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To study rare nuclear events, we 
need an environment in which all 

the possible interferences are 
minimized.



So, why Underground ?
Earth is constantly bombarded by 

all kind of particles coming from space. 

Many of them interact as soon as they  
feel our atmosphere and give rise 
to showers composed by hadronic  
(mainly pions) and electromagnetic 

particles (electrons, positrons, photons) 

In the successive acts of production,  
absorption and decay the only  

survivors are muons and neutrinos



Hadronic showers



How many cosmic rays are there ? 
How energetic are they ?

How does it compare to LHC energy ? 

LHC CoM energy is 14 TeV (14x1012 eV) 

The CoM energy in a fixed target process 
is   

Therefore if we equate 

 

We find that the energy of a cosmic ray that  
will produce a collision with the same  

final energy as one at LHC is: 

ECoM = (2 × Mp × Einc

14 × 1012 = 2 × 109 × x

x ≃ 200 × 1024/(2 × 109) ≃ 1017eV



They can be very stiff

• The largest CR observed are in between 1020 and 1021 eV


• The conversion (eV/Joule) is 


• Therefore our stiffest CR have an energy of ~ 100 J*


• Fortunately they interact in the upper atmosphere and get 
degraded !

1eV ≃ 1.6 × 10−19J

*  10Kg, 1m ……….mgh = 10x9.8x1= 98 J !) 1m
1 m



The reason for degrading
The atmosphere of the Earth consists mainly of nitrogen and oxygen: the interaction target for the primary beam 
is half protons and half neutrons. Assuming an average atmospheric nucleus with A ∼ 14.5, λN ≃ 80 g/cm2. The 

total vertical atmospheric depth is about 1000 g/cm2 and it corresponds to more than 11 interaction lengths.

The radiation length in air is of the order of  g/cm2, so that atmosphere is even more efficient in 
degrading electromagnetic showers 

X0 ≃ 37.5

The message is that above few  
hundred MeV  you get only 

 muons (and neutrinos )



Neutrinos you can forget  
(Well not completely, say by now !)

Cross section  is in the  10-14 mb range 

With a  density to Earth crust of 2.2g/cm3 

You can calculate a mean free path 
of 1014 m

This is true for atmospheric neutrinos (~ 1 GeV) whose flux is determined by primary 
cosmic interactions  (solar are a different story and also a different energy (~MeV))

(λ = 1/(nσρ))

[ΝΑ ~ 6 x1023 ]



Muons you cannot forget

Φ(θ) ≃ I0cos2(θ)

Muons arrive at sea level with an average 
flux  of about 1 muon per square centimeter
 per minute. 

In the space of a single night, a million muons pass through the human body.



Effect on you and your 
experiment

• The palm of your hand is ~ 100 cm2, therefore it is 
traversed by 100 muons per minute, 1.5 per second


• If your detector is a cube of one ton of water (1 m3) it gets 
a rate of 150 Hz of muons….widely incompatible for 
searches of rare events



Muon attenuation
• Energy loss is   MeV /(g/cm2)


• Earth crust has a density of ~ 2.2 g/cm3


• So that a muon looses 4.5 MeV per cm


• 450 MeV per m, 450 GeV per km !!!!!


• So we know how to get rid of muons !

≃ 2

One km below ground muon flux decreases  
by a factor higher than 106 

Remember the 150 Hz ? Now we have ~ 10-4 Hz 

1 muon every few hours ! 

And you can go deeper !!!! 



It happens because  
special relativity

• Mean energy of muons created in a shower  GeV


• Muon lifetime at rest is sec, range  m 


• Dilation factor  


• Hence an average muon can travel the entire atmosphere from the creation point  
(<15km>) down to ground 


• Atmosphere vertical depth  g/cm2


• Ionization loss of a minimum ionising particle is  MeV /(g/cm2)


• Energy loss  GeV,   GeV

< Eμ > ≃ 6

τ ≃ 2.2μ cτ ≃ 660

E/m ≃ < Eμ > /mμ ≃ 5/0.1 ≃ 50 [γcτ ≃ 33km]

≃ 1000

≃ 2

≃ 2 < Eμ >Earth ≃ 4



Rare ? How rare ?

