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Why do we need dark matter?
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galaxies and galaxy clusters seem 
to contain much more gravitating 

matter than luminous matter



Missing matter in galaxy clusters and galaxies
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Evidences at the scale of galaxies and clusters of galaxies

Mergers of galaxy clusters

X-ray emissivity from Chandra overlayed with the convergence map

from strong and weak lensing data (arXiv:0704.0261, 0806.2320)

T. Schwetz 34

F. Zwicky 1933 
virial theorem 
applied to 
galaxy clusters

rotation velocities in galaxies

gravitational 
lensing of 
galaxy 
clusters

galaxy cluster mergers
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Cosmological evidence for DM
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ΛCDM fit to CMB + BAO
1502.01589

69% Dark Energy

26% 
Dark Matter

5% Atoms

⌦Bh
2 = 0.02230± 0.00014

⌦Ch
2 = 0.1188± 0.0010

⌦⇤ = 0.6911± 0.0062

h = 0.6774± 0.0046
Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8

CMB, Planck,1502.01589 SDSS large scale power spectr
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Cosmological evidence for DM
need DM to grow enough structure

S. Dodelson



Challenge for particle physics
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• within the Standard Model there is no 
suitable particle to provide the DM  
→ need new particle(s)



Challenge for particle physics

• Why is it so abundant?

• Why is it (quasi) stable?

• Is it elementary or composite?

• Is there a „dark sector“?

8

• within the Standard Model there is no 
suitable particle to provide the DM  
→ need new particle(s)
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axino

keV ν

 MDM 

ALPs
hidden photon

←scalar condensate

Challenge for particle physics
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axino

keV ν

 MDM 

ALPs
hidden photon

←scalar condensate

Challenge for particle physics
sterile neutrino talk by S. Mertens
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axino

keV ν

 MDM 

ALPs
hidden photon

←scalar condensate

Challenge for particle physics
axion: possibly related to the strong-CP problem
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axino

keV ν

 MDM 

ALPs
hidden photon

←scalar condensate

Challenge for particle physics

hidden photon DM: FUNK experiment at KIT
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axino

keV ν

 MDM 

ALPs
hidden photon

←scalar condensate

Challenge for particle physics
rest of this talk:  

Weakly Interacting Massive Particles (WIMPs)



The WIMP hypothesis: thermal freeze-out
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⌦DM ⇡ 2⇥ 10�37cm2

h�annihvi
⇡ 0.23

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



The WIMP hypothesis: thermal freeze-out
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⌦DM ⇡ 2⇥ 10�37cm2

h�annihvi
⇡ 0.23

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

“typical” annihilation cross section:

h�annihvi ⇠
g4

2⇡m2
' 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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DM DM

SM SM

indirect detection

PAMELA, FERMI,  AMS-2, HESS, 
IceCube



WIMP searches

14

DM DM

SM SM

indirect detection accelerators
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WIMP searches

14

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)



WIMP models
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UV-complete 
models (SUSY) SUSY diagrams contributing to neutralino annihilation cross sec.



WIMP models
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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:



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 chain



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 e�ective vertex of DM with quarks/gluons, e.g.

(⇥̄�µ⇥)(q̄�µq)

�2 ,
(⇥̄�5�µ⇥)(q̄�5�µq)

�2 ,
(⇥̄⇥)(Gµ⇥Gµ⇥)

�3 , . . .

T. Schwetz 11



DM at LHC - EFT and mono-j searches
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ATLAS, 1502.01518

• 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
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,
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Fig. 10 Lower limits at 95% CL on the suppression scale M∗ are shown as a function of the WIMP mass mχ for (a) D1,
(b) D5, (c) D8, (d) D9, (e) D11 and (f) C5 operators, in each case for the most sensitive SR (SR7 for D1, D5, D8, SR9 for
D9, D11 and C5). The expected and observed limits are shown as dashed black and solid blue lines, respectively. The rising
green lines are the M⋆ values at which WIMPs of the given mass result in the relic density as measured by WMAP [26],
assuming annihilation in the early universe proceeded exclusively via the given operator. The purple long-dashed line is
the 95% CL observed limit on M⋆ imposing a validity criterion with a coupling strength of 1, the red dashed thin lines are
those for the maximum physical coupling strength (see Appendix A for further details).

and the coupling constants of the interaction, gi by

Mmed = f(gi,M⋆) .

