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DM status
<15 years ago: DM = neutralino (or axion). Range: from 10 GeV to < TeV  

10 years ago (INTEGRAL/SPI): DM can be light!

5 years ago (PAMELA): DM can be very heavy (>TeV)!

2-3 years ago (CoGeNT/CRESST/CDMS): DM can be very heavy (mdm >TeV)!
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Are light annihilating Dark Matter particles possible?
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We investigate the status of light Dark Matter (DM) particles from their residual annihilation and
discuss the range of the DM mass and total annihilation cross section compatible with gamma-rays
experiment data. We find that particles as light as a few 10 MeV or up to ∼ 10 GeV could perhaps
represent an interesting alternative to the standard picture of very massive WIMPs.

Introduction

The accurate measurement of galactic rotation curves,
the CMB spectrum, the primordial abundances of light
elements, together with our understanding of structure
formation provide convincing evidence in favor of the ex-
istence of Dark Matter [1]. While the MACHOs searches
[2] indicate that an astrophysical solution is rather un-
likely, most efforts are now concentrated on searches
for Weakly Interacting Massive Particles (WIMPs) [3].
These particles would belong to the Cold Dark Mat-
ter scenario (CDM) and would i) suffer from negligible
damping effects (at a cosmological scale), ii) make up
the non-baryonic matter in the Universe. Considering
fermions only and assuming Fermi interactions, it was
concluded [4] that this last argument constrains the DM
mass (mdm) to be greater than a few GeV. Later, within
the framework of supersymmetry, it was realized that the
range mdm

>∼ O(100 GeV) could even be more interest-
ing. But the direct and indirect detection searches for
very massive particles remain unsuccessful [5], so there is
still room for other possibilities.

Many alternatives to the CDM model have been pro-
posed subsequent to the discrepancy [6] between obser-
vations and CDM numerical simulations on small scales
which, in predicting cuspy haloes, could be in contra-
diction with current observations [7]. Among them,
one finds the collisionless Warm Dark Matter scenario
(WDM) [8]. So far, the latter involves non annihilat-

ing particles and a very narrow range for the DM mass
(at least greater than 750 eV [9]) obtained by requiring
that the free-streaming length matches the smallest pri-
mordial scale existing in the Universe. But this scenario
(although not excluded yet) also predicts cuspy haloes
[10] and no longer represents a very attractive solution
to the DM issue because of the lack of candidates.

This letter is dedicated to the intermediate case of an-
nihilating particles having a mass in the [MeV, O(GeV)]
range and “weak” interactions. Although structure for-
mation allows for low DM masses, this range has almost
never been studied, probably because of the relic den-
sity argument. Some of these candidates turn out to be
Warm not because of their mass but because of their
collisions with relativistic particles [11]. If not excluded

by any cosmological/astrophysical arguments, they could
compete with the collisionless WDM and CDM scenarios
but would, on the other hand, probably fail in predicting
flat galactic cores at ∼ 1 kpc despite their quite large
annihilation rate. Interestingly enough, they could es-
cape present DM direct detection experiments (which so
far are only sensitive to masses greater than ∼ 7 GeV),
as well as accelerator experiments, as briefly discussed
in the next section. They would be compatible with
the blackbody spectrum measurement and will not yield
any 4He photodissociation (for mdm > 26 MeV) pro-
vided their (s-wave) cross sections satisfy the relation
(mdm/ MeV) > 5

[

〈σv〉ann/3 × 10−27 cm3 s−1
]

(Ωdmh2)2

(assuming DM particles to be their own anti particles
and using the D measurement only) [12].

In the following, we focus on the indirect detection
signature of these light candidates. We find for instance
that the flux of photons from bosonic particles having
1 <∼ mdm

<∼ 100 MeV is in conflict with observations
unless their P-wave (instead of their S-wave) annihilation
cross section satisfies the relic density requirement and
that particles in the mass range [1-15] GeV [3] are quite
interesting (especially if mdm ∼ 10 GeV) because they
could lead to radiative and radio fluxes of the order of
the observed ones.

Acceptable values of the cross sections

A strong constraint on any DM candidate is that the
present relic density is in agreement with observations.
When the particles are able to annihilate (i.e. when
their non-relativistic transition occurs before their ther-
mal decoupling), one obtains a simple relation between
the DM cosmological parameter Ωth

dm and the total anni-
hilation cross section. By requiring Ωth

dmh2 to match the
observed value (around 0.1), one obtains the following
approximate annihilation cross section

〈σv〉ann % 7 10−27 xF√
g!

(

Ωdmh2

0.1

)−1

cm3 s−1 (1)

with xF =mdm/TF % 17.2+ ln(g/
√

g!)+ ln(mdm/GeV )+
ln
√

xF ∈[12-19] for particles in the MeV-O(GeV) range
(and cross section given eq.(1)), g and g! the number of

1 year before SPI

XENON100: New Spin-Independent Results

Upper Limit (90% C.L.) is 2 x 10-45 cm2  for 55 GeV/c2 WIMP
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Minimal Dark Matter and PAMELA Marco Cirelli
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Figure 1: The PAMELA preliminary data [3] compared with the fermion 5-plet MDM prediction, at the
best-fit point for the astrophysical parameters.

should continue to grow, and that an anomaly should appear in the p̄ spectrum, unless p̄ have an
unfavorable boost factor or propagation in our galaxy.

Collateral constraints must be considered. The e± from DM annihilations lead to a synchrotron
radiation [5] at the level of ‘WMAP haze’ anomaly [12]. Ref. [10] claims that very strong bounds
on the DM annihilation cross section can be inferred from infrared and X-ray observations of
the galactic center region, modeled assuming a certain magnetic field and DM density, that gets
extremely high close to the central black hole leading to a high rate of DM annihilations. In this re-
gion DM becomes relativistic, and in the MDM case this means that the Sommerfeld enhancement
disappears, leaving a small annihilation cross section, σ ∼ α2

2/M2 ∼ 10−28 cm3/sec that would not
contradict the strong bounds of [10]. A dedicated computation of the MDM prediction together
with a precise description of the galactic center is necessary to quantitatively clarify this issue.

To conclude: we presented Minimal Dark Matter. Like string theory, MDM has no free param-
eters, and thereby makes univocal predictions, falsifiable by any single experimental result. The
preliminary data from PAMELA, presented during idm08, show an excess in the flux of cosmic ray
positrons at 10-60 GeV which matches the MDM prediction. Let us compare with supersymmetry,
the theoretically favored scenario: slepton masses can be fine-tuned to be quasi-degenerate with
the lightest neutralino in order to enhance 3-body annihilations obtaining the correct relic abun-
dance and a e+ spectrum that, with a boost factor of >∼104, can be compatible with the PAMELA
excess [13]: in such a case the e+ fraction should decrease at higher energy. MDM predicts the
continuing rise of fig. 1a. The PAMELA results recently published on the arXiv [3] have one extra
data-point at 80 GeV, still consistent with MDM predictions [5]. The nearby pulsars Geminga or
B0656+14 could also produce a rising e+ fraction, together with an angular anisotropy [14].
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 RELIC DENSITY 
COSMOLOGICAL PARAMETERS

Evolution of the DM number density

Importance of measuring Omega h^2
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Boltzmann equation requires NO Particle Physics input !
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RELIC DENSITY 
EXAMPLE OF THE NEUTRALINO

Figure 1. The relic density of a light neutralino DM in pMSSM satisfying all the experimental
constraints discussed in Section 3. The color-coding denotes the fine-tuning measure defined by
Eq. (2.4). The points denoted by circles satisfy all the experimental constraints, except that the
squark masses are only required to satisfy the LEP lower limits. For the starred points (a subset
of the circled points), the corresponding squark masses satisfy the latest LHC constraints. The top
(bottom) grey horizontal line shows the 2σ upper (lower) limit of the cold dark matter relic density
from WMAP-9 data, whereas the black (shaded) region shows the 1σ allowed range from the recent
Planck data.

allowed parameter space, as shown by the starred points in Figure 1. The WMAP-9 2σ

band is shown in grey, whereas the latest Planck result is shown as dark shaded region. We

find that light neutralinos with mass as low as 10 GeV are still allowed, though severely

fine-tuned with the electroweak fine-tuning measure defined by Eq. (2.4): ∆tot � 1. This

can be understood as follows by analyzing the gaugino and higgsino components of the

lightest neutralino as well as its dominant annihilation channels.

