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LOOKING FOR THE DARK UNIVERSE
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• I assume astrophysical evidence for dark matter is somewhat known

EVIDENCE OF DARK MATTER (I)
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• I assume astrophysical evidence for dark matter here is well known

EVIDENCE OF DARK MATTER (II)

4
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• More evidence from smaller scale studies, structure formation

EVIDENCE FOR  DARK MATTER  (III)

5
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• Astrophysics and Cosmology suggest that dark matter is: 
• COLD: made of  particles that were non relativistic at the time of  

decoupling (at least mostly) 

• WEAKLY INTERACTING 
• They would have been already  

observed otherwise 

• and that: 

• MASS DENSITY 
• Local: 0.3 GeV cm-3 
• Possible enhancement inside  

massive bodies (Sun, Earth ?) 
• SPEED DISTRIBUTION 

• Gravitational (Maxwell velocity distribution)

WHAT  WE  THINK  WE  KNOW

6
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• Dark matter candidates are many 
• Essentially a measure of  theoreticians’ imagination 

• Axion and Neutralino deserve more respect 
• Theoretically better understood 
• Some prediction about couplings and signatures 
• Motivated by theoretical reasons independent of  DM 

• Is DM origin coupled to Dark Energy origin ? 
• We do not know 

• Should Dark Matter be a particle coupled to matter ? 
• We do not know

CANDIDATES
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• Dark matter is supposed to be the main actor in the formation of  structures, 
and particularly of  galaxies 

• Data is consistent with the hypothesis that a  
spherical DM halo is present in spiral  
galaxies 
• Supported by indirect evidence 

(e.g. gravitational lensing) 

• Typical parameters: 
• Local density: ρ0 = 0.3 GeV/cm3 
• Maxwell speed distribution with: 

• r.m.s.  v0=230 km/s 
• escape velocity (cut-off) vx=650 km/s 

• Example: M=100 GeV  ---> E ~ 250 keV with v=500 km/s

SPHERICAL HALO MODEL

8
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• Three ways to search for Dark Matter 
• Direct 
• Indirect 
• Production (LHC)

HOW  DO  WE  SEARCH  FOR  DARK  MATTER ?
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• Three fold way: 

• Direct detection 
• Build a detector capable to measure the interaction  

rate of  Dark Matter particles with ordinary matter 

• Indirect detection 
• Dark Matter particles might annihilate producing  

photons, or electrons, or hadrons, or neutrinos, 
which might be detected by CR detectors in space 
or on ground  

• Production @ accelerators 
• DM particles might be produced at LHC (missing mass) 

• Even if  discovered, you can’t prove that it is indeed  
THE dark matter. One of  the above still needed.  

• As far as I know, there is no way LHC can prove that  
the particle is stable.

DARK MATTER DETECTION

10
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DARK MATTER SEARCH IN INFN :  AERIAL VIEW
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• We do not know what dark matter is, so we should be prepared to many 
possibilities: 

• Elastic scattering on nucleus: the “golden channel”, many 
experiments 

• Inelastic scattering on nucleus 
• Including inelastic dark matter:  W + N --> W* + N   (W has 2 mass states) 

• Excitations of  bound electrons during scattering on nuclei 
• Electromagnetic energy is added 

• Conversion of  particles (e.g. axions) to photons 

DETECTION PROCESSES: AN OPEN MIND
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• Expected signal rate (with zero energy threshold!) for Wimp of  mass 
mχ, density ρχ, velocity vχ and scattering cross section σχΑ 

• With reasonable parameters, very small signal rate, 0.1 or less events/
ton/day 

• Actually, now a factor 100 smaller at least for many candidates 
• This rate is larger than other rare events search (e.g. solar neutrinos or 

neutrino-less double beta decay), but they are very difficult to detect

EXPECTED SIGNAL RATE - WIMP
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• The recoil energy is just kinematics:

EXPECTED RECOIL SPECTRUM - WIMP
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• The true recoil spectrum depends on many unknowns 
• [Lewin and Smith Astrop. Phys 6, 87 (1996)]: 

• Form factor from nuclear physics, tentative.... 
• The cross section can be spin dependent (incoherent) or spin-independent 

(in this case coherent, cross section enhanced)

EXPECTED RECOIL SPECTRUM
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• It seems a normal “counting experiment”, but give a look at the numbers: 
• Assume a signal rate of  0.01 count kg-1 d-1  
• This means 1.16 10-7 Bq/kg 

• BUT: 
• Good mineral water:        ~10 Bq/kg                        40K, 238U, 232Th 
• Air:                                               ~10 Bq/kg                                    222Rn, 39Ar, 85Kr 
• Typical rock                           ~100-1000 Bq/kg        40K, 238U, 232Th,  + many 

others 

• Radioactivity is mostly higher energy than dark matter recoil 
• This helps ! 