For such a relation, an assumption has to be made about the interaction structure connecting the initial
state to the final state via the mediator particle. The simplest interaction structures are assumed in all cases.
The form of the function f connecting Mmed and M⋆ depends then on the operator (see Appendix A). For
a given operator, one possible validity criterion is that the momentum transferred in the hard interaction,

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


Ex. for simplified model
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [11], together with results from the CoGeNT [66],
SIMPLE [67], COUPP [68], CDMS [69, 70], SuperCDMS [71], XENON100 [72], and LUX [73]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [74]. Right: limits for the axial-vector operator
from the previous CMS analysis [11], together with results from the SIMPLE [67], COUPP [68],
Super-K [75], and IceCube [76] collaborations.
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Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling pgcgq.

8 Summary

A search for particle dark matter, large extra dimensions, and unparticle production has been
performed in the monojet channel using a data sample of proton-proton collisions at

p
s = 8

CMS, 1408.3583
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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 spheroidals

24

FERMI & MAGIC, 1601.06590

“thermal Xsec” excluded for 
DM mass < 100 GeV 
(assuming s-wave annihilation!)

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
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Figure 2: 95% CL upper limits on the thermally-averaged cross-section for DM particles annihilating into
bb̄ (upper-left), W+W� (upper-right), ⌧+⌧� (bottom-left) and µ+µ� (bottom-right) pairs. Thick solid lines
show the limits obtained by combining Fermi-LAT observations of 15 dSphs with MAGIC observations of
Segue 1. Dashed lines show the observed individual MAGIC (short dashes) and Fermi-LAT (long dashes)
limits. J-factor statistical uncertainties (Table 1) are considered as described in Section 3.2. The thin-dotted
line, green and yellow bands show, respectively, the median and the symmetrical, two-sided 68% and 95%
containment bands for the distribution of limits under the null hypothesis (see main text for more details).
The red-dashed-dotted line shows the thermal relic cross-section from Ref. [54].

this magnitude would be expected in 5% of the experiments under the null hypothesis and
is therefore compatible with random fluctuations.

As expected, limits in the low and high ends of the considered mass range are dominated
by Fermi -LAT and MAGIC observations, respectively, and the combined limits coincide
with the individual ones. The combination provides a significant improvement in the range
between ⇠1 and ⇠100 TeV (for bb̄ and W+W�) or ⇠0.2 and ⇠2 TeV (for ⌧+⌧� and µ+µ�),

– 9 –
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Figure 3: Top: We show the �⇥2 contours, corresponding to 1,2 and 3�, obtained for the
hypotheses ⇥⇥ � 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 ⇥2 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 di⇥erent from that
of heavy DM annihilating to electroweak final states. Furthermore, fitting to (a) gives results

– 10 –

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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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 ±1� uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from di�erent 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 ⌅ � 20⇤. We show the di�erential 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 di�erential 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

⇤(r) = ⇤s
r3s

r�(r + rs)3��
. (1)

Here, rs denotes the scale radius, � the slope of the in-
ner part of the profile, and ⇤s the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and � = 1.26, and ⇤s is fixed by the re-
quirement that the local DM density at r⇥ = 8.5 kpc is
⇤⇥ = 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 � = 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 di�use emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the ⇥0,
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

• GeV excess robust 
and highly 
statistically significant 

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

Agrawal, Batell, Fox, 
Harnik, 1411.2592
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 ⇥ 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 �0

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 di�use �0 emission.

Channel
⇤⇥v⌅

(10�26 cm3 s�1)
m�

(GeV) ⌅2
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

⇤+⇤� 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 ±1⇥ 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 ⇤+⇤� 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 di�erent context. One interesting feature of this
channel is the gamma-ray line at m�/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 ⇥ ��

range of “thermal”
cross sections (incl. 
astrophys. uncertainty)

consistent with dwarf 
limits within astrophys. 
uncertaintyCalore, et al. 1411.4647
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 ⇥ 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 �0

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 di�use �0 emission.