The bino, wino and higgsino fractions of the lightest neutralino for all the allowed points

in our pMSSM parameter space is shown in Figure 2. We reproduce the well-known result

that the lightest neutralino is mostly bino-like for masses below mZ/2, mainly due to the

invisible Z-decay width constraint, Eq. (3.4). However, a purely bino DM tends to overclose

the universe since its annihilation cross section is p-wave suppressed and is typically much

smaller than the required thermal WIMP annihilation rate of 3 × 10−26 cm3 · s−1. One

alternative is to consider a “well-tempered” neutralino [113] which corresponds to the

boundary between a pure bino and a pure higgsino or wino. Another possibility to reduce

the bino relic density is by annihilation via the t-channel slepton exchange (the so-called

“bulk region”) which is efficient for light sleptons, or by using co-annihilation with light

staus, stops, charginos or second-lightest neutralino. We find that most of the points with

m�χ0
1
around 45 GeV can be a mixture of bino and higgsinos and can easily satisfy the

WMAP upper limit on the relic density since there is a resonant annihilation channel via

Z-mediated s-channel. These points are also less fine-tuned. On the other hand, most

of the light neutralino DM points in the 10-30 GeV range as shown in Figure 1 have to

be mostly bino-like and lie either in the bulk or co-annihilation region, thus leading to

– 13 –

From WMAP to PLANCK

very low fine-tuning

very large fine-tuning

Reducing the error bars on the relic density (from WMAP to PLANCK), 
reduces the number of SUSY scenarios and increases the fine tuning 

1303.5386

Generalisation to 
other DM models 

require new 
mediators
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GENERAL DM:
RESIDUAL ANNIHILATIONS
&PLANCK REIONISATION

1106.1528

3

WMAP7 WMAP7+ACT WMAP7 Standard WMAP7+ACT Standard

pann[cm
3/s/GeV ] < 2.42 × 10−27 < 2.09 × 10−27 - -

ns 0.977 ± 0.015 0.971 ± 0.014 0.963 ± 0.014 0.962 ± 0.013
100Ωbh

2 2.266 ± 0.057 2.237 ± 0.053 2.258+0.057
−0.056 2.214 ± 0.050

Ωch
2 0.1115 ± 0.0054 0.1119 ± 0.0053 0.1109 ± 0.0056 0.1127 ± 0.0054

TABLE I: Constraints on the annihilation parameter pann and on the cosmological parameters that are more degenerate with
it, i. e. the scalar spectral index ns, the baryon density ωb and the dark matter density ωc. We report the results using WMAP7
data and WMAP7+ACT data. The constraints on pann are upper bound at 95% c.l., while for the other parameters we show
the marginalized value and their errors at 68% c.l. The last two columns reports the value of the cosmological parameters in
the standard ΛCDM case with no annihilation, as found by the WMAP7 team [24] and the ACT team [25].

the initial energy deposited into the gas is not constant
with cosmic time, even if the on–the–spot approximation
holds true at all redshifts of interest. This problem has
been addressed in [19], where the authors have computed
the evolution of the energy fraction f(z) for different pri-
mary species, and DM particle mass. As it can be seen
from their Figure 4, the f(z) is a smoothly varying func-
tion of redshift (even more so for the values of interest in
our problem 100 <

∼ z <
∼ 1000). We show the constraints

for time-varying f(z) in Figure 1. Interestingly, the new
results rule out ‘thermal’ WIMPs with mass mχ

<
∼ 10

GeV.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Equation A1 and Table 1 of [19]. We have obtained con-
straints for purely DM models annihilating solely (and
separately) into electrons and muons, with different DM
masses, reported in Table II. This choice of annihila-
tion channels brackets the possible values of f(z): the
case of annihilation to other channels (except of course
neutrinos, which practically do not couple at all with the
plasma) falls between the two limiting cases studied here.
Although the implementation of the z-dependence of

f clearly leads to more accurate results, we found that
taking a simplified analysis with constant f , such that
f(z = 600) = fconst, leads to a difference with respect to
the full f(z) approach of less than ∼ 15%, depending on
the annihilation channel considered.
Discussion and Conclusions. In this brief report

we have provided new updated CMB constraints on
WIMP annihilations, with an improved analysis that
includes more recent CMB data (WMAP7 and the
ACT2008) and implementing the redshift evolution of the
thermal gas opacity to the high energy primary shower.
We have also found that a simplified analysis with con-
stant f = f(z = 600) leads to an error on the maximum
DM self-annihilation cross section smaller than ∼ 15%,
with respect to a treatment that fully takes into account
the redshift dependence of f(z).
While we were finalizing this paper, Hutsi et al.

(HCHR2011) [26] have reported results from a similar
analysis, using an averaged evolution of the f(z). They
provide 2− σ upper limits from WMAP7 with 1− σ un-
certainties on these limits due to the method used. These

FIG. 1: Constraints on the cross section < σv > in function
of the mass, obtained using a variable f(z) for particles anni-
hilating in muons (x signs) and in electrons (diamonds) using
WMAP7 data (red) and WMAP7+ACT data (black) at 95%
c.l.. The exclusion shaded areas are obtained for interpolation
of the WMAP7 + ACT data points for muons (dark shading)
and electrons (light shading). The black solid line indicates
the standard thermal cross-section < σv >= 3×10−26cm3/s.

results are a factor between 1.2 and 2 weaker than ours.
This is partially due to the fact that we account for ex-

tra Lyman radiation in our code, but this can account for
only less than 10% of the difference between the results.
As in GIBM09, we have calculated how much the

Planck satellite and a hypothetical Cosmic Variance Lim-
ited experiment will improve the constraints compared
to WMAP7 in the case of constant f (constraints for
Planck and CVL reported in GIBM09). We obtain im-
provement factors of 8 and 23 for Planck and CVL re-
spectively, which are compatible with the ones reported
in HCHR2011, 6 and 13. The difference for the CVL
experiment is attributed to the slightly different specifi-
cations used for the CVL experiment in HCHR2011 and
in GIBM09, namely the maximum multipole considered
in the analysis, as also stated in HCHR2011. Clearly the
data from the on-going Planck satellite mission, expected

s-wave only!!!
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Updated CMB constraints on Dark Matter annihilation cross-sections

Silvia Gallia,b, Fabio Ioccoc, Gianfranco Bertonec,d, Alessandro Melchiorria
a Physics Department and INFN, Universita’ di Roma “La Sapienza”, Ple Aldo Moro 2, 00185, Rome, Italy

b Laboratoire Astroparticule et Cosmologie (APC),
Université Paris Diderot, 75205 Paris cedex 13, France

c Institut d‘Astrophysique de Paris, UMR 7095-CNRS Paris,
Université Pierre et Marie Curie, boulevard Arago 98bis, 75014, Paris, France and

d Institute for Theoretical Physics, Univ. of Zürich, Winterthurerst. 190, 8057 Zürich CH

The injection of secondary particles produced by Dark Matter (DM) annihilation at redshift
100 <

∼ z <
∼ 1000 affects the process of recombination, leaving an imprint on Cosmic Microwave

Background (CMB) anisotropies. Here we provide a new assessment of the constraints set by CMB
data on the mass and self-annihilation cross-section of DM particles. Our new analysis includes the
most recent WMAP (7-year) and ACT data, as well as an improved treatment of the time-dependent
coupling between the DM annihilation energy with the thermal gas. We show in particular that the
improved measurement of the polarization signal places already stringent constraints on light DM
particles, ruling out ‘thermal’ WIMPs with mass mχ

<
∼ 10 GeV.

