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Robust evidence for DM particles?

Difficult to exclude a modification of  gravity until one finds DM particles 

The visible matter is only a fraction of the matter content in these objects

Observations probe the gravitational potential at these scales but not the microphysics
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Robust evidence for a new type of particles?

The main probe of  the particle nature of  DM comes from structure formation and CMB physics

Our Milky Way halo contains many subhalos.

Each of them contain galaxies

C.B., J. Schewtschenko et al

C.Boehm, J. Schewtschenko et al, submitted

A purely baryonic Universe would not explain these “observations”
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The main problem for a baryonic Universe: Silk damping

Silk damping:  baryons follow the photons (which are relativistic and the most abundant particles in the early Universe)

Example of  a Universe with modifying gravity (TeVeS, baryons only): Silk damping unavoidable

Modern problem:

how to reproduce the 
7 peaks seen by Planck?

To avoid washing out small perturbations due to the 
Silk damping effect, the main matter component in 
the Universe must not be coupled to photons through 
the normal electromagnetic coupling.

Silk, J. 1967, Nature, 215, 1155

C. Skordis, D. Mota, P. Ferreira, C. Boehm: astro-ph/0505519

Bekenstein  astro-ph/0403694
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✤ Large	 production	 channel
✤	 Particles	 with	 m	 <	 TeV

LHC

Searches strategies for dark matter particles

✤ a	 coupling	 to	 nucleons
✤	 a	 mass	 range	 
✤	 on	 calibration	 data

Direct detection assumes

✤ annihilating/decaying	 DM
✤	 same	 number	 density	 for	 DM	 and	 antiDM
✤	 a	 large	 enough	 signal	 (vs	 astrophysical	 
	 	 	 	 background)

Indirect Detection generally assumes

‣ Theory mostly guided by the relic density argument (a case for SUSY)
‣ Experimental searches guided by the notion of  (thermal) WIMPs
‣ Phenomenological approach guided by anomalies

So far the community has focussed on

None of them have been successful so far
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About this talk:

‣ How	 to	 probe	 the	 particle	 nature	 of	 DM	 without	 making	 key	 assumptions?	 

‣ What	 is	 the	 meaning	 of	 “weak”	 interactions?

‣ Can	 it	 really	 be	 that	 the	 DM	 microphysics	 has	 no	 influence	 whatsoever	 on	 Large-Scale-
Structure	 formation	 while	 these	 are	 shaped	 precisely	 by	 the	 DM?

‣ Structure formation	 

	 	 	 	 	 	 	 [which	 is	 based	 so	 far	 on	 the	 assumption	 of	 collisionless	 DM	 particles]

A few legitimate questions

One provocative answer

	 (astro-ph/0012504, astro-ph/0112522, hep-ph/0305261, astro-ph/0309652, astro-ph/0410591)+ arXiv:1011.2907

R. Wilkinson, J. Lesgourgues, C. Boehm: arXiv:1309.7588 , 
R. Wilkinson, C. Boehm, J. Lesgourgues: arXiv:1401.7597, 
C. Boehm, J. Schewtschenko et al
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‣	 Review	 standard	 techniques	 (and	 the	 problems	 associated	 with	 them)

‣	 Direct	 Detection

‣	 Indirect	 Detection

‣	 Present	 a	 new	 way	 to	 probe	 the	 DM	 interactions	 with	 SM	 particles

‣	 Constraints	 on	 DM	 interactions	 from	 CMB	 physics

‣	 Constraints	 on	 DM	 interactions	 from	 Large-Scale-Structures	 
and	 the	 Milky	 Way	 satellite	 problem

‣	 A	 connection	 with	 neutrino	 masses?

Outline of  the talk:
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Direct Detection
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is reflected in the top and bottom curves of the one sigma blue
band in both Figs.1 and 2. Finally, we also try a sharp cut-off
of Leff at low energy for the bottom curve of Fig.2 in order to
obtain the most conservative limit.

C. Robustness of the fit

Figures 1 and 2 show that even with slight modifications in
the fitting procedure, the results for Leff as a function of recoil
energy can change significantly. In order to check the quality
of a certain fit to the data, we employ the extended critical fil-
ter formalism presented in [34]. This formalism finds a fit to a
noisy data set by making use of the error statistics of the data
points as well as a Gaussian prior probability distribution for
the underlying curve. It is taking into account the possibility
of outliers in the data, i.e. data points with significantly under-
estimated error bars. This seems to be beneficial in the case
of the Leff measurements due to the wide spread and apparent
inconsistency of the different data sets.

Here, we feed the algorithm with different Leff-curves as
mean for the Gaussian prior. If the prior mean is already a
sufficiently good fit to the data set, the result of the extended
critical filter procedure will not deviate from it. If, on the
other hand, the result of the data filtering differs from the prior
mean input, it is a sign that the data prefer a different curve,
even though the possibility of individual data points being out-
liers is accounted for. These outliers are accounted for in the
algorithm by the inclusion of a correction factor for the er-
ror bar of each data point (see [34] for all technical details).
By narrowing the prior probability distribution for these cor-
rection factors, we can force the algorithm to take each data
point more seriously and thus find out which of the fits is most
consistent with the data.

In this way, we study the quality of the two cubic spline
fits shown in Figs. 1 and 2, as well as the Leff-curves given
by the upper and lower one-sigma contours (i.e. the edges of
the blue-shaded regions in Figs. 1 and 2). Using a reasonably
wide prior for the error bar correction factors, we find that
all of these curves are consistent with the data, except the top
edge of the one-sigma region in Fig. 1. The exclusion of this
one curve might, however, well be due to its behavior at large
recoil energies and is likely not to be related to the extrapola-
tion at lowest energies since the top one-sigma curve in Fig. 2
is not excluded although it is a more extreme extrapolation.
Note also that the behavior at recoil energies below 3 keVnr
is not constrained by this analysis.

When narrowing the prior for the error bar correction fac-
tors to more and more extreme shapes, more curves are suc-
cessively excluded. It can thus be determined that the central
fit in Fig. 1 is the most consistent one with the data. The mul-
titude of Leff-curves that is consistent with the present data,
however, clearly underlines the importance of studying their
influence on the resulting exclusion curve. In fact, yet an-
other fit can be obtained by using a constant curve as prior
mean for the extended critical filter and narrowing the prior
for the error bar correction factors until deviations from this
constant become significant. The resulting curve is shown in

Fig. 3, along with the one-sigma contours of the two spline-
fits shown in Figs. 1 and 2.

FIG. 3: Reconstruction of the calibration curve when using the ex-
tended critical filter with a constant prior mean (corresponding to the
mean of all data points), shown as a yellow line, along with the one
sigma contours around the fits of Figs. 1 and 2.

III. EXCLUSION LIMIT

Now that we have determined the uncertainties on Leff, we
can compute the counting rate of dark matter events expected
in the XENON100 detector and deduce an exclusion limit for
a given Leff. For this purpose, we use a profile Likelihood ratio
method and compute p-values for the signal and background,
as done in [1] after randomly simulating 10000 ’mock’ data
sets based on the XENON100 data published in [1].

A. Counting rate

The recoil rate (per nucleus) is parameterised in the stan-
dard form of [35],

dR
dE

=
σ(q)
2mµ2 ρη(E, t), (1)

where σ is the WIMP-nucleus cross-section, q =
√

2mNE
is the nuclear recoil momentum (with mN being the nucleus
mass), m is the WIMP mass, µ is the WIMP-nucleus reduced
mass, ρ is the local WIMP density and η(E, t) is the WIMP
mean speed, given by the expression

η(E, t) =
� ∞

vmin(E)

f (v,ue(t))
v

d3v . (2)

In the above integral, ue(t) is the relative velocity between the
Earth-based detector and the WIMPs, with time-dependence
arising from the motion of the Earth around the Sun, and
vmin(E) is the minimum velocity for a WIMP producing a
nuclear-recoil of energy E. Any astrophysical uncertainties,

4

is reflected in the top and bottom curves of the one sigma blue
band in both Figs.1 and 2. Finally, we also try a sharp cut-off
of Leff at low energy for the bottom curve of Fig.2 in order to
obtain the most conservative limit.

C. Robustness of the fit

Figures 1 and 2 show that even with slight modifications in
the fitting procedure, the results for Leff as a function of recoil
energy can change significantly. In order to check the quality
of a certain fit to the data, we employ the extended critical fil-
ter formalism presented in [34]. This formalism finds a fit to a
noisy data set by making use of the error statistics of the data
points as well as a Gaussian prior probability distribution for
the underlying curve. It is taking into account the possibility
of outliers in the data, i.e. data points with significantly under-
estimated error bars. This seems to be beneficial in the case
of the Leff measurements due to the wide spread and apparent
inconsistency of the different data sets.