• However, if  you want to detect dark matter with single counts, you must be 5-6 
orders of  magnitude more pure than anything on earth

BACKGROUND

16
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• There are two strategies used by experiments: 
• 1. Make an assumption about D.M. nature (e.g. Wimp or axion or other), and build 

a (almost) background free detector that search for the expected interactions 

• 2. Make no assumption and search for annual or daily modulations  
• The Solar systems moves in the Galaxy  

frame with typical free fall speed 232 km/s,  
the same average speed of  Wimps 

• Earth rotates around the Sun at 30 km/s 
• The detector rotates around the Earth axis  

at 0.5 km/s (at the equator) 

• The detector sees a Wimp flux that is modulated yearly and also daily. The 
effect depends on the velocity distribution assumed for the Wimps, and also on the 
cross section dependence on speed (which may be relevant in some models) 
• The amplitude of  the modulation is model dependent

DARK MATTER SIGNATURE

17

Background: CRITICAL !

Background less critical
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• The kinetic energy of  the recoiled nucleus (somewhere between a few 
keV up to ~ 100 keV) might be detected in several ways, possibly 
concurring: 

• Scintillation light 
• Solid scintillators (inorganic crystals): light from excitons 
• Liquid scintillators (noble gas/liquids): light from molecular excited states 

• Ionization 
• Noble liquids or gas (argon, xenon): e - ion pairs 
• Crystals (germanium diodes, silicon diodes or similar): e-p pairs 

• Heat (phonons) 
• Bolometers 
• Can use thermal or a-thermal phonons

DARK MATTER DETECTION - SIGNALS

18
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• An Argon atom, when excited by the passage of  a charge particle in gas 
or liquid produce excimers Ar2* or ionised Argon molecules Ar2+ 

• The spectrum is peaked in UV, very difficult to detect directly even with 
special cathodes 
• Suitable materials must be used to convert UV light to larger wavelength 

photons which can be more easily detected with PMTs

EXAMPLE: SCINTILLATION IN ARGON

19
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• Crystals are well known in many applications in nuclear and particle physics, but: 
• You need extremely radio-pure crystals 
• You need extremely high-yield crystals to reach low energy threshold 
• You need < 1% stability over several years if  you search for annual modulations 

• In order to get good enough crystals you must: 

• Measure and select the powders with high sensitivity 
• Low background underground Ge detectors 

• Neutron activation, mass spectrometry 

• Clean and selected growing process 
• Chemical and physical purification of  all materials 
• Protocols for growing, handling, stocking, transporting 

• Typically, many years of  R&D even for already experienced people

SCINTILLATION - CRYSTALS (NA-I IN PARTICULAR)

20
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• In all scintillators the amount of  light produced is proportional to the deposited 
energy, but the constant depends on particle type 

• Usually, a 1 MeV electron will release more light that a 1 MeV alpha, or 1 MeV recoiled 
nucleus 

• This phenomenon is called QUENCHING 

• Generally, the heavier is the particle the more is quenched, but for some scintillators is 
the other way around 

• For Argon, Xenon, NaI is normal way: heavier particles yield less light 

• The light can identify the particle, if  energy is measured in another way 
• Double readout detectors can identify particle type 

• Also the time distribution of  the light pulse may depend on particle type

QUENCHING

21
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• A charged particle in motion produce e-p  
pairs in a solid 
• With an electric field this signal can be collected 
• The charge depends on particle total energy  

but also on particle type  
• Ge and Si crystals are standard examples 

• Ionisation happens in liquid and gas as well 
• Same concept 
• In case of  liquid, extreme care is needed to guarantee a  

sufficient life-time to bring this charge over long distance 
• Very high purity levels in water and oxygen contamination 

• As for light, ionisation can be used to identify  
the particle if  energy is known in an  
independent way

IONISATION

22
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• The drift velocity of  charge particles  
is of  the order of  m / ms with 500 V/m  
field 

• This requires life-time of  several 100 μs  
for relatively small detectors (this generation  
of  dark matter experiments) or even ms  
for ton-scale future detectors  

• Icarus have opened the way 
• tens of  ms achieved 

• This requires impurity levels of  the order of  10-10 or less 
• Very difficult, especially for water and oxygen, which are everywhere 

• Purification methods 

• Cleaning 

• Material selection 

• A lot of  experience needed

IONIZATION - NOBLE LIQUIDS
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• A sufficiently cold crystal has a thermal  
capacitance low enough to cause a  
measurable T rise when a radioactive  
decay occurs 

• More specifically, fast (a-thermal) phonons  
are produced, which slowly degraded into  
thermal ones 

• With suitable sensors, both types can be used to detect the particle 
• Bolometer: phonon detector sensitive to thermal phonons (a.k.a. heat!) 
• In bolometers, no sensitivity to position of  the event (thermalisation) 

• A-thermal phonons should be used to get more info

BOLOMETERS: PHONON DETECTORS

24
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• GOOD 
• Many materials can be used 
• Very good energy resolution 
• Large mass possible 