PACS numbers: 26.35.+c, 98.80.Cq, 98.80.Ft

Introduction. Precision measurements of the Cos-
mic Microwave Background (CMB) anisotropy in tem-
perature and polarization represent powerful tools to
constrain new physics processes (see e.g. [1]). In par-
ticular, the remarkable agreement between the theoret-
ical description of the recombination process, occurring
at zr ∼ 1000, and CMB data, severely constrains new
sources of ionizing photons, and more in general any devi-
ation from standard recombination [2], as recently shown
by several groups of authors (see e.g. [3–5]).
In our previous paper [6] (hereafter GIBM09), we stud-

ied the constraints that this analysis can set on the prop-
erties of dark matter (DM) particles [7–10], under the
assumption that standard recombination is modified by
dark matter annihilation only.
Here, we present an update of GIBM09, and obtain

new constraints on the DM particle annihilation cross
section and mass, based on more recent data (WMAP 7-
year [11] and ACT 2008 [12] data), and on a new and
more accurate parametrization of the coupling of the
DM-induced energy shower to the thermal gas.
Our results turn out to be competitive with constraints

of diverse astrophysical nature, such as radio observation
of the galaxy, antiprotons, gamma rays from the Galac-
tic center and Galactic halo [13–16], but with respect to
them, they have the advantage of not being affected by
large astrophysical uncertainties. In fact, our CMB con-
straints arise from redshifts in the range 100 <

∼ z <
∼ 1000,

i.e. well before the formation of any sizable gravitation-
ally bound structure, and they therefore do not depend
on highly uncertain parameters related to structure for-
mation, such as halo shape, concentration or minimal
mass.
Annihilating DM and Recombination. We

briefly recall here the effect of energy injection from DM
annihilation on the recombination history (see GIBM09
for further details). High-energy particles injected in the
high-redshift thermal gas by DM annihilation (or decay)

are typically cooled down to the keV scale by high energy
processes (see details below); once the shower has reached
this energy scale, the produced secondary particles can i):
ionize the thermal gas, ii): induce Ly–α excitation of the
hydrogen and iii): heat the plasma; the first two modify
the evolution of the free electron fraction xe, the third
affects the temperature of baryons. The rate of energy
release dE

dt
per unit volume by a relic self-annihilating

DM particle is given by

dE

dt
(z) = ρ2cc

2Ω2
DM (1 + z)6pann, pann ≡ f(z)

〈σv〉

mχ
(1)

where 〈σv〉 is the effective self-annihilation rate and mχ

the mass of the DM particle, ΩDM the DM density pa-
rameter and ρc the critical density of the Universe today;
the parameter f(z) indicates the fraction of energy which
is absorbed overall by the gas, under the approximation
that the energy absorption takes place locally. We note
that the presence of the brackets in 〈σv〉 denote a thermal
average, as appropriate for relativistic particles at decou-
pling. At the redshifts of interest here (z ∼ 1000) the
relative velocities of DM particles are v ∼ v

−8 ≡ 10−8c,
i.e. in the extreme non-relativistic limit. Though hold-
ing for s-wave annihilations, 〈σv〉

−8 % 〈σv〉dec, the same
is not true in general. For instance, 〈σv〉

−8
>
∼ 〈σv〉dec

in models with so-called Sommerfeld enhancement, and
〈σv〉

−8
<
∼ 〈σv〉dec in models with p-wave annihilations

(e.g. [7–10]).
In GIBM09, we considered the fraction of energy f(z)

absorbed by the plasma to be constant with redshift,
f(z) = f . In the following sections, we will present up-
dated constraints obtained by supposing that f is con-
stant with redshift, as well as constraints considering the
actual DM model dependent redshift shape of f(z), as
calculated in Slatyer et al [19].
The formalism we use to introduce the extra energy

terms in the recombination equations are the same as in
GIBM09, but here we additionally consider the modifica-

DM

DM

electrons

electrons

PLANCK polarisation should 
do better soon (1 more year)

thermal cross section

3 10-26 cm3/s

arXiv:0907.0719 arXiv:0905.0003astro-ph/0603237astro-ph/0503486

[DM annihations...] “change the residual ionization 
after recombination. This broadens the surface of last 
scattering, suppressing the temperature fluctuations 
and enhancing the polarization fluctuations.“

astro-ph/0503486
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LOWER BOUND ON Thermal 
DM MASS 

PLANCK & (Neff,Ho)
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A lower bound on the mass of cold thermal dark matter from Planck

Céline Bœhm,1, 2 Matthew J. Dolan,1 and Christopher McCabe1

1
Institute for Particle Physics Phenomenology, Durham University,

South Road, Durham, DH1 3LE, United Kingdom
2
LAPTH, U. de Savoie, CNRS, BP 110, 74941 Annecy-Le-Vieux, France

c.m.boehm@durham.ac.uk, m.j.dolan@durham.ac.uk, christopher.mccabe@durham.ac.uk

We show that the new measurement of the effective number of neutrinos (Neff) by the Planck

satellite can be used to set a robust lower bound on the mass of cold thermal dark matter of O(MeV).

Our limit applies if the dark matter remains in thermal equilibrium by coupling to electrons and

photons or through interactions with neutrinos, and applies regardless of whether the dark matter

annihilation cross-section is s-wave or p-wave. To illustrate our bounds we apply them to a model of

a supersymmetric neutralino annihilating to neutrinos, via a light mixed left-right handed sneutrino

mediator. While this scenario was not constrained by previous data, the Planck limits on Neff allow

us to set a lower bound on the neutralino dark matter mass of 3.5 MeV.

I. INTRODUCTION

The mass and non-gravitational interactions of parti-
cle dark matter remain unknown. Although many candi-
dates have been proposed, particles that achieve the ob-
served relic abundance through thermal freeze out have
garnered the most attention [1–3]. While thermal relics
are often assumed to have weak-scale masses this does
not have to be the case; the thermal freeze-out mecha-
nism works for a much broader range of masses and leaves
room for models from keV to multi-TeV masses encom-
passing the whole experimentally allowed range of cold
dark matter.

For thermal relics, an upper bound of approximately
340 TeV can be set on the dark matter mass using partial
wave-unitarity [4]. Finding a robust lower bound is more
difficult. General theoretical attempts have been made,
for example by Hut and Lee-Weinberg [5, 6]. However,
these can be avoided by keeping the dark matter particle
in thermal equilibrium with, for instance, a light media-
tor [7], and a robust lower bound requires using exper-
imental constraints. For example, a model independent
lower bound for fermionic dark matter of m � 1 keV can
be set by considering the phase-space distribution of dark
matter in dwarf spheroidal galaxies [8]. Structure forma-
tion indicates that dark matter cannot be hot so a similar
bound ofO(keV) can be placed by requiring that the free-
streaming length is small [9]. A more model dependent
lower bound, m � 10 GeV, can be placed by considering
distortions due to energy injection by s-wave annihila-
tion in the cosmic microwave background (CMB) [10–
20]. However this can be evaded if the annihilation is a
p-wave process or if the dark matter annihilates to neu-
trinos. Bounds can also be placed from Big-Bang Nu-
cleosynthesis [21, 22], but these suffer from systematic
uncertainties in the measured values of the primordial
nuclear abundances [23, 24].

Here we find a new lower bound for cold thermal dark
matter using data from the Planck satellite. The only
light states in the Standard Model that it is possible to
be in thermal equilibrium with are the neutrinos or elec-

trons and photons, and so it is natural to assume that the
dark matter will be coupled to these states. If this is the
case and the dark matter decouples while non-relativistic,
there will be a change in the effective number of neutrinos
(Neff) through its effect on the neutrino-photon temper-
ature ratio [25–27]. Using the results from Planck [28],
which has measured the CMB angular power spectrum
with an unprecedented accuracy, we show that a bound
of about an MeV can be placed on the dark matter mass,
if the dark matter is in thermal equilibrium with the neu-
trinos or the electrons and photons after neutrino decou-
pling. The exact bound depends on whether the dark
matter is a scalar or fermion and to which SM species it
couples. The advantage of our method is that it works
even for a p-wave annihilation cross-section and for anni-
hilation to neutrinos - cases when limits such as energy in-
jection into the CMB do not apply. Previous studies have
used Neff to constrain the mass of dark matter annihilat-
ing exclusively into electrons [26]. However, that analysis
did not take into account the degeneracy of Neff with he-
lium, which leads to a slightly weaker bound, while ours
does. Our analysis using the Planck data supersedes that
study and we also consider the case of annihilation into
neutrinos.

Our bounds apply to models such as [29–31] and elec-
tric dipole and anapole dark matter [32–38] where the
dark matter annihilates into electrons or photons, and
could be relevant to models which give a signal at elec-
tron recoil direct detection experiments [39–41]. Fewer
models have been constructed where dark matter anni-
hilates into neutrinos. Therefore, as an application of
our bounds, we constrain a supersymmetric dark matter
model where the dark matter is a light bino-like neu-
tralino and mixed left-right handed sneutrino plays the
role of the light mediator. Annihilation in this model is
p-wave and the neutralino remains in equilibrium with
the neutrinos. We show that a new lower bound can be
placed on the neutralino mass of 3.5 MeV.

