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The Standard Model  
of Particle Physics

• the Standard Model of Particle Physics 
describes successfully all phenomena 
observed at nano-nano scales 

• with the Higgs boson all particles of the 
Standard Model have been observed 

• the observed Higgs Boson has the 
quantum numbers of the Standard 
Model Higgs 

• the Standard Model is expected to 
be the low energy limit of an even 
more fundamental theory 

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

∆αhad(mZ)∆α(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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The Standard Modell: Shortcomings

• several observations on astrophysical 
scales can not be explained with 
particles or forces from the Standard 
Model of Particle Physics 

• the Standard Model of Particle Physics 

• does not explain gravity 

• not enough CP-violation to explain 
the observed baryon asymmetry 

• no “Dark Matter” particle 
candidate Figure 2: Rotation curve of NGC 6503. The dotted, dashed and dash-dotted lines are

the contributions of gas, disk and dark matter, respectively. From Ref. [50].

Rotation curves are usually obtained by combining observations of the 21cm
line with optical surface photometry. Observed rotation curves usually exhibit
a characteristic flat behavior at large distances, i.e. out towards, and even far
beyond, the edge of the visible disks (see a typical example in Fig. 2).

In Newtonian dynamics the circular velocity is expected to be

v(r) =

√
GM(r)

r
, (37)

where, as usual, M(r) ≡ 4π
∫
ρ(r)r2dr, and ρ(r) is the mass density profile,

and should be falling ∝ 1/
√

r beyond the optical disc. The fact that v(r) is
approximately constant implies the existence of an halo with M(r) ∝ r and
ρ ∝ 1/r2.

Among the most interesting objects, from the point of view of the observa-
tion of rotation curves, are the so–called Low Surface Brightness (LSB) galaxies,
which are probably everywhere dark matter-dominated, with the observed stel-
lar populations making only a small contribution to rotation curves. Such a
property is extremely important because it allows one to avoid the difficulties
associated with the deprojection and disentanglement of the dark and visible
contributions to the rotation curves.

Although there is a consensus about the shape of dark matter halos at large
distances, it is unclear whether galaxies present cuspy or shallow profiles in their
innermost regions, which is an issue of crucial importance for the effects we will
be discussing in the following chapters.

Using high–resolution data of 13 LSB galaxies, de Blok et al. [179] recently
showed, that the distribution of inner slopes, i.e. the power–law indices of the
density profile in the innermost part of the galaxies, suggests the presence of

16

Rubin ‘80s

expectations from  
newtonian dynamics:
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More evidence for Dark Matter
• rotation curves of galaxies 

• arms of spiral galaxies rotate faster than anticipated   

• gravitational lensing  

• light of distant galaxies is bended by gravitational potential 

• temperature fluctuations of microwave background 
• acoustic oscillations depend on baryonic density 

• bullet cluster 
• collision-less penetration of two massive galaxies  

• structure formation 
• observed present-day structure requires Dark Matter 

all observations are based on gravitational  
pull of Dark Matter on visible matter

174 CHAPTER 8. DARK MATTER

Figure 8.7: A Hubble Space Telescope picture of the rich cluster Abell 2218,
displaying gravitationally lensed arcs. The region shown is roughly 2.4 arcmin
by 1.2 arcmin, equivalent to 0.54 Mpc by 0.27 Mpc at the distance of Abell
2218 (courtesy of W. Couch [University of New South Wales] and NASA).

our Galaxy, lenses a background galaxy at d ∼ 1000 Mpc. The Einstein
radius for this configuration will be

θE ≈ 0.5 arcmin

(

M

1014 M⊙

)1/2 (

d

1000 Mpc

)−1/2

. (8.53)

The arc-shaped images into which the background galaxy is distorted by
the lensing cluster can thus be resolved. For instance, Figure 8.7 shows
an image of the cluster Abell 2218, which has a redshift z = 0.18, and
hence is at a proper distance d = 770 Mpc. The elongated arcs seen in
Figure 8.7 are not oddly shaped galaxies within the cluster; instead, they
are background galaxies, at redshifts z > 0.18, which are gravitationally
lensed by the cluster mass. The mass of clusters can be estimated by the
degree to which they lens background galaxies. The masses calculated in this
way are in general agreement with the masses found by applying the virial
theorem to the motions of galaxies in the cluster or by applying the equation
of hydrostatic equilibrium to the hot intracluster gas.
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the anisotropies in the CMB. Located at the Earth-Sun L2 point (about a million miles from Earth), the satellite has
taken data continuously (most recently having released an analysis of seven years of operation) and is able to detect
temperature variations as small as one millionth of a degree. Due to the increased angular resolution of WMAP (and
through the use of computer codes which can calculate the CMB anisotropies given fundamental parameters such as
the baryon density) we now know the total and baryonic matter densities from WMAP:18

⌦mh2 = 0.1334+0.0056
�0.0055, ⌦bh

2 = 0.02260± 0.00053, (5)

where ⌦mh2 is the total matter density, and ⌦bh
2 is the baryonic matter density. The first essential observation is

that these two numbers are di↵erent; baryonic matter is not the only form of matter in the universe. In fact, the
dark matter density, ⌦dmh2 = 0.1123± 0.0035, is around 83% of the total mass density. Locally, this corresponds to
an average density of dark matter ⇢dm ⇡ 0.3 GeV/cm3 ⇡ 5 ⇥ 10�28 kg/m3 at the Sun’s location (which enhanced
by a factor of roughly 105 compared to the overall dark matter density in the universe due to structure formation).
An analysis of the CMB allows for a discrimination between dark matter and ordinary matter precisely because the
two components act di↵erently; the dark matter accounts for roughly 85% of the mass, but unlike the baryons, it is
not linked to the photons as part of the “photon-baryon fluid.” Fig. (3) demonstrates this point extremely well; small
shifts in the baryon density result in a CMB anisotropy power spectrum (a graphical method of depicting the CMB
anisotropies) which are wholly inconsistent with WMAP and other CMB experiment data.
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FIG. 3: The CMB Anisotropy Power Spectrum for various values of ⌦
b

and ⌦
dm

(holding ⌦
tot

= 1) with WMAP year 7
data. The anisotropy power spectrum gives the level of temperature fluctuations on patches of various angular scales,

where a spherical version of a Fourier transform gives multipoles l, where roughly l = 180�/✓, with ✓ the angular scale in
degrees.

Analyses of the large scale structure of the universe also yield evidence for dark matter and help break degeneracies
present in the CMB data analysis. By calculating the distance to galaxies using their redshifts, cosmologists have
been able to map out the approximate locations of more than 1.5 million galaxies. For example, the Sloan Digital
Sky Survey (SDSS) has created 3-D maps of more than 900,000 galaxies, 120,000 quasars, and 400,000 stars during
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The Standard Model cannot explain Dark Matter

• Dark Matter: the missing 
mass problem of the 21st 
century 

• about five times more 
Dark Matter than  
baryonic Matter 

• particle physics point of view: 
explain observations  
with new particles and forces  

• search for new particles, 
new forces, new 
symmetries
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Profile of a Dark Matter Candidate

• massive particle 

• non-luminous, i.e. electrically neutral  

• non-baryonic 

• cold, i.e. non-relativistic 

• stable with respect to the lifetime of 
the universe 

• only weakly (or less) interacting with 
ordinary matter

Dark Matter

7
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The best Candidate? The WIMP miracle!

• WIMPs are produced in the early hot 
phase of the universe 

• in thermal equilibrium until universe 
cools down  

• survivors are known as “thermic relics”  

• “weak” cross-section and mass scale 
returns relic density consistent with 
Dark Matter content 

• mass range ~ 2 GeV to 120 TeV 

• ⇒“WIMP miracle”  

~W
IM

P 
de

ns
ity

temperature
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WIMP: weakly interacting  
massive particle

Dark Matter 
freeze out



Dark Matter versus Dark Sector

• so-called “WIMP” miracle predicts dark matter WIMP mass between 
2 GeV and 120 TeV  

• dark matter particle weakly interacting with matter 
<σWIMP・v> ∼ GF

2 ・mΧ
2 ∼ 1/ΩΧ  

→ lower bound on mΧ from  
prohibiting over-closure of  
the universe  

• coupling to Z and H almost ruled out 

• new force coupling matter to  
dark matter  
→ Dark Sector
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Figure 2. Constraints on the mass and couplings of a fermionic dark matter candidate that annihilates
through the Z. The solid black contours indicate the value of the coupling for which the thermal relic
abundance matches the measured cosmological dark matter density, ⌦�h

2 = 0.12. The shaded regions
are excluded by the measurement of the invisible Z width. The left and right frames depict the cases of
a purely vector or axial coupling between the dark matter and the Z, respectively. The vast majority of
this parameter space is excluded by the current constraints from LUX and PandaX-II [4, 5], and much
of the currently viable parameter space is expected to be probed in the near future by XENON1T [6].

Together, these constraints rule out the majority of the parameter space for fermionic
dark matter candidates that annihilate through Z exchange. After accounting for these
constraints, we find that an acceptable thermal relic abundance can be obtained only in the
near-resonance case [7–9] (m� = mZ/2) or for m� >⇠ 200 GeV with g�a � g�v, or for m� >⇠ 6
TeV. Furthermore, with the exception of m� >⇠ 500 GeV with g�a � g�v, we expect that the
remaining parameter space will be probed in the near future by direct detection experiments
such as XENON1T [6]. We point out that for fermionic dark matter heavier than several TeV,
perturbative unitarity is lost, and higher dimension operators such as those ones considered
in Ref. [10] may become relevant for the phenomenology. It is interesting to note that within
the context of the MSSM, a bino-like neutralino (with a subdominant higgsino fraction) can
possess the characteristics found within this scenario [11].

