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Toolbox to build a model of dark matter

One should first ask :  

« which  constraints / theoretical issue(s) / [signal(s)] I really want to solve? » 
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Signals/constraints: A map of the problematic*

Plot extract from http://resonaances.blogspot.com/

http://resonaances.blogspot.com/
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Direct detection of Dark Matter : LUX (10/13)

Figure 3: New result on spin-independent WIMP-nucleon scattering from XENON100.

Figure 4: XENON100 90% CL upper limits on the WIMP spin-dependent cross section on neutrons (left) and
protons (right).

WIMP field to the quark axial current and will couple to the total angular momentum of a nu-
cleus and only from nuclei with an odd number of protons or/and neutrons: in XENON100, the
isotopic abundances of 129Xe (spin-1/2) and 131Xe (spin-3/2) are 26.2% and 21.8%, respectively.
The spin dependent di�erential WIMP-nucleus cross section is a proportional of the axial-vector
structure function SA(q),6 which we took from the large-scale shell-model calculations by Menen-
dez et al.,7 that uses state-of-the-art valence shell interactions and less severe truncations of the
valence space. For the first time chiral e�ective field theory (EFT) currents to determine the
couplings of WIMPs to nucleons is also included in the calculation.8 This yield a far superior
agreement between calculated and measured spectra of the Xe nuclei, both in energy and in the
ordering of the nuclear levels, compared to older results.9,10

Constraints on the spin-dependent WIMP-nucleon cross sections are calculated using the Profile
Likelihood approach described and the same analysis selection of the spin-independent analysis.5

XENON100 was able to exclude WIMP-neutron cross section down to 3.5�10�40 cm2 at a WIMP
mass of 45 GeV/c2 and set the most stringent limits to date on spin-dependent WIMP-neutron
couplings for WIMP masses above 6 GeV/c2, see Fig.4.11

XENON100 (07/12)

13

! !" !"" !""" !"#
!" $"

!" #%

!" #&

!" #'

!" #(

!" #$

!" ##

!" #)

!" #*

!" #!

!" #"

!" )%

+,-. -/00 123 !*

+
,-
.
45
67
28
4
69
80
00
26
:;8
4
6<

*

!!!!!!"!#$%&'()*!+,$)&
!!!!!!!-!#$%&'()*!+,$)&.!
!!!!!!!"/!#$%&'()*!+,$)&.!

!!!!!!!!!!-/!#$%&'()*!+,$)&.!
!!!!!!!!!!"//!#$%&'()*!+,$)&.

##

#*

" #$%&'()* +,$)&- #$%&'()

0123!44!5$
!!67//8

9

:$)*)
"//!67

/"79

0;+33<

0*5$#<
67/"79

0123!3(
67/"-9

+1+=>+433!67/""9

1?2? 342@=+!67/"
79

A+@=4#
B444!67/"

79

:+#C#!"/!37!67/"-9
0123B44!5$!=<!67/""9

0CD@
@!67/"

79
+1+=>+433!=<!67/""9

-!#$%&
'()*!+,

$)&."!#$%&
'()*!+,

$)&

-/!#$%
&'()*!+

,$)&."/!#$%
&'()*!+

,$)&.

"//!#
$%&'()*

!+,$)&
.

! !" !"" !""" !"#
!" !#

!" !$

!" !%

!" !!

!" !"

!" &

!" '

!" (

!" )

!" *

!" #

!" $

+,-. -/00 123 !%

+
,-
.
45
67
28
4
69
80
00
26
:;8
4
<=

!!!!!!!!"#$%!&#'()*+,-!.#$
#/!

!
!

"
#$

%!&
#'(

)

*+,-!.#$#/! !
!

! "#$%!&#'
()*+,

-!.#$
#/

""##$%%
(()))))****++,-- ..#$#////

""
##$$$$

%%
&&
##''''((((

))

**

))))

++++,,,,,-, .####$$$$#//

""#$$$$% &#''''(((())
**++++,,,,,-,, .#$$$$#/

$% &&&&####'''(((0)
012345678 ,,----,, ....##$$##///

9:
012345678

;3<78=>14
5?!@6A!

&'0:!
0123456

78

""""##$

(&$'!##!B1
!!CDEEF

G

H1676
IEE!CD

EIDG

(,+''/

(7B10/
CDEIDG

(&$'!'5
CDEIJG

+&+."+#''!CDEIIG

&;$; '#$%.+!CDE
IDG

K+%.#0
L###!CDE

IDG

H+0)0!IE!'D!CDEIJG
(&$'L##!B1!./!CDEIIG

()M%
%!CDEI

DG
+&+."+#''!./!CDEIIG

Figure 12: Left : Neutrino iso-event contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nulceon cross-section vs. WIMP mass plane which for which dark matter experiments
will see neutrino events (see Section IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from SIMPLE [55] (purple), COUPP [56] (teal), ZEPLIN-III [57] (blue),
EDELWEISS standard [58] and low-threshold [59] (orange), CDMS II Ge standard [60] and low-threshold [61] (red), XENON10
S2-only [62] (light green), and XENON100 [1] (dark green). The filled regions identify possible signal regions associated with
data from CDMS-II Si [2] (light blue, 90% C.L.), CoGeNT [64] (yellow, 90% C.L.), DAMA/LIBRA [65] (tan, 99.7% C.L.), and
CRESST [66] (pink, 95.45% C.L.) experiments. The light green shaded region is the parameter space excluded by the XENON
collaboration.

and supernovae. We have specifically focused on experi-
ments that are only sensitive to energy deposition from
WIMPs. We have determined the minimum detectable
spin-independent cross section as a function of WIMP
mass over wide range of masses from 500 MeV/c2 to
10 TeV/c2 that could lead to a significant dark matter
detection. WIMP-nucleon cross sections of ∼10−45 cm2

and ∼10−49 cm2 are the maximal sensitivity to light and
heavy WIMP dark matter respectively that direct detec-
tion searches without directional sensitivity could reach,
given the uncertainties on the neutrino fluxes. This li-
mit is roughly about three to four orders of magnitude
below the most recent experimental constraints. In the
case of light WIMPs (about 6 GeV/c2) next generation
experiments might already reach the saturation regime
with about 100 neutrino background events. For heavier
WIMPs (above 20 GeV/c2) we have shown that progress
below 10−48 cm2 will be strongly limited by the very
large increases in exposure required for decreasing gains
in discovery reach.
As a main conclusion of this work, our results show

that the neutrino background poses a hard limit on
the discovery potential of future direct detection expe-
riments. However, it is possible to reduce the impact of
neutrino backgrounds on direct searches experiments in
four ways :

1. An improvement in the theoretical estimation and
experimental determination of the neutrino fluxes.

In particular more precise measurements of the dif-
ferent neutrino flux components by future experi-
ments will improve the ultimate discovery limit of
dark matter experiments.

2. A utilization of different target nuclei. As we have
shown in Figure 8, even though utilizing different
target nuclei generally does not improve sensitivity
as much as an increase in exposure does, it will
be important for independent measurements of the
neutrino fluxes and the coherent scattering cross
section. This is consistent with several recent ana-
lyses [48, 49]. However, it is certainly likely that if
the WIMP couples differently to the proton and
neutron, as in the case of isospin-violating dark
matter dark matter, the utilization of different tar-
get nuclei will be even more important.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross-sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-



Indirect γ : FERMI (08/13)

limits to be accidentally dominated by a large downward fluctuation in the energy bins close to the
peak of the gamma-ray emission from DM annhilation, which is the most constraining point when
comparing to the measured flux.

