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Evidence for Dark Matter from cosmology Cosmic microwave background

ΛCDM fit using CMB+BAO Planck, 1303.5076

baryons: Ωbh
2 = 0.02214± 0.00024

CDM: Ωch
2 = 0.1187± 0.0017

DE: ΩΛ = 0.692± 0.010

H0 h = 0.6780± 0.0077

⇒ ΩB
ΩM

= 0.186± 0.0034

“normal” matter (baryons) can provide only about 19% of the total matter
in the universe!
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Outline

• the WIMP hypothesis
(thermal freeze-out)

• testing the WIMP hypothesis
(very personal selection of topics - 
appologizes for omissions)

• will not discuss non-WIMP candidates

3

see talks by J. Redondo, A. Merle, F. Steffen



The WIMP hypothesis: thermal freeze-out
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ΩDM ≈ 2× 10−37cm2

�σannihv�
≈ 0.23

Lee, Weinberg, 1977 
Bernstein, Brown, Feinberg, 1985 
Scherrer, Turner, 1986

“typical” annihilation cross section:

�σannihv� ∼
g4

2πm2
� 6× 10−37cm2

� g

0.1

�4 � m

100GeV

�−2

• “Weakly Interacting Massive Particle” (WIMP)

• relation with new physics at the TeV scale
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WIMP searches
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DM DM

SM SM

indirect detection accelerators

direct detection
PAMELA, FERMI,  AMS-2, 
HESS, IceCube

LHC

XENON, LUX, CDMS, 
Edelweiss, DAMA, CoGeNT, 
CRESST, PICASSO, COUPP,... 
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UV-complete 
models (SUSY) SUSY diagrams contributing to neutralino annihilation cross sec.
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UV-complete 
models (SUSY)

EFT: only SM + 
DM particle



WIMP models
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UV-complete 
models (SUSY)

EFT: only SM + 
DM particle

“simplified” models
DM particle + mediator



DM at LHC
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DM DM

SM SM

• DM particle escapes detector

• invisible particle with life time > 10-7 s

• no direct proof that it’s DM

missing energy signature:

talk by H. Sandaker



DM at LHC - model dependent searches
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look for additional signature of new physics and relate 
missing energy to DM in a model-dependent way

Ex.: SUSY decay chainsusy-decay-chain.pdf



DM at LHC - EFT and mono-j searches
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The WIMP hypothesis Dark Matter at LHC

EFT and mono-jet signals

Consider effective vertex of DM with quarks/gluons, e.g.

(χ̄γµχ)(q̄γµq)

Λ2
,

(χ̄γ5γµχ)(q̄γ5γµq)

Λ2
,

(χ̄χ)(GµνGµν)

Λ3
, . . .

T. Schwetz 11



DM at LHC - EFT and mono-j searches
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The WIMP hypothesis Dark Matter at LHC

1

M2
∗
χ̄γµχq̄γµq 1

M2
∗
χ̄γµγ5χq̄γµγ5q

αs
4M3

∗
χ̄χGµνGµν

green curve: correct relic density

assuming that ONLY this operator

is present

ATLAS-CONF-2012-147

T. Schwetz 12

ATLAS-CONF-2012-147

• green curve: correct thermal abundance 
(assuming only that operator is present)

• EFT description may not be valid at LHC energies
Buchmuller, Dolan, McCabe, 1308.6799; 
Busoni et al., 1402.1275, 1405.3101; many more

http://arXiv.org/abs/arXiv:1308.6799
http://arXiv.org/abs/arXiv:1308.6799
http://arXiv.org/abs/arXiv:1402.1275
http://arXiv.org/abs/arXiv:1402.1275
http://arXiv.org/abs/arXiv:1405.3101
http://arXiv.org/abs/arXiv:1405.3101


DM at LHC - simplified models
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Ex.: Majorana DM + colored scalar mediator

Garny, Ibarra, Rydbeck, Vogl, 1403.4634 



DM at LHC - simplified models
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Ex.: Majorana DM + colored scalar mediator

Garny, Ibarra, Rydbeck, Vogl, 1403.4634 



Indirect detection of DM

15

DM DM

SM SM



Indirect detection of DM

15

DM DM

SM SM

today @ freeze-out



Indirect detection of DM
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DM DM

SM SM

today @ freeze-out

• annihilation cross section today corresponds to the 
“thermal” one only for s-wave processes (v-independent)