In the narrow region of viable parameter space found near the Z pole, the dark matter
in this class of models annihilates with a cross section that is chirality suppressed in the
low-velocity limit, �v / (mf/m�)2, leading such annihilations to proceed mostly to bb̄ final
states. In this mass range, the low-velocity cross section is sensitive to the value of the dark
matter’s mass, but consistently below the reach of planned indirect detection experiments
(for analytic expressions of this cross section, see the Appendix of Ref. [17]). In Fig. 3, we
plot the e↵ective low-velocity annihilation cross section (as relevant for indirect detection) for

the case of equal couplings to protons and neutrons, we have translated these results to apply to the models
at hand. It is interesting to note that a cancellation in the vector couplings of the Z to up and down quarks
leads to a suppression in the e↵ective coupling to protons. In particular, Z exchange leads to the following
ratio of cross sections with neutrons and protons: �n/�p ⇡ (2gdv + guv)

2/(2guv + gdv)
2 ⇡ 180. We also note

that since xenon contains isotopes with an odd number of neutrons (129Xe and 131Xe with abundances of
29.5% and 23.7%, respectively), this target is quite sensitive to spin-dependent WIMP-neutron scattering. To
constrain spin-dependent scattering, we converted the results of the most recent spin-independent analysis
presented by the LUX collaboration [4].

– 4 –
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Unraveling the Particle Character of Dark Matter

• variety of Dark Matter 
particle candidates with 
large range of mass  
and χ-N cross section   

• Standard Model particles 
(e.g. neutrinos) cannot act 
as Dark Matter candidates 

• WIMP only one candidate 
out of a range of theoretical 
motivated Dark Matter 
candidates 

10
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Light Dark Matter
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Dark Matter - Small Structure Problems 

• simulations based on 
Cold Dark Matter 
assumption can not 
reproduce all 
observations 

• long-standing core-
versus-cusp problem 

• reduced Dark Matter 
density at center of halo 

12

12 Oh et al.

Fig. 7.— The dark matter density profiles of the 7 THINGS dwarf galaxies. The profiles are derived using the scaled rotation curves
(assuming minimum disk) as described in Section 6.2 (see also Fig. 6). The dotted lines represent the mass density profiles of NFW models
(α ∼−1.0) with V200 ranging from 10 to 110 km s−1. The dashed lines indicate the mass density profiles of the best fit pseudo-isothermal
halo models (α ∼ 0.0). See Section 6.3 for more details.

arXiv:1011.0899

N-body  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“THINGS” dwarf galaxies



Self Interacting Dark Matter I

• N-body simulation 
assumes collision-less  
Dark Matter particles  

• gravitational 
interaction only   

• strong self-interaction 
between Dark Matter 
particles reduces density 
at the centre of the galaxy 

13
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SIDM: self interacting Dark Matter

Self-Interacting Dark Matter Simulations I 9

Figure 4. Density profiles for our six example halos from our SIDM1 (blue stars) and SIDM0.1 (green triangles) simulations and their CDM counterparts.
With self-interactions turned on, halo central densities decrease, forming cored density profiles. Solid lines are for the best NFW (black) and Burkert (blue) fits,
with the points representing the density at each radial bin found by AHF. The arrow indicates the location of the Burkert core radius rb. rs is the NFW scale
radius of the corresponding CDM halo density profile (black solid line). Burkert profiles provide a reasonable fit to our SIDM1 halos only because rb ≈ rs
for σ/m = 1 cm2/g, so a cored profile with a single scale radius works. As discussed in §7 this is not the case for σ/m = 0.1 cm2/g and thus Burkert
profiles are not a good fit to our SIDM0.1 halos.

in SIDM are not as strong as previously suggested on analytic
grounds. Here we show the cumulative number of subhalos larger
than a given Vmax for a sample of well-resolved halos in our CDM
(solid), SIDM0.1 (dotted), and and SIDM1 (dashed) simulations.
The associated virial masses for each host halo are shown in the
legend. The left panel presents the Vmax function for all subhalos
within the virial radius of each host and the right panel restricts the
analysis to subhalos within half of the virial radius. We see that gen-
erally the reduction in substructure counts at a fixed Vmax is small
but non-zero and that the effects appear to be stronger at small radii
than large. Similarly, there appears to be slightly more reduction of
substructure in the SIDM cluster halos compared to the galaxy size
systems.

We can understand both trends, 1) the increase in the differ-
ence between the CDM and SIDM Vmax functions as Mvir in-
creases and 2) the increase in the difference as one looks at the
central regions of the halo, using the results from the previous sec-
tion as a guide. The typical probability that particle in an SIDM
subhalo will interact with a particle in the background halo is

P ≈ ⟨ρhost(r)(σ/m)vorb(r)⟩T T, (14)

where vorb(r) is the orbital speed of the subhalo at position r, ρhost
is the mass density of the host halo, and T is the orbital period.
The typical speed of the subhalo is similar to the rms speed of
the smooth component of the halo, and thus ρhost(r)(σ/m)vorb(r)

should be similar to the function we show in Figure 7. At fixed
r/rs we expect P to scale with Vmax as V 3

max/r
2
max (given that

ρs ∝ V 2
max/r

2
max), which is a very mildly increasing function

of Vmax over the range of halo masses we have simulated. Note
though that we expect scatter at fixed halo mass because of the
scatter in the Vmax − rmax relation (Bullock et al. 2001).

While the increase in destruction of subhalos with host halo
mass is not strong, it is clear from the above arguments that subha-
los in the inner parts of the halo (r/rs ≪ 1) should be destroyed
but the bulk of the subhalos around r/rs ∼ 1 and beyond should
survive for σ/m = 1 cm2/g. This effect is strengthened by the
fact that subhalos in the innermost region of the halo were accreted
much longer ago than subhalos in the outskirts, so they have ex-
perienced many more orbits (Rocha et al. 2011). These arguments
explain the comparisons between the subhalo mass functions plot-
ted in Figure 8. Our arguments demonstrate that a large fraction of
the subhalos found in CDM halos (most of which are in the outer
parts) would still survive in SIDM halos for σ/m values around or
below 1 cm2/g.

Overall in the previous two sections we have seen that the effects
of self-interactions between dark matter particles in cosmological
simulations are primarily in the central regions of dark matter ha-
los, leaving the large scale structure identical to our non-interacting
CDM simulations. Thus we retain the desirable features of CDM
on large scales while revealing different phenomenology near halo

12 Rocha et al.

Figure 7. Estimate of the local scattering rate modulo the cross section ρvrms = Γ(σ/m)−1 for six well resolved halos from our CDM, SIDM0.1, and
SIDM1 simulations. The quantity is scaled by 1 Gyr cm2/g, such that 1 in these units means that each particle has roughly one interaction per Gyr in SIDM1

and 0.1 per Gyr in SIDM0.1. Based on this argument, the effects of self-interactions in the properties of halos over∼ 10 Gyr should start to become important
when the ordinate is greater than about 0.1 in SIDM1 (r/rs ∼ 0.8) and greater than about 1 in SIDM0.1 (r/rs ∼ 0.2). Comparisons to Figures 4-6 indicate
that this is indeed the case.

is the reason why a cored profile with a single scale (like a Burk-
ert profile) provides a reasonable fit to our SIDM1 halos. We will
explain this striking behavior using an analytic model in the next
section.

The central densities in SIDM1 halos can be defined either as
the Burkert profiles scale density or as the density at the innermost
resolved radius. We have found that both definitions give similar
results with no significant differences. In Figure 12, we show how
the Burkert scale density ρb scales with Vmax. The trend in the
ρb − Vmax relation is not as strong as for the rb − Vmax relation,
with a scatter as large as about a factor of 3. We will come back
to the implications of this result in our discussion section (§8). The
relation that best fits our data is given by

ρb = 0.015M⊙/pc
3

(

Vmax

100 km/s

)−0.55

. (19)

If we fit toMvir instead of Vmax we get

ρb = 0.029M⊙/pc
3

(

Mvir

1010 M⊙

)−0.19

. (20)

We urge caution when using the above fits to the central densities
as it is likely to be affected by our small sample size given the
large scatter. The toy model discussed in the next section predicts
a slightly stronger scaling with Vmax . However, the typical densi-
ties of order 0.01M⊙/pc3 for galaxy halos and 0.001M⊙/pc

3 for
cluster halos (see Figure 12) are in line with the predictions of the
analytic model.

In this section we have presented scaling relations for the properties
of halos in our SIDM1 simulations. Our limited resolution allows
us to use only 52 halos spanning a modest mass range, from which
we throw out eight systems that are undergoing mergers. Admit-
tedly, this sample is not large enough to be definitive, especially
in regards to scatter. However, the strong correlation between the
SIDM core radius rb and the counterpart CDM scale radius rs is
clearly statistically significant and the general trends provide a use-
ful guide for tentative observational comparisons – a subject we
will return to in the final section below.