• PROBLEM 
• Stability 
• Complexity 
• Unusual behaviours 
• Shielding not easy because of  criogenics

PROS AND CONS OF BOLOMETERS

25
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EXPERIMENTS’ DIAGRAM (NOT ONLY INFN)
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model independent
(a.k.a. we have no idea)

DARK MATTER: STRATEGIC FLOW
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• The only experiment that claims discovery of  dark matter 
• A large mass NaI detector (250 kg), much more than others 
• Many years of  data taking in very stable conditions 
• Model independent analysis of  annual modulations 

• No cuts, no assumption on DM particle nor interaction process 

• The evidence of  the modulation is beyond doubt 

• Many checks against all suggest source of  background have been done, 
with negative result 

• No explanation exists for the observed modulation except DM signal

DAMA-LIBRA (LNGS)

28
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DAMA-LIBRA SIGNAL
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DAMA-LIBRA
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• two- phase Time Projection Chamber with 3D event imaging  
with millimeter resolution. Simultaneously measure the  
ionization and  scintillation produced by low energy recoils  
in pure LXe (~5 keVr threshold )  to achieve  >99.5%   
gamma/beta background rejection. Additional background  
rejection provided by 3D event localization, LXe self-shielding,  
multiple scatter signature, plus external shielding.  

DOUBLE  PHASE  TPC  DETECTION
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XENON - SIGNAL DETECTION
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Example: Xenon-10
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• Construction completed 
• Data taking in progress 

• First D.M. results a few days ago 

XENON 1T
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Expected sensitivity

Tank and Building in Hall B
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XENON-1T  2017  RESULTS
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• Measurement of  phonons and light in CaWO4 crystals 

CRESST
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• Very precise even at very low energy  
• Nuclear recoil discrimination

CRESST: MAIN FEATURES
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CRESST
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• 50 kg LAr bi-phase detector operated with low  
39Ar and liquid scintillator neutron veto 
• Zero background goal achieved 
• 20 t phase approved by CSN2 

• Contribution from Russia:  
low background titanium  
cryostat

DARKSIDE-50 KG (FUTURE 20T)
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DARK  SIDE
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DARK  SIDE
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• Seruci cryogenic distillation column 
• Dark Matter goal: separate by distillation 40Ar 
• Potential by-product 

• A plant for isotope enrichment unique  
in the world 

• 13C, 15N, 18O and others (Industry, Medical, 0νββ?) 
• Studies indicate 200 M€/y market with 10% y growth

ARIA PROJECT IN SARDINIA

41
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• 4 pillars: 

• URANIA: extraction of  underground Argon in Colorado 

• ARIA: distillation and isotopic enrichment plant in Sardinia 

• REGIONAL money from Sardinia and Abruzzo for technological transfer from FBK 

• DARKSIDE-20t: An innovative detector with depleted UAr, SiPM technology, Ti 
cryostat 

• ~100 M€ scale project. A lot of  financial, political, and programmatic issues to 
solve 
• A high scientific priority, however.

DARKSIDE-20T: NOT AN EASY BUSINESS

42
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• QCD should bring a large CP violation, but apparently it does not 

• Parameter Θ is free, no reason to be too small and induces an electric 
moment for the neutron, which is not observed 

• This is called the “strong CP problem”

THE  STRONG  CP  PROBLEM
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A  DYNAMICAL  SOLUTION
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• Main idea: 
• Use axion spin coupling 
• The axion field may act as an  

effective magnetic field on  
electron spin 

• It may induce ferromagnetic transitions  
in magnetised sample and emit μ-waves 

• R&D is in progress 2015-2017 
• Noise budget unknown 
• Collaboration with INRIM  
• Magnet uniformity and stability: a challenge 
• Group: PD, LNL, TO

QUAX: SEARCH  FOR  AXIONS

45

Directionality between  
axion wind and spin
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• PAMELA: to be closed at the end of  2017 
• AMS-02: continuation approved until 2020. A few technical issues (broken pumps) to 

address and see what happens 
• FERMI: continuation approved until 2018, option until 2020. Main reason: transients 

with GW detections. 
• DAMPE (now WUKONG): Flying since Dec. 2015

FLYING DETECTORS
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•Deep sea detectors for: 
• Neutrino astronomy in the Mediterranean: Km3Net 
• Atmospheric neutrinos (hierarchy): ORCA 

•Both high priority, but only partially funded 
• Work in progress

NEUTRINOS
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EUCLID

48
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• EUCLID: mapping the universe with sufficient  
precision to disentangle different dark energy  
models (and much more) 

• High precision Barionic Acoustic Oscillations 
• High precision weak gravitational lensing 
• Measure the growth of  structures 
• Launch:  ~ 2021 

• Among the main fundamental  
scientific questions for the next  
decades

EUCLID:  STUDY  OF  DARK  ENERGY

49

w(a) = w0  + wa  (1 - a)

Peculiar velocities and growth
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CONCLUSION  (NOT REALLY… JUST THE BEGINNING)
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