Channel
⇤⇥v⌅

(10�26 cm3 s�1)
m�

(GeV) ⌅2
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

⇤+⇤� 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 ±1⇥ 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 ⇤+⇤� 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 di�erent context. One interesting feature of this
channel is the gamma-ray line at m�/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 ⇥ ��

range of “thermal”
cross sections (incl. 
astrophys. uncertainty)

consistent with dwarf 
limits within astrophys. 
uncertaintyCalore, et al. 1411.4647

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

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

Bringmann, Vollmann, Weniger, 1406.6027

Petrovic, Serpico, Zaharijas, 2014
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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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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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FIG. 2. Observed events in the 2013 LUX exposure of 95 live
days and 145 kg fiducial mass. Points at <18 cm radius are
black; those at 18–20 cm are gray. Distributions of uniform-
in-energy electron recoils (blue) and an example 50 GeV c�2

WIMP signal (red) are indicated by 50th (solid), 10th, and
90th (dashed) percentiles of S2 at given S1. Gray lines, with
ER scale of keVee at top and Lindhard-model NR scale of
keVnr at bottom, are contours of the linear combined S1-
and-S2 energy estimator [19].

by 210Po plated on the wall. The leakage of wall events
towards smaller r depends strongly, via position reso-
lution, on S2 size. The wall population in the fiducial
volume thus appears close to the S2 threshold, largely
below the signal population in S2 at given S1. It is mod-
eled empirically using high-r and low-S2 sidebands in the
search data [33].

Systematic uncertainties in background rates are
treated via nuisance parameters in the likelihood: their
constraints are listed with other fit parameters in Table I.
S1, S2, z and r are each useful discriminants against back-
grounds and cross sections are tested via the likelihood
of the search events in these four observables.

Search data were acquired between April 24th and
September 1st, 2013. Two classes of cuts based on pre-
vailing detector conditions assure well-measured events in
both low-energy calibration and WIMP-search samples.
Firstly, data taken during excursions in macroscopic de-
tector properties, such as xenon circulation outages or
instability of applied high voltage, are removed, consti-
tuting 0.8% of gross livetime. Secondly, an upper thresh-
old is imposed on summed pulse area during the event
window but outside S1 and S2. It removes triggers dur-
ing the aftermath of photoionization and delayed elec-
tron emission following large S2s. The threshold is set
for >99% tritium acceptance and removes 1% of gross
livetime [34]. We report on 95.0 live days. Fig. 2 shows
the measured light and charge of the 591 surviving events
in the fiducial volume.

A double-sided, profile-likelihood-ratio (PLR) statis-
tic [41] is employed to test signal hypotheses. For each
WIMP mass we scan over cross section to construct a
90% confidence interval, with test statistic distributions
evaluated by MC using the RooStats package [42]. At all
masses, the maximum-likelihood value of �n is found to

be zero. The background-only model gives a good fit to
the data, with KS test p-values of 0.05, 0.07, 0.34, and
0.64 for the projected distributions in S1, S2, r, and z

respectively. Upper limits on cross section are shown in
Fig. 3. The raw PLR result lies between one and two
Gaussian � below the expected limit from background
trials. We apply a power constraint [43] at the median
so as not to exclude cross sections for which sensitiv-
ity is low through chance background fluctuation. We
include systematic uncertainties in the nuclear recoil re-
sponse in the PLR, which has a modest e↵ect on the limit
with respect to assuming the best-fit model exactly: less
than 20% at all masses. Limits calculated with the alter-
nate, Bezrukov parametrization would be 0.43, 0.95, and
1.26 times the reported ones at 4, 33, and 1000 GeV c

�2,
respectively. Uncertainties in the assumed dark matter
halo are beyond the scope of this letter but are reviewed
in, e.g., [44].

In conclusion, we have improved the WIMP sensitivity
of the 2013 LUX search data, excluding new parameter
space. The lowered analysis thresholds and signal model
energy cut-o↵, added exposure, and improved resolution
of light and charge over the first LUX result yield a 23%
reduction in cross-section limit at high WIMP masses.
Reach is significantly extended at low mass where the
cut-o↵ has most e↵ect on the predicted event rate: the
minimum kinematically-accessible mass is reduced from
5.2 to 3.3 GeV c

�2. These techniques further enhance
the prospects for discovery in the ongoing 300-day LUX
search and the future LUX-ZEPLIN [45] experiment.
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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% CL. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.