This paper is organised as follows. In section II we
show how light, cold, thermal dark matter annihilating
into neutrinos or electrons and photons changes Neff and
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DM in equilibrium with electrons/photons/neutrinos

DM

DM

neutrino

neutrino

2

derive a bound on the mass of dark matter particle using

data from Planck. We compare these bounds with those

derived from Big Bang Nucleosynthesis (BBN) and show

that they are stronger. Following that, in section III we

construct a supersymmetric model where the dark mat-

ter is a light bino-like neutralino and a light mixed left-

right sneutrino mediates efficient neutralino annihilation

into neutrinos. Appendices discuss changes in the mass

bounds when the HST prior on H0 is applied and the col-

lected constraints on our neutralino model from invisible

widths of the Z- and Higgs boson, rare meson decays,

collider direct production and beam dump searches as

well as constraints from SN1987A, large scale structure

and direct detection experiments.

II. A LOWER MASS BOUND FROM PLANCK

In this section we show how a lower bound can be

placed on the mass of cold thermal dark matter by using

Planck’s constraint on Neff . This bound applies if the

dark matter remains in thermal equilibrium with either

photons and electrons or neutrinos until after the time

when neutrinos decouple from electrons.

The effective number of neutrinos, Neff , is a convenient

way to parameterise the energy density apart from the

photon contribution. It allows us to write the total en-

ergy density as

ρ ≡ ργ

�
1 +

7

8

�
4

11

�4/3

Neff

�
. (1)

The factor (4/11)
4/3

is the fourth power of the neutrino-

photon temperature ratio T
0
ν /Tγ = (4/11)

1/3
, which as-

sumes instantaneous decoupling of three neutrino species.

In the standard cosmological model Neff = 3.046, reflect-

ing that the actual neutrino-photon temperature relation

is slightly higher due to decoupling effects [42, 43].
The standard lore is that a value of Neff > 3.046

implies that there must be a new light species that is

relativistic when the cosmic microwave photons decou-

ple (at T ∼ 1 eV).
1
However, this is not the case and

thermal dark matter with mass up to ∼ 10 MeV can

also change Neff , as we now argue using the example

of electrons. In the standard cosmological model, the

electrons do not directly contribute to the energy den-

sity at recombination because they are non-relativistic

at this time. However they do have an effect on Neff

because the electrons caused the photons to develop a

higher temperature than the neutrinos. The definition

of Neff assumes that a definite temperature ratio holds,

namely that T
0
ν /Tγ = (4/11)

1/3
. Had the electrons not

been present, the photons and neutrinos would have had

1 See refs. [44, 45] for constraints on this class of models using
Planck data.

the same temperature and Neff would have been larger

than three by a factor (11/4)
4/3

.

In a similar fashion, thermal dark matter in ther-

mal equilibrium with photons, electrons or neutrinos can

change Neff by altering the neutrino-photon temperature

ratio. In order for this to happen, the dark matter must

transfer its entropy to either the electrons and photons

or to the neutrinos, after the neutrinos decouple from

the electrons at TD ≈ 2.3 MeV [46] (we assume that new

interactions do not change the neutrino decoupling tem-

perature). If the dark matter is in thermal equilibrium

with photons, electrons and neutrinos after neutrino de-

coupling, it will reheat them equally and Neff will not

change. Since the entropy transfer occurs when the par-

ticle becomes non-relativistic, a change in Neff occurs if

the mass m � few × TD ∼ 10 MeV. Cold thermal dark

matter automatically satisfies the condition of being in

thermal equilibrium until the temperature drops below

its mass; typically, MeV-mass thermal dark matter drops

out of chemical equilibrium when T ∼ m/15.

We now put the above argument on a more quantita-

tive footing. We first consider the case where the dark

matter is in thermal equilibrium with neutrinos. The case

where it is in equilibrium with electrons and photons then

follows in a straightforward fashion. The contribution of

Nν neutrinos and n particles (with mass mi and internal

degrees of freedom gi) in thermal equilibrium with the

neutrinos to the energy density is

ρν+n

ργ
=

7

8

�
Tν

Tγ

�4
�
Nν +

n�

i=1

gi

2
I

�
mi

Tν

��
, (2)

where

I(x) =
120

7π4

� ∞

x
dy

y
2
�

y2 − x2

ey ± 1
(3)

with limits I(∞) = 0 and I(0) = 1(8/7) for fermions

(bosons) respectively. As usual, the sign + (−) refers to

fermion (boson) statistics. In general, Tν �= T
0
ν . We allow

for n particles as, in addition to the cold thermal dark

matter, there may be light mediators that also contribute

to the energy density. Comparing eqs. (1) and (2), we see

that

Neff =

�
4

11

�−4/3 �
Tν

Tγ

�4
�
Nν +

n�

i=1

gi

2
I

�
mi

Tν

��
. (4)

Anticipating that the bound on mi is such that mi �
Tν(at recombination) ∼ 1 eV, we set I(mi/Tν) = 0 so

that

Neff = Nν

�
4

11

�−4/3 �
Tν

Tγ

�4

. (5)

The ratio Tν/Tγ is determined by considering entropy

conservation (see e.g. [21, 25, 47]). After neutrino de-

coupling at TD ≈ 2.3 MeV, the entropy of the ‘neutrino
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FIG. 1: Left panel: Neff as a function of the cold thermal dark matter mass m. The green (red) lines are for the case when

the dark matter is in thermal equilibrium with neutrinos (electrons and photons) and show that Neff increases (decreases) as

m is reduced. Right panel: The blue regions show the 68% and 95% regions determined from Planck+WP+highL+BAO when

both Neff and Yp are varied freely. The green (red) lines indicate the relationship between Yp and Neff for particles in thermal

equilibrium with neutrinos (electrons and photons). As m decreases, the prediction for Neff and Yp falls outside of the Planck

confidence regions.

plasma’ and ‘electromagnetic plasma’ are separately con-
served so that (for Tγ < TD)

Tν

Tγ
=

�
g�s:ν
g�s:γ

����
TD

g�s:γ
g�s:ν

�1/3

. (6)

Here |TD
indicates that g�s should be evaluated at the

neutrino decoupling temperature TD while g�s:ν and
g�s:γ , defined through sν = 2π2g�s:νT 3

ν /45 and sγ =
2π2g�s:γT 3

γ /45 respectively, are the effective number of
relativistic degrees of freedom in the neutrino and elec-
tromagnetic plasmas. Explicitly,

g�s:ν =
14

8

�
Nν +

n�

i=1

gi
2
F

�
mi

Tν

��
. (7)

where

F (x) =
30

7π4

� ∞

x
dy

(4y2 − x2)
�
y2 − x2

ey ± 1
. (8)

with limits F (∞) = 0 and F (0) = 1(8/7) for fermions
(bosons) respectively and the sign + (−) refers to fermion
(boson) statistics.

Again, anticipating that the bound on mi is such that
mi � Tν(at recombination) ∼ 1 eV, we find that for par-
ticles only in thermal equilibrium with neutrinos, eq. (5)
simplifies to

NEquil. ν
eff = Nν

�
1 +

1

Nν

n�

i=1

gi
2
F

�
mi

TD

��4/3

(9)

For the case of particles in thermal equilibrium with
electrons or photons, we again find eq. (5) and can use
eq. (6) to find the new temperature ratio. In this case,
we find

NEquil. γ/e
eff = Nν

�
1 +

7

22

n�

i=1

gi
2
F

�
mi

TD

��−4/3

(10)

where we have used F (me/TD) ≈ 1.
The dot-dashed, dashed, dotted and solid lines in the

left panel of fig. 1 show the value of Neff for a single par-
ticle of mass m for a Dirac fermion, Majorana fermion,
complex scalar and real scalar respectively. The case
where the particle is in equilibrium with neutrinos is
shown by the green lines. Here, Neff increases above
the standard value of Neff = 3.046 for particles lighter
than � 20 MeV. Conversely, Neff decreases below the
standard value for particles in equilibrium with electrons
and photons, as indicated by the red lines. There is no
effect above m ≥ 20 MeV because the entropy transfer
occurs before the electromagnetic and neutrino plasmas
decouple resulting in the standard neutrino-photon tem-
perature ratio.
With eqs. (9) and (10) we can put a bound on the

dark matter mass by requiring that Neff is compatible
with the measured value from Planck. The central result
from [28],

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO),

(11)
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which combines Planck precision measurement of the
CMB, WMAP-9’s polarisation data (WP) [48], SPT’s
high-� measurement (highL) [49] and baryon acoustic os-
cillations (BAO) measurements from large scale struc-
ture surveys [50–54] cannot be used to set an accurate
constraint on this scenario. This is because this result
assumes that all of the relativistic components parame-
terised by Neff consist of free streaming relativistic par-
ticles which are effectively massless. In particular, the
helium abundance Yp is fixed to the BBN theory pre-
diction for effectively massless relativistic particles. As
was first described in [21], this relation does not hold in
our case: the new particles alter the standard prediction
for Yp from relativistic particles because the additional
semi-relativistic particles and the change in the neutrino-
photon temperature ratio both contribute to the energy
density during BBN. The difference in this relationship
is important because the impact of Yp on the damping
tail of the power spectrum is degenerate with the effect
from Neff (see e.g. [55] for further discussion).