7 ANALYTIC MODEL TO EXPLAIN THE SCALING
RELATIONS

In this section we develop a simple model to understand the scal-
ing relations shown in §6. This model is based on identifying an
appropriate radius r1 within which self-interactions are effective
and demanding that the mass as well as the average velocity dis-
persion within this radius is set by the mass and the average ve-
locity dispersion (within the same radius) of the same halo in the
absence of self-scatterings. The mass loss due to scatterings in the
core should be insignificant because particles rarely get enough en-
ergy to escape and this implies that the mass within r1 should be
close to what it would have been in the absence of self-interactions.
This also implies that the potential outside r1 is unchanged from its
CDM model prediction, but tends to a constant value faster inside

arXiv:1208.3025



Self Interacting Dark Matter II

• observations are consistent with a 
self-interaction  
σscatter/MDM ≈ 0.1 - 1 barn/GeV 

• freeze out mechanism via 3→2  
SIMP processes reproduces 
observed Dark Matter relic density 

• for large range of couplings 
2→2 freeze out process is 
subdominant 

• sizeable 2→2 self-interaction 

• expected Dark Matter mass 
scale ~ 100 MeV
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The SIMP Miracle
====================================================================25% of the authors prefer the title: ‘SIMP Dark Matter’. They are uncomfortable with the term ‘miracle’ in this scenario. Damn democracy!==================================================================.

Yonit Hochberg1,2,⇤ Eric Kuflik3,† Tomer Volansky3,‡ and Jay G. Wacker4§
1Ernest Orlando Lawrence Berkeley National Laboratory,

University of California, Berkeley, CA 94720, USA
2Department of Physics, University of California, Berkeley, CA 94720, USA

3Department of Physics, Tel Aviv University, Tel Aviv, Israel and
4SLAC National Accelerator Laboratory, Stanford University, Menlo Park, CA 94025 USA

We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

m
DM

⇠ ↵
ann

(T
eq

M
Pl

)1/2 ⇠ TeV , (1)

where ↵
ann

is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵

ann

' 1/30 above, T
eq

is the matter-radiation
equality temperature and M

Pl

is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵

ann

' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

m
DM

⇠ ↵
e↵

�
T 2

eq

M
Pl

�
1/3 ⇠ 100 MeV , (2)

where ↵
e↵

is the e↵ective strength of the self-interaction
of the DM which we take as ↵

e↵

' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z

2

symmetry, leads to DM in the keV

↵
e↵

' 1 ↵
e↵

' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

m
DM

⇠ ↵
ann

(T
eq

M
Pl

)1/2 ⇠ TeV , (1)

where ↵
ann

is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵

ann

' 1/30 above, T
eq

is the matter-radiation
equality temperature and M

Pl

is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵

ann

' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

m
DM

⇠ ↵
e↵

�
T 2

eq

M
Pl

�
1/3 ⇠ 100 MeV , (2)

where ↵
e↵

is the e↵ective strength of the self-interaction
of the DM which we take as ↵

e↵

' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z

2

symmetry, leads to DM in the keV

↵
e↵

' 1 ↵
e↵

' 1

DM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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Asymmetric Dark Matter

• DM density ρDM ~ 5  x baryon density ρB 

• large matter anti-matter asymmetry  

• DM density coupled to freeze out  
mechanism → WIMP miracle 

• baryon density related to CP violation  
and baryon number violation 

• asymmetric Dark Matter models relate Dark 
Matter and Baryon asymmetry  

•  MDM ~ 5 MB ~ 5 Mproton ~ 5 GeV
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Astrophysical Parameters - Distribution of Dark Matter 

• velocity of dark matter in the 
halo follows Maxwell-
Boltzmann distribution 

• most probable DM 
velocity ~220 km/s 

• escape velocity for DM to 
escape halo about 540 
km/s 

• ~5-10 % variation 
originating from path of 
earth around sun

16



Astrophysical Parameters - Distribution of Dark Matter 

• Dark Matter 
distribution in Milky 
Way from simulation  

• local Dark Matter 
density 
~0.3 GeV/cm3 

• dark Matter flux on 
earth ~107 /cm2 s 
for MDM = 1 GeV

17Figure 8: Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

Figure 9: Mean tangential velocity hv�i as a function of R for z = 0 (left panel), and as a function
of z for r = 8 kpc (right), where r =

p
x2 + y2 is the polar radius.

accreted DM. The rotation lag of the rotating component is in the range 0� 150 km/s. A

large value of the rotation lag, corresponding to a small halo circular speed, is only found

for galaxies which had no significant merger after a redshift z = 2. The importance of

the dark disk for the prediction of DM direct detection rates has been acknowledged by

several authors [71,73]. It could lead to an increase by up to a factor of 3 in the 5�20 keV

recoil energy range. The signal modulation can also be boosted and the modulation phase

is shifted. However, in Ref. [95], the authors use high-resolution simulations of accretion

events in order to bracket the range of co-rotating accreted dark matter. They find that

– 13 –

You are here

contours correspond to {0,1,0.3.,1.0,3.0} GeV/cm3
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Intermission - Recapitulation

• unambiguous observation of Dark Matter  

• observations based on gravitational measurements only 

• new particles from physics beyond the Standard Model offer 
candidates for particle interpretation of Dark Matter 

• weak (or less) interaction with baryonic matter expected 

• various models predict candidates for explaining Dark Matter 

• WIMPs - mass range above 2 GeV 

• low mass Dark Matter - mass range in the GeV / sub-GeV region

18



Direct Detection of Dark Matter

19



Direct Detection of Dark Matter - Basic Principle

• weakly interacting massive particles 
scatter elastically with baryonic dark 
matter 

1.recoil of nucleus leads to 

2.deposition of energy followed by 

3.measurement of deposited 
energy  

• exact interaction rate and size of 
deposited energy (=mass of Dark 
Matter particle) unknown

t

mediator

20

recoil 
Energy



Direct Detection - Event Rate

• recoil energy between eV and tens of keV

21

dR

dER
=

⇢0
mN m�

Z 1

vmin

vf(v)
d�W N

dER
(v,ER)dv

• differential event rate for WIMP nucleon scattering

f(v): WIMP speed 
distribution

ρ0: WIMP density  
in the Milky Way

dσ/dER: WIMP- 
nucleus elastic 

scattering 

mN : nucleon mass 
mχ:  WIMP mass

arxiv 1002.1912



Direct Detection - Event Rate

• low detection 
threshold for WIMP-
nucleon scattering 
crucial 

22

WIMP - 78Ge nucleon scattering

dR

dER
=

⇣ dR0

dER

⌘

0
F 2

(ER) exp(�ER/Ec)

• differential event rate 
decreases 
exponentially with 
recoil energy
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How to search for Dark Matter?

23



Recipe for a Direct Dark Matter Search Experiment

• experimental challenges for measuring 
elastic Dark Matter-nucleus scattering: 

• low energy threshold: very small 
energy transfers (O( 100 eV)); 
differential event rate decreases 
exponentially  

• low background: small interaction 
rate (O(events/kg year)) 

• sensitivity to small energy 
deposition in a low background 
environment 

24



Measurement of Recoil Energy deposited by Scattering

March 13, 2012 0:16 WSPC - Proceedings Trim Size: 9in x 6in Saab˙Direct˙Detection

5

Phonons
10 meV/ph

100% energy

Ionization
~ 10 eV/e

20% energy

Scintillation
~ 1 keV/γ

few % energy

CRESST
ROSEBUD

CDMS
EDELWEISS

ZEPLIN II, III
XENON

LUX
WArP 
ArDM
SIGN

NAIAD
ANAIS 

DAMA/LIBRA
ZEPLIN I
XMASS
DEAP

CLEAN

CUORE
CRESST I

Ge, Si

Xe, Ar, Ne

CF3I, C4F10

CaWO4, BGO
ZnWO4,  Al2O3 ...

CoGeNT 
DRIFT

DM-TPC
IGEX

COSME
Ge, CS2, C3F8

NaI(Tl), Xe, Ar, Ne, CF4

COUPP
PICASSO

Superheated 
Liquids

Scintillation Decay
Modulation TeO2, Al2O3, LiF

Fig. 2. The corners of the triangle correspond to common energy readout channels.

Experiments are listed near the main readout channel, or between the two channels used
for discrimination.

sun,4 whereas background sources are not expected to exhibit such a
variation. Under the assumption of a non-rotating WIMP halo the event
rate is expected to exhibit maxima/minima in June/December, with an
amplitude of a few percent. Since the amplitude of the modulation is
small in comparison to the overall rate, this method lends itself to
experiments with large exposures and overall interaction rates.

(2) Directional variation of the recoiling nucleus. Under the assumption of
a non-rotating WIMP halo, the motion of the solar system through
the galaxy results in a net WIMP wind from the direction of the solar
system’s motion of similar magnitude to the velocity dispersion of the
WIMPs at the Sun’s position in the halo. The strong correlation be-
tween the direction of the incoming WIMP and the recoiling nucleus
means that the majority of signal events, as seen from the laboratory
frame, should point in the direction of the WIMP wind.4 Background
events are not expected to exhibit a non-uniform directionality, or none
that is correlated with the relative directions of the laboratory frame
and the WIMP wind, which varies on a 24 hour time scale as the earth
rotates on its axis. Employing such a discrimination technique requires,
by necessity, detectors capable of reconstructing the tracks of individual
nuclei.