– 4 –
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vectorial and axial couplings.
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where g0 is the gauge coupling of the new U(1)0. The kinetic term for  can hence be

written as

Lkin =
1

2
 ̄(i/@ � g0 qDM �5 /Z

0
) =

i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ , (3.4)

with gADM ⌘ g0qDM. The U(1)0 charge forbids a Majorana mass term. Nevertheless, if

the Higgs field S carries charge qS = �2qDM, we can write down the gauge-invariant

combination

Lmass = �1

2
yDM ̄(PLS + PRS

⇤) . (3.5)

Including the kinetic and potential terms for the Higgs singlet, the full dark Lagrangian

therefore reads

LDM =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � 1

2
yDM ̄(PLS + PRS

⇤) ,

LS =
⇥
(@µ + i gS Z 0µ)S

⇤† ⇥
(@µ + i gS Z 0

µ)S
⇤
+ µ2

s S
†S � �s

⇣
S†S

⌘2
. (3.6)

Once the Higgs singlet aquires a vacuum expectation value (vev), it will spontaneously

break the U(1)0 symmetry, thus giving mass to the Z 0 gauge boson and the DM particle.

After symmetry breaking, we obtain the following Lagrangian (defining S = 1/
p
2(s+ w)

and using gS ⌘ g0qS = �2gADM)

L =
i

2
 ̄/@ � 1

2
gADMZ 0µ ̄�5�µ � mDM

2
 ̄ � yDM

2
p
2
s ̄ 

� 1

2
m2

Z0 Z 0µZ 0
µ +

1

2
@µs@µs� 2(gADM)2 Z 0µZ 0

µ(s
2 + 2 sw)� µ2

s

2
(s+ w)2 +

�s
4
(s+ w)4 ,

(3.7)

with

mDM =
1p
2
yDMw , mZ0 ⇡ 2gADMw . (3.8)

If the SM Higgs is charged under the U(1)0 the Z 0 mass will receive an additional contri-

bution from the SM Higgs vev, see eq. (3.19) below. Electroweak precisison data requires

that this contribution is small, and therefore we neglect this term in eq. (3.8) and for the

rest of this subsection. Note that without loss of generality we can choose w and yDM to

be real (ensuring real masses) by absorbing complex phases in the field definitions for S

and  .6

As discussed above, the mass of the additional Higgs particle must satisfy

ms <
⇡m2

Z0

(gADM)2mDM
(3.9)

in order for perturbative unitarity to be satisfied, which when substituting the masses of

the Z 0 and DM becomes

ms <
4
p
2⇡w

yDM
. (3.10)

6This will no longer be true if we allow for an explicit mass term for  . In this case the relative phase

between yDM and the mass term is physical (see e.g. [55]). Here we do not allow for an explicit mass term

and we assume that the vev of the singlet is the only source of U(1)0 symmetry breaking.

– 8 –
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• Z’ (vector) and S (scalar) mediator particles

• unitarity provides constraint on parameter space
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Figure 2. Vector(SM)–Vector(DM): Parameter space excluded by the bound on the spin-
independent DM-nucleon scattering cross section from LUX (green, dashed) and the parameter
region where the DM annihilation cross section becomes so small that DM is overproduced in the
early Universe (red, solid).

appear below these scales. This observation motivates a detailed discussion of how to

generate the vector boson mass from an additional Higgs mechanism. To restore unitarity

let us therefore now consider the case that the Z 0 is the gauge boson of a new U(1)0 gauge

group. To break this gauge group and give a mass to the Z 0, we introduce a dark Higgs

singlet S, which needs to be complex in order to allow for a U(1)0 charge. We then obtain

the following Lagrangian

L = LSM + LDM + L0
SM + LS , (3.1)

where the first term is the usual SM Lagrangian and the second term describes the inter-

actions of DM. The third term contains the interactions between SM states and the new

Z 0 gauge boson while the fourth term contains the extended Higgs sector.