To set constraints we require that the DM-induced gamma-ray flux does not exceed the flux

Figure 3: Maps of the observed flux by the Fermi-LAT in the energy range 1� 100 GeV, in units
of photons cm�2 s�1, for the four DM profiles studied. Upper left: Einasto, upper right: NFW,
bottom left: NFWc, and bottom right: Burkert. For each profile, the ROI is the region inside the
circle excluding the band on the Galactic plane. Color scale is logarithmic, yellow, red and blue
correspond to 3.6⇥ 10�9, 6.4⇥ 10�10 and 1.2⇥ 10�10 photons cm�2 s�1, respectively. These values
also correspond to black contours. In order to reduce statistical noise and to bring up finer features
in the inner galaxy the map is smoothed with a 0.2⇥ FWHM Gaussian function.
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Figure 1: Left panel: DM density profiles used in this work, with the parameters given in Table 1.
Right panel: The J̄(�⇤)�⇤ quantity integrated on a ring with inner radius of 0.5⌅ (� 0.07 kpc)
and external radius of ⇥ (R⇤ tan⇥) for the DM density profiles given in Table 1. Blue (solid),
red (long-dashed), green (short-dashed) and yellow (dot-dashed) lines correspond to NFW, NFWc,
Einasto and Burkert profiles, respectively. The four DM density profiles are compatible with current
observational data.

Here x = (l,⇥) and bT ⇥ E2 is the energy-loss rate of the electron in the Thomson limit. The
function PIC is the photon emission power for ICS, and it depends on the interstellar radiation (ISR)
densities for each of the species composing the photon background. It is known that the ISR in the
inner Galactic region can be well modeled as a sum of separate black body radiation components
corresponding to star-light (SL), infrared radiation (IR), and cosmic microwave background (CMB)
[55]. In this work we have used the interstellar radiation field provided by GALPROP [56] to calculate
the normalization and the temperature for each of these three components. For the injection spectra
of e±, we utilize pre-evaluated tables in [50].

The last ingredient in Eq. (8) is the Ĩ(Ee, EI ;x) function, which can be given in terms of the
well- known halo function [50], I(E,EI ;x) = Ĩ(E,EI ;x)[(bT (E)/b(E,x))(⇥(x)/⇥⇤)2]�1, where ⇥⇤
is the DM density at Sun’s position and b(E,x) encodes the energy loss of the e±. The Ĩ(Ee, EI ;x)
function obeys the di�usion loss equation [50],

⇤2Ĩ(Ee, EI ;x) +
E2

e

K(Ee;x)

⌃

⌃Ee

�
b(Ee;x)

E2
e

Ĩ(Ee, EI ;x)

⇥
= 0 , (9)

and is commonly solved by modeling the di�usion region as a cylinder with radius Rmax =20 kpc,
height z equal to 2L and vanishing boundary conditions. Also the di�usion coe�cient K(E;x) has
been taken as homogeneous inside the cylinder with an energy dependence following a power law
K(E) = K0(E/1GeV)�. For these three parameters L, K0 and �, the so called di�usion coe�cient,
we have adopted three sets referred to as MIN, MED and MAX models [57], which account for
the degeneracy given by the local observations of the cosmic rays at the Earth including the boron
to carbon ratio, B/C [58]. We take them as our benchmark points, although we note that MIN
and MAX models do not imply minimal or maximal expected gamma-ray signal, respectively. To
solve this equation under the described conditions, we have used BoxLib [59] which is a general
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FERMI dwarf  1310.0828
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Figure 5: 3⇥ upper limits on the annihilation cross-section of models in which DM annihilates into
bb̄, µ+µ� (upper panel), ⇤+⇤� or W+W� (lower panel), for the four DM density profiles discussed
in the text. Upper limits set without including the ICS component in the computation are also
given as dashed curves (prompt) for comparison. The uncertainty in the di⇡usion model is shown
as the thickness of the solid curves (from top to bottom: MIN, MED, MAX) while the lighter
shaded regions represent the impact of the di⇡erent strengths of the Galactic magnetic field with
lower(higher) values of the cross-section corresponding to B0 = 1 µG(B0 = 10 µG). The horizontal
line corresponds to the expected value of the thermal cross-section for a generic WIMP candidate.

contribution from prompt gamma rays and the total contribution from prompt plus ICS gamma
rays.

First, it is worth noting that if the DM density follows an Einasto, NFW or Burkert profile,
the upper limits on the annihilation cross section are above the value of the thermal cross-section
for any annihilation channel. Nevertheless, the situation is drastically di⇡erent when we consider
the DM compression due to baryonic infall in the inner region of the Galaxy. Indeed, by adopting
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Observation of a line : Galactic Center (05/12)

[Bringmann, Huang, Ibarra, Vogl, Weniger, 
1203.1312] 
Weniger, 1204.2797]

Table 1. Identified signal regions in the Galaxy, number of photons in the two energy intervals and
the statistical significance of excess in those regions. The radii of regions are all 3� (except for Weniger
Reg3).

Region l (deg) b (deg) N� (20–300) GeV N� (120–140 GeV) significance

Weniger Reg3 – – 3298 65 3.6�
Central �1 �0.7 818 27 4.5�
West �10 0 726 21 3.2�
East 17 �3 481 14 2.7�
North �7 16.5 109 4 1.6�
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Figure 3. Best fits to high-energy gamma-ray data for the Central (left panel) and West (right panel)
signal regions presented in table 1, together with 95% CL error band as functions of photon energy.
Background fitted from data is also shown (black solid line), the power-law spectrum with power 2.6
is plotted for comparison (dotted line). The blue dashed lines show 95% CL limits for statistical
fluctuations of the background.

processes. If, however, the origin of the 130 GeV peak is DM annihilations, figure 2 shows
the distribution of the most dense DM sub-haloes in the central region of our Galaxy. Notice
that the dark centre of the Galaxy does not exactly coincide with the galactic coordinate
origin.

The fits to high-energy gamma-ray data originating from the Central and West signal
regions are plotted in the left and right panels of figure 3, respectively, using the same notation
as in figure 1. The Central region exhibits an excess with statistical significance of 4.5�. This
is much higher statistical significance than can be expected from just assuming that the peak
is due to statistical fluctuation of the background. Also the fit to West region shows a clear
peak at 130 GeV with statistical significance of 3.2�. We have also fitted the signal from
other bright regions in figure 2 that all show an excess peaked at the same photon energy,
E� = 130 GeV. Those are listed in table 1.

Based on the model independent results presented in figures 1–3 and in table 1, we
conclude that, whatever is the physics origin of the excess, its significance is high, it has a
clear peak shape, and it comes from several regions around the Galactic centre.

– 8 –
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in Sec. VB.
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related to the lifetime (⇥�⇥) lower limits via Eq. (B6) with dN�

dE (E�) = �(E� � E⇥) and m⇤ = 2E� , which are shown
in Fig. 10.

We present the flux upper limits in all 5 ROIs and the relevant DM annihilation or decay limits explicitly in App. E.
Recall that we limited our search to energies greater than 30 GeV in R3 (see Sec. III).

The limits presented do not include systematic errors. As stated in Sec. VIB the uncertainties of the exposure
( |�E/E| < 0.16 ) and the energy dispersion modeling ( �nsig/nsig = +0.06

�0.12 ) contribute negligibly to the limits when
considered in quadrature with the statistical uncertainties. On the other hand, the inferred uncertainties of �f from
Tab. IV can become significantly larger than the statistical uncertainties at lower energies and for the larger ROIs.
In fact, the uncertainty of �f from Tab. IV equals the expected statistical uncertainty at 10 GeV (for R16 and R41),
30 GeV (for R90) and 70 GeV (for R180). Empirically, the limits presented in Figs. 9 and 10 generally lie within
the expected statistical variations, indicating that the systematic uncertainties are not dominating the statistical
uncertainties.