Here, we feed the algorithm with different Leff-curves as
mean for the Gaussian prior. If the prior mean is already a
sufficiently good fit to the data set, the result of the extended
critical filter procedure will not deviate from it. If, on the
other hand, the result of the data filtering differs from the prior
mean input, it is a sign that the data prefer a different curve,
even though the possibility of individual data points being out-
liers is accounted for. These outliers are accounted for in the
algorithm by the inclusion of a correction factor for the er-
ror bar of each data point (see [34] for all technical details).
By narrowing the prior probability distribution for these cor-
rection factors, we can force the algorithm to take each data
point more seriously and thus find out which of the fits is most
consistent with the data.

In this way, we study the quality of the two cubic spline
fits shown in Figs. 1 and 2, as well as the Leff-curves given
by the upper and lower one-sigma contours (i.e. the edges of
the blue-shaded regions in Figs. 1 and 2). Using a reasonably
wide prior for the error bar correction factors, we find that
all of these curves are consistent with the data, except the top
edge of the one-sigma region in Fig. 1. The exclusion of this
one curve might, however, well be due to its behavior at large
recoil energies and is likely not to be related to the extrapola-
tion at lowest energies since the top one-sigma curve in Fig. 2
is not excluded although it is a more extreme extrapolation.
Note also that the behavior at recoil energies below 3 keVnr
is not constrained by this analysis.

When narrowing the prior for the error bar correction fac-
tors to more and more extreme shapes, more curves are suc-
cessively excluded. It can thus be determined that the central
fit in Fig. 1 is the most consistent one with the data. The mul-
titude of Leff-curves that is consistent with the present data,
however, clearly underlines the importance of studying their
influence on the resulting exclusion curve. In fact, yet an-
other fit can be obtained by using a constant curve as prior
mean for the extended critical filter and narrowing the prior
for the error bar correction factors until deviations from this
constant become significant. The resulting curve is shown in

Fig. 3, along with the one-sigma contours of the two spline-
fits shown in Figs. 1 and 2.

FIG. 3: Reconstruction of the calibration curve when using the ex-
tended critical filter with a constant prior mean (corresponding to the
mean of all data points), shown as a yellow line, along with the one
sigma contours around the fits of Figs. 1 and 2.

III. EXCLUSION LIMIT

Now that we have determined the uncertainties on Leff, we
can compute the counting rate of dark matter events expected
in the XENON100 detector and deduce an exclusion limit for
a given Leff. For this purpose, we use a profile Likelihood ratio
method and compute p-values for the signal and background,
as done in [1] after randomly simulating 10000 ’mock’ data
sets based on the XENON100 data published in [1].

A. Counting rate

The recoil rate (per nucleus) is parameterised in the stan-
dard form of [35],

dR
dE

=
σ(q)
2mµ2 ρη(E, t), (1)

where σ is the WIMP-nucleus cross-section, q =
√

2mNE
is the nuclear recoil momentum (with mN being the nucleus
mass), m is the WIMP mass, µ is the WIMP-nucleus reduced
mass, ρ is the local WIMP density and η(E, t) is the WIMP
mean speed, given by the expression

η(E, t) =
� ∞

vmin(E)

f (v,ue(t))
v

d3v . (2)

In the above integral, ue(t) is the relative velocity between the
Earth-based detector and the WIMPs, with time-dependence
arising from the motion of the Earth around the Sun, and
vmin(E) is the minimum velocity for a WIMP producing a
nuclear-recoil of energy E. Any astrophysical uncertainties,

with

XENON100, LUX, ... [Xenon-based detectors; background known]
CoGeNT, DAMA, ... [Appropriate for annual modulation; background issue]
CDMS, CRESST, ...[Crystal but background unknown]

✓ How do you connect the energy detected in the detector to  the energy deposited by a DM particle?
✓ How do you determine the answer of  the detector to a DM particle given that they are unknown?
✓ How well do you know your background?

Other (more tricky) problems:

All these detectors rely on the presence of  a DM halo and Earth moving through it. 
The DM particles have a velocity v. So when they hit a detector, they generate a recoil 
energy which depends on the DM mass and velocity. 

Problem: what is the velocity v?

One has to assume a velocity distribution (+ too light particles cannot be detected).
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One strategy: the XENON 100 experiment

S1	 =	 primary scintillation signal 
S2	 =	 secondary scintillation signal (originates	 from	 the	 drift	 of	 electrons	 from	 ionised	 Xenon)

Two phase LXe TPC                        
Two phase noble gas TPC

Electron recombination is
stronger for nuclear recoils

→ Electronic/nuclear
recoil discrimination

Scintillation signal (S1)
Charges drift to the liquid-gas
surface
Proportional signal (S2)

Teresa Marrodán Undagoitia (UZH) Dark Matter Grenoble, 21/07/2011 13 / 31

Two phase noble gas TPC

Electron recombination is
stronger for nuclear recoils

→ Electronic/nuclear
recoil discrimination

Scintillation signal (S1)
Charges drift to the liquid-gas
surface
Proportional signal (S2)

Teresa Marrodán Undagoitia (UZH) Dark Matter Grenoble, 21/07/2011 13 / 31

 Scintillation light signal (S1)

 Charge drift to the liquid-gas interface

 Proportional scintillation light signal (S2)

Electron recombination is stronger 
for nuclear recoils

Discrimination between nuclear 
and electron recoils

25/07/2011 , DMUH11, CERN                       Tobias Bruch, University of Zürich                                                                                  2

2	 phase	 detector:

upper	 part	 =	 gas

lower	 part=	 liquid

Exploiting S1 gives an information about the interaction of  DM with Xenon nuclei 
but it depends on the relative scintillation efficiency of  Xenon nuclei (Leff): 

To determine it, XENON100 uses neutrons and photons but here is the result 

3

A. Leff interpolation

To overcome the lack of knowledge about the low energy
behaviour of Leff, it was suggested by the XENON100 collab-
oration to perform an interpolation of the Chepel et al. [25],
Manzur et al. [20], Plante et al. [26] and Aprile et al. [27] Leff
data sets and perform an extrapolation below 3 keVnr. Since
older data sets (e.g. [28], [29],[30],[31]) were disregarded in
[1], we will only consider them to understand their impact on
the Leff interpolation1.

Like in [1], we perform a cubic spline interpolation to the
four datasets previously mentioned and use five knots, placed
at recoil energies of 5,10,25,50 and 100 keVnr respectively.
The best-fit cubic spline is found by freely varying the y-axis
positions of these knots, while minimising the least-squares
χ2 goodness-of-fit parameter between the interpolated spline
and the data (see [33] for a good discussion of the methodol-
ogy). The result is shown in figure 1, along with the one sigma
contour, obtained by looking for the maximum and minimum
y-axis positions of the knots which satisfy χ2 < χ2

min +5.89.

FIG. 1: A fit of a natural cubic spline to data for the relative scin-
tillation efficiency of Xenon, shown as a yellow line, along with the
one sigma contour, shown in blue. The fit uses five knots, shown as
red squares, at fixed positions on the x-axis of 5,10,25,50 and 100
keVnr. The uncertainty on the extrapolation is reflected in the top and
bottom curves of the one sigma blue band. Note that recoil energy
refers specifically to nuclear-recoils here.

The choice of the x-positions of these five knots being
somewhat arbitrary, we now perform another cubic spline in-
terpolation where we place the knots at 10, 25, 50, 75 and
100 keVnr. The translation of the lowest knot, from 5keVnr
to 10keVnr, has been performed to illustrate the effect of ig-
noring the potentially less-reliable data below 10keVnr. As
can be seen in Fig. 2, the greatest change due to the new knot

1 An attempt was made by [32] to measure Leff using the nuclear-recoil band
of XENON10. This data is not considered in our fits, but does provide
an interesting alternative method of determining the relative scintillation
efficiency of Xenon.

positions (5 → 10 keVnr and the additional knot at 75 keVnr)
appears to be the enlargement of the errors in the extrapolated
region for energies below the first knot. However there are
also clear alterations to the interpolation around 75keVnr.

FIG. 2: A fit of a natural cubic spline to data for the relative scin-
tillation efficiency of Xenon, shown as a yellow line, along with the
one sigma contour, shown in blue. The knots used to draw the best-
fit spline are shown as red squares, at positions on the x-axis of 10,
25, 50, 75 and 100 keVnr. The uncertainty on the extrapolation is
reflected in the top and bottom curves of the one sigma blue band.