• p-wave annihilations: σv ~ v2   ⇒
@ freeze-out: v2 ~ T/m ~ 0.05 c2 
today: v ~  10-3 c 



FERMI dwarf spheroidials
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B. Andersson @ FERMI symposium 
24 Oct 2014

“thermale Xsec” 
excluded for DM mass 
< 100 GeV 

Brandon Anderson, Stockholm University | 5th Fermi Symposium

Results 
(no significant emission detected)

12

(bands derived from 
300 random blank-

sky sets)

Brandon Anderson, Stockholm University | 5th Fermi Symposium

Dwarf Spheroidal Galaxies

3

particle astro (“J-factor”)

T H E O R E T I C A L  Y I E L D

~25 known



FERMI γ excess from galactic center
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Hooper, Goodenough, 2009, 2010; many more 

Calore, Cholis, McCabe, Weniger, 1411.4647: 3
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GeV excess emission

at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW γ = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

FIG. 1. Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the
expectations for a contracted NFW profile (dotted line). Error bars refer to statistical ±1σ uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from different astrophysical models. The result from Ref. [25] for
the higher-latitude tail and the preliminary results by the Fermi-LAT team [16] on the Galactic center include an estimate of
the impact of foreground systematics. In these cases, the adopted ROIs are shown as bands (for Ref. [25], overlapping regions
correspond to the north and south parts of the sky). Gray areas indicate the intensity level of the Fermi bubbles, extrapolated
from |b| > 10◦, and the region where HI and H2 gas emission from the inner Galaxy becomes important.

in the inner few degrees, as well as the higher-latitude
tail up to ψ ∼ 20◦. We show the differential inten-
sity at a reference energy of 2 GeV. At this energy the
putative excess emission is – compared to other fore-
grounds/backgrounds – strongest, so the uncertainties
due to foreground/background subtraction systematics
are expected to be the smallest.

The intensities were derived by a careful rescaling of
results in the literature that fully takes into account
the assumed excess profiles. In most works, intensities
are quoted as averaged over a given Region Of Interest
(ROI). Instead of showing these averaged values, which
depend on the details of the adopted ROI, we use the
excess profiles to calculate the differential intensity at a
fixed angular distance from the GC. These excess pro-
files usually follow the predictions similar to those of
a DM annihilation profile from a generalized Navarro-
Frenk-White (NFW) density distribution, which is given
by

ρ(r) = ρs
r3s

rγ(r + rs)3−γ
. (1)

Here, rs denotes the scale radius, γ the slope of the in-
ner part of the profile, and ρs the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and γ = 1.26, and ρs is fixed by the re-
quirement that the local DM density at r⊙ = 8.5 kpc is
ρ⊙ = 0.4 GeV cm−3.

We note that the intensities that we quote from
Ref. [25] refer already to a b̄b spectrum and take into
account correlated foreground systematics as discussed
below. In the case of a broken power-law, the intensities
would be in fact somewhat larger.

We find that all previous and current results (with the
exception of Ref. [7], which we do not show in Fig. 1)
agree within a factor of about two with a signal morphol-
ogy that is compatible with a contracted NFW profile
with slope γ = 1.26, as it was noted previously [14, 25].
As mentioned in our Introduction, the indications for a
higher-latitude tail of the GeV excess profile is a rather
non-trivial test for the DM interpretation and provides
a serious benchmark for any astrophysical explanation
of the excess emission. However, we have to caution
that most of the previous analyses make use of the
same model for Galactic diffuse emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the π0,
bremsstrahlung and ICS emission maps, where calcu-
lated as independent components, with their exact mor-
phologies and spectra as predicted from a wide variety
of foreground/background models. As it was shown in
Ref. [25], the exact assumptions on the CR propagation
and the Galactic properties along the line-of-sight can im-
pact both the spectrum and the morphology (which also
vary with energy) of the individual gamma-ray emission
maps. To probe the associated uncertainties on those



FERMI γ excess from galactic center

• GeV excess robust and highly statistically significant 

• with a spectrum, angular distribution, and overall 
normalization that is in good agreement with that 
predicted by simple annihilating dark matter 
models. 