25



CRESST - Detection Principle I

simultaneous read-out of two  
signals 

• phonon channel:  
particle independent 
measurement of deposited 
energy (= nuclear recoil energy) 

• (scintillation) light:  
different response for signal  
and background events for 
background rejection 
(“quenching”)

light detector
transition edge  

sensor

transition edge  
sensor

target crystal 
(CaWO4)

26
scintillating 

housing



CRESST - Detection Principle II

• experiment operated at cryogenic temperature (~15 mK) 

• nuclear recoil will deposit energy in the crystal leading  
to a temperature rise proportional to energy

�T / �Q

c ·m
ΘD:Debye  
temperature

• detection of small energy depositions 
requires very small heat capacity C 

• detection of temperature rise with 
superconductor operated at the phase 
transition from normal to superconducting

28 CHAPTER 2. THE CRESST EXPERIMENT
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Figure 2.2: A measured transition of a thin tungsten film from the normal to the superconduct-
ing state. Such a transition is used in CRESST to convert a small temperature variation DT into
a measurable resistance change DR.

particle. Based on this understanding, a quantitative model has been developed which
can explain the observed properties of CRESST signal pulses [41].

As a first step, a particle interaction in the target crystal creates a population of
high-frequency phonons with frequencies of O(THz). As the corresponding phonon
energies are in the meV range and thus large compared to thermal energies at the
cryogenic operating conditions, these phonons are called non-thermal. Their initial
frequency spectrum depends on the type of interaction (and thus on the interacting
particle), but they quickly start to decay due to lattice anharmonicities. The rate of
this decay is strongly frequency-dependent (proportional to n5

phonon) so that, after some
100 µs, the initial phonons have converted down to a phonon population with a roughly
uniform frequency of a few 100 GHz (still non-thermal at millikelvin temperatures).
Compared to the response time of the thermometer, these phonons are relatively stable,
and after a few surface reflections they uniformly fill the crystal. They can then either
be absorbed by the thermometer, thermalize in the crystal, or escape from the crystal
through its holding clamps into the heat bath.

When a non-thermal phonon enters the thermometer, it can efficiently be absorbed
by the free electrons of the metal film. In this case, its energy is quickly distributed
and thus thermalized among the electrons, heating up the electron system of the ther-
mometer. This provides a first, fast contribution to the measured temperature rise of
the thermometer film. The thermalized energy in the electron system will then mostly
escape to the heat bath via the thermal coupling of the thermometer.

Those phonons which thermalize in the crystal before being absorbed by the ther-

27
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CRESST - Detector Module

• CaWO4 crystal placed inside fully scintillating and reflective housing 

• modules operated in shielded cryostat in the Laboratori Nazionali del Gran 
Sasso (Italy) at 3600 mwe

28

CRESST II  
detector module



Data Taking and Results
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Signal-Background Separation 

• simultaneous readout of 
light and phonon channel 
allows background 
reduction 

• less scintillation light from 
dark matter-nucleus 
scattering (“Quenching”) 

• clear separation 
between signal and 
background at large 
ENR 

• significant overlap 
of bands at low 
energies (= low 
mass dark matter)
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2

to 10 lower e�/�-background in the energy region of in-
terest, as compared to previously available commercial
crystals. Also, the level of ↵-contaminations is reduced
from ⇠15-35mBq/kg for typical commercial crystals to
⇠1-3 mBq/kg for the ones grown at TU Munich [11].

The most difficult background in the previous run
were 206Pb recoils from ↵-decays of 210Po on the holding
clamps of the crystal. These clamps provided the only
non-scintillating surface inside the detector housing. In
this letter, we use data from a single detector module, of
a new fully scintillating design. Using CaWO4 sticks, in-
stead of metal holding clamps, this design provides a fully
efficient active discrimination of the 206Pb recoil back-
ground [12]. The hardware trigger threshold is set at the
energy of 0.6 keV. A new block-shaped CaWO4 crystal,
grown at TU Munich, with a mass of 249 g is used. The
high temperatures in vacuum needed for the deposition
of high-quality tungsten films lead to an oxygen deficit
in CaWO4. Such a deficit causes a reduced light output
and thus a direct evaporation of the TES on the target
crystal should be avoided. Therefore, the tungsten TES
is deposited on a separate small CaWO4 carrier which is
then glued with epoxy resin onto the large CaWO4 target
crystal [13].

III. DATA SET AND ANALYSIS

A. Energy scale and resolution

The heaters of the two signal channels (phonon and
light) are calibrated once at the beginning of the run
to an electron-recoil equivalent energy scale by matching
the pulse height response of each detector channel to in-
jected heater pulses with that of 122 keV �-pulses from a
57Co calibration source. The injected heater pulses are
used to probe the response of each detector constantly
throughout the run. The energy of the phonon channel
E

phonon

is used to determine the deposited energy of an
event. We define the light yield as the ratio of both en-
ergies E

light

/E
phonon

. It serves to discriminate different
types of interactions. This definition implies a mean light
yield of 1 for �-events at 122 keV.

Towards low energies, however, the mean light yield
of the e�/�-band decreases (see Figure 1). This de-
crease can be attributed to a non-proportionality of the
light yield, as observed in most inorganic scintillators
at low energies [14, 15]. Since we perform a calori-
metric measurement, energy not emitted as scintillation
light will be detected in the phonon channel. Because
of this extra energy in the phonon channel, the cali-
bration will assign an energy slightly above the nomi-
nal value to events with a light yield < 1 (i.e. espe-
cially nuclear recoils and ↵ events). We correct for this
phonon anti-quenching by applying the following rela-
tion: E

total

= ⌘E
light

+(1�⌘)E
phonon

, where E
phonon

and
E

light

are the energies of the phonon and light channel ob-
tained from the heater calibration and ⌘ is the fraction of

FIG. 1. Light yield versus energy of events passing all se-
lection criteria (see Section III B). The tungsten and oxygen
nuclear recoil bands in which we expect the central 80% of the
respective recoils are shown as solid (red) and dashed (black)
line. The dash-dotted line marks the center of the oxygen
band. Events with energies from 0.6 keV to 40 keV and light
yields below the center of the oxygen band are accepted as
WIMP recoil candidates.

the deposited energy escaping the crystal as scintillation
light for e�/�-events with light yield = 1. This yields
the event-type independent total deposited energy used
in this letter.

Statistical fluctuations in the amount of scintillation
light produced for mono-energetic �-events make this cor-
relation visible as a small tilt of the corresponding �-lines
in the uncorrected energy/light yield-plane. Using this
tilt the value of ⌘ = 0.066± 0.004 (stat.) is determined.
This correction makes the energy measured for ↵-decays
inside the crystal, e.g. those of natural 180W [16], consis-
tent with their nominal Q-value. Furthermore, the value
determined for ⌘ is in agreement with dedicated studies
on the scintillation efficiency [17].

The resulting energy spectrum of the events in Fig-
ure 1 is shown in Figure 2. The prominent peaks with
fitted peak positions of (2.6014 ± 0.0108) keV and (11.273
± 0.007) keV can be attributed to M1 and L1 elec-
tron capture decays of cosmogenically produced 179Ta.
The fitted peak positions agree with tabulated values of
2.6009 keV (the binding energy of the Hf M1 shell) and
11.271 keV (Hf L1 shell) [18] within deviations of 0.5 eV
and 2 eV, respectively. With rather low statistics an L2
peak is also visible. Its fitted peak position of (10.77
± 0.03) keV also agrees within errors with the tabulated
value of 10.74 keV. The peak at (8.048 ± 0.029) keV is
attributed to the copper K↵ escape lines. An excellent
agreement can also be found at higher energies for the
46.54 keV peak of external 210Pb decays and the 65.35 keV
peak from K-shell capture decays of 179Ta. The energy
resolution of the peak at 2.601 keV is �E1�=(0.090 ±
0.010) keV. All errors quoted are statistical 1� errors.

Signal-Background Separation - Data

• signal region identified in light yield / energy space  
• reduction and understanding of intrinsic background 

crucial for low mass Dark Matter searches

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 5

Fig. 5. Data obtained with one detector module in a cali-
bration measurement with an AmBe neutron source, with the
source placed outside the lead shielding. The solid red lines
mark the boundary of the calculated oxygen recoil band (10%
of events are expected above the upper and 10% below the
lower boundary). The vertical dashed lines indicate the lower
and upper energy bounds of the WIMP acceptance region as
will be introduced in Section 3.

width is dominated by the light channel resolution com-
pared to which the resolution of the phonon channel is
much superior. This is understandable in view of the small
fraction of the deposited energy appearing as light.

We extract the resolution of the light channel as a func-
tion of light energy by fitting the e/�-band with a Gaus-
sian of energy dependent center and width. We note that,
although the production of scintillation light is governed
by Poisson statistics, the Gaussian model is a very good
approximation in our regions of interest. This is because
the e/�-events produce a su�ciently large number of pho-
tons for the Poisson distribution to be well approximated
by a Gaussian. On the other hand, for the quenched bands
with low light yields, the Gaussian baseline noise of the
light detector determines the resolution.

The position and width of the bands other than the
e/�-band can be calculated based on the known quenching
factors discussed above and using the light channel reso-
lutions obtained from the fit to the e/�-band. In order to
get the width of a quenched band at a certain energy the
light channel resolution for the actual light energy is used.