Changing the knots influences the Leff energy dependence.
In particular, it changes the shape at high and very low energy.
By adding a knot at 75 keVnr, we actually gave some weight
to the single point at (55.2,0.268) which has for effect to drag
the curve up around 50 keVnr. Removing the knot at 5 keVnr
and instead extrapolating also changes the behaviour of Leff
at low energy. In particular, the uncertainties on Leff become
larger below 10 keVnr and notably the constant extrapolation
moves to higher values of Leff.

B. Leff extrapolation

Since there are no data-points below nuclear-recoil energies
of 3keVnr there is a great uncertainty on the energy depen-
dence of Leff at low recoil energies. The empirical behaviour
found in [20] seems to imply that Leff falls down to 0 at low
energy in a way which would be consistent with the spline fit
of Leff at higher energy. However, [23] suggests that based
on the physics of Xenon recoil and an understanding of both
the ionisation yield and scintillation efficiency, Leff should be
constant below 10 keVnr. Such an energy behaviour would be
supported by [33] where it is argued that the drop in the scin-
tillation efficiency observed by [20] could be due to the drop
in sensitivity in the experiment.

Given the lack of data, we will perform an extrapolation
of our curves at low energy as in [1]. I.e. we adopt either a
constant Leff below a certain energy threshold or a drop to 0.
For this latter case, we either extend the spline fit to 1 keVnr
or to 2 keVnr (as in [1]). The uncertainty on the extrapolation
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of fact new data should be published soon). Also we base
our analysis on several assumptions which are explained in
the sections below. However, despite all these limitations, we
could recover the exclusion limit that XENON100 collabora-
tion has obtained and can therefore highlight the large impact
the low energy behaviour of Leff has on the exclusion limit.
Note that in this paper we focus on Leff uncertainties only; the
astrophysical uncertainties will be addressed elsewhere.

In Section II, we recall the spline interpolation to Leff
dataset as well as the extrapolation at low energies and discuss
the robustness of the fit using an extended filter formalism. We
use different types of interpolation and extrapolation (consis-
tent with the 1-sigma contour defined by XENON100 in [1]).
In Section III, we derive the exclusion limit for the mean Leff
interpolation and compute the exclusion limits for more ex-
treme Leff behaviour at low energies. Results are given in IV
and conclusion in V.

II. Leff

The XENON100 experiment aims at detecting dark matter
particles via their elastic scattering interactions with Xenon
nuclei in a two-phase (liquid and gas) time-projection cham-
ber (TPC) detector. A DM signal is then expected to have two
signatures. The first one, referred to as the primary scintilla-
tion signal S1, arises directly from the interaction of a DM par-
ticle with the liquid Xenon and measure the scintillation light
in the liquid detector. The second, referred to as S2, happens
in the upper part of the detector – at the liquid-gas interface –
and measures the scintillation light which results from the drift
of the free electrons that originate from the ionisation of the
Xenon nuclei in the liquid phase after the DM interaction and
which survived the recombination with ionised atoms. Both
signals are measured in photon-electrons units (PE) [19] and
are used to calibrate the detector’s response to nuclear recoil
events and ultimately to determine whether the experiment has
actually detected dark matter events.

The discrimination parameter is defined as

log
�

S2

S1

�
−ERmean.

Events below the threshold of ER = −0.4 in the expected
energy range are considered as potential DM events. The
XENON100 experiment uses the ratio of the two signals S1
and S2 to discriminate between a DM and a background event
so the identification of signal is actually sensitive to the pri-
mary scintillation yield of recoiling Xenon nuclei in the liquid
part of the detector. As the measurement of the absolute scin-
tillation yield is difficult, the quantity that is used by the col-
laboration is the scintillation yield of nuclear recoils relative
to that of 122 keV γ rays from a 60Co source. This is called
the relative scintillation efficiency and is referred to as Leff.

The nuclear-recoil energy threshold Enr (in units of keVnr)
of a signal is then determined by both S1 and Leff according
to the relation,

Enr =
S1

Ly Leff

Ser

Snr
,

where Ly is a normalisation factor for the light-yield of the
122 keV gamma rays and Se, Sn are scintillation quenching
factors for electronic and nuclear recoil respectively, due to
the presence of an electric field (for XENON100, the values
used are Se = 0.58 and Sn = 0.95).

The determination of Ly and Leff are therefore of utmost
importance. While Ly has been measured precisely to Ly =
2.20±0.09 PE

keVee , there is no theoretical prediction for the en-
ergy dependence of Leff. An empirical formula was obtained
in [20, 21] by fitting the data obtained in the same reference,
namely

Leff = qncl qesc qel

with qncl the Lindhard factor (cf [20]), qesc reduction of the
scintillation light yield and qel a quench factor due to bi-
excitonic collisions [22].

Such an empirical fit reproduces the observation that the
Leff data decrease with decreasing energy and is also the as-
sumption made by the XENON100 collaboration in [1] in or-
der to obtain a conservative exclusion limit. Yet there are no
measurement of Leff at low recoil energy. Besides, theoretical
considerations by [23] seem to favour a constant behaviour
of Leff at low energy. This would be consistent with the fit
obtained by the XENON10 collaboration [24].

The XENON100 collaboration’s strategy to incorporate the
uncertainties on Leff is to consider Leff as a nuisance param-
eter and profile out the uncertainties with a Gaussian Likeli-
hood centred on the mean value of Leff, that is the best fit.
Similar assumptions are made for the other parameters which
enter the analysis. Although this seems a robust approach, it
is not very transparent. In particular, one loses the correspon-
dence between the exclusion limit and the uncertainties on Leff
which arise due to a specific spline interpolation of the data
and extrapolation at low energies. Indeed, the 1-sigma con-
tour for Leff does not show on the exclusion curve obtained in
[1] but since these uncertainties are due to the lack of data, one
does expect to be able to keep track of them. In addition, it
is hard to tell whether the final exclusion curve does take into
account possible changes in the knots of the interpolation.

In the following, we therefore adopt a different strategy. We
still use a profile Likelihood analysis but we do not treat Leff
as a nuisance parameter. As a result, we can directly see the
effect of the uncertainties on Leff interpolation and extrapola-
tion on the exclusion limit. We thus obtain several exclusion
limits where the mean should be seen as the exclusion limit
corresponding to the best fit of Leff and where the edges of
the contours correspond to the upper and lower parts of the
Leff 1-sigma bands. Said differently, instead of obtaining one
exclusion curve which would correspond to the best fit given
all the uncertainties in the analysis, we prefer to draw the ex-
clusion curves corresponding to the mean value and 1-sigma
bands of Leff and let the reader marginalise ’by eyes’ the ef-
fect of Leff on the exclusion curve. This approach enables us
to anticipate the effect of a possible change in the physics of
Leff below 3 keVnr.
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for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section σ is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

−46) km/s, and a density of ρ = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and in vesc are profiled
out and incorporated into the limit. The resulting 90%
confidence level (CL) limit is shown in Fig. 5 and has
a minimum σ = 7.0 × 10−45 cm2 at a WIMP mass of
m = 50GeV/c2. The impact of Leff data below 3 keVnr

is negligible at m = 10GeV/c2. The sensitivity is the
expected limit in absence of a signal above background
and is also shown in Fig. 5. Due to the presence of
two events around 30 keVnr, the limit at higher m is

weaker than expected. Within the systematic differences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a m = 100GeV/c2 WIMP, is 1471 kg × days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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A. Leff interpolation

To overcome the lack of knowledge about the low energy
behaviour of Leff, it was suggested by the XENON100 collab-
oration to perform an interpolation of the Chepel et al. [25],
Manzur et al. [20], Plante et al. [26] and Aprile et al. [27] Leff
data sets and perform an extrapolation below 3 keVnr. Since
older data sets (e.g. [28], [29],[30],[31]) were disregarded in
[1], we will only consider them to understand their impact on
the Leff interpolation1.

Like in [1], we perform a cubic spline interpolation to the
four datasets previously mentioned and use five knots, placed
at recoil energies of 5,10,25,50 and 100 keVnr respectively.
The best-fit cubic spline is found by freely varying the y-axis
positions of these knots, while minimising the least-squares
χ2 goodness-of-fit parameter between the interpolated spline
and the data (see [33] for a good discussion of the methodol-
ogy). The result is shown in figure 1, along with the one sigma
contour, obtained by looking for the maximum and minimum
y-axis positions of the knots which satisfy χ2 < χ2

min +5.89.