• angular distribution of the excess is approximately 
spherically symmetric and centered around the 
dynamical center of the MW

18

Hooper, Goodenough, 2009, 2010; many more 

e.g.: Daylan et al., 1402.6703:
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 σ contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W−, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5 CR p and p̄ from DM annihilations can also give their own π0

emission of DM origin, but are suppressed from the p̄/p measure-
ments already by at least five orders of magnitude compared to
the conventional Galactic diffuse π0 emission.

Channel
�σv�

(10−26 cm3 s−1)
mχ

(GeV) χ2
min p-value

q̄q 0.83+0.15
−0.13 23.8+3.2

−2.6 26.7 0.22

c̄c 1.24+0.15
−0.15 38.2+4.7

−3.9 23.6 0.37

b̄b 1.75+0.28
−0.26 48.7+6.4

−5.2 23.9 0.35

t̄t 5.8+0.8
−0.8 173.3+2.8

−0 43.9 0.003

gg 2.16+0.35
−0.32 57.5+7.5

−6.3 24.5 0.32

W+W− 3.52+0.48
−0.48 80.4+1.3

−0 36.7 0.026

ZZ 4.12+0.55
−0.55 91.2+1.53

−0 35.3 0.036

hh 5.33+0.68
−0.68 125.7+3.1

−0 29.5 0.13

τ+τ− 0.337+0.047
−0.048 9.96+1.05

−0.91 33.5 0.055
�
µ+µ− 1.57+0.23

−0.23 5.23+0.22
−0.27 43.9 0.0036

�
✟✟ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1σ errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into τ+τ− is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W−, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ− spectrum without ICS emission
(✟✟ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (∼ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a different context. One interesting feature of this
channel is the gamma-ray line at mχ/2 � 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h → γγ
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Figure 3: Top: We show the ∆χ2 contours, corresponding to 1,2 and 3σ, obtained for the
hypotheses χχ → XX for X = {h,W±, Z, t, b}. Vertical dashed lines indicate the threshold
for each of these final states. The best fit point in each case is indicated. Bottom: We show
the spectra of photons obtained for the corresponding best fit values in the upper plot. The
central values and the error bars are extracted from [13]. Note that the errors are correlated,
and the plotted spectra indeed fit the data reasonably well, as indicated by the χ2 at the
best fit.

which fits in the envelope between the 4 presented spectra, or one could fit each spectrum
separately to get a feel for the systematic uncertainty. Here, we take the latter approach.

Out of the 4 spectra Fermi (a,b,c,d) present, one (a) has a shape very different from that
of heavy DM annihilating to electroweak final states. Furthermore, fitting to (a) gives results

– 10 –

Agrawal, Batell, Fox, Harnik, 1411.2592
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bosons (colloquially referred to as “Higgs in Space” [94])
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Figure 3: Top: We show the ∆χ2 contours, corresponding to 1,2 and 3σ, obtained for the
hypotheses χχ → XX for X = {h,W±, Z, t, b}. Vertical dashed lines indicate the threshold
for each of these final states. The best fit point in each case is indicated. Bottom: We show
the spectra of photons obtained for the corresponding best fit values in the upper plot. The
central values and the error bars are extracted from [13]. Note that the errors are correlated,
and the plotted spectra indeed fit the data reasonably well, as indicated by the χ2 at the
best fit.

which fits in the envelope between the 4 presented spectra, or one could fit each spectrum
separately to get a feel for the systematic uncertainty. Here, we take the latter approach.

Out of the 4 spectra Fermi (a,b,c,d) present, one (a) has a shape very different from that
of heavy DM annihilating to electroweak final states. Furthermore, fitting to (a) gives results

– 10 –

Agrawal, Batell, Fox, Harnik, 1411.2592

range of “thermal”
cross sections (incl. 
astrophys. uncertainty)
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Tab. I. Uncertainties in the DM halo are parametrized and
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the conventional Galactic diffuse π0 emission.