FERMI results (05/13)



Several models appeared quickly in the market

Ibarra, Lopez Gehler, Pato : «Dark matter constraints from box-shaped gamma-ray features», 1205.0007; Dudas, Mambrini, Pokorski, Romagnoni: «Extra U(1) 
as a natural source of a monochromatic gamma ray line», 1205.1520; Cline : «130 GeV dark matter and the Fermi gamma-ray line», 1205.2688; Choi, 
Seto : «A Dirac right-handed sneutrino dark matter and its signature in the gamma-ray lines», 1205.3276; Kyae, Park, «130 GeV Gamma-Ray Line from Dark 
Matter decay», 1205.4151; Min Lee, Park, Park : «Fermi Gamma-Ray Line at 130 GeV from Axion-Mediated Dark Matter», 1205.4675; Ajaraman, Tait, Whiteson 
: «Two Lines or Not Two Lines? That is the Question of Gamma Ray Spectra, 1205.4723; Buckley, Hooper : «Implications of a 130 GeV Gamma-Ray Line for 
Dark Matter», 1205.6811; Chu, Hambye, Scarna, Tytgat: «What if Dark Matter Gamma-Ray Lines come with Gluon Lines», 1206.2279; Das, Ellwanger, 
Mitropoulos : «A 130 GeV photon line from dark matter annihilation in the NMSSM», 1206.2639;  Kang, Li, Li, Liu : «Brightening the (130 GeV) Gamma-Ray 
Line», 1206.2863; Feng, Yuan, Fan : «Tentative wiggle in the cosmic ray elactron/positron spectrum at 100 GeV : a dark matter annihilation signal in 
accordance with the 130 GeV gamma-ray line?», 1206.4758; Cohen, Lisanti, Slatyer, Wacker : «Illuminating the 130 GeV Gamma Line with Continuum 
Photons», 1207.0800; Cholis, Tavakoli, Ullio : «Searching for the continuum photons correlated to the 130 GeV gamma-ray line;, 1207.1468;  Frandsen, 
Haish, Kahlhoefer, Mertsch, Schmidt-Hoberg : «Loop-induced dark matter direct detection signal from gamma-ray lines», 1207.3971; Park, Park : «Radiatively 
decaying scalar dark matter throigh U(1) mixings and the Fermi 130 GeV gamma-ray line», 1207.4981; Bergstrom, Bertone, Conrad, Farnier, Weniger : 
«Investigating Gamma-Ray Lines from Dark Matter with Future Observatories», 1207.6773; Tulin, Yu, Zurek : «Three Exceptions for Thermal Dark Matter with 
Enhanced Annihilation to Gamma-Gamma», 1208.0009; Hooper, Linden : «Are Lines From Unassociated Gamma-Ray Sources Evidence For Dark Matter 
Annihilation?», 1208.0828; Cline, Moore, Frey : «Composite magnetic dark matter and the 130 GeV line», 1208.2685; Bai, Shelton : «Gamma Lines without a 
Continuum : Thermal Models for the Fermi-LAT 130 GeV Gamma Line», 1208.4100; Laha, Ng, Dasgupta, Horiuchi : «Galactic Center Radio constraints on 
Gamma-Ray Lines from Dark Matter Annihilation», 1208.5488; Bergrstrom, «The 130 Fingerprint of Right-handed Neutrino dark matter», 1208.6082; Wang, 
Han : «130 GeV gamma-ray line and enhacement of h -> gamma gamma in the Higgs triplet model plus a scalar dark matter», 1209.0376; Weiner, Yavin : 
«UV Completion of Magnetic Inelastic Dark Matter and RayDM for the Fermi Line(s)», 1209.1093; Mambrini : «Don’t tell me you are really reading all these 
references!!», 130218xx; Fan, Reece :»A Simple Recipe for the 111 and 128 GeV Lines», 1209.1097; Baek, Ko, Senaha : «Can Zee-Babu model implemented with 
scalar dark matter explain both Fermi/LAT 130 GeV gamma-ray excess and neutrino physics?», 1209.1685; Shakya : «A 130 GeV Gamma Ray Signal from 
Supersymmetry», 1209.2427; Rao, Whiteson : «Where are the Fermi Lines Coming From?», 1210.4934; Schmidt-Hoberg, Staub, Wolfgang Winkler, «Enhanced 
diphoton rates at FERMI and the LHC», 1211.2835; Fazran, Rezaei Akbarieh, «natural explanation for 130 GeV photon line in vector boson dark matter 
model», 1211.4685; Gorbukov, Tyniakov, «On the offset of the DM cusp and the interpretation of the 130 GeV line as a DM signal», 1212.0488; Kopp, Neil, 
Primulando, Zupan : «From gamma ray line signals of dark matter to the LHC», 1301.1683; Jackson, Servant, Shaughnessy, Tait, Taoso : «gamma--ray lines 
and One Loop Continuum from s-channel Dark Matter Annihilation, 1302.1802;



Models type 1 : resonance channel(s)Dudas, Y. M., Romagnoni, Pokorski, 2009/2009/2012 
Gustafsson, Lundstrom, Bergstrom, Edsjo, 2007 
Jackson, Servant, Shaughnessz, Tait, Taoso , 2009 

Das, Ellwanger, Mitropoulos, 2012 

Usually, γγ and γZ are open. If only γZ is allowed, Eγ=135 GeV => Mψ = 149.5 

GeV. It happens if φ is a massive vector, and generates only one monochromatic line. 

Eγ (GeV)

dN/dE

Eγ = Mψ 

(ψ at rest)

135 

Eγ = Mψ[ 1- (Mz/2Mψ ) ]
2

114 

γZ γγ

FERMI

Does not need to be on the pole (depends on 
the couplings/loops..)

γφ, Z’

γ, Z, 

(h,X..?)

ψ

ψ (scalar, vector..)

ψ= DM candidate

Chu, Hambye, Scarna, Tytgat  
1206.2279

g φ, Z’

g

ψ

ψ

WMAP

Z
ψ

Zψ

Dudas, Mambrini, Pokorski, 
Romagnoni 
1205.1520



Galactic center signal? « Hooperon »
13

FIG. 14: The quality of the fit (�2, over 25-1 degrees-of-freedom) for various annihilating dark matter models to the spectrum
of the anomalous gamma-ray emission from the Inner Galaxy (as shown in Fig. 5) as a function of mass, and marginalized
over the value of the annihilation cross section. In the left frame, we show results for dark matter particles which annihilate
uniquely to bb̄, cc̄, ss̄, light quarks (uū and/or dd̄), or ⌧+⌧�. In the right frame, we consider models in which the dark matter
annihilates to a combination of channels, with cross sections proportional to the square of the mass of the final state particles,
the square of the charge of the final state particles, democratically to all kinematically accessible Standard Model fermions, or
80% to ⌧+⌧� and 20% to bb̄. The best fits are found for dark matter particles with masses in the range of ⇠20-40 GeV and
which annihilate mostly to quarks.

FIG. 15: The range of the dark matter mass and annihilation cross section required to fit the gamma-ray spectrum observed
from the Inner Galaxy, for a variety of annihilation channels or combination of channels (see Fig. 14). The observed gamma-ray
spectrum is generally best fit by dark matter particles with a mass of ⇠20-40 GeV and that annihilate to quarks with a cross
section of �v ⇠ (1� 2)⇥ 10�26 cm3/s.