FIG. 1: A fit of a natural cubic spline to data for the relative scin-
tillation efficiency of Xenon, shown as a yellow line, along with the
one sigma contour, shown in blue. The fit uses five knots, shown as
red squares, at fixed positions on the x-axis of 5,10,25,50 and 100
keVnr. The uncertainty on the extrapolation is reflected in the top and
bottom curves of the one sigma blue band. Note that recoil energy
refers specifically to nuclear-recoils here.

The choice of the x-positions of these five knots being
somewhat arbitrary, we now perform another cubic spline in-
terpolation where we place the knots at 10, 25, 50, 75 and
100 keVnr. The translation of the lowest knot, from 5keVnr
to 10keVnr, has been performed to illustrate the effect of ig-
noring the potentially less-reliable data below 10keVnr. As
can be seen in Fig. 2, the greatest change due to the new knot

1 An attempt was made by [32] to measure Leff using the nuclear-recoil band
of XENON10. This data is not considered in our fits, but does provide
an interesting alternative method of determining the relative scintillation
efficiency of Xenon.

positions (5 → 10 keVnr and the additional knot at 75 keVnr)
appears to be the enlargement of the errors in the extrapolated
region for energies below the first knot. However there are
also clear alterations to the interpolation around 75keVnr.

FIG. 2: A fit of a natural cubic spline to data for the relative scin-
tillation efficiency of Xenon, shown as a yellow line, along with the
one sigma contour, shown in blue. The knots used to draw the best-
fit spline are shown as red squares, at positions on the x-axis of 10,
25, 50, 75 and 100 keVnr. The uncertainty on the extrapolation is
reflected in the top and bottom curves of the one sigma blue band.

Changing the knots influences the Leff energy dependence.
In particular, it changes the shape at high and very low energy.
By adding a knot at 75 keVnr, we actually gave some weight
to the single point at (55.2,0.268) which has for effect to drag
the curve up around 50 keVnr. Removing the knot at 5 keVnr
and instead extrapolating also changes the behaviour of Leff
at low energy. In particular, the uncertainties on Leff become
larger below 10 keVnr and notably the constant extrapolation
moves to higher values of Leff.

B. Leff extrapolation

Since there are no data-points below nuclear-recoil energies
of 3keVnr there is a great uncertainty on the energy depen-
dence of Leff at low recoil energies. The empirical behaviour
found in [20] seems to imply that Leff falls down to 0 at low
energy in a way which would be consistent with the spline fit
of Leff at higher energy. However, [23] suggests that based
on the physics of Xenon recoil and an understanding of both
the ionisation yield and scintillation efficiency, Leff should be
constant below 10 keVnr. Such an energy behaviour would be
supported by [33] where it is argued that the drop in the scin-
tillation efficiency observed by [20] could be due to the drop
in sensitivity in the experiment.

Given the lack of data, we will perform an extrapolation
of our curves at low energy as in [1]. I.e. we adopt either a
constant Leff below a certain energy threshold or a drop to 0.
For this latter case, we either extend the spline fit to 1 keVnr
or to 2 keVnr (as in [1]). The uncertainty on the extrapolation

 massive uncertainty 
because there is no data
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of fact new data should be published soon). Also we base
our analysis on several assumptions which are explained in
the sections below. However, despite all these limitations, we
could recover the exclusion limit that XENON100 collabora-
tion has obtained and can therefore highlight the large impact
the low energy behaviour of Leff has on the exclusion limit.
Note that in this paper we focus on Leff uncertainties only; the
astrophysical uncertainties will be addressed elsewhere.

In Section II, we recall the spline interpolation to Leff
dataset as well as the extrapolation at low energies and discuss
the robustness of the fit using an extended filter formalism. We
use different types of interpolation and extrapolation (consis-
tent with the 1-sigma contour defined by XENON100 in [1]).
In Section III, we derive the exclusion limit for the mean Leff
interpolation and compute the exclusion limits for more ex-
treme Leff behaviour at low energies. Results are given in IV
and conclusion in V.

II. Leff

The XENON100 experiment aims at detecting dark matter
particles via their elastic scattering interactions with Xenon
nuclei in a two-phase (liquid and gas) time-projection cham-
ber (TPC) detector. A DM signal is then expected to have two
signatures. The first one, referred to as the primary scintilla-
tion signal S1, arises directly from the interaction of a DM par-
ticle with the liquid Xenon and measure the scintillation light
in the liquid detector. The second, referred to as S2, happens
in the upper part of the detector – at the liquid-gas interface –
and measures the scintillation light which results from the drift
of the free electrons that originate from the ionisation of the
Xenon nuclei in the liquid phase after the DM interaction and
which survived the recombination with ionised atoms. Both
signals are measured in photon-electrons units (PE) [19] and
are used to calibrate the detector’s response to nuclear recoil
events and ultimately to determine whether the experiment has
actually detected dark matter events.

The discrimination parameter is defined as

log
�

S2

S1

�
−ERmean.

Events below the threshold of ER = −0.4 in the expected
energy range are considered as potential DM events. The
XENON100 experiment uses the ratio of the two signals S1
and S2 to discriminate between a DM and a background event
so the identification of signal is actually sensitive to the pri-
mary scintillation yield of recoiling Xenon nuclei in the liquid
part of the detector. As the measurement of the absolute scin-
tillation yield is difficult, the quantity that is used by the col-
laboration is the scintillation yield of nuclear recoils relative
to that of 122 keV γ rays from a 60Co source. This is called
the relative scintillation efficiency and is referred to as Leff.

The nuclear-recoil energy threshold Enr (in units of keVnr)
of a signal is then determined by both S1 and Leff according
to the relation,

Enr =
S1

Ly Leff

Ser

Snr
,

where Ly is a normalisation factor for the light-yield of the
122 keV gamma rays and Se, Sn are scintillation quenching
factors for electronic and nuclear recoil respectively, due to
the presence of an electric field (for XENON100, the values
used are Se = 0.58 and Sn = 0.95).

The determination of Ly and Leff are therefore of utmost
importance. While Ly has been measured precisely to Ly =
2.20±0.09 PE

keVee , there is no theoretical prediction for the en-
ergy dependence of Leff. An empirical formula was obtained
in [20, 21] by fitting the data obtained in the same reference,
namely

Leff = qncl qesc qel

with qncl the Lindhard factor (cf [20]), qesc reduction of the
scintillation light yield and qel a quench factor due to bi-
excitonic collisions [22].

Such an empirical fit reproduces the observation that the
Leff data decrease with decreasing energy and is also the as-
sumption made by the XENON100 collaboration in [1] in or-
der to obtain a conservative exclusion limit. Yet there are no
measurement of Leff at low recoil energy. Besides, theoretical
considerations by [23] seem to favour a constant behaviour
of Leff at low energy. This would be consistent with the fit
obtained by the XENON10 collaboration [24].

The XENON100 collaboration’s strategy to incorporate the
uncertainties on Leff is to consider Leff as a nuisance param-
eter and profile out the uncertainties with a Gaussian Likeli-
hood centred on the mean value of Leff, that is the best fit.
Similar assumptions are made for the other parameters which
enter the analysis. Although this seems a robust approach, it
is not very transparent. In particular, one loses the correspon-
dence between the exclusion limit and the uncertainties on Leff
which arise due to a specific spline interpolation of the data
and extrapolation at low energies. Indeed, the 1-sigma con-
tour for Leff does not show on the exclusion curve obtained in
[1] but since these uncertainties are due to the lack of data, one
does expect to be able to keep track of them. In addition, it
is hard to tell whether the final exclusion curve does take into
account possible changes in the knots of the interpolation.

In the following, we therefore adopt a different strategy. We
still use a profile Likelihood analysis but we do not treat Leff
as a nuisance parameter. As a result, we can directly see the
effect of the uncertainties on Leff interpolation and extrapola-
tion on the exclusion limit. We thus obtain several exclusion
limits where the mean should be seen as the exclusion limit
corresponding to the best fit of Leff and where the edges of
the contours correspond to the upper and lower parts of the
Leff 1-sigma bands. Said differently, instead of obtaining one
exclusion curve which would correspond to the best fit given
all the uncertainties in the analysis, we prefer to draw the ex-
clusion curves corresponding to the mean value and 1-sigma
bands of Leff and let the reader marginalise ’by eyes’ the ef-
fect of Leff on the exclusion curve. This approach enables us
to anticipate the effect of a possible change in the physics of
Leff below 3 keVnr.

and yet this is the region 
of  interest for low mass DM

The reason why XENON100 had no uncertainty in the first place is that their method was 
picking up the best “extrapolated” fit for Leff but not necessarily the physical one.