Channel
�σv�

(10−26 cm3 s−1)
mχ

(GeV) χ2
min p-value

q̄q 0.83+0.15
−0.13 23.8+3.2

−2.6 26.7 0.22

c̄c 1.24+0.15
−0.15 38.2+4.7

−3.9 23.6 0.37

b̄b 1.75+0.28
−0.26 48.7+6.4

−5.2 23.9 0.35

t̄t 5.8+0.8
−0.8 173.3+2.8

−0 43.9 0.003

gg 2.16+0.35
−0.32 57.5+7.5

−6.3 24.5 0.32

W+W− 3.52+0.48
−0.48 80.4+1.3

−0 36.7 0.026

ZZ 4.12+0.55
−0.55 91.2+1.53

−0 35.3 0.036

hh 5.33+0.68
−0.68 125.7+3.1

−0 29.5 0.13

τ+τ− 0.337+0.047
−0.048 9.96+1.05

−0.91 33.5 0.055
�
µ+µ− 1.57+0.23

−0.23 5.23+0.22
−0.27 43.9 0.0036

�
✟✟ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1σ errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into τ+τ− is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W−, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ− spectrum without ICS emission
(✟✟ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (∼ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a different context. One interesting feature of this
channel is the gamma-ray line at mχ/2 � 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h → γγ
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Figure 3: Top: We show the ∆χ2 contours, corresponding to 1,2 and 3σ, obtained for the
hypotheses χχ → XX for X = {h,W±, Z, t, b}. Vertical dashed lines indicate the threshold
for each of these final states. The best fit point in each case is indicated. Bottom: We show
the spectra of photons obtained for the corresponding best fit values in the upper plot. The
central values and the error bars are extracted from [13]. Note that the errors are correlated,
and the plotted spectra indeed fit the data reasonably well, as indicated by the χ2 at the
best fit.

which fits in the envelope between the 4 presented spectra, or one could fit each spectrum
separately to get a feel for the systematic uncertainty. Here, we take the latter approach.

Out of the 4 spectra Fermi (a,b,c,d) present, one (a) has a shape very different from that
of heavy DM annihilating to electroweak final states. Furthermore, fitting to (a) gives results

– 10 –

Agrawal, Batell, Fox, Harnik, 1411.2592

consistent with dwarf 
limits within 
astrophys. uncertainty



• Limits on DM interpretation from other channels  
(antiprotons, radio waves, positrons)

20

Bringmann, 
Vollmann, 
Weniger, 
1406.6027

FERMI γ excess from galactic center



• Millisecond pulsars

• non-stationary state of cosmic rays in GC
(e.g., burst event 106 yrs ago)

21

FERMI γ excess from galactic center -
non-DM explanations:

Petrovic, Serpico, Zaharijas, 1411.2980

Petrovic, Serpico, Zaharijas, 1405.7928



DM direct detection
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DM DM

SM SM

see also talk by 
Jochen Schieck



Direct detection - signature
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dN

dER
∝ ρDM

mDM

�

v>vmin

d3v
dσ

dER
vf⊕(�v, t)

f⊕(�v, t) = f(�v + �v⊙ + �v⊕(t))

events / keV :

exponential spectrum              annual modulation



Direct detection - status
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CoGeNT &  CRESST:
previously reported 
excesses have been 
identified as 
background
Bellis, Collar, Fields, Kelso, talk at 
Astroparticle 2014, Amsterdam 
also: Aalseth et al., 1401.6234; 
Davis, McCabe, Boehm, 1405.0495
Angloher et al., 1407.3146



Direct detection - status

25

CoGeNT

CDMS�Si

CRESST

DAMA

XENON10

CDMS�LT

KIMS

CDMS�Ge

XENON100LUX

10. 100 100010�45

10�44

10�43

10�42

10�41

10�40

10�39

mΧ �GeV�

Σ
SI
�cm2 �

Bozorgnia, Catena, Schwetz, 2013

• DAMA: highly 
significant signal for 
annual modulation

• CDMS-Si: 3 events, 
P=0.19% LH-test



Direct detection - status
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Bozorgnia, Catena, Schwetz, 2013

• DAMA: highly 
significant signal for 
annual modulation

• CDMS-Si: 3 events, 
P=0.19% LH-test

in tension with limits

dependent on 
- particle physics
- astrophysics



Modified DM-nucleus interaction?

26

Ex.: negative interference between neutron and proton amplitudes
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Modified DM-nucleus interaction?
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Ex.: negative interference between neutron and proton amplitudes

• inelastic scattering
• light mediator particles
• electromagnetic interact.

more examples:
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DM-halo independent comparison of experiments
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Working in vmin space Fox, Kribs, Tait 1011.1910; Fox, Liu, Weiner, 1011.1915

dN
dER

=
ρχσ0|F (ER)|2

2mχµ2 η(vmin) with η(vmin) ≡
�

v>vmin

d3v
f⊕(�v)

v

consider now

2mχµ2

σ0|F (ER)|2
dN
dER

= ρχ η(vmin)

� r.h.s. is independent of
experiment (target nucleus)

� fix DM mass, transform observed
spectrum into function of vmin
using the l.h.s. and
vmin =

�
ERmA/(2µ2)

� comparison of experiments
possible without specifying r.h.s.