VII. IMPLICATIONS FOR DARK MATTER

In this section, we use the results of the previous sec-
tions to constrain the characteristics of the dark matter
particle species potentially responsible for the observed
gamma-ray excess. We begin by fitting various dark mat-
ter models to the spectrum of the gamma-ray excess as
found in our Inner Galaxy analysis (as shown in Fig. 5).
In Fig. 14, we plot the quality of this fit (�2) as a function

of the WIMP mass, for a number of dark matter annihila-
tion channels (or combination of channels), marginalized
over the value of the annihilation cross section. Given
that this fit is performed over 25-1 degrees-of-freedom,
a goodness-of-fit with a p-value of 0.05 (95% CL) cor-
responds to a �2 of approximately 36.8. We take any
value less than this to constitute a “good fit” to the Inner
Galaxy spectrum. Excellent fits are found for dark mat-
ter that annihilates to bottom, strange, or charm quarks

 T. Daylan,  D. P. Finkbeiner,  D. Hooper,  T. Linden,  S. K. N. Portillo,  N. L. Rodd,  and T. R. Slatyer, [1403.6503]

30 GeV dark matter mass from GC bbar final state, NFW—like profile
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in Eq. 25 (see Appendix A for details).

2. Synchrotron vs Collider and complementary Indirect
Detection bounds

In order to model the synchrotron signal of a standard
astrophysical origin, a HASLAM 408 MHz map [69] can
be used as a template. It is a full sky radio map with
the best angular resolution and sensitivity. Indeed, a 408
MHz frequency is well suited to gauge the contribution
from the harder population of galactic electrons, while
leaving lower frequency maps sensitive to test a possible
contribution from softer electrons originating in annihi-
lations of light dark matter candidates.

In [16] it has been shown that by extrapolating the
HASLAM data down to 45 MHz, to model astrophysical
synchrotron emission, one is left with ⇥ 30% residuals
when compared to the actual 45 MHz data. Those resid-
uals do not have the proper morphology of a DM signal
and therefore no DM detection could be claimed. Based
on this analysis it seems reasonable to assume that the
current uncertainty (i.e. systematics) in modelling the
astrophysical emission is at a level of ⇥ 30%. However,
in our analysis, we do not attempt to model specific as-
trophysical signals. Instead, we decide to apply a con-
servative 95% CL DM limits without assuming any con-
tribution from astrophysical background, and which we
label no bckgd, in the figures and also show how this lim-
its change as a function of the systematic uncertainties
on the astrophysical model, expressed as a background
uncertainty in % of the data.

Our procedure is to compute the synchrotron flux com-
ing from DM (FDM) in our ROI, and then constrain the
result with the available data corresponding to that re-
gion, Fobs, by requiring that FDM � Fobs + 2⇥, where
1⇥ is the uncertainty considered in each case (see Fig-
ures 8 and 9). In the case of no bckgd, 1⇥ is the rms
temperature noise, taken to be 3500 K.

For illustration, in Figure 5 we have included the
bounds on �i obtained from synchrotron data at 45
MHz with a 26 and 10 µG magnetic field in our ROI,
with the hypothesis that the dark matter signal lies
within 5% of uncertainty of the background, and using
the NFW+MED set-up. We clearly see that the syn-
chrotron radiation, with the present data, can already
give stronger limit on the e⇥ective scales, independently
on the value of the magnetic field, and is complementary
to the bounds from accelerator searches. Indeed, whereas
there are no ”threshold e⇥ect” for synchrotron radiation
at large DM mass, one notice that for low masses, in
the hadronic channel the bounds becomes weaker. We
comment on this behaviour below.

We also translated these limits on �i into limits on anni-
hilation cross sections. We present the result in Figures 6
and 7 for di⇥erent values of the magnetic fields, and na-

 1e-29

 1e-28

 1e-27

 1e-26

 1e-25

 1e-24

 1e-23

 1  10  100

(�
v)

m
ax

 [c
m

3 /s
]

mX [GeV]

Leptonic channel

5% bckgr
no backgr

LEP scalar
LEP vector

CMS vector
Dwarfs (present)

Dwarfs (future)
CMB (present)

CMB (future)

 1e-29

 1e-28

 1e-27

 1e-26

 1e-25

 1e-24

 1e-23

 1  10  100

(�
v)

m
ax

 [c
m

3 /s
]

mX [GeV]

Hadronic channel

5% bckgr
no bckgr

ATLAS vector
ATLAS axial
CMS vector

Dwarfs (present)
Dwarfs (future)

FIG. 6. Synchrotron bounds on �⇤v⇥, assuming DM couples
democratically to all charged-leptons (left panel) or to all kinemati-
cally available quarks (right panel). In both cases, comparison with
bounds coming from colliders are shown explicitly. The magnetic
field normalisation has been set to 10 µG. Astrophysical setup:
MED di�usion model, NFW profile with ⇥� = 0.43 GeV/cm3.
Purple lines represent present (solid line) and 10-years projection
(dot-dashed line) limits coming from Dwarf galaxies. Brown line
in the top panel represents current DM limits based on the mea-
surement of CMB anisotropies (solid) and near future reach based
on the Planck data (dashed line).

tures of the DM couplings, in comparison with limits
coming from LEP, CMS, observation of dwarf galaxies by
Fermi LAT and the measurement of CMB anisotropies
by the WMAP and ACT. Comparing the 2 figures, we
first notice that the results are not extremely sensitive to
the value of the magnetic field (10 or 26 µG) and that
synchrotron bounds largely compete with bounds from
other type of experiments. Secondly, the hadronic chan-
nel gives the weaker bounds on ⇤⇥v⌅, especially at low
masses. For low masses, the annihilation into hadronic
states gives an electron spectrum much softer, especially
after the kinematic closure of the bb̄ channel, and ra-

To restrict the annihilation cross section  
for a given DM mass and final state 

It seems that nearby galaxies are 
even more restrictive 

2

in particular, radio observations of the closest big galaxy
M31. Relativistic leptons produced by DM annihilation
in its halo emit synchrotron radiation on radio frequen-
cies due to Andromeda’s magnetic field. Given the size
of the galaxy and its DM halo, the strength of its mag-
netic field and its close distance, large radio fluxes from
DM annihilation may be expected from M31. There-
fore M31’s radio properties may be exploited in order
to put strong upper limits on the annihilation cross sec-
tion. Surprisingly, almost no attempts in this direction
have been made in the past: in the literature only few
articles can be found dedicated to indirect searches in
M31. The most remarkable among them is [4]. These
authors obtained some constraints on WIMP parameter
space by Cherenkov ground based gamma observations.
However, those observations did not have enough sen-
sitivity to probe the relevant region of DM parameters,
and since then no significant progress has been made on
this object.

We computed the expected radio flux due to DM anni-
hilation (section II), and then compared it with available
data of radio observations of M31, which allowed us to
put upper limits on the annihilation cross section (section
III). For comparison with real observations we chose all
appropriate radio surveys, which cover a wide range of
frequencies: VLSS (74 MHz), WENSS (325 MHz), NVSS
(1400 MHz) and GB6 (4850 MHz). The limits obtained
can be considered as conservative because we did not
make any specific assumptions about the radio emission
other than the one from DM in the center of M31, and
allowed for an unconstrained contribution from all other
unknown backgrounds.

We calculated the constraints for two annihilation
channels, specifically the ones annihilating into bb̄ and
τ+τ− pairs. We chose these channels among all possibil-
ities because, as explained e.g. in [5], bb̄ and τ+τ− nearly
present the channels with the softest and hardest lepton
yields respectively. Any other case would therefore pro-
duce radio fluxes at intermediate levels with respect to
these two. In this sense, these can be considered as the
two limiting cases.