• A few examples


• Solar neutrinos 


• Double Beta Decay


• Dark Matter search



Solar Neutrinos
Just to give you an idea  

The neutrinos from 7Be are  
more than 109 per (cm2 sec)

Borexino experiment has measured  
them. They have found a rate of: 

49+/3(stat)+/4(cyst)  
events/ (day x 100tons)

Pretty rare , isn’t it ?
We’ll come back to this  

experiment later



Double Beta Decay

Low energy again ~ MeV 



Long half-lives
pls. Note the unit :  

1021 yr
NA ≃ 6 × 1023

~ 600 decays /year per mole



Dark Matter

• As we do not know of what is made it is difficult to predict 
an interaction rate


• What we know is that if it would behave accordingly to 
the electroweak interactions we would have observed 
already


• We have not, meaning that (if any) it has a very low 
probability of interaction



At the end of the day

• If you want to search for rare processes you cannot do the 
experiment at ground level


• So the idea is to go underground with manifest advantages



The theory of an UL

• There are two options:


• Find a mine , possibly still in operation, and see if you 
can equip it to the scope you need


• While building an highway that cross a mountain chain 
convince the Ministry of Infrastructure to add a little 
money to dig a cavern orthogonal to the tunnel where 
traffic flows



Pro and cons 
Mines

• Mines are usually pretty deep. The infrastructure to access the 
underground space exists (lifts…) . The reason to find a site in 
operation is because anything abandoned is almost impossible 
to bring back to operations (slides, water, technical services…..)


• It is very difficult to have very large spaces underground . The 
mines do not need  to dig big tunnels to reach the ore. 


• Mines are a dirty place. A lot of caution for you and your 
valuable equipment.


• You cannot bring an entire detector or large parts of it directly 
down. The lifts have a small volume capacity. You have to 
assemble everything down.



Pro and cons 
Highway tunnels

• The tunnels under the mountains are not so deep. If you 
dig at the base the tunnel becomes financially 
unaffordable for its length


• You can get inside the laboratory by car and trucks. No 
problem in bringing in large detectors


• Clean environment



Existing laboratories
• LNGS (Italy) 


• SNOLAB (Canada)


• Kamioka (Japan)


• SURF (USA)


• JINPING (China)


• Y2L. (S. Korea)


• A few others [Modane (F), Stawell (Aus), Boulby (UK)….]
None in operation in the Southern Hemisphere 



Underground Science 
Laboratories

LNGS is (still) the largest, the easiest to 
access and deep enough

Ji
np

in
g

RPC



LNGS (Gran Sasso)



The idea of cosmic silence

from dream to reality !





A look inside



Not only experiments



A virtual tour of LNGS

• https://www.google.it/maps/
@42.4527666,13.5735482,2a,90y,202.68h,98.42t/data=!
3m6!1e1!3m4!1sgoFKiyrwwLBaVtMQIStnEQ!2e0!7i13312!
8i6656?hl=en



The flagship experiment



One key result  (Borexino)



CERN to LNGS beam

νµ → ντ



The Sun completely 
understood



SNOLAB 
Sudbury neutrino observatory



Main features

The SNOLAB underground laboratory has 5,000 m2 of clean space, of which 
3,100 m2 is experimental cavern space. SNOLAB has an additional 2,600 m2 
excavated outside the clean room used for the service infrastructure and 
material transportation and storage.

The ambient rock temperature on the 6800 level is 42C and there is a 2070 m 
granite rock overburden. SNOLAB was designed and operates as one large 
clean room

SNOLAB has four main experimental areas underground. The SNO cavern, 
Cryopit, and Cube Hall are experimental caverns for large experiments, and the 
Ladder Labs are drift areas for small and medium-sized experiments. 



Virtual tour
• https://www.snolab.ca/facility/virtual-

tour/



Main achievement

φSSM = 5.82 ± 1.34 × 106 cm−2s−1

φSNO = 5.54+0.33 (stat)+0.36 (syst) 

The Sun works as expected  



Obtained in SNO



Kamioka



Super Kamiokande



The Cherenkov magic !
Visualisation of  

an electron shower

Cherenkov Ring in 
SuperK 



Neutrinos oscillates 
Neutrinos have a mass



Next: Hyper-K
258 kTon of Water 

(Super-K is 50kTon) 

(Kamiokande was 3kTon)



SURF 
Sanford Underground research Facility

Located in the Homestake mine

Where the R. Davis experiment was located

The origin of  the solar neutrino puzzles 



Somewhere 
 in South Dakota



In preparation for DUNE



The LBL neutrino 
experiment: DUNE



DUNE: 4 LAr modules



JINPING



Far… far…. away
The closest airport is in Xichang 

The road is rather tortuos 

Very deep  
(2400 m rock, 
6720 m.w.e) 

Muon flux ~ 0.2/m-2/day 

BTW, if you go much deeper  
you don’t gain anymore with muons



Neutrinos will keep muon 
flux constant 

JINPING



Some more in operation

• Modane (France, under Alps, accessible from Frejus 
tunnel, pretty deep -4800 m.w.e but really small)


• CANFRANC(Spain, under Pyrenees , small and less deep 
than LNGS)


• Yangyang (South Korea, small and less deep than LNGS)


• Boulby (UK, in a salt mine, small)



An interesting question: 
Underground Physics only in the Northern 

emisphere ?

