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Plan For this Tour de Force
➤ Why are we searching for Dark Matter? 

➤ Astrophysical and cosmological evidences. 

➤ Noble liquids Time Projection Chambers (TPC) for Dark 
Matter search 

➤ Prototypical example: Darkside 50 

➤ Some neat features of Argon 

➤ Backgrounds and backgrounds rejection 

➤ Darkside 50 preliminary results 

➤ Toward a multi tonne background free experiment:  
Darkside 20k
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Zwicky Analysis of the Coma Cluster Dynamics
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Fritz Zwicky,  
(Varna 1898, Pasadena 1973) 
Postulated the existence of Dark 
Matter in 1930’s to explain the 
dynamic behavior of the Coma 
cluster

The Coma Cluster: Mosaic in false color (Red long waves infrared, Green short waves infrared, visibile light) 

O(1000) galaxies. 46’ ~ 13 mRad



Put 1000 Galaxies on a Scale: Virial Theorem

➤ Assuming that the Coma cluster is held together by classical 
gravitational forces and that it reached equilibrium, then 
the virial theorem states that for a single galaxy of mass m: 
 
 
 

➤ By measuring the velocity dispersion σ  (Doppler shift) and 
the distance r from the cluster center Zwicky was able to 
measure Mtot, ie. the total mass of the cluster
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Zwicky and the Coma Cluster
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For systems in dynamical equilibrium and held together by gravity, the virial theorem 
becomes:

By measuring the velocity (dispersion) of the galaxies in the Coma cluster, Zwicky could 
infer its total mass.
However, the luminous mass (the galaxies in the cluster) was far smaller!
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Rotation Curves of Galaxies

➤ Measure line of sight velocity of stars and gas via Doppler 
shift (Hα in optical and HI 21 cm line in radio) 

➤ Infer the tangential velocity, apply classical mechanics 

 7
Eugenio Paoloni INFN & Università di Pisa

Measure line of sight velocity of stars and gas via doppler 
shift (Hα in optical and HI 21 cm line in radio)

Rotation Curves of Galaxies

Receding

Approaching

M31 (Andromenda)

Chemin et al (2007)

HI 21-cm data

M31 ( Andromeda )
Image of the Andromeda galaxy (M31)  
with rotation curve superimposed (Turner,2000)



NGC 3198
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NGC 3198: 14 Mpc, Visual Magnitude 9.15

8.5’ ~ 2.5 mRad
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ABSTRACT

Aims. We use recent very extended HI kinematics (out to 48 kpc) along with previous H↵ kinematics of the spiral galaxy NGC 3198
in order to derive its distribution of dark matter (DM).
Methods. First, we used a chi-square method to model the rotation curve (RC) of this galaxy in terms of di↵erent profiles of its
DM distribution: the universal rotation curve (URC) mass model (stellar disk + Burkert halo + gaseous disk), the NFW mass model
(stellar disk + NFW halo + gaseous disk) and the baryon ⇤CDM mass model (stellar disk + NFW halo modified by baryonic physics
+ gaseous disk). Second, to derive the DM halo density distribution, we applied a new method that does not require a global and often
uncertain mass modelling.
Results. While according to the standard method, both URC and NFW mass models can account for the RC, the new method instead
leads to a density profile that is sharply disagrees with the dark halo density distribution predicted within the Lambda cold dark matter
(⇤CDM) scenario. We find that the e↵ects of baryonic physics modify the original ⇤CDM halo densities in such a way that the
resulting profile is more compatible with the DM density of NGC 3198 derived using our new method. However, at large distances, r
⇠ 25 kpc, also this modified baryon ⇤CDM halo profile appears to create a tension with the derived DM halo density.

Key words. Dark Matter; Galaxy: NGC 3198; NFW haloes; Universal Rotation Curve; Baryonic Feedback

1. Introduction

It has been known for several decades that the kinematics of disk
galaxies leads to a mass discrepancy (e.g. Bosma 1978; Bosma
& van der Kruit 1979; Rubin et al. 1980). While in their in-
ner regions that range between one and three disk exponential
scale lengths according to the galaxy luminosity (Salucci & Per-
sic 1999), the observed baryonic matter accounts for the rotation
curves (RCs) (e.g. Athanassoula et al. 1987; Persic & Salucci
1988; Palunas & Williams 2000), we must add an extra mass
component in the outer regions, namely a dark matter (DM) halo
to account for that component. The kinematics of spirals is now
routinely interpreted in the framework of a DM component. In
the widely accepted Lambda cold dark matter (⇤CDM) scenario,
the virialized structures are distributed according the well known
NFW profile proposed by Navarro, Frenk, and White (Navarro
et al. 1996). The⇤CDM scenario describes the large-scale struc-
ture of the Universe well (e.g. Springel et al. 2006), but it seems
to fail on the scales of galaxies (de Blok & Bosma 2002; Gen-
tile et al. 2004, 2005). Going into detail, the NFW density pro-
file leads to the “core-cusp problem”: empirical profiles with a
central core of constant density, such as the pseudo-isothermal
(Begeman et al. 1991; Kent 1986) and the Burkert (Salucci &
Burkert 2000), fit the available RCs much better than the mass
models based on NFW haloes.