In our analysis we considered only the central part of
M31, and specifically the bulge area of circular shape
with the angular radius α ≈ 5′ around galactic center (see
fig. 1). We chose this specific region of interest (ROI)
as a target of indirect searches because of the following
considerations: i) the radio quietness of the M31 nucleus,
which indicates low contamination in the radio band by
other standard astrophysical processes; ii) the absence of
any projected point source inside it; iii) sufficient halo
size to produce a relevant signal. More details about the
ROI choice will be explained below.

Through our paper we adopted the Hubble constant
value H0 = 71 km/(s·Mpc), which was taken from the
WMAP7 data at http://lambda.gsfc.nasa.gov/.

This paper is organized as follows: section II describes

computation of the expected radio emission properties
due to WIMP annihilation in M31, in section III we de-

Figure 1. Optical image of M31 with the marked region of
interest (ROI), selected for our purposes. Circle radius is 5′.

rived the actual constraints by comparison of the pre-
dicted fluxes with observational data, and section IV
summarizes the results of our work.

II. COMPUTING THE RADIO FLUX

A. General theory

In this section we presented the procedure for the com-
putation of the radio flux density from the center of M31.
We neglected here the potential absorption of radio emis-
sion between the source and the observer, since our es-
timates showed that it occurs at a negligible level (see
appendix A). In the case of an optically transparent emit-
ting medium, the total flux density from our ROI in M31
can be obtained just by integrating the local medium
emissivity j(ν, r⃗) over the volume of halo contained in
our ROI:

S =

∫

j(ν, r⃗)dV

4πd2
, (1)

where d = 785±25 kpc is the distance between us and the
Andromeda center ([6]), r⃗ is the position vector inside the
M31 halo originating in the M31 center. We disregarded
here all (small) redshift effects. Then as a next step we
needed to compute the local emission coefficient at an
arbitrary position in M31 halo j(ν, r⃗). The synchrotron
emissivity of leptons produced by WIMP annihilation has
the form:

Synchrotron M31 
Egorov, Pierpaoli 
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Figure 10. All the computed constraints: the WIMP annihilation cross section values above the contours are excluded at 99.7%
confedence level. Constraints from different surveys are marked by different colors and thicknesses, which are explained on one
of the plots and same for all other plots. Standard thermal relic value ⟨σv⟩ = 3 · 10−26 cm3/s is also shown by the red dashed
line. Corresponding halo model and annihilation channel are commented on each plot. No emission sources besides DM are
assumed. Magnetic field has the most probable distribution with B(0, 0) = 50 µG. For more details see subsection IIIA.

(22) gives us the final probability density distribution
for annihilation cross section combined from all four ob-
servations with possible unknown backgrounds included.
From this distribution we easily constructed the final
exclusion contours. We presented them for the case of
99.73% confidence level on fig. 11-12, where the allowed
area is below the exclusion contours for the correspond-
ing models.

We included in our final results possible uncertainties
in the magnetic field distribution discussed in subsection
II C. As we outlined there, this distribution is uncertain
in two aspects - its vertical scale height z′0 and the cen-
tral field strength B(0, 0). As for the z′0, our trial runs
showed that z′0 variation over all possible values is able to
change the final exclusion values of ⟨σv⟩ by no more than

We can in the first step look at 
effective couplings 
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Fig. 1.— Left: The positron fraction from a combination of the Galprop model for the di�use e± Galactic background (green dotted),
along with contributions from the Geminga (black) and Monogem (red) pulsars, compared with data from PAMELA (green circles), Fermi-
LAT (orange triangles) and AMS-02 (blue squares). Right: The total flux of cosmic-ray electrons and positrons from a combination of
the same Galprop model (green dotted), with contributions from the Geminga (black dashed) and Monogem (red dashed) pulsars. These
create a total cosmic-ray lepton spectrum (black and red solid respectively), which can be compared with data from the Fermi-LAT (orange
squares) and H.E.S.S. (pink diamond) observations, (right). Note that the di�use background from Galprop was not tuned to reproduced
the H.E.S.S. data, and we do not attempt to fit those data above 1 TeV.

the total lepton flux from each pulsar for any scenario
which is compatible with the AMS-02 data, since these
values must decrease if additional sources are considered.
The total energy outputs we find depend quite sensi-
tively on the assumptions made for the spectral slope,
but are generically compatible with the total energy out-
put expected from a mature pulsar, which ranges within
5 ⇥ 1048 � W0/erg � 5 ⇥ 1050, (Delahaye et al. 2010;
Malyshev et al. 2009).
Employing a combination of the Galprop Galactic e±

di⇥use background model, rescaled by a factor 0.8 to
account for the additional sources, and the calculated
flux from each candidate pulsar, in Figure 1 we show the
positron fraction (left) and the combined flux of electrons
and positrons (right) observed at the solar position for
models in which the Geminga pulsar dominates the pro-
duction of nearby positrons (black), and a model where
the Monogem pulsar dominates cosmic-ray positron pro-
duction (red). In each case, we find an extremely good
match between our results and AMS-02 observations.

3. DETECTION OF A COSMIC-RAY
ELECTRON/POSITRON ANISOTROPY WITH ACTS

In the context of di⇥usive propagation, we estimate the
expected anisotropy from a source at a distance d that
injected e± at a time T (e.g. Grasso et al. 2009) with

� =
3

2c

d

T

(1� ⇥)E/Eloss

1� (1� E/Eloss)
1�⇥

Npsr(E)

Ntot(E)
, (6)

with Npsr and Ntot the pulsar and total e± spectra. The
dipolar anisotropy � is defined as

� =
Nf �Nb

Nf +Nb
(7)

where Nf and Nb are the total number of e± ob-
served during a selected ensemble of observations point-
ing within the sky hemisphere centered on the pulsar
(Nf ) and during a second ensemble of observations with
the same collective e�ective exposure as the first ensem-
ble, pointing within the opposite hemisphere (Nb).
We now turn to the question of how to search for an

anisotropy in the cosmic-ray e± flux with ACTs. The

most significant uncertainty in the determination of the
cosmic-ray e± spectrum with ACTs is the e⇤ciency of
cosmic-ray proton rejection. This is the dominant sys-
tematic error because the flux of cosmic-ray hadrons
dominates the lepton flux by several orders of magni-
tude. While observations of �-ray point sources are able
to employ the isotropy of the cosmic-ray signal in order
to control this background, measurements of the cosmic-
ray e± flux must instead determine the hadronic or elec-
tromagnetic nature of each individual observed shower.
To this end, the H.E.S.S. collaboration has adopted a
random forest approach (Breiman & Cutler 2004; Bock
et al. 2004) intended to convert information about the
observed shower into a parameter ⇤ which describes the
extent to which the shower is electron-like. The param-
eter ⇤ is determined in the range of 0 – 1, with larger
numbers indicating a better fit to Monte Carlo models
of electron showers. While the ⇤ parameter is highly
energy-dependent, in many situations its discriminating
power is significant enough to produce an electron popu-
lation which dominates the hadronic background at high
⇤ values. We note that even for moderate values of ⇤, the
contribution from heavier nuclei is entirely negligible.
While a proper selection of ⇤ is important so that the

cosmic-ray e± population produces a reasonable portion
of the total cosmic-ray signal, searches for anisotropy
are significantly less a⇥ected by errors in hadron rejec-
tion compared to measurements of the total e± spectrum
(Aharonian et al. 2008, 2009). Assuming that both the
misidentified cosmic-ray proton and background cosmic-
ray e± fluxes are isotropic, the fraction of the background
which stems from each is irrelevant in searches for e±

anisotropies. Instead, the measurable quantity is the
fraction of the total cosmic-ray flux (with ⇤ > 0.9) which
stems from an anisotropic candidate pulsar. We can cal-
culate the total contribution to the detected cosmic-ray
flux with an ACT as:

Ntot = (Npsr +N�) + (Ne,iso +Np), (8)

where Npsr is the number of cosmic-ray leptons produced
by the pulsar, N� is the number of �-rays observed as
electromagnetic showers in the instrument, Ne,iso is the
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Figure 1: Limits on the DM annihilation cross section ⇥�vrel⇤ as a function of the DM mass m� for the annihilation channels
�� � µ+µ� (top left), �� � ⌧+⌧� (top right), �� � bb̄ (middle), �� � W+W� (bottom left), �� � ZZ (bottom right).
Solid black lines show constraints derived in this work from AMS-02 positron data, and red bands indicate how uncertainties
in the positron propagation model [20] a�ect these constraints. We have assumed an NFW profile for the DM distribution
in the Milky Way, but have checked that alternative choices lead to almost identical limits. Where available, we show also
for comparison limits from Fermi-LAT observations of � ray emission in dwarf galaxies [31] (light blue dotted) and in the
Galactic Center [32] (purple dashed), from an analysis of PAMELA antiproton data [33, 34] (dark blue dashed), and from
inverse Compton scattering [18] (orange line = NFW profile, lower (upper) edge of yellow band = Einasto (isothermal) profile).
The horizontal dashed line shows the annihilation cross section that yields the correct DM abundance via freeze-out [35]. For
�� � µ+µ� and �� � ⌧+⌧� we indicate in green the parameter regions that would be favored by attempts to explain the
positron excess in terms of DM annihilation (dark green = background and propagation models based on Fermi observations,
light green = MIN, MED, MAX propagation models).

+ SNR’s explanation [Mertsch, Sarkar: 1402.0855] 
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FIG. 2. Microscopic diagram for dark matter annihilation
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Both cases give at first sight viable results. One can un-
derstand easily why it is so in the microscopic approach
compared to the e↵ective approach of Eq.(9). Indeed, as
recently noticed by the authors of [30] for the LHC anal-
ysis of mono jet events, the e↵ective operators approach
ceases to be valid once the ultraviolet (microscopic) the-
ory contains some light mediators, which is exactly our
case. This comes from two powers less in ⇤ in the com-
putation of observables: heavier states become now rea-
sonably heavy compared to the result Eq.(10).

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

C. Experimental Bounds

As we just mentioned above, interactions of a light
scalar, or axion-like particle (ALP) with the visible sec-
tor is very much constrained by collider data (LEP) and
astrophysics. Indeed bounds on pseudoscalar particles
interacting with photons (see [35]) have been studied,
using LEP data from ALEPH, OPAL, L3 and DELPHI,
and shown that the coupling of the pseudoscalar with
photons cannot exceed a value of 2.6⇥ 10�4GeV�1 for a
mediator of mass m

�

< 48MeV, which means, in terms
of our mass scale

⇤ & 3 TeV . (15)

Furthermore, one of the most restrictive constraints on
ALPs comes from the non-observation of anomalous en-
ergy loss of horizontal branch (HB) stars via a too im-
portant ALP production [36]. Indeed those contraints

impose

⇤ & 1010 GeV , (16)

for a mediator mass up to m
�

. 30 keV. At higher
masses arise constraints coming from the CMB and BBN
studies, setting lower limits on the coupling with photons.
A nice review on the subject can be find in [37, 38]. Var-
ious astrophysical constraints on ALP mass and coupling
to photons are summarized in, e.g. [39].

Consequences of those considerations on our model es-
sentially put lower bounds on ⇤. Indeed, for a light me-
diator (Case B) HB experiments impose that the mass
scale ⇤ take values (& 1010 GeV). To get so, as indi-
cated by eq.14, one would need the tri-linear coupling to
be of order m̃ & 10�3 GeV. However, in this case, since
m

�

is assumed to be smaller than the keV scale, one
would conclude that m̃ & 103m

�

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

In Case A, the discussion is a bit more subtle, as far as
the experimental constraints are concerned. For masses
lower than a hundred keV, the mass scale ⇤ must reach
very high values (& 1016 GeV) to escape experimental ex-
clusion. Still such region of the parameter space is not ac-
ceptable since it would lead to a very heavy parameter m̃.
Then for higher masses of the mediator(m

�

& 300 keV)
more reasonable values of ⇤ are allowed, and we are let
with lower bounds coming from LEP (mentioned above)
and upper bounds arising from CMB and BBN pertur-
bations. Di↵erent choices of ⇤ will then lead to di↵erent
pairs of (m

�

, m̃), as depicted in Fig.3

FIG. 3. Constraints on parameters m� and m̃ in the case of a

heavy mediator (Case A), for di↵erent values of ⇤. The red shaded

region indicates where m̃ is unntaturally higher than m�.

In order to fix ideas, and using further results of section
V, we indicated in the plot the region where m̃ & m

�

.

Annihilating DM 
[Dudas Heurtier 

Mambrini]



Toward an effective approach

There is a time for concept and a time for pragmatism. Can we cook model 
buildings the same way with or without data?

Personally speaking, I would have a tendency to say no.  

However, as a theorist, I should ask myself the question:  

at what price can I forget about formal concepts and microscopic approach in fitting data



The effective approach
operator annihilation h�vi direct detection [A,v0]
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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FIG. 9. Exclusion bounds for a DM model containing only squarks d̃
R

and s̃
R

. Conventions are

as in Fig 8.

B. Compressed spectrum

Lastly, in Fig. 10, we focus on the case of the compressed spectrum, presenting the

results for the model containing only d̃
R

, s̃
R

and mass splittings m
M

�m
DM

= 10, 50, 100

GeV. In the upper panels we show the exclusion curves both for monojets and jets+MET

searches, while in the lower panels we present the decomposition of the limits in terms of

the three event samples introduced in Sect. II A, defined as the ratio of excluded couplings

from the partial to the full set of samples. As one can see the dominant contributions in

both cases are coming from DM pair production and DM squark associated production, with

ISR fulfilling the jet cuts requirements of both analyses. The rate is therefore controlled by

g
M

and increases monotonically with the mediator mass. Pair production of the mediator

is only relevant at low mediator masses when the constrained coupling is dropping below

1 and the pure QCD production mechanism takes over. While one might expect that the

dijet constraints would be stronger than monojets, we find that jets+MET is competitive

with monojets, except for the extremely degenerate case �M ⇠ 10 GeV.

IV. CONCLUSIONS

The goal of this paper was to compare monojet against jets+MET bounds on DM pro-

duction at the LHC for the case of t-channel mediators, such as a squark. The jets+MET

20

Limit of the approach 
Papucci, Zurek [1402.2285]
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Beyond the simple couplings 

A. De Simonea, G. F. Giudice, A. Strumia, 1402.628
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Figure 4: DM coupled to the Higgs. Regions of DM mass M
DM

and Higgs couplings (�
DM

, y
DM

,

yP
DM

): the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast

for LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Higgs invisible width constraint �h,inv/�h < 20%. The green solid

curve corresponds to a thermal relic abundance via Higgs-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

• The pseudo-scalar coupling yP
DM

only produces the operator ON
11

= i~S
DM

· ~q, which is spin-

dependent and suppressed by the transferred momentum ~q:

cn
10

⇡ cp
10

⇡ 0.26
yP
DM

mN

M2

h

. (3.12)

As a consequence, there are no limits on perturbative values of yP
DM

.

Thermal abundance

The relic abundance is computed using the interaction in eq. (3.9), which contributes to DM an-

nihilation through s-channel Higgs exchange and through processes with two Higgs or longitudinal

gauge bosons in the final state. We include these annihilation channels in our computation. In the

case of fermionic DM, the approximation of keeping only the dimension-5 operator in eq. (3.9) is

justified as long as y
DM

⌧ 0.5 (500GeV/M
DM

).