3.1 Implications for the dark sector

As mentioned above, it is well-motivated from a phenomenological perspective to consider

the case that vector couplings to the Z 0 mediator vanish in at least one of the two sectors,

so that direct detection is suppressed. On the DM side this is naturally achieved for a

Majorana fermion, which we will focus on from now. We therefore write

 =

 
�

✏�⇤

!
, (3.2)

where � is a Weyl spinor. We assume that � carries a charge qDM under the new U(1)0

gauge group, such that under a gauge transformation

 ! exp
⇥
i g0qDM ↵(x) �5

⇤
 , (3.3)
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Figure 4. Axial+Vector(SM)–Axial(DM): Parameter space forbidden by constraints from dilepton
resonance searches (green, dashed) and electroweak precision observables (blue, dotted) in the
mDM � mZ0 plane for four di↵erent sets of couplings. We also show the regions excluded by DM
overproduction (red), direct detection bounds (purple, dot-dashed) and the parameter space where
perturbative unitarity is violated (grey). For the relic density calculation we have assumed that the
mass of the hidden sector Higgs saturates the unitarity bound.

the unitarity bound and setting the mixing with the SM Higgs to zero.9 In the regions

shaded in red (to the right/above the solid curve) there is overproduction of DM. In this

region additional annihilation channels are required to avoid overclosure of the Universe,

since the interactions provided by the Z 0 are insu�cient to keep DM in thermal equilibrium

long enough. Such additional interactions could be obtained for instance from the scalar

mixing discussed in section 6. Conversely, to the left/below the red solid curve the model

9Note that since ⇠ can be large in some regions of parameter space, it is not a good approximation to

expand the annihilation cross section in ⇠. We therefore use the exact expression for the mixing between

the neutral gauge bosons in terms of ✏ and �m2 as derived in the appendix.
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where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator
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Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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Figure 6. Vector(SM)–Axial(DM): Parameter space forbidden by constraints from ATLAS and
Tevatron dileptons (green, dashed) and electroweak precision observables (blue, dotted) in the
mZ0 -gVq parameter plane (left) and the mDM-mZ0 parameter plane (right), assuming that ✏ = 0
at ⇤ = 10 TeV so that kinetic mixing is only induced at the one-loop level. In the right panel
we show also the region excluded by LHC monojet (orange, dashed) and dijet (violet, dot-dashed)
searches due to tree-level Z 0 exchange for the adopted coupling choice. In both panels we show the
parameter space where perturbative unitarity is violated (grey). For the relic density calculation
we have assumed that the mass of the hidden sector Higgs saturates the unitarity bound.

In addition to the e↵ects of kinetic mixing, we have shown above that for gADM 6= 0

the dark sector necessarily contains a new Higgs particle. The presence of this additional

Higgs can change the phenomenology of the model in two important ways. First, loop-

induced couplings of the dark Higgs to SM states may give an important contribution to

direct detection signals. And second, there may be mixing between the SM Higgs and the

dark Higgs, leading to pertinent modifications of the properties of the SM Higgs as well as

opening another portal for DM-SM interactions. We will discuss loop-induced couplings in

this section and then return to a detailed study of the Higgs potential in the next section.

For gAq = gVDM = 0, scattering in direct detection experiments is momentum-suppressed

in the non-relativistic limit and the corresponding event rates are very small. This con-

clusion may change if loop corrections induce unsuppressed scattering [67]. Indeed, at the

one-loop level the dark Higgs can couple to quarks and can therefore mediate unsuppressed

spin-independent interactions. The resulting interaction can be written as L / P
q mq s q̄q.

After integrating out heavy-quark loops as well as the dark Higgs this interaction leads to

an e↵ective coupling between DM and nucleons of the form L / fN mN mDM N̄N  ̄ ,

where mN is the nucleon mass, N = p, n and fN ⇡ 0.3 is the e↵ective nucleon coupling.

In the non-relativistic limit, the diagram in the left of figure 7 induces the e↵ective

interaction

Le↵ � (gADM)2 (gVq )
2

⇡2
1

m2
s m

2
Z0

⇥mDM fN mN N̄N  ̄ . (5.4)
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Figure 10. Constraints in the mZ0 -mDM plane for di↵erent values of �hs, taking the mass of
the hidden sector Higgs to saturate the unitarity bound. The blue (dotted) region is excluded by
bounds on the Higgs invisible branching ratio and the green (dashed) region is in conflict with
bounds on the spin-independent DM-nucleon scattering cross section. The orange (dashed) region
shows constraints from the CMS monojet search, the purple (dot-dashed) region is excluded by a
combination of dijet searches from the LHC, Tevatron and UA2 (adopted from ref. [26]). In the
grey parameter region unitarity constraints are in conflict with the stability of the potential, the
red region corresponds to DM overproduction. Note the change of scale in these figures.