To validate this calculation for quenched bands, we use
the data from a calibration measurement with an AmBe
neutron source placed outside the Pb/Cu shielding. We
expect the neutrons to mainly induce oxygen nuclear recoil
events. Fig. 5 shows the data obtained by one detector
module in this measurement, together with the calculated
central 80% band for oxygen recoils (10% of the events
are expected above the upper and 10% below the lower
boundary).

Nuclear recoil events up to energies of about 300 keV
are observed, with the spectrum falling o↵ quickly towards
high energies. In neutron-nucleus elastic scattering the re-
coil energy of the nucleus is inversely proportional to its
mass. Thus the highest energy recoils must be oxygen nu-

clei. From the ratio of the mass numbers we then expect
the highest energy of calcium recoils to be around 100 keV.
Above 100 keV, we therefore have purely oxygen recoils,
and the distribution fits well into the calculated oxygen
band. Towards lower energies, the observed events are still
in agreement with the prediction, although an increasing
contribution from calcium recoils slightly shifts the center
of the observed event distribution to lower light yields.

3 The Latest Experimental Run

3.1 Data Set

The latest run of CRESST took place between June 2009
and April 2011. It included a neutron test and �-calibra-
tions with 57Co and 232Th sources. In total, 18 detector
modules were installed in the cryostat, out of which ten
were fully operated. The remaining modules cannot be
employed for a Dark Matter analysis, principally due to
di�culties in cooling the light detectors. However, seven
additional individual detectors (six phonon and one light
detector) were still operated in order to tag coincident
events (with signals in more than one module).

One of the ten operational modules was equipped with
a test ZnWO4 crystal and we do not include it in this anal-
ysis because of uncertainties in the quenching factors in
this material. Another operational detector module had
unusually poor energy resolution, with practically no sen-
sitivity in the WIMP signal region, and was therefore ex-
cluded from the analysis. The data discussed in this paper
were thus collected by eight detector modules, between
July 2009 and March 2011. They correspond to a total
net exposure (after cuts) of 730 kg days.

3.2 Observed Event Classes

Fig. 6 shows an example of the data obtained by one de-
tector module, presented in the light yield-energy plane.

The e/�-events are observed around a light yield of 1.
The calculated bands for ↵’s, oxygen recoils, and tungsten
recoils are shown.1 The spread of a band at each energy is
chosen so that it contains 80% of the events, that is 10%
of the events are expected above the upper boundary and
10% of the events are expected below the lower boundary.
This convention will be used throughout the following dis-
cussion whenever we refer to events being inside or outside
of a band.

Beside the dominant e/�-background, we identify sev-
eral other classes of events:

Firstly, we observe low energy ↵’s with energies of
100 keV and less. They can be understood as a conse-
quence of an ↵-contamination in the non-scintillating
clamps holding the crystals. If the ↵-particle has lost

1 The calcium band is not shown for clarity. It is located
roughly in the middle between the oxygen and the tungsten
bands.

neutron calibration measurement

Light Yield:  
energy light detector  
divided by energy  
phonon detector  signal region

31

Eur.Phys.J. C74 (2014) 12, 3184  
arxiv 1407.3146

crystal: 
TUM40



Crystal Intrinsic Background 

• experimental sensitivity 
limited by background 

• CRESST dominated by 
crystal-intrinsic 
radioactive 
contaminations 

• improve radio purity 

• in-house production of 
CaWO4 crystals improves 
radio purity significantly ~3.5 counts /(kg keV d)

210Pb227Ac179Ta L1(EC)
crystal: 
TUM40
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Background Simulation of CRESST 

• understanding of 
background crucial 

• simulation of 11 most 
prominent isotopes 

• crystal only simulation 

• data cannot be 
explained 
completely by 
simulation
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Figure 6. Histogram of the events in the ROI (black line) recorded with TUM40 in CRESST-II
Phase 2. The red line indicates the sum of all identified background sources with the dominant peaks
from cosmogenic activation (2.6 keV, 10.7 keV, 11.3 keV) and the Cu X-ray line (8.0 keV). Inset:
decomposition of the background based on MC simulation (see text). The contributions of external
gamma radiation (green), external betas (grey) and intrinsic beta/gamma radiation from natural
decay chains (blue) are shown. The sum of these components (plus gamma peaks) are shown in red.
The individual 1-� error bands are depicted in the corresponding colour. The identified backgrounds
explain ⇠70% of the observed events.

5 Conclusions and outlook

TUM40 operated in the new detector housing has reached unprecedented background levels.
Using CaWO4 sticks to hold the target crystal, a fully-scintillating inner detector housing
is realized and backgrounds from surface-alpha decays are rejected with high e�ciency. A
phonon trigger threshold of ⇠ 0.60 keV and a resolution of �=(0.090±0.010) keV (at 2.60 keV)
are reached with TUM40. By using a CaWO4 crystal produced at the TUM, the intrinsic
background rate was reduced to the lowest level reported for CRESST CaWO4 detectors:
on average 3.51± 0.09 beta/gamma events per kg keVday in the ROI (1-40 keV) and a total
alpha activity from natural decay chains of A

tot,↵

= 3.08±0.04mBq/kg. In this paper, a
detailed alpha analysis was performed which allowed to derive the activities of all decaying
isotopes of the natural decay chains. Based on these results, a GEANT4 MC simulation was
set up to investigate the contribution of intrinsic beta/gamma backgrounds in the ROI for
dark matter search (1-40 keV). An activity of ⇠ 494µBq/kg was found which corresponds
to ⇠ 30% of the total event rate. The MC simulation also shows the contribution of events
originating from external gamma radiation. An activity of 62.2µBq/kg (⇠ 4% of total) is

– 12 –

crystal: 
TUM40

green: external gamma radiation
gray: external betas
blue: intrinsic β/γ radiation from  
natural decay chains
red: sum + cosmogenic activation 

JCAP, 2015(06), 030



Background Simulation of CRESST - Method I

• Geant4 based simulation to 
estimate intrinsic background  

• use α-activity as input: 

• identification of  decay / isotope 

• measured activity reflects size of 
contamination 

• determine energy spectrum of 
isotope decay and scale it 
accordingly to the measured activity
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Figure 5. Discrete alpha lines from the natural decay chains observed with the crystal TUM40
in an exposure of 29 kg-days between 4 and 7MeV. The lines identified in the U-238, U-235 and
Th-232 chains are listed. In addition, an external 210Po line is visible where only the alpha energy
(5.30MeV) and not the recoil of 206Pb (103 keV) is detected. The individual activities are listed in
table 2. The peaks of 238U and 234U completely dominate the spectrum (upper cut in histogram at
70 counts/[10 keV]).

plements photo-electric e↵ect, Compton scattering, Rayleigh scattering, conversion in e+e�

pairs, ionisation, and bremsstrahlung production.

The results of this data-based simulation is shown in figure 6 (inset): the blue curve
shows the sum of all beta/gamma events from natural decay chains. The 1-� error band (light
blue) is a combination of the statistical error of the simulation and the uncertainty of the
experimentally determined activities of the beta emitters. This contribution has an activity
of A1�40 = 494.2± 48.4µBq/kg in the ROI which corresponds to a mean rate of 3.51± 0.09
counts/[kg keVday]. For the first time, the contribution of the intrinsic beta/gamma emitter
could be disentangled and accounts for (30.4± 2.9)% of the total events observed. The main
contributions originate from 234Th (346µBq/kg), 227Ac (93µBq/kg), 234Pa (35µBq/kg) and
228Ra decays (9µBq/kg). The characteristic edges at ⇠ 9 keV and ⇠ 24 keV originate from
the contribution of the 227Ac spectrum (see section 3.1). The values of all relevant beta
emitters are listed in table 3.

Furthermore, the response of the detector to external gamma radiation is studied with
a dedicated MC simulation. The intensity of the individual components is scaled such to
match the observed external gamma peaks (see section 3.1). All identified external gamma
lines which are listed in table 1 are included in the study. The result is shown as in figure 6
(inset) as a green line with the corresponding 1-� error band (light green). The only peak in
the ROI identified as to originate from external radiation is the Cu X-ray peak at 8.0 keV.
The continuous Compton background from external sources (peaks at higher energies) is

– 10 –
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Background Simulation of CRESST - Method II
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Background Simulation of CRESST 

• working towards better understanding of background for 
CaWO4-based low background measurements

36

external γ internal β/γ 

sum region of 
interest

preliminary- 
work in progress

• internal 
background 
of 45 
isotopes 
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module



Dark Matter searches with CRESST

• data collected with a single detector 
module 

- commercial crystal with higher 
intrinsic e-/γ-background 

- trigger threshold of 300 eV 

• interpretation of data using 
standard astrophysical assumptions 

• limit set with Yellin’s optimum  
interval method (conservative limit)

crystal: 
Lise

EPJ C76 (2016) 25

37
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CRESST II limit for low mass dark matter

• energy threshold 
and background 
conditions have 
impact to different 
mass regions 

• best limit in mass 
region between 
0.5 GeV/c2 and  
1.6 GeV/c2

EPJ C76 (2016) 25TUM 40 
(low background)

Lise  
(low threshold)

reduced sensitivity  
due to surface 55Fe

recoil at  
different  

nuclei

expected number of  
counts for σχ-n=1pb  

in the acceptance region 38



Momentum Dependent Cross-Section

• disagreement between helio- 
seismological data and solar models  
(Phys. Rev. Lett. 114, ( 2015) 081302) 

• momentum dependent asymmetric 
dark matter (ADM) can resolve problem 

• preferred dark matter mass of  
3 GeV/c2 and σχ-n=10-37 cm2  

• reinterpretation of CRESST data 
assuming momentum dependent 
cross-section (Angloher et al., PRL 117 
(2016) 021303) rules out the proposed 
best fit point

3

FIG. 3. (color online) Recoil spectra for 3GeV/c2 dark matter
particles scattering off CaWO4. In dashed black the default
spin-independent spectrum is shown, in solid red and dotted
blue the effect of the different powers of q on the shape of the
recoil spectrum can be seen. All spectra are normalized to
one, note however that especially for small masses the abso-
lute count rate of the modified spectra may be suppressed by
several orders of magnitude.

ticles with nucleons. The dark matter-nucleon cross sec-
tion is modified [2] by a factor of

���n = �0

✓
q2

q20

◆
(1)

where q2 is the transferred momentum and q0 is a nor-
malization factor chosen to be 40MeV to be consistent
with [3].