In the present paper, we derive the DM content and distri-
bution in the spiral galaxy NGC 3198. This galaxy has been the
subject of several investigations. It was studied by means of opti-
cal (Cheriguène 1975; Hunter et al. 1986; Bottema 1988; Wevers
et al. 1986; Kent 1987; Corradi et al. 1991; Daigle et al. 2006)

and HI-21 cm radio observations (Bosma 1981; van Albada et al.
1985; Begeman 1987, the latter established it as the object with
the clearest evidence for DM), see also (de Blok et al. 2008;
Gentile 2008).

Our present analysis is mainly based on the HI observations
by Gentile et al. (2013), part of the HALOGAS (Westerbork Hy-
drogen Accretion in LOcal GAlaxieS) survey. The main goal
of HALOGAS is to investigate the amount and properties of
extra-planar gas by using very deep HI observations. In fact, for
this galaxy, they present a very extended RC out to 720 arc-
sec, corresponding to ⇠ 48 kpc for a galaxy distance at 13.8
Mpc (Freedman et al. 2001). The previous HI observations by
de Blok et al. (2008) were only extended out to ⇠ 38 kpc, for
the same galaxy distance. In Gentile et al. (2013) this extended
RC was modelled in the framework of modified Newtonian dy-
namics (MOND). Here, we want to use such a uniquely extended
kinematics to help resolving the DM core-cusp issue. To the very
reliable kinematics available from 2 to 48 kpc we apply two dif-
ferent mass decomposition methods that will derive the DM halo
structure. This is compared with a) the empirically based halo
profiles coming from the URC, b) the NFW haloes and c) the
baryon ⇤CDM haloes, the outcome of scenarios in which bary-
onic physics has shaped the DM halo density.

This paper is organized as follows. In Sect. 2 we present the
HI and H↵ kinematics used in this study. In Sect. 3 we model
the RC by using the quadrature sum of the contributions of the
individual mass components (stellar disk + dark halo + gas disk)
where the dark halo has a NFW or a Burkert density profile,
respectively. In Sect. 4 we obtain the results of standard mass
modelling of the NGC 3198 RC. In Sect. 5 we use a recent mass
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Aims. We use recent very extended HI kinematics (out to 48 kpc) along with previous H↵ kinematics of the spiral galaxy NGC 3198
in order to derive its distribution of dark matter (DM).
Methods. First, we used a chi-square method to model the rotation curve (RC) of this galaxy in terms of di↵erent profiles of its
DM distribution: the universal rotation curve (URC) mass model (stellar disk + Burkert halo + gaseous disk), the NFW mass model
(stellar disk + NFW halo + gaseous disk) and the baryon ⇤CDM mass model (stellar disk + NFW halo modified by baryonic physics
+ gaseous disk). Second, to derive the DM halo density distribution, we applied a new method that does not require a global and often
uncertain mass modelling.
Results. While according to the standard method, both URC and NFW mass models can account for the RC, the new method instead
leads to a density profile that is sharply disagrees with the dark halo density distribution predicted within the Lambda cold dark matter
(⇤CDM) scenario. We find that the e↵ects of baryonic physics modify the original ⇤CDM halo densities in such a way that the
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1. Introduction

It has been known for several decades that the kinematics of disk
galaxies leads to a mass discrepancy (e.g. Bosma 1978; Bosma
& van der Kruit 1979; Rubin et al. 1980). While in their in-
ner regions that range between one and three disk exponential
scale lengths according to the galaxy luminosity (Salucci & Per-
sic 1999), the observed baryonic matter accounts for the rotation
curves (RCs) (e.g. Athanassoula et al. 1987; Persic & Salucci
1988; Palunas & Williams 2000), we must add an extra mass
component in the outer regions, namely a dark matter (DM) halo
to account for that component. The kinematics of spirals is now
routinely interpreted in the framework of a DM component. In
the widely accepted Lambda cold dark matter (⇤CDM) scenario,
the virialized structures are distributed according the well known
NFW profile proposed by Navarro, Frenk, and White (Navarro
et al. 1996). The⇤CDM scenario describes the large-scale struc-
ture of the Universe well (e.g. Springel et al. 2006), but it seems
to fail on the scales of galaxies (de Blok & Bosma 2002; Gen-
tile et al. 2004, 2005). Going into detail, the NFW density pro-
file leads to the “core-cusp problem”: empirical profiles with a
central core of constant density, such as the pseudo-isothermal
(Begeman et al. 1991; Kent 1986) and the Burkert (Salucci &
Burkert 2000), fit the available RCs much better than the mass
models based on NFW haloes.

In the present paper, we derive the DM content and distri-
bution in the spiral galaxy NGC 3198. This galaxy has been the
subject of several investigations. It was studied by means of opti-
cal (Cheriguène 1975; Hunter et al. 1986; Bottema 1988; Wevers
et al. 1986; Kent 1987; Corradi et al. 1991; Daigle et al. 2006)

and HI-21 cm radio observations (Bosma 1981; van Albada et al.
1985; Begeman 1987, the latter established it as the object with
the clearest evidence for DM), see also (de Blok et al. 2008;
Gentile 2008).