Therefore, we use the results from the
Planck+WP+highL+BAO analysis in which Yp and
Neff are simultaneously constrained. The 68% and 95%
confidence regions from this analysis are shown in the
right panel of fig. 1. The green and red lines overlying
these regions are our calculations for Yp (to be discussed
in detail in the next section) against Neff for the cases of
particles in equilibrium with neutrinos and electrons or
photons respectively. As the mass m of these particles
decreases, the prediction for Neff eventually falls outside
the Planck 95% confidence region. Particles lighter than
this are excluded at the 95% confidence level.

Requiring that Neff is consistent with the Planck re-
sult, we exclude the following particle masses at 95% C.L.
for cold thermal dark matter particles in equilibrium with
neutrinos:

Real scalar No constraint (12)

Complex scalar m < 3.9 MeV (13)

Majorana fermion m < 3.5 MeV (14)

Dirac fermion m < 7.3 MeV (15)

Similarly, we can exclude the following cold thermal dark
matter particle masses at 95% C.L. when in equilibrium
with electrons and photons:

Real scalar 0.4 MeV < m < 2.6 MeV (16)

Complex scalar m < 6.5 MeV (17)

Majorana fermion m < 6.4 MeV (18)

Dirac fermion m < 9.4 MeV (19)

Had we set the limits with eq. (11), the bounds would
be about 30% higher. These bounds are independent of
whether the annihilation cross-section is s- or p-wave, but
there are ways to evade them. We mention three: firstly,
the dark matter’s abundance might arise from a non-
thermal mechanism so that agreement with the Planck
limit is found. Secondly, while dark matter in thermal

equilibrium with electrons and photons would by itself
decrease Neff , the presence of some extra relativistic de-
grees of freedom (‘dark radiation’ or sterile neutrinos)
would increase Neff bringing it back into agreement with
the Planck result [27, 56, 57]. Thirdly, the dark matter
could be in thermal equilibrium with electrons, neutri-
nos and photons in which case there is no change in the
standard neutrino-photon temperature ratio and hence,
no change in Neff . However, the BBN bounds on the sec-
ond scenario will be more stringent since the dark matter
and the extra degrees of freedom both increase Yp and
there are strong constraints from ν − e scattering (see
e.g. [58, 59]) on the third scenario.

Finally, although we considered here the degeneracy of
Yp andNeff , it is also the case thatNeff is positively corre-
lated with the Hubble constantH0. The Planck measure-
ment of H0 is about 2.5σ lower than direct astrophysical
measurements. When the astrophysical measurements of
H0 are used as a prior, slightly higher values of Neff are
preferred. For completeness, we give the resulting mass
bounds in appendix A.

A. Comparison with Big Bang Nucleosynthesis

A bound on the dark matter mass can also be placed
by comparing the primordial abundance of helium and
deuterium predicted from BBN with the observed val-
ues. Here we compare those bounds with those we have
just derived from Planck’s measurement of Neff . Unfor-
tunately, the observed values of primordial helium and
deuterium are beset by large systematic errors and var-
ious central values and errors appear in the literature.
Following the convention in the rest of particle physics,
we take the values recommended in the PDG review of
BBN [23]:

Yp = 0.249± 0.009 (20)

D/H = (2.81± 0.21)× 10−5
. (21)

We calculate Yp and D/H as a function of particle
mass m with a modified version of the PArthENoPE BBN
code [60]. As well as including the energy density of
the additional particle, the effects of the change in the
neutrino-photon temperature relation must also be ac-
counted for. This includes, for instance, a modification
of the interaction rates for p ↔ n which change the ratio
of the neutron-to-proton number density. We refer the
reader to [22, 25] for a detailed description of how these
effects are implemented.

The abundances for Yp and D/H are shown in the up-
per and lower segments of fig. 2 respectively. In calcu-
lating these values, we have taken Ωbh

2 = 0.0224 and
τn = 880.1 s, as recommended by the PDG [23]. The left
and right panels show the results for particles in ther-
mal equilibrium with neutrinos and electrons or photons
respectively. The dotted lines labelled by Nν show the
predicted abundances for Nν massless neutrinos.
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the predicted abundances for Nν massless neutrinos.

Equilibrium with ν

Planck Yp D/H

Real scalar – – –

Complex scalar 3.9 – –

Majorana fermion 3.5 – –

Dirac fermion 7.3 0.8 3.3

Equilibrium with γ/e

Planck Yp D/H

Real scalar 0.4 ≤ m ≤ 2.6 – 0.4

Complex scalar 6.5 0.2 0.5

Majorana fermion 6.4 0.2 0.5

Dirac fermion 9.4 0.3 5.3

TABLE I: The upper (lower) table show the 95% C.L. bounds

on the dark matter mass m for particles in equilibrium with

neutrinos (electrons and photons). The numbers are in units

of MeV. The numbers are an upper bound unless stated oth-

erwise, ‘–’ indicates that there is no limit and the units are

MeV. Generally, the limit from D/H is stronger than the limit

from Yp, while Planck is stronger than both.

The resulting masses that can be excluded at the

95% C.L. are given in table I. Numbers quoted are

in units of MeV. The bounds from D/H are generally

stronger than those from Yp but both are weaker than the

Planck bounds. The only exception is for a real scalar in

thermal equilibrium with photons and electrons. With

the combination of the D/H and Planck bounds, the re-

gion m < 2.6 MeV is excluded.

III. APPLICATION: LIGHT NEUTRALINO
DARK MATTER

We now consider the application of the above bounds

to a specific cold thermal dark matter candidate. In our

model, the dark matter candidate is a light bino-like neu-

tralino which remains in thermal equilibrium with neu-

trinos through stronger than weak interactions mediated

by a light mixed left-right handed sneutrino. The anni-

hilation cross-section is p-wave suppressed and the above

bound provides the strongest constraint on the mass.

The natural expectation for the mass of the lightest

neutralino is about the weak scale, O(100) GeV. How-

ever the absence of any signal of supersymmetry (SUSY)

at the Large Hadron Collider (LHC) may indicate that

the much-studied usual mechanisms of SUSY breaking

are not realised, and/or that some tuning may be re-

quired. Yet SUSY with R-parity still has many desirable

features, such as gauge coupling unification, and may still

tame most of the electroweak hierarchy problem. It also

provides a flexible framework that is extremely useful to

explore possibilities for the dark matter parameter space.

In light of these arguments, we consider an extension of

the MSSM with a spectrum which is dramatically dif-

ferent from those considered in standard SUSY model

building (summarised in fig. 4).

In the MSSM, the lightest neutralino is a superposition

of bino (B̃), neutral wino (W̃ 0
) and neutral higgsinos (h̃0

d

and h̃0
u):

χ̃0
1 = N11B̃ +N12W̃

0
+N13h̃

0
d +N14h̃

0
u , (22)

where N1i are the components of the neutralino mix-

ing matrix [61]. Searches at LEP impose a lower
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FIG. 1: Left panel: Neff as a function of the cold thermal dark matter mass m. The green (red) lines are for the case when
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m is reduced. Right panel: The blue regions show the 68% and 95% regions determined from Planck+WP+highL+BAO when

both Neff and Yp are varied freely. The green (red) lines indicate the relationship between Yp and Neff for particles in thermal

equilibrium with neutrinos (electrons and photons). As m decreases, the prediction for Neff and Yp falls outside of the Planck

confidence regions.

plasma’ and ‘electromagnetic plasma’ are separately con-
served so that (for Tγ < TD)

Tν

Tγ
=

�
g�s:ν
g�s:γ

����
TD

g�s:γ
g�s:ν

�1/3

. (6)

Here |TD
indicates that g�s should be evaluated at the

neutrino decoupling temperature TD while g�s:ν and
g�s:γ , defined through sν = 2π2g�s:νT 3

ν /45 and sγ =
2π2g�s:γT 3

γ /45 respectively, are the effective number of
relativistic degrees of freedom in the neutrino and elec-
tromagnetic plasmas. Explicitly,

g�s:ν =
14

8

�
Nν +

n�

i=1

gi
2
F

�
mi

Tν

��
. (7)

where

F (x) =
30

7π4

� ∞

x
dy

(4y2 − x2)
�
y2 − x2

ey ± 1
. (8)

with limits F (∞) = 0 and F (0) = 1(8/7) for fermions
(bosons) respectively and the sign + (−) refers to fermion
(boson) statistics.

