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Reines and Cowan

€ 

p +ν →n + e+

1956 : Savanah River
Target made of 400 liters of water and Cadmium Chlorure.  
The neutrino interacts with a proton and undergo a positon (e+) 
and un neutron (n). 

1953 : Hanford
300 liters of scintillators only.
Encouraging results, but too high background

Reaction threshold = 1,8 MeV

‘Poltergeist‘ project
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Historical context: birth of the neutrino

H. Bethe (+ R. Bacher) 1936
Nuclear Physics. A:Stationary states of Nuclei

First review about the properties of the neutrino:
- No charge
- Very small mass (<<me), probably zero
- Spin ½, Fermi statistics
- Very small magnetic moment (< 1/7000 𝜇Bohr), if any



1934: Fermi builds a new theory to explain the b decay

This processus can be used to detect (anti)neutrinos!

Inverse β decay
(β+)

Neutrino Discovery
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1934: Bethe & Peierls use the theory to compute
the neutrino cross-section 

phase space factor (for         close to threshold )f = 1.715
<latexit sha1_base64="rqu1bgv8G9ySgGkeT8jKk409HhI="></latexit>

neutron lifetime

TINY !!!

<latexit sha1_base64="+ssGiAJwMmtGY59Fek32XR3pYdo="></latexit>

⌧n = 886± 8s



Neutrino Discovery
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…How small is 10-43 cm2 ?

… What is the mean free path of a neutrino ? � =
1

n�
<latexit sha1_base64="SLcVPhJe3lMxBLL0n/fMak/vvok="></latexit>

n : density of target (cm�3)

� : cross-section (cm2)
<latexit sha1_base64="iNwbMBixcaj+d8yykqwHFstSVdo="></latexit>

Assuming water molecules (H20) as target & inverse beta decay on free 
protons:

- 2 free protons per H20 molecule
- 6 x 1023 molecules per mol
- 1 cm3 of H2O weights 1 gr = 1/18 mol H2O

contains 1/18 x 6 x 1023 x 2 free protons 

…about 150 light-years !

« I have done a terrible thing. I have postulated
a particle that cannot be detected . » 

W. Pauli



Early experiments: inverse β decay with reactor neutrinos  

Nuclear fission reactors: pure, intense and isotropic sources of (anti)neutrinos!

! A typical reactor with thermal power ~2500 MW will produce about 5 1020  n per second

• How many antineutrinos are emitted by the above fission reaction

• What is the typical thermal power Pt of  a nuclear plant? Give the rate of 
antineutrinos as a function of  Pt.  A.N

235U + n —> 140Ba + 94Kr + 2n + 200 MeV
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Early experiments: inverse β decay with reactor neutrinos  

Nuclear fission reactors: pure, intense and isotropic sources of (anti)neutrinos!

# Neutrino flux is isotropic and attenuates with distance:

L: distance core-detector (in meters)
! Place detectors close to the source ! (possibly at different distances from the core)

# The precision on emitted neutrino spectrum depends on several parameters:
Reactor fuel composition & burnup,  beta decay chains, center of gravity of 
neutrino emission,
Distance to the reactor core,… (uncertainties ~10% ! 1-2% today)



Early experiments: inverse β decay with reactor neutrinos  

…How many neutrino events ?
# Event rate calculation (thin target approximation)

€ 

p +ν →n + e+

Number of
target protons

Neutrino flux
(n’s/cm2/s)

Cross-section
(cm2)

For 1 ton H2O detector at distance L(m) from the core:

R ' (6.7⇥ 1028)

✓
1.6⇥ 1015

L2
⇥ Pthermal

GW

◆
⇥ 10�43cm2 ' 10

✓
Pthermal

GW

◆⇣mdetector

1ton

⌘✓
1m

L2

◆
s�1

<latexit sha1_base64="drnFFZUC0FSfCXjn4/nH8o9fVvw="></latexit>

L=100 m
Mdetector = 1 ton
Pthermal = 10 GW}



CC

Neglecting the neutron recoil, one expects: 

kinetic energy of outgoing positron:
must be positive !

Threshold for     capture:

(taking into account neutron recoil)

Inverse β decay
(β+)
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Early experiments: inverse β decay with reactor neutrinos  



Early experiments: inverse β decay with reactor neutrinos  

Typical energy
range of reactor

neutrinos:
2 – 8 MeV

(threshold for 
IBD!)



Discovery of muon neutrino 

AGS 15 GeV Proton Beam
4 x 1011 protons per pulse
3000 pulses per day

$ PRL 9, 36-44, 1962

L. Lederman
1922- 2018

M. Schwartz
1932- 2006

J. Steinberger
1921- 2020

1962: Brookhaven experiment

Be

30 m

Double challenge:
need a detector
with large mass & 
able to distinguish
electrons from
muons

Nobel Prize 1988

(13 m)
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Discovery of muon neutrino

# Beam requirements for an event rate of ≈ 1 neutrino interaction/hour:
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Multi-messenger astronomy
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✓Transient sources          ✓Core of astrophysical bodies
✓ Point source                 ✓Cosmological distance
Þ Signature of hadronic acceleration

Neutrinos   

15
Cf tutorial



Horizons of HE astroparticle astronomy
EXERCICES: 
1. What is the distance  that a neutron of 1018 eV would travel?

2. Consider the process gHEgCMB→e-e+. Try to estimate the energy of the HE photon for which 
the interaction length will be minimal. Is it compatible with the plot shown before?.