This modification of the default spin-independent re-
coil spectrum causes a suppression of the event rate at
lowest energies and leads to a peaked energy spectrum
(see Fig. 3).

To be able to directly compare the results, the halo
parameters from [3] are adopted: Maxwell-Boltzmann
halo with velocity dispersion of 270 km s�1, velocity of
the sun of 220 km s�1 and local dark matter density of
0.38GeV cm�3. These differ slightly from the ones used
in [6], which however has no significant impact on the
results. We use the Helm parametrization of the nu-
clear form factors to account for deviations from the A2-
dependence of the scattering cross section due to loss of
coherence.

The resulting exclusion limit for q2-dependent dark
matter is drawn in solid red in Fig. 4. For comparison
also the default SI exclusion (dashed black) and the limit
for q4-dependent dark matter (dotted blue) are shown.
Our result for q2-dependent scattering excludes the best
fit point from [3] for q2-dependent dark matter by an or-
der of magnitude, ruling out this particular model.
The kinks around 2-3GeV/c2 in the exclusion curves are
caused by the presence of the different target nuclei in
the detector. Above these kinks the scattering is dom-
inated by tungsten due to the expected A2-dependence

FIG. 4. (color online) 90% C.L. upper limits on �0 for dif-
ferent for different powers of q. The limit for q2-dependent
scattering is drawn in solid red ruling out the best fit point
from [3] (magenta cross). For comparison also the limit for
q4-dependent scattering (dotted blue) and scalar interaction
(dashed black) are shown.

of the scattering cross section. Below, the kinetic energy
of the dark matter particles is insufficient to cause tung-
sten recoils above the energy threshold and only oxygen
recoils can still be observed at these low masses.

The rather large number of e�/�-events leaking into
the acceptance region limits the sensitivity that can be
reached with this detector. For the future it is planned to
reduce the dimensions of both the absorber crystal and
the light detector. This should lead to an even lower en-
ergy threshold (. 100 eV) and improve the discrimination
of signal and background events due to enhanced sensi-
tivity in the light channel. In addition, absorber crystals
with significantly lower intrinsic background will have an
immediate impact on the sensitivity of the detectors [11].

In summary, we have shown that current CRESST
detectors are a valuable tool for constraining also more
general dark matter models. The low energy thresholds
which can be achieved with these detectors provide
an unique opportunity to search for light dark matter
particles.
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3

FIG. 3. Recoil spectra for 3GeV/c2 dark matter particles
scattering off CaWO4. In dashed black the default spin-
independent spectrum is shown, in solid red and dotted blue
the effect of the different powers of q on the shape of the recoil
spectrum can be seen. All spectra are normalized to one, note
however that especially for small masses the absolute count
rate of the modified spectra may be suppressed by several
orders of magnitude.

III. RESULTS, DISCUSSION AND OUTLOOK

Using the optimum interval method [9, 10], an upper
limit with 90% confidence level is set on the elastic spin-
independent interaction cross section of dark matter par-
ticles with nucleons. The dark matter-nucleon cross sec-
tion is modified [2] by a factor of

���n = �0

✓
q2

q20

◆
(1)

where q2 is the transferred momentum and q0 is a nor-
malization factor chosen to be 40MeV to be consistent
with [3].

This modification of the default spin-independent re-
coil spectrum causes a suppression of the event rate at
lowest energies and leads to a peaked energy spectrum
(see Fig. 3).

To be able to directly compare the results, the halo
parameters from [3] are adopted: Maxwell-Boltzmann
halo with velocity dispersion of 270 km s�1, velocity of
the sun of 220 km s�1 and local dark matter density of
0.38GeV cm�3. The galactic escape velocity is taken
as 544 km s�1. These differ slightly from the ones used
in [6], which however has no significant impact on the
results. We use the Helm parametrization of the nu-
clear form factors to account for deviations from the A2-
dependence of the scattering cross section due to loss
of coherence. This approach is valid, since the nuclear
physics involved in the q2-dependent scattering is the
same as in the standard spin-independent scattering [11].

The resulting exclusion limit for q2-dependent dark
matter is drawn in solid red in Fig. 4. For comparison

FIG. 4. 90% C.L. upper limits on �0 for different for different
powers of q. The limit for q2-dependent scattering is drawn
in solid red ruling out the best fit point from [3] (magenta
cross). For comparison also the limit for q4-dependent scat-
tering (dotted blue) and scalar interaction (dashed black) are
shown.

also the default SI exclusion (dashed black) and the limit
for q4-dependent dark matter (dotted blue) are shown.
Our result for q2-dependent scattering excludes the best
fit point from [3] for q2-dependent dark matter by an
order of magnitude, ruling out this particular model.

The kinks around 2-3GeV/c2 in the exclusion curves
are caused by the presence of the different target nuclei
in the detector. Above these kinks the scattering is dom-
inated by tungsten due to the expected A2-dependence
of the scattering cross section. Below, the kinetic energy
of the dark matter particles is insufficient to cause tung-
sten recoils above the energy threshold and only oxygen
recoils can still be observed at these low masses.

The rather large number of e�/�-events leaking into
the acceptance region limits the sensitivity that can be
reached with this detector. For the future it is planned to
reduce the dimensions of both the absorber crystal and
the light detector. This should lead to an even lower en-
ergy threshold (. 100 eV) and improve the discrimination
of signal and background events due to enhanced sensi-
tivity in the light channel. In addition, absorber crystals
with significantly lower intrinsic background will have an
immediate impact on the sensitivity of the detectors [12].

In summary, we have shown that current CRESST
detectors are a valuable tool for constraining also more
general dark matter models. The low energy thresholds
which can be achieved with these detectors provide an
unique opportunity to search for light dark matter par-
ticles.

ACKNOWLEDGEMENTS

This work was supported by funds of the German Fed-
eral Ministry of Science and Education (BMBF), the Mu-
nich Cluster of Excellence (Origin and Structure of the

Physical Review Letters 117 (2016) 021303

recoil spectra for  
3 GeV/c2  

scatter at CaWO4

from ADM model



Search for Dark Photons
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Dark Photons as Dark Matter Candidates

• Dark Matter candidate through U’(1) Standard Model allowed 
extension → Dark Photon 

• coupling to the Standard Model U(1) symmetry  
via kinetic mixing term κ 

• ℒ=ℒSM-¼Vμν
2-κ/2 FμνVμν+mV

2/2 VμVμ 

• relic abundance of dark photons from inflationary perturbations can 
account for Dark Matter relic density  

• ΩV≈0.3 √(mV/1 keV) (Hinf/1012 GeV)2 

• possible parameter space for kinematic mixing term κ experimentally 
not excluded 

41
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Detection Principle of Dark Photons

• dark photons couple with eκ to 
charged particles 

• ‘photoelectric effect’ leads to 
deposition of total energy  in the 
crystal 

• total absorption - no elastic 
scattering! 

• expected cross-section for Dark 
Photons: σV(EV=mV)vV≃κ2σγ(ω=mV)c 

• expected rate per ≃  
ρDM/mVc2 ·κ2σγ(ω=mV)c
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Detection of Dark Photons with CRESST

• data collected 
with the Lise 
detector 

• Ethr ≈ 300 eV 

• signal expected in 
the electron band 

• search for mono-
energetic peak at 
dark photon 
mass

43

Dark Matter 
(nuclear recoil)

Dark Photons 
(photoelectric 

effect)

• focus on dark photons with  
mV < 2 keV
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Detection of Dark Photons with CRESST

• empirical background model 
with several components 

• constant electron recoil 
background 

• excess-light events 
(electrons originating 
from outside detector 
module  
→ light from scintillating 
foil)   

• Dark Photon signal with 
assuming detector resolution  
(~60 eV to ~100 eV) 
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Fig. 2. Top panel: Fit results for the phonon energies. In ad-
dition to the measured data, the stacked contributions of all
components are shown. The fixed mean of the signal peak was
set to 0.4 keV. The drop in the models below 2 keV is related to
the decreasing signal-survival probability. Bottom panel: The
residuals, i.e., the di↵erences between the data and the fitted
model, are depicted as solid black line. In addition, the statis-
tical uncertainties (central 90% region) of the fitted model are
shown as green-shaded region.