Again, anticipating that the bound on mi is such that
mi � Tν(at recombination) ∼ 1 eV, we find that for par-
ticles only in thermal equilibrium with neutrinos, eq. (5)
simplifies to

NEquil. ν
eff = Nν

�
1 +

1

Nν

n�

i=1

gi
2
F

�
mi

TD

��4/3

(9)

For the case of particles in thermal equilibrium with
electrons or photons, we again find eq. (5) and can use
eq. (6) to find the new temperature ratio. In this case,
we find

NEquil. γ/e
eff = Nν

�
1 +

7

22

n�

i=1

gi
2
F

�
mi

TD

��−4/3

(10)

where we have used F (me/TD) ≈ 1.
The dot-dashed, dashed, dotted and solid lines in the

left panel of fig. 1 show the value of Neff for a single par-
ticle of mass m for a Dirac fermion, Majorana fermion,
complex scalar and real scalar respectively. The case
where the particle is in equilibrium with neutrinos is
shown by the green lines. Here, Neff increases above
the standard value of Neff = 3.046 for particles lighter
than � 20 MeV. Conversely, Neff decreases below the
standard value for particles in equilibrium with electrons
and photons, as indicated by the red lines. There is no
effect above m ≥ 20 MeV because the entropy transfer
occurs before the electromagnetic and neutrino plasmas
decouple resulting in the standard neutrino-photon tem-
perature ratio.
With eqs. (9) and (10) we can put a bound on the

dark matter mass by requiring that Neff is compatible
with the measured value from Planck. The central result
from [28],

Neff = 3.30+0.54
−0.51 (95%; Planck+WP+highL+BAO),

(11)

DM masses ruled out by PLANCK

1303.6270

1303.6270

Note that Neff < 4 in this scenario, despite reheating the neutrinos!
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Can Planck constrain indirect detection of dark matter in our galaxy? 3

Following this procedure, we find that for 40 GeV par-
ticles, the annihilation cross section can be as large as
σv � 1.5 − 2.5 10−26cm3/s in our galaxy without being
in conflict with the FERMI data. This suggests that an-
nihilations in the primordial Universe were either occuring
mostly into particles other than electrons (and positrons) or
the velocity-dependent term in the pair annihilation cross
section into electrons is important (σv = a + bv2 with
a > b). For 100 GeV particles, the annihilation cross section
is about σv � 7 10−26cm3/s. This is somewhat larger than
the canonical thermal annihilation value required to explain
all the dark matter today (namely 3 10−26cm3/s) but is still
compatible with the FERMI measurement of the electron
+ positron flux in the Milky Way. Such a σv value could
suggest scenarios in which the annihilation cross section is
enhanced in the galaxy due to the small velocity dispersion
of the dark matter particles in the halo (c.f. the Sommer-
feld enhancement). Hence constraints from spheroidal dwarf
galaxies (dSph) may apply.
Although the FERMI limits on dark matter candidates ob-
tained from dSph are stringent, they do depend on the dark
matter mass and most notably on the adopted dark matter
profile. Using PLANCK data would therefore provide addi-
tional constraints and a means to cross check the FERMI
results.

3 “DARK” SYNCHROTRON EMISSION

In what follows, we will display the most significant syn-
chrotron map predictions. We focus on annihilating dark
matter particles. We use the “MED” (corresponding to
L = 4 kpc, δ = 0.7, K0 = 0.0112 kpc2/Myr) and “MAX”
(corresponding to L = 15 kpc, δ = 0.46, K0 = 0.0765
kpc2/Myr) set of propagation parameters. As demonstrated
in our previous work Bœhm et al. (2010), a smaller diffu-
sion zone (corresponding to the “MIN” set of parameters)
will lead to a more confined “dark matter”synchrotron emis-
sion (brighter in the centre and fainter outside) while a more
optimistic model of propagation (“MAX”) would lead to a
brighter emission at larger latitude and longitude. Of course,
the relative brightness of the emission at each frequency is
affected by the choice of propagation parameters but, in this
Letter, we do not attempt to perform a detailed analysis of
the propagation parameters. We only point out that if prop-
agation of cosmic rays in our galaxy is correctly described
by the “MED” and “MAX” parameter sets, PLANCK may
have the ability to constrain the dark matter mass.
To produce the dark matter-related synchrotron maps, we
assume a monochromatic emission (i.e. one frequency corre-
sponds to a single value of the electron energy). The relation
between injection energy and frequency then reads:

νmax = 16 MHz ×
�n
2

�2
×

�mdm

GeV

�2
×

�
B
µG

�
.

This well-known relation indicates that small dark matter
masses cannot “shine” at high frequencies unless the mag-
netic field is very strong. Although obvious, this property
turns out to be very important for dark matter searches.
In Fig. 1, we show that 10 GeV dark matter can shine at 33
GHz if the magnetic field is about 25 µG. However, no signal
is expected at higher frequencies unless the magnetic field

Figure 1. Synchrotron maps for 10 GeV dark matter particles,
B = 25µG. We use the MED parameter set and assume annihilat-
ing particles. The emission from astrophysical sources is displayed
in the left column; the dark matter prediction is shown in the mid-
dle panel and the sum of the two contributions is dispayed in the
right panel.

Figure 2. Synchrotron maps for 40 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

is stronger. The intensity of the emission is large enough to
be within the reach of PLANCK sensitiviy. The dark mat-
ter signal is very bright at the centre, as can be expected
from the large value of the magnetic field (the latter indeed
confines the electrons in the centre). However the sum of
the two contributions is bright enough at high latitudes to
have a chance of being detected by the LFI. This is consis-
tent with previous dark matter analyses performed in the
context of the WMAP haze (Hooper & Linden 2011). In-
terestingly enough, for such parameters one also expects a
radio signature in the galactic centre. As shown in Bœhm
et al. (2001); Boehm et al. (2010), one expects the radio
emission to be about ten times smaller than the emission
attributed to the central black hole. Therefore, in princi-
ple, the estimate of the radio emission should set a stronger
limit on the cross-section. I.e. it is likely to constrain cross-
sections greater than σv � 2 10−27 cm3/s. Nonetheless, one
still expects a visible signal in PLANCK/LFI and no signal
in HFI.
When the mass is about 40 GeV and the magnetic field is
close to the average value in the whole galaxy (cf. Fig. 2),
one observes an extinction of the dark matter contribution

Figure 3. Synchrotron maps for 100 GeV dark matter particles,
B = 3µG. We use the “MED” parameter set and assume annihi-
lating particles.

c� 2011 RAS, MNRAS 000, 1–5

10 GeV

Can Planck constrain indirect detection of dark matter in our galaxy? 3

Following this procedure, we find that for 40 GeV par-
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mostly into particles other than electrons (and positrons) or
the velocity-dependent term in the pair annihilation cross
section into electrons is important (σv = a + bv2 with
a > b). For 100 GeV particles, the annihilation cross section
is about σv � 7 10−26cm3/s. This is somewhat larger than
the canonical thermal annihilation value required to explain
all the dark matter today (namely 3 10−26cm3/s) but is still
compatible with the FERMI measurement of the electron
+ positron flux in the Milky Way. Such a σv value could
suggest scenarios in which the annihilation cross section is
enhanced in the galaxy due to the small velocity dispersion
of the dark matter particles in the halo (c.f. the Sommer-
feld enhancement). Hence constraints from spheroidal dwarf
galaxies (dSph) may apply.
Although the FERMI limits on dark matter candidates ob-
tained from dSph are stringent, they do depend on the dark
matter mass and most notably on the adopted dark matter
profile. Using PLANCK data would therefore provide addi-
tional constraints and a means to cross check the FERMI
results.