Our present analysis is mainly based on the HI observations
by Gentile et al. (2013), part of the HALOGAS (Westerbork Hy-
drogen Accretion in LOcal GAlaxieS) survey. The main goal
of HALOGAS is to investigate the amount and properties of
extra-planar gas by using very deep HI observations. In fact, for
this galaxy, they present a very extended RC out to 720 arc-
sec, corresponding to ⇠ 48 kpc for a galaxy distance at 13.8
Mpc (Freedman et al. 2001). The previous HI observations by
de Blok et al. (2008) were only extended out to ⇠ 38 kpc, for
the same galaxy distance. In Gentile et al. (2013) this extended
RC was modelled in the framework of modified Newtonian dy-
namics (MOND). Here, we want to use such a uniquely extended
kinematics to help resolving the DM core-cusp issue. To the very
reliable kinematics available from 2 to 48 kpc we apply two dif-
ferent mass decomposition methods that will derive the DM halo
structure. This is compared with a) the empirically based halo
profiles coming from the URC, b) the NFW haloes and c) the
baryon ⇤CDM haloes, the outcome of scenarios in which bary-
onic physics has shaped the DM halo density.

This paper is organized as follows. In Sect. 2 we present the
HI and H↵ kinematics used in this study. In Sect. 3 we model
the RC by using the quadrature sum of the contributions of the
individual mass components (stellar disk + dark halo + gas disk)
where the dark halo has a NFW or a Burkert density profile,
respectively. In Sect. 4 we obtain the results of standard mass
modelling of the NGC 3198 RC. In Sect. 5 we use a recent mass
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Fig. 1. Comparison between H↵ and HI RCs black open triangles with error bars from Corradi et al. (1991), blue circles with error bars are from
Daigle et al. (2006), and red circles with error bars are from Gentile et al. (2013).

modelling technique to obtain a very robust and careful determi-
nation of the DM halo density of NGC 3198 and to show that it
is at variance with the NFW density profile in an unprecedented
way. We consider the mass dependent density profiles obtained
by hydro-dynamical simulations of⇤CDM haloes in Sect. 6. Our
conclusions are drawn in Sect. 7.

2. KINEMATICS DATA

2.1. HI data

The HI data of NGC 3198 were taken in the framework of the
HALOGAS survey (Heald et al. 2011) and they were presented
in Gentile et al. (2013). The data were obtained with the WSRT
(Westerbork Synthesis Radio Telescope) for 10 ⇥ 12 hours, with
a total bandwidth of 10 MHz subdivided into 1024 channels. The
data cube used to derive the rotation curve has a beam size of
35.2 ⇥ 33.5 arcsec, and we were able to detect emission down to
⇠ 1019 atoms cm�2.

To construct the gas distribution and the rotation curve of
this galaxy in a reliable way , we modelled the whole data cube
by means of the TiRiFiC software (Józsa et al. 2007). We suc-
cessfully modelled the HI observations of NGC 3198 with a thin
and a thick neutral hydrogen disk, and, thanks to an increased
sensitivity, we were able to trace the rotation curve out to a dis-
tance of ⇠ 48 kpc (for the galaxy distance of 13.8 Mpc), i.e. to a
larger radius than those reached in previous studies. More details
about the data reduction analysis and modelling can be found in
Gentile et al. (2013).

2.2. H↵ data

The H↵ rotation curves of NGC 3198 have been published by
many authors (Cheriguène 1975; Hunter et al. 1986; Bottema
1988; Wevers et al. 1986; Kent 1987; Corradi et al. 1991; Daigle
et al. 2006). We notice that Corradi et al. (1991) and Daigle et al.
(2006) measurements are a good representation of these data. In
Fig. 1, these RCs are plotted along with the HI RC used in this
work. H↵ data provide us measurements of the circular veloc-

Table 1. Stellar disk contribution Vd (km s�1) (de Blok et al. 2008) and
the circular velocity V (km s�1) mainly from Gentile et al. (2013), but
also from Corradi et al. (1991) and Daigle et al. (2006), of the NGC
3198 with errors dV (km s�1). The DM density profile ⇢ ⇥ 10�25 (g
cm�3) (see Sect. 5 for details).

R Vd V dV ⇢ ⇥ 10�25

(kpc) (km s�1) (km s�1) (km s�1) (g cm�3)

2.0 86.2 79.0 7.0 —
3.0 85.4 97.8 5.0 —
4.0 93.6 118.0 5.6 —
5.5 115.7 139.4 4.3 2.34
6.0 120.8 144.2 4.3 2.33
7.0 125.4 143.3 4.5 2.20
8.0 125.5 150.3 4.3 2.01
9.0 123.5 149.9 4.3 1.83