T. Schwetz 22

Dark Matter direct detection

colliding a DM particle (mχ ∼ 100 GeV) with a nucleus
(mA ∼ 100 GeV) and DM velocity: v ∼ 10−3c ⇒ non-relativistic

(elastic) recoil energy: ER =
2µ2v2

mA
cos2 θlab∼ 10 keV

µ ≡ mχmA/(mχ + mA)

minimal DM velocity required to produce recoil energy ER :

vmin =

�
ERmA
2µ2

T. Schwetz 5

Fox, Kribs, Tait, 2010
Fox, Liu, Weiner, 2010
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LUX
SuperCDMS
DAMA
CDMS�Si
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Bozorgnia, Schwetz, 1410.6160

s. also delNobil, Feldstein, Fox, Frandsen, Gelmini, Gondolo, 
Kahlhöfer, Harnik, McCabe, Sarkar, ...

DM-halo independent comparison of experiments
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DM-halo independent comparison -
CDMS-Si versus LUX / SuperCDMS

Bozorgnia, Schwetz, 
1410.6160

joint probability for CDMS-Si and LUX / SuperCDMS

takes into account 
energy information from 
the 3 Si events

LUX

LUX

SuperCDMS

SuperCDMS

Dashed : total event numbers
Solid : signal length
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DM-halo independent comparison -
DAMA versus LUX / SuperCDMS / ...

Bozorgnia, Schwetz, 1410.6160

joint probability for modulation amplitude in 
DAMA (3rd bin) and the LUX / SuperCDMS results

LUX
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SuperCDMS

solid : trivial bound
dashed : ve expansion
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Direct detection and the WIMP hypothesis
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CoGeNT
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• testing cross sections
 ~ 10-45 cm2 

• parameter region motivated 
by WIMP argument
(thermal freeze-out)
model dependent!

σscatt < 10-45 cm2    ↔    σannih. ~10-36 cm2?
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Ex. 1: Higgs-portal with fermionic DM χ
1

Λ1
(χχ)(H†

H)

Direct detection and the WIMP hypothesis



32

Ex. 1: Higgs-portal with fermionic DM χ

χ

χ
H

SM

SM

χ χ

(A,Z)

H

annihilation: scattering:

1

Λ1
(χχ)(H†

H)

Direct detection and the WIMP hypothesis
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• excluded by  
XENON, LUX

Lopez-Honorez, TS, Zupan, 12

1

Λ1
(χχ)(H†

H)

Higgs portal
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• excluded by  
XENON, LUX

Lopez-Honorez, TS, Zupan, 12

1

Λ1
(χχ)(H†

H)

Higgs portal

• s-channel resonance at 
mχ ≈ mH/2
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• excluded by  
XENON, LUX

Lopez-Honorez, TS, Zupan, 12 1

Λ5
(χγ5χ)(H

†
H)

1

Λ1
(χχ)(H†

H)

Higgs portal

• s-channel resonance at 
mχ ≈ mH/2

• pseudo-scalar 
Higgs-Portal
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Ex. 2: Z-portal with fermionic DM χ

Direct detection and the WIMP hypothesis

χ̄γµ(Vχ −Aχγ5)χZµ + f̄γµ(Vf −Afγ5)χZµ

3

Notice that this lagrangian is not manifestly
SU(2)×U(1) invariant and should be then com-
plemented at high energy. A very simple op-
tion consists into higher dimensional operators
coupling the DM with the Higgs boson and its
covariant derivatives [14, 15] which give eq.(1)
when the Higgs boson aquires vev. Alterna-
tively one can consider a kinetic mixing scenario
with the Z

�
lying at a much higher scale than

the Z-boson. We will discuss this point in more
details later on.

B. Dark matter annihilation and
PLANCK constraints

The dark matter phenomenology depends
strongly on the different final states kinemat-
ically open. For instance, helicity suppressions
present in the case of two fermionic final states
is absent for ZZ or Zh final states. We have
then distinguished three scenarios: mχ < mW ,
mW < mχ < (mZ +mh)/2 and (mZ +mh)/2 <
mχ.