Then they changed and assumed a cut in Leff  below 3 keVnr

Our result when one does not 
profile out the Likelihood

J. Davis, C. Boehm, N. Oppermann, T. Ensslin, arXiv:1203.6823

Wednesday, 19 February 2014

http://arxiv.org/abs/arXiv:1203.6823
http://arxiv.org/abs/arXiv:1203.6823


Can one do better than the profile Likelihood analysis?

5

for moderate variations in the definition of any of the data
quality cuts. These events were observed on January 23,
February 12, and June 3, at 30.2 keVnr, 34.6 keVnr, and
12.1 keVnr, respectively. The event distribution in the
TPC is shown in Fig. 4. Given the background expecta-
tion of (1.8±0.6) events, the observation of 3 events does
not constitute evidence for dark matter, as the chance
probability of the corresponding Poisson process to re-
sult in 3 or more events is 28%.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
σ as function of WIMP mass mχ. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method tak-
ing into account all relevant systematic uncertainties, is shown
as the thick (blue) line together with the expected sensitivity
of this run (yellow/green band). The limits from XENON100
(2010) [7], EDELWEISS (2011) [6], CDMS (2009) [5] (re-
calculated with vesc = 544 km/s, v0 = 220 km/s), CDMS
(2011) [19] and XENON10 (2011) [20] are also shown. Ex-
pectations from CMSSM are indicated at 68% and 95% CL
(shaded gray [21], gray contour [22]), as well as the 90% CL ar-
eas favored by CoGeNT [23] and DAMA (no channeling) [24].

The statistical analysis using the Profile Likelihood
method [17] does not yield a significant signal excess ei-
ther, the p-value of the background-only hypothesis is
31%. A limit on the spin-independent WIMP-nucleon
elastic scattering cross-section σ is calculated where
WIMPs are assumed to be distributed in an isothermal
halo with v0 = 220 km/s, Galactic escape velocity vesc =
(544+64

−46) km/s, and a density of ρ = 0.3GeV/cm3. The
S1 energy resolution, governed by Poisson fluctuations of
the PE generation in the PMTs, is taken into account.
Uncertainties in the energy scale as indicated in Fig. 1,
in the background expectation and in vesc are profiled
out and incorporated into the limit. The resulting 90%
confidence level (CL) limit is shown in Fig. 5 and has
a minimum σ = 7.0 × 10−45 cm2 at a WIMP mass of
m = 50GeV/c2. The impact of Leff data below 3 keVnr

is negligible at m = 10GeV/c2. The sensitivity is the
expected limit in absence of a signal above background
and is also shown in Fig. 5. Due to the presence of
two events around 30 keVnr, the limit at higher m is

weaker than expected. Within the systematic differences
of the methods, this limit is consistent with the one from
the optimum interval analysis, which calculates the limit
based only on events in the WIMP search region. Its
acceptance-corrected exposure, weighted with the spec-
trum of a m = 100GeV/c2 WIMP, is 1471 kg × days.
This result excludes a large fraction of previously unex-
plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [21]. Moreover, the new result challenges
the interpretation of the DAMA [24] and CoGeNT [23]
results as being due to light mass WIMPs.
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P. Sorensen proposed to look at distributions; 
But we pushed the idea much further

number of  PE
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Our XENON100 analysis

Information theory is much more 
powerful than the likelihood profile

... unless you know/remove more 
efficiently your background ...

Very powerful new technique for “noisy” detectors 
where background is relatively known

 J. Davis, T. Ensslin, C Boehm: arXiv:1208.1850
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Another strategy: CoGeNT

signal:	 rise	 time	 for	 1	 energy	 bin

2 lognormals
(bulk/surface)

cross between surface and bulk rise time for each energy channel

DM rises

J. Davis, C. McCabe, C. Boehm  in preparation
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Direct Detection: 
limitation of  the technique

at 10 TeV 

But there is still room left for DM particles, especially at low mass.
	 
So	 far	 the	 low	 mass	 range	 is	 almost	 unconstrained	 by	 Direct	 Detection

Still a lot of  room left 
at low mass: 

8 orders of  magnitude

LUX to come

10−43 cm2

arXiv:1310.8214

 Billard et al: arXiv:1307.5458
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The 10 GeV range and below is uncovered 
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Are light annihilating Dark Matter particles possible?

C. Boehm1, T. A. Enßlin2, J. Silk1

1 Denys Wilkinson Laboratory, Astrophysics Department, OX1 3RH Oxford, England UK;
2Max-Planck-Institut für Astrophysik Karl-Schwarzschild-Str. 1, Postfach 13 17, 85741 Garching

(Dated: 22 August 2002)

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 e!orts 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) su!er from negligible
damping e!ects (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

!

"!v#ann/3 $ 10!27 cm3 s!1
"

("dmh2)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 "th

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

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

"!v#ann % 7 10!27 xF&
g!

#

"dmh2

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

MeV-10 GeV range previously closed because of  the relic density argument:

        But I found exceptions: scalar DM or any DM coupled to very light (weakly coupled) Z’

Problem: gamma-ray emission needs to be suppressed:

‣ Z’ perfect because of  velocity dependence [Z’ reintroduced later by other authors for DD]
‣ Light pseudoscalar (like in NMSSM) can be OK too 
‣ Other interactions OK if  suppressed
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>$-?8$)).(@?008&@@&/(,1(-6&(7$)$5.
@*(@$-,@E,&@(-6&(7$FF$(8$.(+*1@-8$,1-
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C. Boehm, T. Ensslin, J. Silk: astro-ph/0208458

 J Gunion, D. Hooper: hep-ph/0509024
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For example 
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Works fine at GeV-10 GeV but if  
MeV DM, it needs to be suppressed 
by 5 orders of  magnitudes to not 
overproduce gamma-ray fluxes.

Could explain the observed abundance 
but it would be smaller by 6 orders of  
magnitudes in the galaxy with respect 

to the “primordial” value.

astro-ph/0208458 

‣ DM masses down to MeV is possible (RD + gamma rays)
‣ Thermal GeV-10 GeV produce almost visible signatures

So in principle no reason to neglect the low range!
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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 e!orts 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) su!er from negligible
damping e!ects (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

!

"!v#ann/3 $ 10!27 cm3 s!1
"

("dmh2)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 "th

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

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

"!v#ann % 7 10!27 xF&
g!

#

"dmh2

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
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For low DM masses Indirect Detection is mostly 
a FANTASTIC guide for model building 

Potential 10 to 30 GeV excess: it has been advocated that prompt gamma-ray emission was a good fit

But in reality, one has to take into account the propagation of  the annihilation products

This changes the result for the lepton channels
T. Lacroix, CB, J. Silk: in preparation

D. Hooper and T. Linden: arXiv: 1110.0006
C. Gordon & O. Macias:  arXiv:1306.5725

IC losses: 
1) infrared (IR) light; 2) dust or optical ; 3) ultraviolet (UV) light from stars, 4) CMB.
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Seeing DM indirectly in Planck data

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
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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

Astrophysical 
sources

DM Sum Astrophysical 
sources

DM Sum

40 GeV DM 800 GeV DM

Low mass DM gives a 
signal in LFI but not at 

high frequencies 

High mass DM gives a signal 
in HFI but not at low 

frequencies 

One can therefore discriminate between different DM masses by looking at an anomalous 
synchrotron emission in the Planck data and by comparing the LFI and HFI data. 

High frequency High frequency

Low frequencyLow frequency

T. Delahaye, C. Boehm,J. Silk, arXiv:1105.4689
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Figure 4: Plots of the neutralino pair annihilation cross section into W+W− (left upper panel)

and γZ (right upper panel) as a function of the chargino-neutralino mass splitting and the spin-

independent DM-nucleon cross section as a function of the Dark Matter mass (lower left panel)

together with the XENON 2012 limit. The Freeze-Out relic density is displayed in the lower right

panel for the annihilation cross section into γγ as a function of the mass splitting.

analysis where the full information available in the (S1, S2) scintillation plane was exploited.
It is therefore likely that the XENON100 experiment can improve its present exclusion limit
with the 2012 data and rule out some of the configurations shown here in green.

In these figures we have assumed that the relic density was regenerated at 100 % for
candidates with a total annihilation cross section much larger than the ‘thermal’ one (i.e.
with a suppressed Freeze-Out relic density). This way we could ensure a fair comparison
between theoretical expectations and the limits set by the Fermi-LAT and XENON100 ex-
periments. Looking at the σvχ0

1χ
0
1→γγ plot, one sees that invoking regeneration is needed for

all scenarios with a chargino-neutralino mass splitting smaller than ∼ 20 GeV 6. Assuming
that all these candidates have the correct relic density, we could indeed exclude scenarios
with a neutralino-chargino mass splitting up to 20 GeV and values of σvχ0

1χ
0
1→γZ down to

10−28 cm3/s (see Fig.4), corresponding to σvχ0
1χ

0
1→W+W− > 10−25 cm3/s and Ωh2 � 0.06.