10.1 120.1 152.1 4.3 1.64
11.0 116.6 151.1 4.5 1.48
12.1 112.6 156.2 4.3 1.32
14.1 105.2 161.0 4.3 1.06
16.1 98.6 155.3 4.3 0.86
18.1 92.7 148.7 4.3 0.70
20.1 87.5 149.1 4.3 0.58
22.1 82.8 148.4 4.3 0.48
24.1 78.7 146.2 4.3 0.42
26.1 75.1 145.5 4.3 0.36
28.1 71.9 147.3 4.3 0.33
30.2 68.9 146.5 4.3 0.30
32.2 66.3 148.4 4.3 0.27
34.2 63.9 149.3 5.0 0.25
36.2 61.8 149.9 4.3 0.23
38.2 59.8 149.3 4.3 0.21
40.2 58.0 150.0 4.6 0.20
42.1 56.4 147.6 7.0 0.18
44.2 54.9 149.8 4.3 0.16
46.2 53.5 151.5 4.3 0.13
48.2 52.2 151.9 7.7 0.11
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E.V. Karukes et al.: The dark matter distribution in the spiral NGC 3198 out to 0.22 Rvir
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Fig. 7. Density profile of the DM halo of NGC 3198 and the e↵ective density of the other components. We assume MD = 4.4 ⇥ 1010 M�. The
stellar disk (Blue line), the HI disk (magenta line), the dark halo (red line) and the sum of all components (green line). The di↵erent colour regions
correspond to the regions a) where we do not have any kinematical information due to the lack of data (dark purple), b) where the stellar disk
dominates the DM density profile (light purple) and c) where DM dominates (white).

Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
ÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚ

Ú Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú
Ú
ÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚ

Ú
Ú Ú Ú Ú Ú Ú ÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚ

Ú
Ú Ú Ú Ú ÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚÚ

2 5 10 20 50

10 -26

10 -25

10-24

r HkpcL

r
Hgêcm

3 L

Fig. 8. DM density profiles for di↵erent disk mass values MD = n⇥1010 M� and n=2,3,4.4,5 from the highest to the lowest curve (green, blue, azure
and magenta triangles). The black solid line shows the NFW density profile with Mvir = 8.9 ⇥ 1011 M� corresponding to the best fit values found
in the previous section. Two black dashed lines show the NFW density profiles taking 1� uncertainties in Mvir and 10 percent of uncertainties in c
into account. The URC halo is shown as Red solid line. Two Red dashed lines show the URC density profiles obtained by taking 1� uncertainties
in ⇢0, rc into account.

certainly does not contribute to the gravitating matter density
profile). A more serious problem appears when we realize that
the resulting values of the halo parameters Mvir and c are very
di↵erent from the ones derived by means of the standard method
applied in the previous section. In fact, for the virial mass and the
concentration parameters we get Mvir = (8.9 ± 2.1) ⇥ 1011M�,
c = 6.69 ± 1.46.

In Fig. 10 we plot the two solutions for (c � Mvir) with their
uncertainties. We now compare these values of the concentration
parameter and the virial mass (c � Mvir) obtained by each of the

mass modelling techniques also in light of the (c�Mvir) relation-
ship that emerged from numerical simulation (see Eq. (5)). They
agree only for values of c that are much lower than those emerg-
ing in numerical simulations and for values of Mvir > 9⇥1011M�
far too high for this spiral galaxy which has Vmax . 150 km/s.

In short, by assuming a NFW halo in NGC 3198, we have
two completely di↵erent solutions for its structure parameters,
according to whether one adopts the local or the global method
of mass modelling. The best intersection of these sets of re-
sults is in total disagreement with the properties of the simulated
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ABSTRACT

We present a weak-lensing mass reconstruction of the interacting cluster 1E 0657!558, in which we detect
both the main cluster and a subcluster. The subcluster is identified as a smaller cluster that has just undergone
initial infall and pass-through of the primary cluster and has been previously identified in both optical surveys
and X-ray studies. The X-ray gas has been separated from the galaxies by ram pressure–stripping during the
pass-through. The detected mass peak is located between the X-ray peak and galaxy concentration, although the
position is consistent with the galaxy centroid within the errors of the mass reconstruction. We find that the mass
peak for the main cluster is in good spatial agreement with the cluster galaxies and is offset from the X-ray halo at
3.4 ! significance, and we determine that the mass-to-light ratios of the two components are consistent with those
of relaxed clusters. The observed offsets of the lensing mass peaks from the peaks of the dominant visible mass
component (the X-ray gas) directly demonstrate the presence, and dominance, of dark matter in this cluster. This
proof of dark matter existence holds true even under the assumption of modified Newtonian dynamics (MOND);
based on the observed gravitational shear–optical light ratios and the mass peak–X-ray gas offsets, the dark
matter component in a MOND regime would have a total mass that is at least equal to the baryonic mass of the
system.

Subject headings: dark matter — galaxies: clusters: individual (1E 0657!556) — gravitational lensing

1. INTRODUCTION

It has long been established that the velocity dispersions and
X-ray gas temperatures of clusters of galaxies are too high to be
explained solely by the amount of visible matter in the clusters
using a physical model with Newtonian gravity and general
relativity. This observation led to the introduction of a dark
matter component of the mass, which interacts with normal
matter and light via only gravity. Recent observations of clus-
ters suggest that the virialized mass is made of "1% baryons
observable in optical and infrared data, "11% baryons ob-
servable in X-ray data (e.g., Allen, Schmidt, & Fabian 2002),
and the remaining "88% in a dark matter component.