1. mχ < mW

In this case the dominant channel is the dark
matter annihilation into fermion pairs mediated
by the Z boson (see fig.(1)). The reader can
find in the appendix the general formulae for the
annihilation cross section (eq.(A2) and (A9)).
For a Dirac dark matter one obtains2:

2 We obviously run the numerical analysis with the ex-

act formulae for the annihilation cross sections, the

simplified equations are given to understand the domi-

nant mechanisms dominating the process. Our results

have been as well validated through the package MI-

CROMEGAS [16] (the authors want to thank partic-

ularly A. Pukhov for the support provided).
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FIG. 1. Main Feynman diagrams contributing to the

annihilation of dark matter in the Z−portal model. The

dominant process are the bb̄ final state for mχ � 100

GeV and Zh process for mχ � 100 GeV

�σv�ff̄ �
g4m2
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32π cos2 θWm4
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v being the relative (Möller) velocity between
annihilating dark matter particles (v � 0.24 at
the decoupling time) and nf

c the color number
of the fermion f . We should made several use-
ful comments on this annihilation expression.
First of all we remark that the s-wave contribu-
tion associated to the axial coupling Aχ is he-
licity suppressed and then it is not totally neg-
ligible only for the bb̄ final state, although sup-
pressed as m2

b/m
2
χ; the contribution to the an-

nihilation cross-section from the axial coupling
is then substantially dominated by the velocity
dependent term at the decoupling time.

On the other hand, in presence of a sizable
vector coupling Vχ, the DM annihilation into
fermions is rather effective and could be po-
tentially the source of an indirect detection sig-
nal at present time. However, as discussed be-
low, this possibility is already excluded by the

annihilation diagrams
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Ex. 2: Z-portal with fermionic DM χ

Direct detection and the WIMP hypothesis

χ̄γµ(Vχ −Aχγ5)χZµ + f̄γµ(Vf −Afγ5)χZµ
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Notice that this lagrangian is not manifestly
SU(2)×U(1) invariant and should be then com-
plemented at high energy. A very simple op-
tion consists into higher dimensional operators
coupling the DM with the Higgs boson and its
covariant derivatives [14, 15] which give eq.(1)
when the Higgs boson aquires vev. Alterna-
tively one can consider a kinetic mixing scenario
with the Z
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lying at a much higher scale than

the Z-boson. We will discuss this point in more
details later on.

B. Dark matter annihilation and
PLANCK constraints

The dark matter phenomenology depends
strongly on the different final states kinemat-
ically open. For instance, helicity suppressions
present in the case of two fermionic final states
is absent for ZZ or Zh final states. We have
then distinguished three scenarios: mχ < mW ,
mW < mχ < (mZ +mh)/2 and (mZ +mh)/2 <
mχ.

1. mχ < mW

In this case the dominant channel is the dark
matter annihilation into fermion pairs mediated
by the Z boson (see fig.(1)). The reader can
find in the appendix the general formulae for the
annihilation cross section (eq.(A2) and (A9)).
For a Dirac dark matter one obtains2:

2 We obviously run the numerical analysis with the ex-

act formulae for the annihilation cross sections, the

simplified equations are given to understand the domi-

nant mechanisms dominating the process. Our results

have been as well validated through the package MI-
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ularly A. Pukhov for the support provided).
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FIG. 1. Main Feynman diagrams contributing to the

annihilation of dark matter in the Z−portal model. The

dominant process are the bb̄ final state for mχ � 100

GeV and Zh process for mχ � 100 GeV
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v being the relative (Möller) velocity between
annihilating dark matter particles (v � 0.24 at
the decoupling time) and nf

c the color number
of the fermion f . We should made several use-
ful comments on this annihilation expression.
First of all we remark that the s-wave contribu-
tion associated to the axial coupling Aχ is he-
licity suppressed and then it is not totally neg-
ligible only for the bb̄ final state, although sup-
pressed as m2

b/m
2
χ; the contribution to the an-

nihilation cross-section from the axial coupling
is then substantially dominated by the velocity
dependent term at the decoupling time.