Results

In fig. 4 we compare the LHC sensitivity with current bounds, in the plane (DM mass, DM coupling

to h), finding the following results.

1. The bounds from direct detection are dominated by the LUX experiments (regions shaded in

grey). We see that direct detection experiments are severely constraining the scalar couplings

�
DM

, y
DM

, while the pseudo-scalar interaction is completely out of reach at the moment.

2. If M
DM

< Mh/2, the main constraint is due to the Higgs invisible width, �h,inv/�h . 20%,

which gives �
DM

, y
DM

, yP
DM

<⇠ 10�2, taking �h = 4.2 MeV for Mh = 125.6 GeV.
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Figure 3: DM coupled to the Z. Regions of DM mass M
DM

and Z couplings (gDM

s , gDM

V , gDM

A ):

the orange region is excluded at 90% CL by ATLAS mono-jet searches at LHC8, with forecast for

LHC14 (dashed blue line); the grey region is excluded at 90% CL by LUX 2013 direct searches;

the blue region is excluded by the Z-invisible width constraint �Z,inv < 2 MeV. The green solid

curve corresponds to a thermal relic abundance via Z-coupling annihilation equal to the observed

DM density (the thick curve is the o↵-shell estimation; the thin curve is the on-shell computation).

Results

In fig. 3 we compare the LHC sensitivity with the current bounds. In the plane (DM mass, DM

coupling to Z) we show:

1. The bounds from direct detection, dominated by the LUX experiments (regions shaded in

grey). The bounds on gDM

V and gDM

s are quite strong (around 10�3 for DM mass around

100 GeV), while gDM

A , which leads to spin-dependent interactions, is less constrained (typically

gDM

A
<⇠ 0.3 for M

DM

⇡ 100GeV). We see that direct detection experiments severely constrain

the vector coupling gDM

V and the scalar coupling gDM

s , and are presently probing the region

gDM

A ⇠ 1.

2. The LEP bounds from the invisible Z width, �Z,inv < 2 MeV. This bound, shown in light blue,

implies gDM

V,A
<⇠ 0.04, gDM

s
<⇠ 0.08 if M

DM

< MZ/2.

3. The present bound from LHC mono-jet searches, extracted with the procedure described in

section 2.3. We see that such bounds can never be competitive with the combined limits from

LUX and LEP.

4. Our estimate on the future sensitivity of LHC at
p
s = 14TeV with an integrated luminosity of

300 fb�1. By simulating the sample and rescaling the corresponding statistical error with the

square-root of the number of events we find that only a modest improvement is possible. New

strategies for reducing the systematic error and improving background rejection are necessary

for the LHC to give competitive results.

5. The curve that corresponds to a thermal DM density equal to the cosmological density (green

curve). We observe that a thermal abundance from pure Z coupling is ruled out for scalar

12

DM, while some regions are still allowed for fermion DM, most notably for axial couplings and

in the window around the near-resonant region (that will be discussed in section 4). However,

we stress that the relic abundance, computed here using the e↵ective interaction in eq. (3.3),

is very sensitive to new-physics e↵ects, especially in the high-mass region. In particular, the

decrease of the green line with the DM mass is only a consequence of the non-renormalisable

contact interactions. New particles and new interactions can completely modify the behaviour

of the thermal-abundance constraint. Hence, the green curve in fig. 3 is only meant to be

indicative of the e↵ective-theory regime.

3.2 DM coupled to the Higgs

The case of DM that couples to the SM sector only though interactions with the Higgs boson has

been discussed extensively in the literature [64–84]. Here we assume that DM is either a real scalar

(s
DM

) or a Majorana fermion ( 
DM

) coupled to the physical Higgs field h at low energies as

L = �hJh , Jh =
1p
2

X

f

yf f̄f +  ̄
DM

(y
DM

+ iyP
DM

�
5

) 
DM

+
�
DM

v

2
s2
DM

�
. (3.8)

The SM fermions f have the usual Yukawa couplings yf and we parameterise the DM couplings to

the Higgs as �
DM

, y
DM

, yP
DM

.

We can complete the e↵ective interaction in eq. (3.8) in a straightforward way, since H†H/v =p
2h + . . . . Hence, the simplest recipe to express the DM coupling to Higgs boson in terms of

gauge-invariant quantities is

L = �H†H


 ̄
DM

(y
DM

+ iyP
DM

�
5

)

2v
 
DM

+
�
DM

4
s2
DM

�
. (3.9)

Note that the coupling of scalar DM to the Higgs doublet can be expressed in terms of a renormal-

isable interaction, while the coupling of fermonic DM involves a dimension-5 operator.

Direct detection

By integrating out the Higgs boson, one obtains the e↵ective Lagrangian L
e↵

= J2

h/2M
2

h that

describes direct detection. Employing again the non-relativistic nucleon Lagrangian of eq. (3.4) we

find:

• The �
DM

coupling of scalar DM generates the dominant spin-independent e↵ective non-relativistic

operator ON
1

= 1 with coe�cients

cn
1

⇡ cp
1

= �0.45�
DM

mNv

M2

h

. (3.10)

• The y
DM

coupling of fermion DM also generates ON
1

with

cn
1

⇡ cp
1

= �1.8y
DM

mNM
DM

M2

h

. (3.11)
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parameter space allowed by thermal freeze-out. The full exploration of DM co-annihilating with a

coloured partner requires higher energies. It is interesting that a future pp collider with
p
s ⇠ 100TeV

is exactly what is needed to cover all the mass range favoured by DM thermal abundance [100].

3 DM annihilating through a SM mediator

In this section we consider situations in which the mediator of interactions between DM and quarks

is a SM particle, rather than a speculative particle from the dark sector. Given that DM is neutral

and has no colour, the candidates for the role of mediator are the Z (considered in section 3.1) and

the Higgs boson (considered in section 3.2).

3.1 DM coupled to the Z

We start by assuming that the DM particle is coupled to the Z boson. At low energies, the Lagrangian

interaction of the Z boson to a current of fermions f and scalars s is

L = �ZµJ
µ
Z , JZ

µ =
g
2

cos ✓
W

X

f

[f̄�µ(g
f
V + �

5

gfA)f ] +
X

s

gs[s
⇤(i@µs)� (i@µs

⇤)s]

�
, (3.1)

where g
2

and ✓
W

are the SU(2)L gauge coupling and weak angle. For the SM fermions one has the

well-known result gV = 1

4

� 2

3

sin2 ✓
W

and gA = �1

4

for up-type quarks and gV = �1

4

+ 1

3

sin2 ✓
W

and gA = 1

4

for down-type quarks. Since the coupling of each chiral fermion to the Z is proportional

to T
3

� Q sin2 ✓
W

= Q cos2 ✓
W

� Y , the coupling of the DM particle, which is neutral (Q = 0), is

proportional to its hypercharge. In our e↵ective Lagrangian, we consider gDM

V , gDM

A or gDM

s as free

parameters that describe the DM couplings. Small values of the DM couplings to Z can be obtained

if the DM is a mixture between a state with Y = 0 and a state with Y 6= 0, or if DM does not couple

directly to Z, but only to a Z 0 boson that mixes with the Z.