3 “DARK” SYNCHROTRON EMISSION
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chrotron map predictions. We focus on annihilating dark
matter particles. We use the “MED” (corresponding to
L = 4 kpc, δ = 0.7, K0 = 0.0112 kpc2/Myr) and “MAX”
(corresponding to L = 15 kpc, δ = 0.46, K0 = 0.0765
kpc2/Myr) set of propagation parameters. As demonstrated
in our previous work Bœhm et al. (2010), a smaller diffu-
sion zone (corresponding to the “MIN” set of parameters)
will lead to a more confined “dark matter”synchrotron emis-
sion (brighter in the centre and fainter outside) while a more
optimistic model of propagation (“MAX”) would lead to a
brighter emission at larger latitude and longitude. Of course,
the relative brightness of the emission at each frequency is
affected by the choice of propagation parameters but, in this
Letter, we do not attempt to perform a detailed analysis of
the propagation parameters. We only point out that if prop-
agation of cosmic rays in our galaxy is correctly described
by the “MED” and “MAX” parameter sets, PLANCK may
have the ability to constrain the dark matter mass.
To produce the dark matter-related synchrotron maps, we
assume a monochromatic emission (i.e. one frequency corre-
sponds to a single value of the electron energy). The relation
between injection energy and frequency then reads:
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netic field is very strong. Although obvious, this property
turns out to be very important for dark matter searches.
In Fig. 1, we show that 10 GeV dark matter can shine at 33
GHz if the magnetic field is about 25 µG. However, no signal
is expected at higher frequencies unless the magnetic field

Figure 1. Synchrotron maps for 10 GeV dark matter particles,
B = 25µG. We use the MED parameter set and assume annihilat-
ing particles. The emission from astrophysical sources is displayed
in the left column; the dark matter prediction is shown in the mid-
dle panel and the sum of the two contributions is dispayed in the
right panel.

Figure 2. Synchrotron maps for 40 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

is stronger. The intensity of the emission is large enough to
be within the reach of PLANCK sensitiviy. The dark mat-
ter signal is very bright at the centre, as can be expected
from the large value of the magnetic field (the latter indeed
confines the electrons in the centre). However the sum of
the two contributions is bright enough at high latitudes to
have a chance of being detected by the LFI. This is consis-
tent with previous dark matter analyses performed in the
context of the WMAP haze (Hooper & Linden 2011). In-
terestingly enough, for such parameters one also expects a
radio signature in the galactic centre. As shown in Bœhm
et al. (2001); Boehm et al. (2010), one expects the radio
emission to be about ten times smaller than the emission
attributed to the central black hole. Therefore, in princi-
ple, the estimate of the radio emission should set a stronger
limit on the cross-section. I.e. it is likely to constrain cross-
sections greater than σv � 2 10−27 cm3/s. Nonetheless, one
still expects a visible signal in PLANCK/LFI and no signal
in HFI.
When the mass is about 40 GeV and the magnetic field is
close to the average value in the whole galaxy (cf. Fig. 2),
one observes an extinction of the dark matter contribution
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ABSTRACT
We investigate the synchrotron emission (both intensity and morphology) associated
with generic dark matter particles and make predictions for the PLANCK experiment
using the FERMI data and a model for the astrophysical sources. Our results indicate
that the morphology of the dark matter plus astrophysical source synchrotron emission
is frequency-dependent. We show that a thorough comparison between LFI and HFI
data can potentially provide a new tool for constraining the dark matter particle mass.

Key words: Astroparticle physics – dark matter – radio continuum: ISM.

1 INTRODUCTION

There are many indirect detection techniques that can be
used to elucidate the nature of the dark matter in our Uni-
verse. Among them, the anomalous production of cosmic
rays and γ-rays, first proposed by Silk & Srednicki (1984)
in the context of self-annihilating neutralinos, has received
much attention since the PAMELA experiment confirmed an
excess of positrons at relatively low energies. A new type of
dark matter signature has also been proposed in the form of
anomalous radio emission from leptonic annihilation prod-
ucts (Bœhm et al. 2004; Colafrancesco et al. 2006; Zhang
& Sigl 2008; Borriello et al. 2009; Bringmann 2009; Crocker
et al. 2010; Siffert et al. 2011; Bergstrom et al. 2009; Boehm
et al. 2010). It may even be possible to discriminate decaying
from annihilating dark matter scenarios using the morphol-
ogy of the electromagnetic emission if a signal were detected
(Ascasibar et al. 2006; Bœhm et al. 2010).
There has been recent interest in the exploitation of galactic
foregrounds in all-sky CMB experiments for the detection of
synchrotron light (corresponding to microwave and submil-
limetre radiation) emitted by a new, relativistic, population
of electrons originating from dark matter annihilations or
decays. It was pointed out a few years ago that the subtrac-
tion of known foregrounds (extrapolated from the Haslam
data at 408 MHz and from Parkes at 2.4 GHz) to microwave
frequencies showed a residual trace in the 22GHz channel of
WMAP. It was then speculated that the origin of the so-
called WMAP haze (Finkbeiner 2004) could be due to dark
matter particles (Hooper et al. 2007; Dobler & Finkbeiner
2008), although more recent investigations on its nature now
seem to favour an astrophysical interpretation rather than

a dark matter origin (Su et al. 2010). Whatever the origin
of the WMAP haze, this work has demonstrated that dark
matter could potentially be seen in CMB experiments via
galactic foregrounds.
Here, we demonstrate that exploiting PLANCK data may
open up a new window for indirect searches of dark matter
particles and offers a way to cross-check the results obtained
from other channels. Our assumptions are the following: i)
we suppose that dark matter particles annihilate or decay
into electrons (and positrons) with some specified branching
ratio, as in Bœhm et al. (2010) and Bernal & Palomares-
Ruiz (2010) ii) we use a semi-analytical approach to solve the
diffusion equation (as described in Delahaye et al. (2008)) to
propagate relativistic electrons, and iii) we assume a smooth
NFW dark matter halo profile, parameterized as:

fDM (r) =
R⊙

r

�
R⊙ +RΓ

r+RΓ

�2

,

with RΓ = 20 kpc and R⊙ = 8.5 kpc.

2 METHOD

In order to estimate the synchrotron emission from dark
matter particles, we first need to determine the elec-
tron/positron production rate by dark matter (Qn) for each
adopted particle mass mdm. For this purpose, we exploit the
fact that the same population of relativistic electrons is ex-
pected to produce both synchrotron radiation relevant for
CMB experiments and a measurable cosmic ray flux at the
Sun’s position relevant for balloon or satellite experiments
such as FERMI.
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MORPHOLOGY:
Taking advantage of HFI

4 T. Delahaye et al.

Figure 4. Synchrotron maps for 200 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

Figure 5. Synchrotron maps for 200 GeV dark matter particles,
B = 6µG. We use the MED parameter set and assume annihilat-
ing particles.

to the synchrotron emission at large frequencies. This was
to be expected from the frequency-energy relation but it
does demonstrate again that comparing maps in different
frequency channels is important. At 33 GHz, the sum of the
astrophysical and dark matter contribution becomes visible
close to the galactic centre at high latitudes, and it should
still be within the reach of LFI sensitivity. Finding the dark
synchrotron contribution will be difficult but possible, and
it is therefore important to compare all frequency channels
before removing the radio maps extrapolated to high ener-
gies.
The same features can be seen for 100 GeV (cf Fig.3), ex-
cept that the 33 GHz channel actually seems less anomalous
than the 143 GHz channel while there should be no visible
signal at very large HFI frequencies. This illustrates how im-
portant it is to perform a thorough comparison of the syn-
chrotron emission in the different frequency channels. Since
the emission is expected to be about a few Jy, detecting
the dark synchrotron emission would also be difficult but
perhaps feasible and rewarding.
At 200 GeV and B = 3µG (cf Fig. 4), we observe an in-

Figure 6. Synchrotron maps for 200 GeV dark matter particles,
B = 3µG. We use the MAX parameter set and assume annihilat-
ing particles.