However, relaxing the regeneration assumption would completely relax the exclusion re-
gions and therefore the bound on the mass splitting (apart perhaps from scenarios with
extremely small mass splitting).

As a side comment regarding the so-called ‘130 GeV line’: we do find scenarios where
σvχ0

1χ
0
1→γγ � 10−27 cm3/s, which is the value of the cross section that is required to explain

the feature in the spectrum. These configurations predict a neutralino-chargino mass

6For larger values of the mass splitting, no regeneration assumption is required but the annihilation
cross sections into γγ and γZ are strongly suppressed. In particular σvχ0

1χ
0
1→γγ is much below 10−29 cm3/s.

15

Anti-proton can even constrain Particle Physics scenarios

G. Belanger, C. Boehm, M. Cirelli, J. Da Silva, A. Pukhov: arXiv:1208.5009

One can therefore exclude certain neutralino composition on the sole basis of 
the anti-proton flux predicted in these DM scenarios.

We can exclude certain cross section and masses   

✓One can exclude values of  the annihilation cross section versus the neutralino mass
✓From the value of  the annihilation cross section, one can exclude the neutralino composition

 Also recently arXiv:1401.6212

Constraints on neutralino annihilating into W+W-
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‣ Direct Detection is good but quite limited to a mass range 

‣ Indirect Detection is

‣ good for probing low DM mass 

‣ but inefficient in case of  a velocity dependent cross section 

‣ tricky for high DM mass as we do not know the astro background well.

‣ no way to constrain the interactions without making an assumption.

‣ no way to characterise the DM elastic scattering with SM particles for any mass

‣ no way to go back in time (a part from RD but assumes thermal DM ), except CMB 

Standard Techniques
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NEW TECHNIQUE

Assume that DM has interactions with SM particles

Would this change the pattern of  Large-Scale-Structure formation?

‣ Whether DM interacts with relativistic species or not 
‣ Whether the species that are interacting with DM are “abundant” or not 
‣ The strength of  the interactions

The answer depends on: 

One should be able to define a damping scale based on those criteria. It will describe 
the fact that no small size perturbations can survive these types of  collisions and the 
fact that gravity cannot cluster these scales since they do not exist.

DM will follow these particles 
until it is no longer coupled to 

them

DM

(astro-ph/0012504, astro-ph/0112522, hep-ph/0305261, astro-ph/0309652, astro-ph/0410591)

(including photons and neutrinos)

(generalisation of  the Silk damping)
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Difference with previous works (D. Schwarz)

Intuitively:

Until DM is fully decoupled, it cannot free-stream. While coupled it “follows” the other species. 
The biggest effect is expected when DM is coupled to 

‣photons
‣neutrinos

(large energy density, relativistic with an interaction rate fixed at least by the electrons -- if  not the DM)

It	 is	 the	 first	 time	 that	 the	 DM	 interactions	 are	 taken	 into	 account.	 What	 people	 had	 done	 before	 
is	 looking	 at	 the	 effect	 of	 SM	 interactions	 on	 the	 evolution	 of	 perturbations	 before	 neutrino	 decouple	 but	 they	 
never	 introduced	 an	 explicit	 coupling	 between	 DM	 and	 SM	 interactions

kinetic theory
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1.	 DM-photon:	 probes	 how“weak”the	 DM	 interactions	 are

2.	 DM-neutrinos:	 probe	 invisible	 interactions

3.	 DM-baryons	 (large	 cross	 section);	 useful	 below	 1	 GeV
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constraints from the accumulated cosmological data offers a
more robust method to characterise its nature.

The consequence of DM interactions with SM particles is
to dampen the primordial matter fluctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32–34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DM–γ interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM − γ coupling has two specific
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of significant damping in
the angular power spectrum, which can be constrained using
the position and relative amplitude of the acoustic peaks.
Secondly, after DM ceases to interact with photons, the
collisional damping is supplemented by DM free-streaming4;
this appears as a ‘linear’ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the first data from the
Planck satellite [41], one can set a limit on DM–γ interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DM–γ
coupling also generates distinctive features in the temperature
and polarisation power spectra at high �. One can use these
effects to search for evidence of DM interactions in CMB data
and determine (at least observationally) the strength of DM–γ
interactions that we are allowed. This work will be extended
to other DM interactions in a future publication.

The paper is organised as follows. In Sec. II, we discuss
the implementation of DM–γ interactions and the qualitative
effects on the T T and EE components of the angular power
spectrum. In Sec. III A, we constrain these interactions by
comparing the spectra to the latest Planck data, and find the
best-fit cosmological parameters. In Sec. III B, we present our
predictions for the temperature and polarisation spectra for the
maximally allowed value of the elastic scattering cross section
that we obtain. We conclude in Sec. IV.

II. IMPLEMENTATION OF THE DM–γ INTERACTIONS

In this section, we recall the modified Boltzmann equations
used to incorporate interactions of DM with photons [33] and
discuss their implementation in the Cosmic Linear Anisotropy
Solving System (CLASS) code5 (version 1.7) [42, 43].

The current version of CLASS offers a choice between two
gauges for the definition of cosmological perturbations: the
Newtonian gauge, and the synchronous gauge comoving with
DM (see e.g. Ref. [44]). In the presence of coupled DM, the
synchronous gauge equations should be slightly reformulated

4 Assuming the DM–γ decoupling happens before the gravitational collapse
of such fluctuations and the DM velocity is not completely negligible at
this time; this offers a way to determine the decoupling epoch.

5 class-code.net

since the gauge can be fixed by imposing θDM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DM–γ interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a flat
universe and taking derivatives with respect to conformal
time, τ. Our notation is consistent with Ref. [44].

A. Modified Boltzmann equations

In the absence of DM interactions, the Boltzmann equations
simplify to the following Euler equations:

θ̇b = k2ψ−H θb + c2
s k2δb −R−1κ̇(θb −θγ) , (1)

θ̇γ = k2ψ+ k2
�

1
4

δγ −σγ

�
− κ̇(θγ −θb) , (2)

θ̇DM = k2ψ−H θDM , (3)

where θb, θγ and θDM are the baryon, photon and DM velocity
divergences respectively. δγ and σγ are the density fluctuation
and anisotropic stress potential associated with the photon
fluid, ψ is the gravitational potential, k is the comoving
wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ≡
(3/4)(ρb/ργ) is the ratio of the baryon to photon density, cs
is the baryon sound speed and κ̇ ≡ a σTh c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–γ interactions are accounted for by a term analogous
to −κ̇(θγ −θb) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ≡ a σDM−γ c nDM, where σDM−γ is
the DM–γ elastic scattering cross section, nDM = ρDM/mDM
is the DM number density, ρDM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term −µ̇(θγ −θDM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ≡ (3/4)(ρDM/ργ), which grows in proportion to
a. Thus, the Euler equations become

θ̇b = k2ψ−H θb + c2
s k2δb −R−1κ̇(θb −θγ) , (4)

θ̇γ = k2ψ+ k2
�

1
4

δγ −σγ

�

−κ̇(θγ −θb)− µ̇(θγ −θDM) , (5)

θ̇DM = k2ψ−H θDM −S−1µ̇(θDM −θγ) . (6)

The DM–γ elastic scattering cross section, σDM−γ, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–γ coupling.
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3

For a constant cross section, since DM and baryons are
non-relativistic when we begin the integration, both µ̇ and κ̇
behave as a−2 at high redshifts. Therefore, the ratio of µ̇ and
κ̇ is proportional to the dimensionless quantity

u ≡
�

σDM−γ
σTh

�� mDM

100 GeV

�−1
, (7)

which depends on two essential parameters: the scattering
cross section, σDM−γ, and the DM mass, mDM

7. We will use
this parameter to quantify the effect of DM–γ interactions on
the evolution of primordial fluctuations. If instead the cross
section is proportional to the temperature squared, we can
write u = u0 a−2, where u0 is the present-day value (again
assuming that DM is non-relativistic).

As the magnitude of the u parameter determines the
collisional damping scale [33], one can readily see that the
efficiency of the damping is essentially governed by the ratio
of the interaction cross section to the DM mass.

B. Implementation in CLASS

The execution of CLASS begins by using three distinct
modules for the background, thermodynamical and
perturbation evolutions. In the present study, all necessary
modifications are confined to the thermodynamics and
perturbation modules.