An alternative explanation has been that the gravitational
force only follows the Newtonian r!2 law at the level of the
force observed in the solar system and that for smaller forces
the decline with distance is less (Milgrom 1983). This idea
of modified Newtonian dynamics (MOND) has been used to
reproduce the observed rotation velocities of spiral galaxies
without inclusion of any dark matter (e.g., McGaugh & de
Blok 1998) and could also explain the observed velocity dis-
persions and X-ray temperatures of clusters without needing
any additional matter beyond the observed baryons and a small
neutrino mass (Sanders 2003). Several arguments against
MOND have been made using gravitational lensing observa-

tions of galaxies and clusters (Gavazzi 2002; Hoekstra, Yee, &
Gladders 2002; Mortlock & Turner 2001), but because of the
lack of a general relativistic theory giving the strength of the
interaction between light and gravity in the MOND regime,
these observations can be explained by alterations in the
MOND formalism (Sanders & McGaugh 2002).
A definitive test of MOND, however, can be made with

interacting clusters of galaxies. In the standard cold dark
matter (CDM) paradigm, during the initial pass-through the
dark matter particles and the galaxies are effectively colli-
sionless, while the X-ray halo is affected by ram pressure. As a
result, one expects the galaxies and dark matter halo to remain
spatially coincident following the interaction, while the X-ray
halo is displaced toward the center of mass of the combined
system (e.g., Tormen, Moscardini, & Yoshida 2003). In the
CDM paradigm the mass of the X-ray halo is a small com-
ponent of the total mass, and therefore the mass maps created
from weak lensing should have the primary mass peaks in
good spatial agreement with the galaxies. In a MOND regime,
however, the X-ray gas is the dominant component of the total
mass. The weak-lensing mass reconstruction would therefore
detect a primary mass peak coincident with the gas, which is
spatially offset from the galaxy distribution.
The z ¼ 0:296 interacting cluster 1E 0657!558 provides

the ideal case in which to test this theory. First discovered by
Tucker, Tananbaum, & Remillard (1995), subsequent analysis
of ROSAT HRI data revealed that the system is comprised of
two merging subclusters (Tucker et al. 1998). More recent
Chandra and spectroscopic observations further indicate that

1 Based on observations made with ESO telescopes at the Paranal
Observatories under program IDs 60.A-9203 and 64.O-0332.

2 Currently at Steward Observatory, University of Arizona.
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Superimposing the 2 Pictures
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Hot colliding gas

Collision-less  DM

Collision-less  DM





Dark Matter Ring
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The ring, 2.6-million light-years wide, 
formed when two huge clusters of 
galaxies slammed together in a head-on 
collision 6 to 7 billion years ago, 
puffing the mysterious matter outward, 
the astronomers figure. If the galactic 
hit-and-run had occurred outside of 
Earth's line-of-sight, the result might 
look more like the "Bullet cluster"--
another cosmic impact site that 
astronomers view as strong evidence for 
dark matter. (from NBC news)

http://www.space.com/2775-colossal-cosmic-collision-reveals-mysterious-dark-matter.html


Cosmology (From Astrophysical Observation)
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Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP)

Observations: Final Maps and Results
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Temperature Fluctuations of The Early Universe As Seen Now
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WMAP (NASA). Temperature Range +/- 200 μK 



Angular Correlations of The Temperature Fluctuations
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Fig. 32.— The nine-year WMAP TT angular power spectrum. The WMAP data are in
black, with error bars, the best fit model is the red curve, and the smoothed binned cosmic

variance curve is the shaded region. The first three acoustic peaks are well-determined.

The CMB angular power spectrum depends on several parameters, including  
ΩB, ΩM, ΩΛ (ΩΛ is the vacuum density)

Decompose temperature field into 
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Cosmological Parameter Summary ( PDG )
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Table 17. Cosmological Parameter Summary

Parameter Symbol WMAPa WMAP+eCMB+BAO+H0
a b

6-parameter ΛCDM fit parametersc

Physical baryon density Ωbh
2 0.02264 ± 0.00050 0.02223 ± 0.00033

Physical cold dark matter density Ωch2 0.1138 ± 0.0045 0.1153 ± 0.0019
Dark energy density (w = −1) ΩΛ 0.721 ± 0.025 0.7135+0.0095

−0.0096

Curvature perturbations (k0 = 0.002 Mpc−1)d 109∆2
R

2.41 ± 0.10 2.464 ± 0.072
Scalar spectral index ns 0.972 ± 0.013 0.9608 ± 0.0080
Reionization optical depth τ 0.089 ± 0.014 0.081 ± 0.012
Amplitude of SZ power spectrum template ASZ < 2.0 (95% CL) < 1.0 (95% CL)

6-parameter ΛCDM fit: derived parameterse

Age of the universe (Gyr) t0 13.74 ± 0.11 13.772 ± 0.059
Hubble parameter, H0 = 100h km/s/Mpc H0 70.0 ± 2.2 69.32 ± 0.80
Density fluctuations @ 8h−1 Mpc σ8 0.821 ± 0.023 0.820+0.013

−0.014

Velocity fluctuations @ 8h−1 Mpc σ8Ω0.5
m 0.434 ± 0.029 0.439 ± 0.012

Velocity fluctuations @ 8h−1 Mpc σ8Ω0.6
m 0.382 ± 0.029 0.387 ± 0.012

Baryon density/critical density Ωb 0.0463 ± 0.0024 0.04628 ± 0.00093
Cold dark matter density/critical density Ωc 0.233 ± 0.023 0.2402+0.0088