The invisible branching fraction is tightly constrained by LHC measurements: BR(h !
inv) < 0.27 [82]. Furthermore, a combined fit from ATLAS and CMS yields µ = 1.09+0.11

�0.10

for the total Higgs signal strength [83], which can be used to deduce BR(h ! inv) < 0.11

at 95% CL. The resulting constraints, compared to the ones on �SI
N from LUX, are shown

in figure 9 (blue regions).

The crucial observation is that the necessary presence of a dark Higgs will in general

induce additional signatures and therefore lead to new ways to constrain models with a

Z 0 mediator using both direct detection experiments and Higgs measurements. However,

since �hs and ms are e↵ectively free parameters, it is di�cult to directly compare the

constraints shown in figure 9 to the ones obtained from monojet and dijet searches at the

LHC. Nevertheless, we can conservatively estimate the relevance of these e↵ects by fixing

the dark Higgs mass ms to the largest value consistent with perturbative unitarity.

The resulting constraints in the conventional mZ0-mDM parameter plane with fixed

couplings are shown in figure 10. For comparison we show the constraints from the CMS

monojet search [29] and a combination of dijet searches from the LHC, Tevatron and UA2

(adopted from ref. [26]). We find that the additional constraints due to Higgs mixing

provide valuable complementary information in the parameter region with small mZ0 and

large mDM, which is di�cult to probe with monojet or dijet searches. Note that for

mZ0 > 2 TeV (not shown in figure 10) there is still an allowed parameter region if either

mDM ⇡ mZ0/2 or mDM > mZ0 (cf. figure 6). Furthermore, it is worth emphasising that
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partial wave expansion of the matrix element. In the following we will focus on the J = 0

partial wave, which typically provides the strongest constraint. Since d0µµ0 is non-zero only

for µ = µ0 = 0, we then obtain from eq. (2.1)

M0
if (s) =

1

64⇡
�if �µ0�µ00

Z 1

�1
d cos ✓Mif (s, cos ✓) . (2.4)

2.2 Application to a simplified model with a Z 0 mediator

Let us consider a simplified model for a spin-1 mediator Z 0µ with mass mZ0 and a Dirac

DM particle  with mass mDM.1 The most general coupling structure is captured by the

following Lagrangian:

L = �
X

f=q,l,⌫

Z 0µ f̄
⇥
gVf �µ + gAf �µ�

5
⇤
f � Z 0µ  ̄

⇥
gVDM�µ + gADM�µ�

5
⇤
 . (2.5)

Although these interactions appear renormalisable, the presence of a massive vector boson

implies that perturbative unitarity may be violated at large energies. In the following, we

will study this issue in detail and derive constraints on the parameter space of the model.

Let us first consider diagrams between 2-fermion states with the Z 0 as mediator. The

appropriate propagator for the mediator is

hZ 0µ(k)Z 0⌫(�k)i = 1

k2 �m2
Z0

✓
gµ⌫ � kµk⌫

m2
Z0

◆
, (2.6)

where kµ is the momentum of the mediator. For the case of a gauge boson this corresponds

to unitary gauge in which the Goldstone boson has been absorbed. Since we are interested

in the high-energy behaviour of the theory we concentrate on the second term, which

does not vanish in the limit k ! 1. This corresponds to restricting to the longitudinal

component of the mediator, Z 0
L, which dominates at high energy [47].2 For instance,

considering DM annihilations, we can contract the longitudinal part of the propagator

with the DM current. Making use of k = p1 + p2, where p1 and p2 are the momenta of the

two DM particles in the initial state, leads to a factor

kµv̄(p2)
�
gVDM�µ + gADM�µ�

5
�
u(p1) = v̄(p2)

h
gVDM(/p2 + /p1) + gADM(/p2�

5 � �5/p1)
i
u(p1)

= �2 gADMmDM v̄(p2)�
5u(p1) . (2.7)

Hence, the second term in the propagator behaves exactly like a pseudoscalar with mass

mZ0 and couplings to DM equal to 2 gADMmDM/mZ0 , just like the Goldstone boson present

in Feynman gauge. Note that the term is independent of the vector couplings. The same