The standard thermodynamics module solves the
recombination equations and stores an interpolation table for
[κ̇, κ̈,

...κ , exp(−κ)] as a function of redshift, z. At the same
time, we request that the module stores the corresponding
values of µ̇ (inferred analytically from u, a, σTh and ρDM), its
higher derivatives and exp(−µ). It also stores values of the
visibility function

g(τ) = (κ̇+ µ̇)e−κ−µ , (8)

along with its first and second time derivatives.
In the perturbation module, we began by adding the new

interaction terms to the photon and DM Euler equations [see
Eqns. (5) and (6)] and in the full hierarchy of Boltzmann
equations for photon temperature and polarisation. Apart
from the source term in the photon velocity equation, this
amounts to simply replacing all occurrences of κ̇ with (κ̇+ µ̇).
For instance, the evolution equation for photon temperature
multipoles with �≥ 3 reads

Ḟγ� =
k

2�+1
�
�Fγ(�−1)− (�+1)Fγ(�+1)

�
− (κ̇+ µ̇)Fγ� , (9)

where Fγ� is defined as in Ref. [44].
At early times, the characteristic scale τc = (κ̇)−1 is very

small, leading to a stiff system of equations. Integrating over

7 Note that after recombination, κ̇ is strongly suppressed (by a factor ∼
10−4 [45]) due to the drastic subsequent drop in the free electron density,
while µ̇ continues scaling like a−2.

time remains efficient in the baryon–photon tight-coupling
regime (in which small quantities like (θ̇γ − θ̇b) and σγ are
obtained analytically at order one or two in the expansion
parameter), while the remaining evolution equations become
independent of τc.

To obtain a CMB spectrum compatible with large-scale
observations, we can limit our analysis to the case in which
the new interaction rate is weaker than the Thomson scattering
rate, i.e. µ̇ < κ̇. Therefore, there is no need to devise a
specific DM–γ tight-coupling regime; we need only to correct
the baryon–γ tight-coupling approximation in order to account
for the new interaction. This can be easily achieved by
following the step-by-step calculation of Ref. [43], including
the additional terms −µ̇(θγ − θDM) and −S−1µ̇(θDM − θγ) in
the photon and DM Euler equations respectively.

We implemented these modifications at order one in τc
(and even beyond that order, since we used the approximation
scheme called class compromise in Ref. [43]). We checked
the consistency of our approach by varying the time at
which the tight-coupling approximation is switched off in the
presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
close to recombination (in which case, one needs to introduce
a DM–γ tight-coupling regime).

In order to follow a reduced number of multipoles in
the hierarchy of Boltzmann equations for photons, we
expressed the final temperature and polarisation spectra
using a line-of-sight integral [46], i.e. we decompose the
temperature/polarisation photon transfer functions ∆T,P

l (k) as

∆T,P
� (k) =

� τ0

τi
dτ ST,P(k,τ) j�[k(τ0 − τ)] , (10)

where τ is conformal time, τi is an arbitrary time much
earlier than recombination, τ0 is the time today, ST,P(k,τ)
is the temperature/polarisation source function and the j�’s
are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read

ST = e−κ−µφ̇+ g
4

�
δγ +

Π
4

�
+

e−κ−µ

k2 ×
�
[κ̈+ κ̇(κ̇+ µ̇)]θb + κ̇θ̇b +[µ̈+ µ̇(κ̇+ µ̇)]θDM + µ̇θ̇DM

�

+
d
dτ

�
e−κ−µψ+

3
16k2 (ġΠ+gΠ̇)

�
, (11)

SP=
3

16
gΠ

[k(τ0 − τ)]2
, (12)

where Π is a linear combination of temperature and
polarisation multipoles, corresponding to [Fγ2 +Gγ0 +Gγ2] in
the notation of Ref. [44].

In the above formulae, for our numerical implementation
in CLASS, derivatives of perturbations denoted with a dot are
evaluated analytically using the evolution equations, while
the derivative denoted by d/dτ is computed with a finite
difference method, after storing the function between the
square brackets.
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FIG. 1: The effect of DM–γ interactions on the T T (left) and EE (right) components of the CMB angular power spectrum, where the strength

of the interaction is characterised by u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

(u = 0 corresponds to zero DM–γ coupling) and σDM−γ is constant.

For all the curves, we consider a flat ΛCDM model with H0 = 70 km s
−1

Mpc
−1

(h = 0.7), ΩΛ = 0.7, Ωm = 0.3 and Ωb = 0.05, where u

is the only additional parameter. The new coupling has two main effects: i) a suppression of the small-scale peaks due to a combination of

collisional damping and a delayed photon decoupling, and ii) a shift in the peaks to larger � due to a decrease in the sound speed of the thermal

plasma. (Note that u = 10
−4

is difficult to distinguish from u = 0 at this scale).

C. Effect of DM–γ interactions on the CMB spectrum

The impact of DM–γ interactions on the T T and EE

components of the CMB angular power spectrum generated

by CLASS is illustrated in Fig. 1 for specific values of the

parameter u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

. Here we

take the DM− γ cross section to be constant, however, we note

that similar effects are observed for temperature-dependent

cross sections.

For illustrative purposes, we consider a flat ΛCDM

cosmology, where the energy content of the Universe is

divided between baryons (Ωb = 0.05), dark matter (ΩDM =
0.25) and dark energy in the form of a cosmological constant

(ΩΛ = 0.7). We select a present-day value for the Hubble

parameter of H0 = 70 km s
−1

Mpc
−1

(h = 0.7) and a

standard value of 3.046 for the effective number of neutrino

species [47].

There are two important effects on the relative amplitude

and position of the Doppler peaks with respect to standard

ΛCDM, both of which can be used to constrain the DM–γ
elastic scattering cross section.

Firstly, the DM–γ interactions induce collisional damping

(see Ref. [32, 34]), thus reducing the magnitude of the

small-scale peaks and effectively cutting off the angular

power spectrum at lower values of �. For very large

cross sections, this effect is enhanced by a delay in the

epoch of photon last-scattering, increasing the width of the

last-scattering surface. Secondly, the presence of significant

DM–γ interactions decreases the sound speed of the thermal

plasma [33]. Acoustic oscillations have a lower frequency,

leading to a shift in the position of the Doppler peaks to larger

�.
We note that there is a slight enhancement of the first

acoustic peak with respect to ΛCDM (∼ 0.1% in T T and

∼ 0.3% in EE for u = 10
−4

) due to a decrease in the diffusion

length of the photons.

As expected, these effects are enhanced for a larger cross

section or a smaller DM mass (i.e. a greater number density

of DM particles for the same relic density), corresponding to

a larger value of u and a later epoch of DM–γ decoupling.

Therefore, by fitting the T T and EE components of the CMB

spectrum with cosmological data, one can constrain the value

of u and thus determine the maximal scattering cross section

that is allowed for a given DM mass.

III. RESULTS AND OUTLOOK

In this section, we present our constraints on the DM–γ
elastic scattering cross section, which is considered to be

either constant or proportional to the temperature squared. We

discuss important features of the temperature and polarisation

spectra in the presence of DM–γ interactions and outline

prospects for future CMB experiments.

A. Constraints from the Planck One-Year Data Release

To fit our model to the data, we varied the parameters

of the minimal flat ΛCDM cosmology, namely: the

baryon density (Ωbh
2
), the dark matter density (ΩDMh

2
),

the scalar spectral index (ns), the primordial spectrum

amplitude (As), the reduced Hubble parameter (h) and the

redshift of reionisation (zreio), supplemented by the additional

parameter characterising the DM–γ interaction strength, u ≡�
σDM−γ/σTh

�
[mDM/100 GeV]−1

.