−0.0087

Matter density/critical density (Ωc +Ωb) Ωm 0.279 ± 0.025 0.2865+0.0096
−0.0095

Physical matter density Ωmh2 0.1364 ± 0.0044 0.1376 ± 0.0020
Current baryon density (cm−3)f nb (2.542 ± 0.056) × 10−7 (2.497 ± 0.037) × 10−7

Current photon density (cm−3)g nγ 410.72 ± 0.26 410.72 ± 0.26
Baryon/photon ratio η (6.19 ± 0.14) × 10−10 (6.079 ± 0.090) × 10−10

Redshift of matter-radiation equality zeq 3265+106
−105 3293 ± 47

Angular diameter distance to zeq (Mpc) dA(zeq) 14194 ± 117 14173+66
−65

Horizon scale at zeq (h/Mpc) keq 0.00996 ± 0.00032 0.01004 ± 0.00014
Angular horizon scale at zeq leq 139.7 ± 3.5 140.7 ± 1.4

Epoch of photon decoupling z∗ 1090.97+0.85
−0.86 1091.64 ± 0.47

Age at photon decoupling (yr) t∗ 376371+4115
−4111 374935+1731

−1729

Angular diameter distance to z∗ (Mpc)h dA(z∗) 14029 ± 119 14007+67
−66

Epoch of baryon decoupling zd 1020.7 ± 1.1 1019.92 ± 0.80
Co-moving sound horizon, photons (Mpc) rs(z∗) 145.8 ± 1.2 145.65 ± 0.58
Co-moving sound horizon, baryons (Mpc) rs(zd) 152.3 ± 1.3 152.28 ± 0.69
Acoustic scale, θ∗ = rs(z∗)/dA(z∗) (degrees) θ∗ 0.5953 ± 0.0013 0.59578 ± 0.00076
Acoustic scale, l∗ = π/θ∗ l∗ 302.35 ± 0.65 302.13+0.39

−0.38

Shift parameter R 1.728 ± 0.016 1.7329 ± 0.0058
Conformal time to recombination τrec 283.9 ± 2.4 283.2 ± 1.0

Redshift of reionization zreion 10.6 ± 1.1 10.1 ± 1.0
Time of reionization (Myr) treion 453+63

−64 482+66
−67

7-parameter ΛCDM fit parametersi

Relativistic degrees of freedomj Neff > 1.7 (95% CL) 3.26 ± 0.35
Running scalar spectral indexk dns/d lnk −0.019 ± 0.025 −0.023 ± 0.011
Tensor to scalar ratio (k0 = 0.002 Mpc−1)l r < 0.38 (95% CL) < 0.13 (95% CL)
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Table 17—Continued

Parameter Symbol WMAPa WMAP+eCMB+BAO+H0
a b

Tensor spectral indexl nt > −0.048 (95% CL) > −0.016 (95% CL)
Curvature (1 − Ωtot)m Ωk −0.037+0.044

−0.042 −0.0027+0.0039
−0.0038

Fractional Helium abundance, by mass YHe < 0.42 (95% CL) 0.299 ± 0.027
Massive neutrino densityn Ωνh2 < 0.014 (95% CL) < 0.0047 (95% CL)
Neutrino mass limit (eV)n

P

mν < 1.3 (95% CL) < 0.44 (95% CL)

Limits on parameters beyond ΛCDM

Dark energy (const.) equation of stateo w −1.71 < w < −0.34 (95% CL) −1.073+0.090
−0.089

Uncorrelated isocurvature modes α0 < 0.15 (95% CL) < 0.047 (95% CL)
Anticorrelated isocurvature modes α−1 < 0.012 (95% CL) < 0.0039 (95% CL)

aUnless otherwise stated, the values given are the mean of the parameter in the Markov chain, and the 1-σ region
determined by removing the lowest and the highest 15.87% probability tails of the Markov chain to leave the central 68%
region.

bThe WMAP+eCMB+BAO+H0 data set (Hinshaw et al. 2012) includes the following. The H0 data consists of a
Gaussian prior on the present-day value of the Hubble constant, H0 = 73.8 ± 2.4 km s−1 Mpc−1(Riess et al. 2011). The
BAO priors...

cThe 6 parameters in this section are the parameters varied in the chain. A seventh parameter, ASZ, is also varied
but is constrained to be between 0 and 2. The WMAP data do not strongly constrain ASZ, which is why the 95% CL
interval simply returns the prior. The eCMB data set does constrain the SZ effect, and prefers lower amplitudes of the
SZ template. We call this a 6-parameter fit because only 6 parameters are needed to fit the data well; the ASZ parameter
is used only to marginalize over the SZ effect and therefore include it in the error bars. All parameters varied in the
Markov chains have flat priors, and in this chain only the ASZ parameter requires hard constraints limiting how much it
can fluctuate.

dk = 0.002 Mpc−1 ←→ leff ≈ 30.

eThese additional parameters are determined by the parameters being varied in the Markov chain. Because these are
not the parameters directly being sampled, we are not necessarily assuming flat priors on these parameters.

fBaryon density is given in units of proton masses per cubic centimeter.

gTCMB = 2.72548 ± 0.00057 K, from Fixsen (2009). This parameter nγ is not varied in the Markov chains; the error
bar is determined directly from the error in CMB temperature.

hComoving angular diameter distance.

iThe parameters reported in this section place limits on deviations from the simple 6-parameter ΛCDM model. A com-
plete listing of all parameter values and uncertainties for each of the extended models studied is available on LAMBDA.

jAllows Neff number of relativistic species, with the prior 0 < Neff < 10.

kAllows running in scalar spectral index but no tensor modes.

lAllows tensor modes but no running in scalar spectral index. We constrain the tensor to scalar ratio at k =
0.002 Mpc−1 to be r > 0, and the tensor spectral index is related to the tensor to scalar ratio by nt = −r/8.

mAllows non-zero curvature, Ωk ̸= 0.

nAllows a massive neutrino component, Ων > 0.

oAllows w ̸= −1, but constrains it to be −2.5 ≤ w ≤ 0 and assumes w is constant with redshift and Ωk = 0.