Figure 7. Synchrotron maps for 800 GeV dark matter particles,
B = 3µG. We use the MAX parameter set and assume annihilat-
ing particles.

teresting effect: namely extinction of the dark synchrotron
emission at the lowest frequencies. Unlike what is shown
in the previous figures, we see that the signal is fainter at
low frequencies than that at high frequencies. The emis-
sion becomes clearly visible in the 857 GHz channel while
still present at lower frequencies. One could therefore cross-
correlate all channels to constrain the dark matter mass. The
same feature can be seen in Fig. 5 when one increases the
magnetic field. However, the signal is brighter and slightly
more concentrated towards the galactic centre. Again, this
was to be expected since a large value of the magnetic field
confines the electron in the galactic centre. As a result, the
synchrotron emission is brighter but also more confined to-
wards the centre.
The emission is easier to observe when the propagation pa-
rameters correspond to the MAX set. In this case, it is
broader (cf Fig. 6). However, in terms of intensity, it is quite
similar to the MED set of parameters.
Finally, it is interesting to note that the extinction of the
dark synchrotron emission at low frequencies is particularly
visible when the dark matter mass is about 800 GeV (cf
Fig.7). In this case, the LFI should not see any signal while
HFI could in principle have a detection. The emission at
857 GHz should be about 7 10−2 Jy. This is quite faint
but the synchrotron emission associated with astrophysical
sources is comparable. Hence, the ability for HFI to deter-
mine whether there is a “dark” synchrotron signal depends
on the level of accuracy required to remove the other fore-
grounds. These figures demonstrate that extrapolating radio
maps to high frequencies can lead to the wrong conclusions
since very high energy electrons can, depending on their in-
jection energy, shine at the highest frequencies only.
Concerning decaying dark matter, the emission is spatially
much broader and because the decay rate is constrained by
local cosmic-ray fluxes to be quite low (1–10 ×10−28 s−1,
it appears to be very difficult to distinguish from the astro-
physical background. Nearby galaxy cluster observations by
Fermi (Dugger et al. 2010; Ke et al. 2011) provide strong
constraints on gamma rays from b, b̄ and µ, µ̄ channels for
decaying dark matter because of the relatively broad emis-
sion profile, and it might be of interest to reexamine the im-
plications of Planck data for constraining dark matter via
leptonic decays in these systems.

c� 2011 RAS, MNRAS 000, 1–5

Astro DM DM+Astro

800 GeV

HFI can in principle discover very heavy particles by 
comparing with LFI (who should have no signal); 

(background normalisation issue!)
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CONCLUSION

Planck is a powerful tool to study DM !

* relic density = massive fine tuning for SUSY and others

* reionisation = confirm p-wave needed below 10 GeV

* Neff  = thermal dm must be > MeV (unless real scalar)

* morphology of synchrotron emission
* and much more in fact! 

To progress further we need, e.g.:

* the polarisation data
* a careful study of the  foreground

Céline Boehm, IPPP
Monday, 22 July 2013



DM DIRECT/INDIRECT DETECTIONFigure 3. The various NLSP masses as a function of the LSP mass for the allowed points (circles)
shown in Figure 1. The regions enclosed by the solid lines show the LEP exclusion limits derived
for different charged sleptons, assuming gaugino mass unification.

Figure 4. The spin-independent direct detection cross-section values for the allowed points in
our pMSSM scan. The color-coding and labeling of the points are the same as in Figure 1. The
current upper limit from the XENON100 experiment (upper solid line) and the projected limit from
the XENON1T experiment (lower solid line) are shown as solid lines. The 2σ-preferred range of
CRESST-II is shown as the shaded region.

of our allowed parameter space untouched. The future data from ongoing Fermi-LAT and

next generation gamma-ray searches might be able to probe our allowed parameter space

with a photon line signal [114].

For completeness, we also show in Figure 6 some other relevant pMSSM parameters

with respect to the lightest neutralino mass. The mA − tanβ parameter space is fully

consistent with the latest MSSM Higgs sector limits from the LHC [17, 18]. As for the bino

mass parameter M1, it is clear that a relatively small value of |M1| < 100 GeV is preferred

to obtain a light bino-like neutralino LSP. Finally, as is well-known, a relatively large value

– 15 –

Figure 5. The integrated photon flux from annihilation of the neutralino DM as a function of its

mass. The color-coding and labeling of the points are the same as in Figure 1. The solid horizontal

line shows the current upper limit from the Fermi-LAT data.

Figure 6. The preferred values of the other relevant pMSSM parameters as a function of the

lightest neutralino mass. The color-coding and labeling of the points are the same as in Figure 1.

of |At| is required in order to enhance the radiative corrections for the light CP -even Higgs

mass to be consistent with the LHC-preferred value of 125± 2 GeV.

Finally, we wish to point out that the allowed sparticle spectra discussed here with

mostly heavy squarks, and with light sleptons, chargino and bino-like neutralino LSP, are

also crucial for explaining the muon (g−2) anomaly [115], while simultaneously satisfying all

– 16 –

Fine-tuned configurations 
(as required by PLANCK) 
can be hard to found in Direct 
Detection experiments although 
XENON1T is on its way...

Again this forces one to consider 
light Z’/ H’ if DM is relatively 
light.

Indirect Detection will not do a better job...

unless astrophysical boost factors or 
Sommerfeld enhancement of the cross sections

1303.5386

1303.5386
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CONSEQUENCES ON SUSY SPECTRUM

Figure 3. The various NLSP masses as a function of the LSP mass for the allowed points (circles)
shown in Figure 1. The regions enclosed by the solid lines show the LEP exclusion limits derived
for different charged sleptons, assuming gaugino mass unification.

Figure 4. The spin-independent direct detection cross-section values for the allowed points in
our pMSSM scan. The color-coding and labeling of the points are the same as in Figure 1. The
current upper limit from the XENON100 experiment (upper solid line) and the projected limit from
the XENON1T experiment (lower solid line) are shown as solid lines. The 2σ-preferred range of
CRESST-II is shown as the shaded region.

of our allowed parameter space untouched. The future data from ongoing Fermi-LAT and

next generation gamma-ray searches might be able to probe our allowed parameter space

with a photon line signal [114].

For completeness, we also show in Figure 6 some other relevant pMSSM parameters

with respect to the lightest neutralino mass. The mA − tanβ parameter space is fully

consistent with the latest MSSM Higgs sector limits from the LHC [17, 18]. As for the bino

mass parameter M1, it is clear that a relatively small value of |M1| < 100 GeV is preferred

to obtain a light bino-like neutralino LSP. Finally, as is well-known, a relatively large value

– 15 –

Figure 2. The gaugino ( �B, �W 0) and higgsino ( �H0
d ,

�H0
u) components of the lightest neutralino in

our pMSSM parameter scan.

significant fine-tuning.

This is further clarified in Figure 3 where we show the various next-to-lightest super-

symmetric particles (NLSPs) and their masses as a function of the lightest neutralino mass.

We see that most of the allowed points with m�χ0
1
< 30 GeV have a charged slepton NLSP

with masses below 100 GeV. Especially the points with a light stau are severely fine-tuned

since they usually require a mass suppression by the off-diagonal elements in the slepton

mass matrix, or a large µ-term. We also show in Figure 3 the LEP exclusion regions in

the charged slepton-neutralino mass plane, derived under the assumption of gaugino mass

unification [62]. These limits may not be directly applicable to our pMSSM parameter

space with non-universal gaugino masses, and hence, can still allow the low neutralino

mass regime. A dedicated analysis of the LEP data for the pMSSM scenario is required in

order to completely rule out the lightest neutralino DM mass below 30 GeV.

The neutralino DM-nucleon spin-independent scattering cross-sections for the allowed

points is shown in Figure 4. It is interesting to note that most of the allowed region

in Figure 1 with low fine-tuning lead to a higher scattering cross section via Z-boson

exchange and are already ruled out by the latest XENON100 data [7]. The projected limit

of XENON1T experiment [66] (and also LUX [67]) will be able to completely eliminate

the low fine-tuning region for a light neutralino DM in pMSSM. In the light of the recent

claims for positive hints of a light DM from some experiments, it is worth mentioning here

that a few of our solutions with σSI ∼ 10−5−10−6 pb are in the vicinity of the 2σ preferred

range of the CRESST-II results [6].

Figure 5 shows the integrated photon flux from the neutralino DM annihilation. Note

that since the LSP in our case is mostly bino-like with heavy squarks and higgsinos, the

annihilation to photons is loop-suppressed, and hence, the final photon flux will be small.

It is clear from Figure 5 that the current sensitivity of the Fermi-LAT [109] still leaves most

– 14 –

Light neutralinos require light 
charged mediators which can 
be excluded by LEP or LHC

This conclusion can be generalised 
to other types of DM models 
although there are exceptions, e.g. 
light Z’ or light Higgs bosons.

100%

Bino-like (i.e. not coupled to SM Z/H boson)

m> 30 GeV is still safe; 
below is tough!

1303.5386
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Lessons from the relic density & 
reionisation arguments:

Thermal DM are in trouble but still fine though if: 

* one invokes new types of interactions

* one sticks to P-wave annihilations (velocity-dependent)...

2 options

Thermal DM is on its way
to be discovered

new Physics soon!

Whatever is going on here, 
this calls for a revolution 

(of ideas)
* non thermal DM?
* new RD mechanisms
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