• Two projects in preparation


• Stawell (gold mine, Victoria state , Australia)


• ANDES (like LNGS , under Andes between Argentina 
and Chile 

Is this a relevant subject ? Absolutely yes  
Be patient and you will discover why !



The main  
lines of research in UL

The labs where we study (surprisingly for many) the life 
of the stars from birth to death 

Labs for Dark Matter searches 

Labs for testing Majorana neutrino hypothesis 



Neutrino Physics

• Neutrinos might hold the key to both the mystery of the 
antimatter disappearance and the New Physics

Leptogenesis Majorana mass



what is a neutrino ?



The DBD physics in short



The name of the game

S0ν ∝
M × t

nB × ΔE



GERDA

61



the best result in town



Now and then: LEGEND



The Ge Road



DARK MATTER 
SEARCHES



Why in this way ?



Rotation curves



 lensing



Try to find it



Detecting the undetectable



Betting on a specific model of Dark Matter: 
Weakly Interacting Massive Particles 



If WIMP then

?



the basic concept



Basic phase space result



That in case of no event
Threshold 

Effect
Fall off in flux 

Remember the neutrinos  
that we could ignore ?



• Ultrapure Na(Tl)

• residual contamination 232Th, 238U and 40K at level of 

10-12 g/g 

The DAMA/LIBRA mystery case



DAMA/LIBRA   
annual modulation
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Multiple hits events = Dark Matter particle “switched off”

Comparison between single hit residual rate (red points) and  
                multiple hit residual rate (green points);  

                A=-(0.0006±0.0004) cpd/kg/keV



The translation is 



And the problem is:

• Many other experiments (not using modulation*, only 
event counting) do not confirm DAMA/LIBRA result


• They put limits significantly lower and exclude with high 
confidence that result


• But…..the significance of the signal is out of discussion


• No other experiment measuring modulation has so far 
produced a result that exclude/confirm DAMA

* this situation is changing thanks to ANAIS & COSINE



Which background could 
mimic a signal ?

Muon flux measured at LNGS by BOREXINO experiment



Of course
• DAMA/LIBRA says they know, are completely shielded 

and have an active veto……but


• There will be one way to resolve this issue


• Do the same experiment in the Southern Hemisphere, 
where:


• The DM flux would not change


• The muon flux would have a 1800 shift of phase



Coiming….Stawell (Aus)



In the meanwhile

COSINE-100 
at Y2L



ANAIS at Canfranc (E)



The counting technique 
The Xenon story





XENON 1T@LNGS



Working principle 
(Dual phase noble liquid detector concept)



S1/S2 discrimination



Painful calibration



Photons out, neutrons ?



Complex result 



Here we are 



And there we will go



A word on comparison with 
modulation experiments

• DAMA/LIBRA works with a ~ 1keV threshold, so that 
‘looks’ at a wide region of the scattering parameters 
phase space. A lot of events -> Modulation


• Noble liquids have a threshold of dozens of KeV, on the 
exponentially falling recoil spectrum they are limited to 
observe a few events aiming at zero background


• Very different experiments



Future suggests Ar as liquid

Dark Side@LNGS



Reason being :

S1/S2 works much better



But 

39Ar is made in the atmosphere

Ar is widely  
available  

at low cost

If you extract it  
From Air !



go by cryogenic distillation
Extract from deep in a mine In Colorado and 

It relies on  
different 
vapour tensions 
for the different 
isotopes of the 
same element

Thousands of 
equilibrium states 
are needed 



Aria@Sulcis
The shaft of a coal mine that 
is being shut down and 
needs a reconversion

of its activity.


In Sardinia.



A bit of BIOLOGY



Low background radiation
• Test the “Linear No Threshold” model


• No point in doubling the dose

• Need to lower the dose


• Is the damage to cells (DNA) ∝ dose

• at low dose


•  or are low doses of radiation

 more damaging ….. or ….

 less   damaging


    than expected from the LNT model

•  in vitro studies done


•  with tantalising results 

•  in vivo (drosophilae)



The Cosmic Silence experiment: on the putative adaptive role of environmental ionizing radiation

live longer 
procreate less



Summary
• Great physics at Underground Laboratories


• We have only touched a bit of it , with some emphasis on DM


• We have not talked of Supernova neutrinos, proton decay…. 
Studies of processes key in the Star formation in the Gamow 
window …need an accelerator underground (and there are 
two at LNGS)


• Other sciences, in particular biology


• A lot of fun