Ok… let’s say that DM exists,  
what  

the heck is it anyhow ???



What we Do Know After an 80 Years Long Investigation?
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Hopefully DM Interacts with Ordinary Matte
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KIS (Keep It Simple)/ 
Occam’s Razor: 
WIMP - Nucleus 
Elastic Collision

Max Transferred Energy 

Use neutrons to mimic 
WIMPs 

for calibrations



Two Phases Time Projection Chamber (Darkside 50)
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Electric   
Field: Drift 
(200 V/cm)

Electric   
Field: Multipl. 
(4200 V/cm)



The Prompt Signal

 23
Eugenio Paoloni INFN & Università di Pisa

~ 40 primary photons UV (128nm) / keV



The Delayed Signal
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The Darkside PMT array and the whole TPC
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Backgrounds

➤ We are looking for extremely rare events consisting of a few 
10s of keV released in the detector, that is a few tens of 
photons on the PMT 

➤ The signal must come out of the blue in the core of the 
detector  

➤ radioactive decays inside the detector 

➤ neutrons ( cosmogenic, radiogenic ) 

➤ γ rays 

➤ neutrino - electron scattering 

➤ neutrino floor (coherent neutrino - nucleus scattering)
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Shielding+Veto + 
Background 

rejection

Clean Construction



Backgrounds

NUCLEAR	
RECOILS	

Backgrounds	

27	

39Ar	

γ 

n	

α	
μ	

39Ar	
~9x104	evt/kg/day	

γ	
~1x102	evt/kg/day	

Radiogenic	n	
~6x10-4	evt/kg/day	

μ	
~30	evt/m2/day	

α	
~10	evt/m2/day	

100	GeV,	10-45cm2	WIMP	Rate	~	10-4	evt/kg/day	

ELECTRON	
RECOILS	

γ 

n	

[30-200]	keVr	
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Darkside 50 Vetos Systems 
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DarkSide-50	

5	

Radon-free	(Rn	levels	<	5	mBq/m3)	

Clean	Room	

1,000-tonne	Water-based	

Cherenkov	Cosmic	Ray	Veto	

30-tonne	Liquid	ScinLllator	

Neutron	and	γ’s	Veto	

Inner	detector	TPC	

Housed	in	CTF	

Borexino	CounLng	Test	Facility	

07/03/16 - Les Rencontres de Physique de la Vallée d'Aoste D.	D'Angelo	-	The	DarkSide	physics	program	and	its	recent	results	



Under 3800 meters 
of equivalent water 

shield in  
LNGS

Gran Sasso



Pulse Shape Discrimination
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Pulse	Shape	Discrimina8on	

8	

Electron	Recoil	

Nuclear	Recoil	

Electron	and	nuclear	recoils	produce	different	excitaLon	densiLes	in	the	argon,	
leading	to	different	ra8os	of	singlet	and	triplet	excita8on	states	

Electron	Recoil	
Discrimina8on	

Averaged Wave forms 

τsinglet	~	7	ns	
τtriplet	~	1500	ns	
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Different singlet/triplet excitations ratio. 
Electron recoil pulse shape is longer



CALIS	
CALibraLon	InserLon	System	

Calibrate	both	TPC	and		Neutron	veto	
•  Gamma	sources:	57Co	(122	keV),	133Ba	(356	keV),	

137Cs	(663	keV)	
•  Neutron	source:	AmBe	

15	

NR	band	matches	with	the	points	extrapolated	from	SCENE.	

Test	of	the	MC	code		NR	study	(crosscheck	of	SCENE	data)	

NR band

ER band
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Calibration And Cross-checks
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Signal Band

Bkg. Band



Argon Isotopical Composition

➤ 39Ar (Cosmogenic Isotope ) is a 
contaminant of Argon extracted from 
atmosphere  

➤ β emitter  
(565 keV head of the spectrum) 

➤ Intrinsic radioactivity 1Bq/kg 

➤ Limiting factor for multi ton detectors 

➤ The activity of Argon from the deep 
underground CO2 mine in Colorado is  
~ 150 times lower 

➤ Distillation plant produces 0.5 kg/d of 
underground Argon (uAr)
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darkside 50

WIMP

S1

S2
e-



Underground	Ar	
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1.   Extrac8on	at	Colorado	(CO2	Well)	
Extract	a	crude	argon	gas	mixture	(Ar,	N2,	and	
He)	

Plant	at	Colorado	

DisLllaLon	Column	at	
Fermilab	

2.   Purifica8on	at	Fermilab	
Separate	Ar	from	He	and	N2	

3.   Arrived	at	LNGS	
Ready	to	fill	into	DS-50	UAr	boSles	at	LNGS	



UAr vs Atmospheric Argon (AAr)

S1 [PE]
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

 
s
]

×
 
k
g
 

×
E
v
e
n
t
s
 
/
 
[
5
0
 
P
E
 

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
AAr Data UAr Data

MC Total Ar39

Kr85 U Cryostat238

U Fused Silica238 Th Cryostat232

Th Fused Silica232 Th PMT Stem232

Co Cryostat60 K PMT Photocathode40

U PMT Stem235 Rn TPC222

Mn PMT Stem54

UAr	First	Results	

19	

AAr	vs	UAr.	Live-Lme-normalized	S1	pulse	integral	spectra	at	Zero	field.		