FIG. 5 shows the marginalized posterior PDF for the
signal rateR

S

for a peak position of 0.4 keV as an example.
This marginalized PDF was obtained by a Markov Chain
Monte Carlo algorithm [25] which was used to perform all
fits for this work.

An upper limit for the signal rate can be obtained as
the corresponding quantile of P (R

S

|data), e.g., the up-
per 90% limit for R

S

corresponds to the 90% quantile of
P (R

S

|data). For the example of FIG. 5 this upper 90%
limit is 1.77 counts kg�1day�1.

This limit on the signal rate R

S

can be converted into
a limit on the kinetic mixing using equation (2). We re-
peated the described Bayesian fit-procedure with di↵er-
ent fixed positions for the dark-photon signal in 0.05 keV
steps from 0.3 to 2 keV. The resulting limit for the kinetic
mixing is shown in FIG. 6 as a function of dark-photon
mass. In addition, existing limits (90% confidence level)
from astronomy, the XENON and DAMIC experiments
are shown. Our result improves the existing constraints
for dark-photon masses between 0.3 and 0.7 keV/c2.

The recently started (July 2016) Phase 1 of CRESST-
III has the potential to further improve this limit. The
detectors operated in this phase of CRESST-III will have
energy thresholds of . 0.1 keV [33]. Thus, with these de-
tectors we can extend our limits towards smaller dark-
photon masses of . 0.1 keV/c2.

Fig. 3. Top panel: Fit results for the light energies. Only
events within the phonon-energy slice between 0.3 and 1 keV
are shown in this plot. In addition to the measured data, the
stacked contributions from the electron-recoil band and excess-
light events are shown. Bottom panel: The residuals are de-
picted as solid black line. In addition, the statistical uncer-
tainties (central 90% region) of the fitted model are shown as
green-shaded region.

5 Conclusions

The dynamics of galaxies and galaxy clusters give evi-
dence for the existence of dark matter. However, its origin
and nature remain unknown up to now. There is a variety
of theories for dark matter. In recent years, theories pre-
dicting interactions of dark-matter particles with electrons
rather than nuclei became more popular. One example are
dark photons, i.e., long-lived vector particles with a kinetic
mixing to standard-model photons.

Like several other direct dark-matter searches, CRESST-
II is optimized for an observation of dark-matter particles
interacting with nuclei. However, the obtained data can
also be used to search for dark-matter candidates with
di↵erent interactions. In this work we present the limits
for the kinetic mixing of dark photons based on data from
Phase 2 of CRESST-II corresponding to an exposure of
52 kg-days. To obtain this limit we performed Bayesian
fits of an empirical background model and a potential
dark-photon signal to the measured data. Our new limit
improves the existing constraints for dark-photon masses
between 0.3 and 0.7 keV/c2. Due to its low energy thresh-
olds, the recently started CRESST-III Phase 1 has the
potential to further improve this limits.
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Detection of Dark Photons with CRESST

• deposited energy 
corresponds 
directly to the 
Dark Photon mass 

• performance  
determined by 
background and 
detector resolution
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Fig. 4. Top panel: Distribution of phonon energies of excess-
light events. For this plot only events with light energies
larger than the 99% quantile of the electron-recoil band (equa-
tion (8)) were taken into account. In addition, the stacked dis-
tributions of all components of the fit model are shown. The
contribution by the signal is too small to be visible in this plot.
The drop in the models below 2 keV is related to the decreas-
ing signal-survival probability. Bottom panel: The residuals are
depicted as solid black line. In addition, the statistical uncer-
tainties (central 90% region) of the fitted model are shown as
green-shaded region.

Fig. 5. Marginalized posterior PDF for the signal rate RS . For
this example with a fixed peak position of 0.4 keV the upper
90% limit is 1.77 counts kg�1day�1.
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Outlook for CRESST III
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CRESST III - current status 

• 10 modules installed in 
cryostat at LNGS 

• cryostat reached 
operation temperature  

• goal for detection 
threshold of 100 eV 
achieved   

• performance studies 
currently ongoing
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Figure 5: In addition to the limits shown in fig. 2, the expected sensitivity (1 � C.L.) for di↵erent
exposures of 24g detectors with the improved performance expected from the mass reduction of
CaWO4 of present quality.

could approach the coherent neutrino scattering limit with an exposure of 1000 kg days, which
corresponds to about two years of data taking with 100 small modules (24g). We have to remark
that, in order to accommodate such a moderate target mass in the existing CRESST facility,
only an upgrade of the number of available read-out channels to about 300 would be needed.

4 Next phases

We are developing a phased program to approach the coherent neutrino scattering limit in
3 steps of increasing sensitivity. This strategy will allow us to proceed exploring the light
WIMPs region with steps of up to 3 orders of magnitude in cross section sensitivity while we
are accomplishing the activity needed for the following step.
The current run (run33) is planned to go on until enough statistics is achieved to completely
explore the M1 region [11]. In the mean time prototypes of small modules are produced and
tested.
Key issues which need to be demonstrated in the next months before implementing the new
modules in the main CRESST setup are: i) direct evaporation of TES on the absorber crystal
(to avoid events from the carrier [9]), ii) increased amount of detected light (possible reduction
due to direct TES evaporation [25]), iii) performance of the new holding system.

Once these decisive features of small modules are demonstrated, the upgrade to a new gen-
eration of the CRESST (CRESST III) experiment could proceed as follows:

7

CRESST III - expected sensitivity 
• expect to reach  
σχ-n ~10-40 cm2  
for 1 GeV/c2 dark 
matter particles  

• detector R&D  
program for 
improved radio 
purity ongoing 

• to increase 
exposure upgrade 
of read out system 
planned  

Eth=100 eV

CRESST III projections

arXiv 1503.08065
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Figure 6: In addition to the limits shown in fig. 2, the expected sensitivity (1 � C.L.) for di↵erent
exposures of 24g detectors with the performances gain expected from size reduction and with
e�/� background reduced by a factor of 100.

• Phase I

– Physics Run:

∗ CRESST III-Run1 (run34) - run 10 small modules with crystals of available
quality to reach the sensitivity estimated in fig. 5;

– R&D for next phase:

∗ Revise design of standard-mass modules to improve discrimination of events from
the carrier;

∗ Reach the desired background reduction and scintillation performance of the
CaWO4 crystals.

Expected time scale: 06.2015-12.2016

• Phase II-a

– Physics Run:

∗ CRESST III-Run2 (run35) - run again 10 small modules with improved crystals
to finalize detector design and confirm crystal quality. This will allow us to reach
the sensitivity shown in fig. 6 in about one year of data taking;

– R&D for next phase:

∗ R&D on large crystals for large-mass modules O(1kg) to be possibly used for
gaining sensitivity at higher WIMP masses.

8

CRESST III - expected sensitivity 
• expect to reach  
σχ-n ~10-40 cm2  
for 1 GeV/c2 dark 
matter particles  

• detector R&D  
program for 
improved radio 
purity ongoing 

• to increase 
exposure upgrade 
of read out system 
planned  

CRESST III projections

arXiv 1503.08065
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Towards even lighter Dark Matter mass scales
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Physics of the Dark Sector

• new forces / new mediators  
relax the theoretical lower  
bound on dark matter masses  
→ sub-GeV dark matter  

• dark matter searches based on 
dark matter nucleon elastic 
scattering  

• energy deposition from recoil:  
ENR ≃ 2μΧ,N2・vΧ2/mN  

→ for 100 MeV mΧ ∼ 1 eV ENR*  

arXiv:1509.01515

* for silicon

GeV

10-40 cm2

arXiv:1206.2644
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Detection techniques for light Dark Matter

• dark matter detection  
using ionisation signal  
from Dark Matter- 
electron scattering 

• inelastic nature of scattering and increased energy 
transfer possible due to lightness of electron 

• detection of small ionisation signals allow to probe 
Dark Matter particles down to ~ 1 MeV

52

χ χ
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e- e-

N + N +X X *{ }
Figure 3. The scattering of a DM particle with a bound electron. The DM transfers momentum ~q to the target, exciting it
from the ground state X to an excited state X⇤, which can be either a higher-energy bound state or an ionized state.

relation between recoil energy and momentum transfer given in Eq. (3.1). The energy transferred to
the electron, �E

e

, can still be related to the momentum lost by the DM, ~q, via energy conservation:

�E
e

= ��E
�

��E
N

= � |m
�

~v � ~q|2
2m

�

+

1

2

m
�

v2 � q2

2m
N

= ~q · ~v � q2

2µ�N

. (3.2)

Here the �E
N

term accounts for the fact that the whole atom also recoils. In practice this term is
small, which also allows us to replace µ

�N

with m
�

. We thus define

E
e

⌘ �E
e

= ��E
�

(3.3)

as the energy transferred to the electron.2 Since an arbitrary-size momentum transfer is now possible,
the largest allowed energy transfer is found by maximizing �E

e

with respect to ~q, giving

�E
e

 1

2

µ�Nv
2 ' 1

2

eV ⇥
⇣ m

�

MeV

⌘
. (3.4)

This shows that all the kinetic energy in the DM-atom collision is (in principle) available to excite the
electron. For a semiconductor with an O(eV) bandgap, ionization can be caused by DM as light as
O(MeV).