No need to specify a model, nor to decide whether one deals with annihilating, symmetric/asymmetric DM
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100 Ωbh2 ΩDMh2
100 h 10

+9 As ns zreio 10
+4 u

Best-fit 2.199 0.1195 67.57 2.189 0.9627 11.02 � 0

Mean ± σ 2.210
+0.029

−0.032
0.1201

+0.0028

−0.0028
67.6+1.2

−1.2 2.201
+0.053

−0.059
0.9625

+0.0074

−0.0079
11.2+1.1

−1.1 < 1.165

‘Planck + WP’ 2.205
+0.028

−0.028
0.1199

+0.0027

−0.0027
67.3+1.2

−1.2 2.196
+0.051

−0.060
0.9603

+0.0073

−0.0073
11.1+1.1

−1.1 −

TABLE I: Best-fit values and minimum credible intervals at the 68% confidence level of the cosmological parameters set by Planck, with

u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

as a free parameter and a constant σDM−γ. For comparison, ‘Planck + WP’ are the 68% limits taken

from Ref. [41]. Ωbh2
is the baryon energy density, ΩDMh2

is the dark matter energy density, h is the reduced Hubble parameter, As is the

primordial spectrum amplitude, ns is the spectral index and zreio is the reionisation redshift.
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FIG. 2: Triangle plot showing the one and two-dimensional posterior distributions of the cosmological parameters set by Planck, with

u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

as a free parameter and a constant σDM−γ. The contour lines correspond to the 68%, 95% and 99%

confidence levels. Ωbh2
is the baryon energy density, ΩDMh2

is the dark matter energy density, h is the reduced Hubble parameter, As is the

primordial spectrum amplitude, ns is the spectral index and zreio is the reionisation redshift.
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primordial spectrum amplitude, ns is the spectral index and zreio is the reionisation redshift.
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FIG. 2: Triangle plot showing the one and two-dimensional posterior distributions of the cosmological parameters set by Planck, with

u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

as a free parameter and a constant σDM−γ. The contour lines correspond to the 68%, 95% and 99%

confidence levels. Ωbh2
is the baryon energy density, ΩDMh2

is the dark matter energy density, h is the reduced Hubble parameter, As is the

primordial spectrum amplitude, ns is the spectral index and zreio is the reionisation redshift.

 R. Wilkinson, J. Lesgourgues, C. Boehm: arXiv:1309.7588

Using Monte Python (credits Benjamin Audren).
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–γ cross section (u � 10
−4

), and the

9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT [4] and ACT [5] telescopes. On

the left, we see a suppression of power with respect to WMAP-9 and Planck for �� 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high �.
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FIG. 4: The effect of DM–γ interactions on the B-modes of the

angular power spectrum, where the strength of the interaction

is characterised by u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

(with a

constant σDM−γ) and we use the ‘Planck + WP’ best-fit parameters

from Ref. [41]. The data points are the recent B-mode polarisation

measurements from the SPT experiment, where SPTpol 1, SPTpol

2 and SPTpol 3 refer to (Ê150φ̂CIB)× B̂
150

, (Ê95φ̂CIB)× B̂
150

and

(Ê150φ̂CIB)× B̂
150
χ respectively in Ref. [54]. For the maximally

allowed (constant) DM–γ cross section (u � 10
−4

), we see a

deviation from the Planck best-fit ΛCDM model for � � 500 and a

significant suppression of power for larger �.

Fig. 1) and the matter power spectrum (see Fig. 5). While the

overall effect is small for u � 10
−4

, if we consider � � 500,

one can use the B-modes alone combined with the first-season

SPTpol data [54] to effectively rule out u � 5×10
−3

. In fact,

future polarisation data from e.g. SPT [4], POLARBEAR [55]

and SPIDER [56] could be sensitive enough to distinguish

u � 10
−5

from ΛCDM.

Finally, the matter power spectrum may provide us with
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FIG. 5: The influence of DM–γ interactions on the matter power

spectrum, where the strength of the interaction is characterised by

u ≡
�
σDM−γ/σTh

�
[mDM/100 GeV]−1

(with a constant σDM−γ) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The

new coupling produces (power-law) damped oscillations at large

scales, reducing the number of small-scale structures, thus allowing

the cross section to be constrained. For allowed (constant) DM–γ
cross sections (u � 10

−4
), significant damping effects are restricted

to the non-linear regime (k � 0.2 h Mpc
−1

).

an even stronger limit on the DM–γ interaction cross section

(see Fig. 5). The pattern of oscillations together with the

suppression of power at small scales, as noticed already in

Ref. [33], could indeed constitute an interesting signature.

The observability of such an effect depends on the non–linear

evolution of the matter power spectrum (for which k �
0.2 h Mpc

−1
). Typically, one would expect it to be somewhat

intermediate between cold and warm dark matter (WDM)

CMB alone gives a very loose constraint 
but this is an important one as it probes the 
DM interactions at eV energies and does not 
rely on any assumption. 

Dark Oscillations in the matter power spectrum

Lyman alpha should improve our CMB 
constraint by several order of  magnitudes

 R. Wilkinson, J. Lesgourgues, C. Boehm: arXiv:1309.7588

 (same as C. Boehm, Riazuelo, S. Hansen, R. Schaeffer : astro-ph/0112522)
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DM-neutrino interactions
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DM-neutrino interactions
 R. Wilkinson, C. Boehm, J. Lesgourgues: arXiv:1401.7597
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DM-neutrino interactions
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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)

Constant elastic scattering cross section 

Annihilation cross section 

‣  

 C. Boehm, M. Dolan, C. McCabe arXiv:1303.6270

 R. Wilkinson, C. Boehm, J. Lesgourgues: arXiv:1401.7597

σ ∼ 10−36
�mDM

MeV

�
cm2‣  

σv ∼ 10−26
�mDM

MeV

�
cm3/s
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Consequences of  our limit on structure formation

Truncated power spectrum “Bumps” (equivalent to BAO)
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1) The formation of  small structures should be modified

2) Modifications should be less drastic than in WDM  
    but they should still be important and visible.

3) by analogy with WDM we expect :

✦ A different number of  Milky Way satellites 
✦ A different number of  small-scale structures

small scales

There is a very rich (structure formation) phenomenology 
which remains to be explored

WDMNuCDM

 R. Wilkinson, C. Boehm, J. Lesgourgues: arXiv:1401.7597

 C. Boehm et al: astro-ph/0112522
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First numerical Simulations of  our Milky Way halo 
with DM interactions

C.B., J. Schewtschenko et al
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C.B., J. Schewtschenko et al
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Translation in terms of  numbers of  satellite galaxies

CDM prediction is 
well above observation

Interacting DM agrees 
with observation

Too many interactions

C. Boehm, J. Schewtschenko, R. Wilkinson, C. Baugh, S. Pascoli, in preparation

small satellites
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‣ Weak strength cross sections solves the Milky Way satellite problem

 

‣Too large values of  the cross section are excluded as they would sterilise the Milky Way. 

The method works!!! And it is just the beginning...

Conclusion from these simulations

Simulations are a new probe of  DM interactions

They even probe invisible interactions

σ ∼ 10−36
�mDM

MeV

�
cm2
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Model building 

NN

ɸ

ɸ

ɸ

ɸ

v
v

v
v

With MeV DM (mN=mDM) one obtains
Effective theory

(N singlet of  SU(2) for example)

σDM−ν � 1.2 10−36
� mN

MeV

�2
�

�σv�
3 10−26 cm3/s

� �mDM

MeV

�−2
cm2

C.Boehm, Y. Farzan, S. Palomares-Ruiz,S. Pascoli hep-ph/0612228
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Conclusions

✓ The 10 GeV-10 TeV range is under pressure from direct detection

✓ The range below 10 GeV remains relatively unexplored 
     (but hopefully will change, cf  recent work by R. Essig et al)

✓ CMB and LSS are actually probing DM interactions

✓ The DM-photons or DM-neutrinos cross section must be small at low mass (weak strength)

✓ The “just allowed” cross section solves the missing satellite problem.

✓ DM-neutrino gives rise to an interesting connexion with neutrino masses
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Supplementary slides
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(massive) neutrino

neutralino

self-interactions

The same with candidates
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✴ DM particles must have a mass 
✴ DM particles must have interactions
✴ DM versus the rest of the “world” (matter and radiation)

✤ mass = non relativistic transition time
✤ interactions = decoupling time
✤ DM vs rest of the world = equality time

How to do a generic analysis?
(without having to specify a model)

 astro-ph/0012504
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 Generic classification of  DM candidates
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we can translate this table into a 2D plot of  the 
DM interaction rate at decoupling versus its mass

 astro-ph/0410591 astro-ph/0012504
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Free-streaming only

 astro-ph/0012504
 astro-ph/0410591
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red = gas; blue = the dark matter

Bullet cluster:
The dark matter passes through the gas; small interactions with matter

(weakly interacting!)
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Collisional damping
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P-Gadget3

(N-Body only)

Box size: (100 Mpc/h)^3  (30 Mpc/h)^3

Resolution: 

(512/1024 particles)^3  ->  3*10^8 Msol/h (big box)
                                      -> 10^6 Msol/h (small box)
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Small-scale regeneration

The power increases with time while the power was =0 in the linear spectra!

Revisiting CDM vs WDM in numerical simulations: 

Wednesday, 19 February 2014



Mass functions

vir. mass: 0.8 – 2.7x10^12 Msun [Piffl, 2013][Boylan-Kolchan,2013]
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