Low	level	of	39Ar	allows	extension	of	DarkSide	program	to	ton-scale	detector.	

~1/1400	

~1/300	
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Darkside with Underground Argon First resultsUAr	First	Results	

20	

WIMP	Expected	Region	

No	background	events	in	nuclear	recoil	(WIMP)	region!	

arXiv:1510.00702	
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71	live-days	aher	all	cuts.	(2616±43)	kg	day	exposure.		
Single-hit	interacLons	in	the	TPC,	no	energy	deposiLon	in	the	veto	
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UAr	First	Results	

21	

Best	limit	to	date,	with	argon	target,	third	best	limit	behind	LUX	&	Xenon100.	
07/03/16 - Les Rencontres de Physique de la Vallée d'Aoste D.	D'Angelo	-	The	DarkSide	physics	program	and	its	recent	results	
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SiPM

SiPM

19 Feb 2016  DS-20k (C. J. Martoff)
UCLA Dark Matter 2016

23

Summary 

DS-20k is designed for 100 ton-year background-free exposure with LAr, using 
new technology to seek high-mass WIMPs down to 10-47 cm2.

Operating on aggressive schedule for end-2020 start

New U.S. and international collaborators sought!

Ok…  
What Next?



Future Searches using 2 phases Argon TPC

➤ Longer exposure, then larger detector
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Darkside Past, Present, Future

➤ 2010-2012; DS-10 at Princeton-> LNGS 10 kg normal Ar not radiopure, water-block 
shielding, 8 PMTs 

➤ 2013-present; DS-50 at LNGS 
153 kg total, 36.9 kg fiducial 
radiopure construction, UAr target (arXiv 1204.6024; see below) high efficiency 
neutron shield/veto 
currently: > 4000 kg-day analyzed, planned exposure 3 years 
8.6x10

-44
 cm2 @ 1 TeV/c2, world's 3rd best current limit 

➤ ~2020 DS-20k at LNGS (proposed to NSF & INFN 2015)  
30 ton total, 20 ton fiducial 
radiopure construction, Depleted Ar target, SiPM sensors high efficiency neutron 
shield/veto 
100 ton-year planned exposure 10

-47
(10

-46
) cm2 at 1(10) Tev/c2 

➤ 202x ARGO at LNGS 
1000 ton-year planned exposure 
to reach the solar ν coherent scattering floor detailed solar ν studies possible  
(arXiv 1510.04196)
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Toward a MultiTonne Background Free 2 Phases Ar TPC

➤ Background free: 

➤ Darkside 50 collected 47.1 live days (1422 kg x day fiducial) of Atmospheric Argon 
data 

➤ The sample corresponds to the expected background of  
180 live years of UAr operations 

➤ Darkside demonstrated complete background rejection of 
39

Ar bkg. at level of 5.5 
ton x year 

➤ Project Urania (Underground Argon): 

➤ Expansion of the argon extraction plant in Cortez, CO, to reach capacity of 100 
kg/day of UArg 

➤ Project Aria (UAr Purification): 

➤ 100s meters tall distillation column in the Seruci mine (Sardinia) for further 
reduction of UAr contaminants 

➤ First test facility funded by INFN, Sardinia regional funds for the construction of 
the complete facility
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Photo sensors

➤ Replace PMT with SiPM  

➤ Pros: 

➤ Cheaper 

➤ More efficient  
(filling factor) 

➤ More radiopure 

➤ Cons: 

➤ 15 m2 of SiPM arrays: hundred thousands of devices 

➤ Cold front end electronic to sum SiPM output 

➤ Intense R/D ongoing
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SiPM At Cryogenic Temperature Can be Quie
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19 Feb 2016  DS-20k (C. J. Martoff)
UCLA Dark Matter 2016

15

Big R&D News- Dark Rate at 87 K 



Conclusions

➤ I tried to cover lot of material today 

➤ The astrophysical and cosmological evidences of the 
existence of Dark Matter together with an estimate of the 
local density 

➤ The concept of 2 phases noble gas TPC for DM searches 

➤ The main characteristics of a prototypical TPC: Darkside 

➤ The latest results from Darkside 

➤ The plans for the next generation of Darkside 

➤ I hope you survived the tour de force
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su�cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⌅ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⇤ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore
  mild: Einasto
  smooth: isothermal, Burkert

At small r: �(r) � 1/r�
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the Large Magellanic Cloud, 50 kpc) to be M60 ⇤ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.
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the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
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6

reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto

(effect of baryons?)
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