What is the likelihood of actually obtaining a large enough q to excite the electron? This brings
us to the second major difference compared to DM-nuclear scattering: the electron is both the lightest
and fastest particle in the problem. The typical velocity of a bound electron is v

e

⇠ Z
e↵

↵, where
Z
e↵

is 1 for outer shell electrons and larger for inner shells. This is much greater than the typical DM
velocity of v ⇠ 10

�3. The typical size of the momentum transfer is therefore set by the electron’s
momentum,

q
typ

' µ
�e

v
rel

' m
e

v
e

⇠ Z
e↵

↵m
e

' Z
e↵

⇥ 4 keV . (3.5)

Returning to Eq. (3.2), the first term on the right dominates as long as m
�

is well above the bound
in Eq. (3.4). This gives a simple formula for the minimum momentum transfer required to obtain an
energy �E

e

:

q & �E
e

v
⇠ �E

e

4Z
e↵

eV
⇥ q

typ

. (3.6)

2We emphasize that Ee is the energy transferred to the electron, not its kinetic energy. Some of this energy goes
to overcoming the binding energy. As we will discuss further in §5, in semiconductors the remaining energy is rapidly
redistributed by secondary scattering processes, which can produce further electron-hole pairs.
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Physics of the Dark Sector - concrete example

• simple model with freeze-
out via vector portal to 
light complex dark matter 

• experimentally unexplored 
region in the mass region 
above ~10 MeV
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Figure 2. Selected 95% C.L. exclusion reach for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, compared with other constraints
for the benchmark models discussed in §2. White regions
are unconstrained, while thick blue curves illustrate pos-
sible predictive mechanisms for generating the DM abun-
dance. Top: DM interacting via a massive dark pho-
ton (F

DM

(q) = 1), for complex-scalar DM with freeze-
out abundance (left), and Dirac-fermion DM with asym-
metric abundance (right). Bottom: DM interacting via
an ultralight dark photon (F

DM

(q) = (↵me/q)
2), with

an abundance generated by freeze-in. The DAMIC and
SuperCDMS projections assume 100 g-year and 10 kg-
years background-free exposures, with 2- and 1-electron
thresholds, respectively, in a silicon target. See text for
details.

“favored” 2�-region for which the A0 can explain the discrepancy between the measurement
and SM prediction for the muon anomalous magnetic moment, a

µ

[77]. We translate these
into the �

e

versus m
�

plane by using the constraint on ↵
D

from either perturbativity [78] or �
self-interactions [22]. For these we require that ↵

D

is less than 1.0 and small enough so that
�
self�int

/m
�

. 1 cm2/g for clusters [79]. A second set of constraints bound some combina-
tion of ✏, ↵

D

, and m
A

0 : the electron beam-dump E137 [56, 80] and the proton beam-dump
LSND [81, 82]. We again use the constraint on ↵

D

from self-interactions and perturbativity

– 7 –
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Detection techniques for light Dark Matter

• band gap of silicon ~ eV order of magnitude smaller compared to Xe  

• expected reach for Dark Matter mΧ ≳ 250 keV・(ΔEB/1eV) 

• sensitivity depends crucially on detector specific backgrounds (e.g. “dark counts”)

DM mass

1 GeV1 MeV1 keV

Noble liquids [e-]Superconductors [e-]

Superfluid Helium [N]

~eV energy 
resolution

~keV energy 
resolution

~meV energy 
resolution

SuperCDMS, DAMIC, … XENON10/100/1T/nT, LUX, LZ, …
Semiconductors [e-]

Scintillators [e-] 2D graphene [e-]

Chemical-bond breaking [N]

PTOLEMY

FIG. 11: Materials that could be used to probe sub-GeV DM, down to keV masses, by scattering o↵

electrons [e�] or nuclei [N ]. Certain DM candidates, which can instead be absorbed by bound electrons in

these materials, could be probed down to meV masses (not shown). Adapted from [173].

• Signal discrimination & Background model : Since discovery is the primary goal of any
direct detection experiment (as opposed to setting new limits), it is essential to be able
to distinguish real DM scattering events from backgrounds. This may be on an event-by-
event basis (such as in many of the existing nuclear-recoil DM searches) or on a statistical
basis over many events (for example by annual modulation or directional sensitivity).

• Improved material fabrication: Some new ideas require specific target materials with,
for example, unprecedented levels of purity or structural coherence. This may require
advances in the technology for fabricating these materials.

D. Overview of Strategies and Target Materials

While searching for (elastic) nuclear recoils rapidly loses sensitivity for DM below a few
GeV, a fruitful strategy is to search for DM scattering o↵ bound electrons (instead of a
nucleus) [40]. This allows all of the available DM kinetic energy to be transferred, so that
for a bound electron with a binding energy �E

B

, one can in principle probe masses of

m
�

& 250 keV ⇥ �E
B

1 eV
. (18)

The signal depends on the material, but consists of one or more electrons (possibly am-
plified by an electric field) in noble liquids [40, 158], semiconductors [40, 134, 175, 176],
superconductors [171, 177], graphene [178], or one or more photons in scintillators [40, 179].

Another strategy to probe below the GeV-scale is to search for DM scattering o↵ nuclei
using inelastic processes. The breaking of chemical bonds in molecules or crystals could
produce measurable signals for few-MeV DM masses [40, 138], while multi-phonon processes
in superfluid helium or insulating crystals could provide sensitivity to keV DM masses [172].
Photon emission in the nuclear recoil could also probe below the GeV-scale [180].

The strategy to search for recoiling electrons has been proven to probe DM as light as a
few MeV in existing two-phase xenon-based time projection chambers (TPC) (XENON10

40
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Detection techniques for light Dark Matter

• Dark Matter scatters on bound 
electrons in dense media   

• relation between energy 
deposition and momentum 
transfer differs to nuclear 
scattering 

• parametrised with a 
momentum dependent 
form factor FDM 

• detection of single (two) 
electrons with low noise   

Prospects for Upcoming DM–Electron Scattering Searches
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Figure 1. Selected near-term projections for the
DAMIC (green curves) and SuperCDMS-silicon (dark
red curves) experiments, for different ionization thresh-
olds and (background-free) exposures, as indicated. Solid
curves show the 95% C.L. exclusion reach from sim-
ple counting searches, while dashed curves show the
5�-discovery reach from annual modulation searches.
The gray shaded region shows the current XENON10
bound [31], while the shaded green region shows the es-
timated (much weaker) bound from 2012 DAMIC data
with a ⇠11-electron-hole pair threshold. The projections
for SuperCDMS-germanium (not shown) are comparable
to silicon. See §6.5 for more details. The three plots show
results for the different indicated DM form factors, corre-
sponding to different DM models.

expands on the previous calculation in [9]. Higher recoil energies for the scattered electron allow
a larger number of additional electron-hole pairs to be promoted via secondary scattering. Using
a semi-empirical understanding of these secondary scattering processes, we convert our calculated
differential event rate to an estimated event rate as a function of the number of observed electron-hole
pairs. These results will allow several experimental collaborations, such as DAMIC and SuperCDMS,
to calculate their projected sensitivity to the DM-electron scattering cross-section, given their specific
experimental setups and thresholds. It will also allow them to derive limits on this cross section in the
absence of a signal, or the preferred cross section value should there be a signal, in forthcoming data.

– 4 –
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DEPFET detector as sub-GeV Dark Matter detector

• DEPFET: depleted field effect detector 

• charge collection in an internal gate  

• collected charge modulates  
current in FET 

• known and applied detector concept, 
e.g. for Belle II 

• focus previously on energy 
measurement and spatial resolution  

• noise performance limited  
by 1/f noise
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DEPFET detector as sub-GeV Dark Matter detector

• 1/f noise limit can be further 
reduced by using repetitive 
non-destructive readout 
(RNDR)  

• charge transfer between sub-
pixels in a “super-pixel” allow 
statistically independent 
measurements 

• effective noise can be 
reduced to σeff ≈ σ/√N
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DEPFET-RNDR Prototypes 

• proof-of-principle for 
DEPFET-RNDR demonstrated 
(Wölfel et al., NIMA 566 (2006) 536) 

• DEPFET-RNDR prototype 
sensors are available  

• 450 μm thickness, in principle 
up to 850 (1000?) μm 
possible 

• “target mass” about 13 g / 
module
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Measured Performance for DEPFET-RNDR

• noise performance as a function of readout cycles 
measured and reproduced by simulation 

• noise performance of σ=0,21 e- achieved

Dependency of 
equivalent  

noise on number of 
cycles

Minimum

Increase due to  
leakage current

1 / √N  
decrease
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Measured Performance of DEPFET-RNDR

• measurement of single 
electrons with 5σ 
separation possible 

• discrimination of  number 
of electrons possible 

• gated operation (switch off 
charge collection during 
readout) under 
investigation 

• reduction of noise 
increase with #transfers 
due to leakage currents
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➜ extensive R&D project for Dark Matter searches with DEPFET started



Summary 

• the Standard Model of particle physics is an  
effective theory  

• some astro physical observations cannot be explained → Dark Matter  

• new particle(s) could explain Dark Matter 

• several new theoretical models (strongly interacting Dark Matter, 
asymmetric Dark Matter, Dark Photons,…) predict new particles in the 
sub-GeV region   

• key experimental technique: energy detection threshold  

• CRESST aims for best Dark Matter limit in the ~300 MeV - 3 GeV region 

• DEPFET-RNDR aims for the best Dark Matter limit in the ~1 - 100 MeV region
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