On the other hand, in presence of a sizable
vector coupling Vχ, the DM annihilation into
fermions is rather effective and could be po-
tentially the source of an indirect detection sig-
nal at present time. However, as discussed be-
low, this possibility is already excluded by the

annihilation diagramsspin-independent
scattering

spin-dependent
scattering



Z-portal
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Arcadi, Mambrini, Richard, 1411.2985



Conclusions

• thermally produced DM is crucially tested 
by direct, indirect, and LHC searches

• next years will increase presure on the 
WIMP hypothesis 

• although thermal WIMPs are hard to 
“exclude”, a non-detection in ~5 years will 
make non-WIMP candidates more 
attractive

36



additional slides
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CoGeNT
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Background model is good fit to the data 

see also, Aalseth et al., 1401.6234; Davis, McCabe, Boehm, 1405.0495

Bellis, Collar, Fields, Kelso, talk at Astroparticle 2014, Amsterdam
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5

FIG. 5. WIMP parameter space for spin-independent (∼A2)
WIMP-nucleon scattering. The 90% C.L. upper limit (solid
red) is depicted together with the expected sensitivity (1σ
C.L.) from the background-only model (light red band). The
CRESST 2σ contour reported in [3] is shown in light blue.
The dash-dotted red line refers to the reanalyzed data from
the CRESST commissioning run [22]. Shown in green are the
limits (90% C.L.) from Ge-based experiments: SuperCDMS
(solid)[7], CDMSlite (dashed) [23] and EDELWEISS (dash-
dotted) [24]. The parameter space favored by CDMS-Si [4]
is shown in light green (90% C.L.), the one favored by Co-
GeNT (99% C.L. [2]) and DAMA/Libra (3σ C.L. [25]) in
yellow and orange. The exclusion curves from liquid xenon
experiments (90% C.L.) are drawn in blue, solid for LUX [6],
dashed for XENON100 [5]. Marked in grey is the limit for
a background-free CaWO4 experiment arising from coherent
neutrino scattering, dominantly from solar neutrinos [26].

masses and, thus, to clarify the nature of the higher mass
maximum (M1). This will be the subject of a blind anal-
ysis of additional data collected during the currently on-
going run.

The improved performance of the upgraded detector
manifests itself in a significantly improved sensitivity of
CRESST-II for very low WIMP masses. This can be
seen by comparing the current limit (solid red line) using
the data of a single detector to the one obtained from
the reanalyzed commissioning run data (dash-dotted red
line) [22]. For WIMP masses below 3 GeV/c2 CRESST-
II probes new regions of parameter space, previously not
covered by other direct dark matter searches.

The sensitivity for light WIMPs can be improved in
future runs by further reducing the background level and
enhancing the detector performance. Such improvements
are realistic and substantial gains in sensitivity for low
WIMP masses are possible, even with a moderate target
mass.
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• “possible excess over background discussed for the 
previous run (from 2009 to 2011) is not confirmed”
• interesting limit for low-mass DM
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FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8σ
and +1.2σ from the mean nuclear recoil yield) between 7 and
100 keV recoil energies for detector 3 in Tower 4, while the
gray band shows the range of charge thresholds across de-
tectors. Electron recoils in the detector bulk have yield near
unity. The data are colored to indicate recoil energy ranges
(dark to light) of 7–20, 20–30, and 30–100 keV to aid the
interpretation of Fig. 3.

of data taking (∼24 hours ).
In yield, events were required to be within +1.2σ and

−1.8σ from the mean of the nuclear recoil yield. Can-
didate events were also required to have phonon pulse
timing consistent with a nuclear recoil. In order to take
advantage of the fact that the timing parameters are
better measured at high energies, the phonon timing
data-selection cut was optimized in three energy bins:
7–20 keV, 20–30 keV, and 30–100 keV [23]. Fig. 1 shows
the nuclear-recoil efficiency i.e., the estimated fraction of
nuclear recoils at a given energy that would be accepted
by these signal criteria, measured using nuclear recoils
from 252Cf calibration. The abrupt changes in efficiency
are due to the different detector thresholds and changes
to the timing cuts in the three energy bins. Signal ac-
ceptance was measured using nuclear recoils from 252Cf
calibration. After applying all selection criteria, the ex-
posure of this analysis is equivalent to 23.4 kg-days over
a recoil energy range of 7–100 keV for a WIMP of mass
10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [24] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons for this exposure with all efficiencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may suffer from re-
duced ionization yield and thus contribute events to the
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

−0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
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