of the four diagrams as

�
aa

m
a

=
�2m

a

32⇡m4
s

⇣
1� 4m

2
a

m

2
s

⌘2 ,

' �2m
a

32⇡m4
s

, m
s

� m
a

. (3)

It is interesting to note that the cross section is of the
form �

aa

/ m2
a

/m4
s

and then null for m
a

= 0, whereas
if one counts only the quartic vertex aaaa, it should be
proportional to 1/m

a

and could then potentially diverge.
The mechanism is similar to the Higgs contribution oc-
curing the WW scattering in the Standard Model. This
can be easily understood as m

a

can be considered as
the pseudo-goldstone boson breaking a U(1) symmetry.
This fundamental feature would not have been observed
in the framework of an e↵ective approach with generic
couplings of the form µ̃saa in the Lagrangian, µ̃ being a
free mass parameter. It is thus the dynamical structure
of our model which defines completely its couplings. An-
other interesting point is that for a MeV scale mediator,
one does not need to go in regime of very large values
of � to obtain self-interacting cross section observable by
the Hubble telescope. For instance, in the case m

a

= 3
keV and m

s

= 1 MeV, one obtains �
aa

/m
a

' 7�2 cm2/g
which is in the order of measurable values for reasonable
values of � ' 1.

C. Monochromatic photon

In the framework of any ”axion-like” particle model, it
is natural to suppose that a light scalar couples to the
electromagnetic field through the CP-even Lagrangian

L
s��

=
s

⇤
F
µ⌫

Fµ⌫ , (4)

with F
µ⌫

= @
µ

A
⌫

� @
⌫

A
µ

being the electromagnetic field
strength. The strength of the coupling 1/⇤ can be un-
derstood, in a UV completion, as heavy (& 100 GeV
to respect LEP constraint) charged fermions running in
triangular loops. Several experiments restrict severely
⇤ from the Horizontal Branch (HB) stars processes to
the LEP or dump experiment constraint. We will review
them in detail in the next section, but roughly speaking,
the coupling of a scalar to photons is completely negligi-
ble for m

s

. 300 keV due to HB constraints. However,

FIG. 2. Feynman diagram for dark matter annihilation into
two photons.

for m
s

& 300 keV, a window is open, allowing values of
⇤ as low as 10 GeV. In a UV complete model, such low
values of ⇤ can be understood if the number of fermions
running in the loop is relatively important (of the order
of 10).

The presence of sA
µ

A
⌫

coupling generates naturally the
production of monochromatic photons from the s-channel
annihilation of the dark matter candidate a as depicted
in the Fig. 2. The annihilation cross section for aa ! ��
is given by [14]
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=
�m2

a

m2
s

⇡⇤2(m2
s

� 4m2
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)2
. (5)

When m
a

⌧ m
s

, the above cross sections can be simpli-
fied to
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By eliminating � in both expressions, it becomes possible
for each energy E

�

= m
a

to express �v
��

(E
�

) uniquely

as function of ⇤ and �
aa

/m
a

.
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1.3⇥ 10�33

✓
100 TeV

⇤

◆2 ✓ E
�

3 keV

◆3/2
s

�
aa

/m
a

1 cm2/g
cm3/s.

This is one of the main results of our work: it is in-
deed surprising that asking for reasonable values for self-
interacting cross section, of the order of 1 cm2/g, one
obtains naturally a monochromatic keV signal of the or-
der of 10�33 cm3s�1 which corresponds exactly to the
magnitude of the signals observed by XMM Newton [13]
in the Perseus cluster.

Another interesting point is that ⇤, representing the only
Beyond the Standard Model (BSM) scale of the model
can be deduced directly by measurements, independently
of the other parameters of the model. This prediction
can then be directly tested by other mean (accelerator
or astrophysical constraints). This economical procedure
renders the analysis of the model very compelling.

+



Summary on the old-school bounds:

h�vi = G2
Fm

2
� > 10�9 GeV�2 ) m� > 2 GeV

BUT non-valid as soon as we suppose an extra mediator  
(Z’ lighter then the Z for instance => G’F > GF

Lee-Weinberg bound (1977)

Cowsik-McClelland bound (1972)

⌦⌫h
2 =

⇢⌫
⇢c0

h2 =
n⌫ m⌫

10�5 GeV cm3
' m⌫

92 eV
) m⌫ . 9 eV

BUT be careful to the extra degrees of freedom  
(dark radiation)

Unitarity bound 

BUT thermal production has been imposed 
(FIMP or WIMPZILLA do not enter in this game)

m� . 340 TeV