1In the case of Majorana DM the vector current vanishes and hence there can only be an axial coupling

on the DM side. We will come back to this case shortly but will consider Dirac DM here to allow for both

vectorial and axial couplings.
2It turns out that for certain processes the transversal part of the propagator leads to a logarithmic

divergence for m2
Z0 ⌧ s. This divergence is not related to the UV completeness of the theory, but signals

breakdown of perturbativity in the IR, see also [14]. By restricting to the longitudinal components of the

Z0 [47] we can avoid the occurence of those IR divergences.
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Conclusions

• DM provides a challenge for particle physics - 
many possible DM candidates

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

• next years will increase pressure on the WIMP 
hypothesis - or maybe find a signal (!) 

• thermal WIMPs are hard (impossible?) to exclude 

• a non-detection in ~5 years will make non-WIMP 
candidates more attractive
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Thank you!
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Figure 7. Constraints for small DM couplings (gADM = 0.1). The left panel considers the case
Axial+Vector(SM)–Axial(DM) and should be compared to figure 4. The right panel considers the
case Vector(SM)–Axial(DM) with loop-induced kinetic mixing, assuming that ✏ = 0 at ⇤ = 10TeV
(cf. figure 6).
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Figure 8. Contributions to spin-independent scattering.

an e↵ective coupling between DM and nucleons of the form L / fN mN mDM N̄N  ̄ ,

where mN is the nucleon mass, N = p, n and fN ⇡ 0.3 is the e↵ective nucleon coupling.

In the non-relativistic limit, the diagram in the left of figure 8 induces the e↵ective

interaction

Le↵ � (gADM)2 (gVq )
2

⇡2
1

m2
s m

2
Z0

⇥mDM fN mN N̄N  ̄ . (5.4)

The corresponding spin-independent scattering cross section is given by

�SIN =
m2

DM f2
N m2

N µ2

⇡

(gADM)4 (gVq )
4

⇡4
1

m4
s m

4
Z0

, (5.5)

where µ is the DM-nucleon reduced mass. For masses of order 300 GeV and couplings of

order unity this expression yields �SIN ⇠ 10�46 cm2, which is below the current bounds from

LUX but well within the potential sensitivity of XENON1T.

We note that there are two additional diagrams (shown in the second and third panel

of figure 8) that also lead to unsuppressed spin-independent scattering of DM particles [76].
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3

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 (-1.8�
and +1.2� 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 +1.2� and

�1.8� 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 e⇤ciency 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 e⇤ciency
are due to the di�erent 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 e⇤ciencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su�er 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

DAMA/LIBRA

CDMS
1304.4279
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Ex.: negative interference between neutron and proton amplitudes
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Modified DM-nucleus interaction?

47

Ex.: negative interference between neutron and proton amplitudes

• inelastic scattering
• light mediator particles
• electromagnetic interact.

more examples:
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Working in vmin space Fox, Kribs, Tait 1011.1910; Fox, Liu, Weiner, 1011.1915

dN
dER

=
⇤�⌅0|F (ER)|2

2m�µ2 �(vmin) with �(vmin) �
�

v>vmin

d3v
f�(⌃v)

v

consider now

2m�µ2

⌅0|F (ER)|2
dN
dER

= ⇤� �(vmin)

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

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

⇥
ERmA/(2µ2)

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

T. Schwetz 22

Dark Matter direct detection

colliding a DM particle (m� ⇥ 100 GeV) with a nucleus
(mA ⇥ 100 GeV) and DM velocity: v ⇥ 10�3c ⇤ non-relativistic

(elastic) recoil energy: ER =
2µ2v2

mA
cos2 �lab⇥ 10 keV

µ � m�mA/(m� + mA)

minimal DM velocity required to produce recoil energy ER :

vmin =

�
ERmA
2µ2

T. Schwetz 5

Fox, Kribs, Tait, 2010
Fox, Liu, Weiner, 2010



49

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

LUX

SuperCDMS

SuperCDMS

solid : trivial bound
dashed : ve expansion
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solid: general halo, dashed: symmetric halo

Herrero-Garcia, Schwetz, Zupan, 2012

expansion in ve