At energies larger than MZ , we need to complete in a gauge-invariant way the couplings in

eq. (3.1). This is obtained by observing that, on the Higgs vacuum,

� 4i cos ✓
W

g
2

v2
H†DµH

���
H=hHi

= Zµ , (3.2)

where H is the full Higgs doublet and v = 246 GeV. Thus, the simplest gauge invariant completion

of the coupling between the Z boson and fermonic or scalar DM is

L =
4i

v2
(H†DµH)


 ̄
DM

�µ(g
DM

V + �
5

gDM

A ) 
DM

+ gDM

s

�
s⇤
DM

(i@µsDM

)� (i@µs
⇤
DM

)s
DM

��
. (3.3)

Indeed, these are the lowest-dimension operators leading to the interactions in eq. (3.1).

Direct detection

Concerning direct detection, by integrating out the Z at tree level one obtains the e↵ective La-

grangian L
e↵

= �J2

Z/2M
2

Z . By taking the nucleon matrix element and the non-relativistic limit we

obtain the Lagrangian

L
non rel

=
n,pX

N

12X

i=1

cNi ON
i , (3.4)
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In the original version of H3m, the transition of mt

from the on-shell to the dr scheme could su�er from
large logarithms if superpartners masses or renormaliza-
tion scales µ are much larger than mt. Since null re-
sults from the LHC increasingly favor this possibility,
the program has been improved in the following way.
First, we calculate mt(µ) in five-flavor QCD in the ms
scheme using 4-loop running as implemented in the nu-
merical package RunDec [18]. This value is transferred
to the dr scheme via a finite renormalization at 3-loop
order [19, 20]. Finally, the transition from five-flavor
QCD to SUSY-QCD is performed using the 2-loop de-
coupling coe⌅cient of mt [21, 22]. This procedure is
faster, more robust, and more accurate than the old
code. The new version of H3m is publicly available at
http://www.ttp.kit.edu/Progdata/ttp10/ttp10-23.

Results as a Function of Weak-Scale Parameters. We
now present results for the Higgs boson mass, including
the 3-loop corrections described above, as functions of
weak-scale supersymmetry parameters. We set tan⇥ =
20 so that the tree-level Higgs boson mass is within 1
GeV of its maximal value, and we consider nearly de-
generate, unmixed stops, with mt̃L = mt̃R and Xt = 0.
The dependence on other parameters is relatively mild;
we set µ = 200 GeV, assume gaugino mass unification
with mg̃ = 1.5 TeV, and set all other sfermion soft mass
parameters equal to mt̃L,R

+1 TeV. For multi-TeV values
of the sfermion masses, these models have scalar masses
far heavier than gaugino and Higgsino masses.

The results are shown in Fig. 1. For mt̃1 in the range
1–10 TeV, 1-loop corrections raise the Higgs mass by 18
to 31 GeV, and 2-loop corrections raise the mass fur-
ther by another 4 to 7 GeV. The experimental value of
mh is apparently obtained for mt̃1 ⇥ 5 TeV. However,
the 3-loop e�ects raise the Higgs mass by another 0.5
to 3 GeV. The magnitude of the corrections decreases
with increasing loop order, indicating a well-behaved, if
slowly converging, perturbative expansion, and the size of
the 3-loop corrections is consistent, within uncertainties,
with the NLL analysis of Ref. [23]. Clearly, however, the
3-loop corrections are still sizable, and they reduce the
required top squark mass to 3 to 4 TeV, a reduction with
potentially great significance for supersymmetry discov-
ery, as we discuss below.

Ref. [23] observes partial cancellations between leading
logarithm terms of O(�t�2

s) and O(�2
t�s) in a particular

scenario. We advocate a full calculation at O(�2
t�s) to

investigate whether this behaviour is universal.
In Fig. 1, the width of the bands is determined by

the parametric uncertainty induced by the uncertainty
in the top quark mass and �s. It is dominated by the
uncertainty in the top mass. The top mass has been con-
strained by kinematic fits in combined analyses of Teva-
tron [24] and LHC [25] data, and may also be stringently
constrained in the future by cross section measurements
(see, e.g., Ref. [26]). For now, we consider the range
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FIG. 1. The Higgs boson mass mh from H3m at 1-, 2-,
and 3-loops for nearly degenerate (mt̃L

= mt̃R
), unmixed

(Xt = 0) top squarks, as a function of the physical mass
mt̃1

. The renormalization scale is fixed to MS =
⇥
mt̃1

mt̃2
,

we set tan⇥ = 20, µ = 200 GeV, all other sfermion soft
parameters equal to mt̃L,R

+ 1 TeV, and assume gaugino
mass unification with mg̃ = 1.5 TeV. The bands indicate
the parametric uncertainty from mpole

t = 173.3 ± 1.8 GeV
and �s(mZ) = 0.1184 ± 0.0007. The horizontal bar is the
experimentally allowed range mh = 125.6± 0.4 GeV.

mpole
t = 173.3 ± 1.8 GeV. The resulting parametric un-

certainty is 0.5 to 2 GeV; it exceeds the experimental
uncertainty and is comparable to that expected from 4-
and higher-loop e�ects in the theoretical prediction.

In Fig. 2, we compare our results to those of 2-loop
codes. The 2-loop results di�er significantly from each
other, with di�erences of up to 4 GeV for stop masses
in the 1 to 10 TeV range shown. The 3-loop results are
within this range for ⇥ TeV stop masses, as found in
Refs. [5, 6]. However, for multi-TeV stop masses, the
3-loop contributions may significantly enhance mh.

Some of the di�erences between the 2-loop results can
be explained by di�erent default choices for the renor-
malization scale. They also di�er in how the running top
mass is extracted from its pole mass. This di�erence is
formally of higher order [27]. The di�erent treatment of
parameters also explains the di�erence between H3m’s 2-
loop results and FeynHiggs. For example, FeynHiggs
uses 1-loop running for �s and mt, which is formally cor-
rect since the 2-loop results are leading order in �s.

Results for mSUGRA and Implications for Supersym-
metry at the LHC. To determine the implications of the
3-loop corrections for the LHC, we consider here the well-
known framework of minimal supergravity (mSUGRA),
defined in terms of GUT-scale parameters, for which de-
tailed collider studies have been carried out.

Feng, Kant, Profumo, Sanford 
3 loops Higgs 
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A little thermal history of the Universe
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Insights on the Boltzman equation
Chu, Hambye 
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Prospective - Conclusion

Thermal history?

WIMP paradigm tested

Promising next years...

No real DM signals (yet) or.. too many!!

Fundmental LHC searches 



Dark Matter candidates
Neutralino 
Gravitino 
KK modes 
νR 

Hidden fermonic sector 
Dark U(1) 

Sterile neutrino 
Phantom dark matter 

Higgs doublet 
Mirror dark matter 

Stable extra gauge boson.. 

Mass/coupling classification 
!

• Weakly coupling 
(neutralino, sterile neutrino..) 
• Planck induced coupling 

(gravitino) 
• Intermediate («feeble») 

coupling 
(FIMP, SO(10) theories) 

•  Dark coupling  
(Extra U(1), dark photons)



A little thermal history of the Universe (III)

!
= -3 H n                                   (H = R / R)

.

Boltzmann Equation  
for a density of dark particle n :
!
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Important assumption: the dark matter was in thermal equilibrium in the 
Standard Model bath (plasma) since the early history of the Universe.
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Energy losses processes

Charged particles moving 
in the interstellar medium 
lose energy from different 

processes
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Searches at LHC 
A. Djouadi, A. Falkowski, Y. M.,  

J. Quevillon 2012
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A concrete  example

h Yukawa  (Higgs portal)

H/A/S
Yukawas (SUSY)

1
Λ2 Effective approach

Φ
GUT / SO(10)

λ45

Z’

δ

In all what follows I will take Z’ as a mediator for illustration but..



A concrete exemple : Extra U(1)
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MZ’ < TRH, δ ~gEW
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