3. What can you say about the gHEgCMB→µ-µ+.process ? 
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The minimum energy is required for head-on collision (q=p)

Energy of black body spectrum  hn/kT =2.82

But we should consider the increase of the cross section near the threshold, that will slightly
shift the result towards higher value.  Far above threshold:
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Horizons of HE astroparticle astronomy
Charged nuclei  also interact with the diffuse photon fields : GZK cut-off



Radiochemical experiments

1968: First detection of solar νe – The Homestake experiment

…v2 of Davis’ experiment!
Homestake gold mine, South Dakota, USA
1480m underground
615 tons C2Cl4 (Perchloroethylene)
~ 380 000 litres

ne + 37Cl —> 37Ar + e-

37Cl  (T1/2=35 d)
Ethreshold=0.8 MeV >Epp

! Mainly sensitive to 7Be neutrinos
Principle of a cycle : 
-Exposition (~2 months)
-Extraction of the produced Ar

-Counting 
Observation of  Ar disintegration  (eAUGER):
Energy deposit and signal rise time

(cheap, commercially available)

18

18
Cf tutorial



Solar neutrino production and first detection



Solar neutrino production and first detection



The SNO experiment (optional)



The SNO experiment (optional)



Real-time detection: water Cherenkov 

Coherent  emission of light produced by 
relativistic charged particles,  observable in a 

transparent medium
The charged particles polarize the molecules 
of the medium, which then turn back rapidly to 
their ground state, emitting radiation in the 
process

nc b
q 1cos =

( )124
22

4
C mphotonssin105

nβ
11105N -×»÷÷

ø

ö
çç
è

æ
-×» cq

Cherenkov emission angle depends on the
refraction index of the medium
Water ! ϑ ≅ 41°
Number of Cherenkov photons emitted in
the range 400 – 700 nm:

23
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Exercise

A 10 MeV electron will go ~5cm in water. 
The number of emitted photons will be [500 x sin2 qc x 5 = 
1120.] 
Of those (0.4x0.25)=0.1 will be detected. So 112 photons, 
each with a  timing resolution 2 ns, about 60 cmx1.33 = 80 cm.
This gives a final resolution 80/sqrt(112) = 7.5 cm

1680
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98% -80 100 %
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In short
26
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Atmospheric neutrinos detectors
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Atmospheric neutrinos detectors
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Atmospheric neutrinos detectors
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𝑁"
𝑇 = $𝑑𝐸 '

𝒅𝜱𝝂
𝒅𝑬 ' 𝑨𝝂

𝒆𝒇𝒇(𝑬)

Detecting cosmic n
•Event rate (s-1) in the detector in a time T: neutrino 
detection through CC interaction with production of a 
charged lepton
•Neutrino spectrum from the source (n/cm2 s GeV) 
•Neutrino- effective area (cm2). Different for track and 
shower events

Instrumented detector  
D<Rµ

µ

31M. Spurio - Astroparticle Physics - 10



• TeV γ-rays and n’s can be produced from photoproduction hadronic 
processes:

p + g → Δ+→ πo+ p    p + g → Δ+→ π++ n
• The same occurs in beam-dump collisions of CRs with matter

p + p → many hadrons (mostly p+,p-,po)

Example: neutrinos from a Galactic source

• Then, neutral mesons decay in 
photons:     πo→ γγ

• While charged mesons decay in 
neutrinos:

π+→ νµ + µ+ µ+ ! νµ + νe + e+

π− → νµ + µ− µ- ! νµ + νe + e−

• In all cases, at first order:

RX J1713.7-3946 seen by HESS (g-rays)

𝑑Φ"
𝑑𝐸 ≅

𝑑Φ&
𝑑𝐸 10'((𝐸') TeV cm')s'(



Detector effective area

• The effective area, 𝑨𝝂
𝒆𝒇𝒇(𝑬) of a NT corresponds to the quantity that, convoluted 

with the neutrino flux, gives the event rate. 
• The Aeff depends on the neutrino flavor and interaction type (if the interaction 

yields a track- or shower-like, the latter either through a CC or NC interaction); on 
the neutrino energy and incoming direction; on the status of the detector; and 
on the cuts that each particular analysis uses for the suppression of the 
background. 

• A is the geometrical area of the detector (the surface of the instrumented volume)
• 𝑷𝝂→𝝁 represents the probability that a neutrino with energy E produces a muon 

arriving with a residual threshold energy Eµat the detector.
• 𝝐𝒅𝒆𝒕 is the detector efficiency (only determined through Monte Carlo)
• The 𝒆(𝝈(𝑬)-𝝆-𝑵𝑨-𝒁(𝜽) term takes in the account the Earth absorption; 
• In the following, we describe the ingredients necessary to construct, in a 

simplified analytic method Aeff for the nµ CC channel, assuming only dependence 
on energy En .

• Only detailed and dedicated Monte Carlo simulations can determine Aeff

𝑨𝝂
𝒆𝒇𝒇(𝑬) = 𝑨 ' 𝑷𝝂→𝝁(𝑬, 𝑬𝝁) ' 𝝐𝒅𝒆𝒕 '𝒆'𝝈(𝑬)5𝝆5𝑵𝑨5𝒁(𝜽)



• 𝑷𝝂→𝝁(𝑬, 𝑬𝝁) = Probability that a n induces a muon reaching the detector:

𝑷𝝂→𝝁(𝑬, 𝑬𝝁) = 𝝈𝝂𝝁×𝒏 𝒄𝒎(𝟑 ×𝑹 𝒄𝒎
• The neutrino CC cross-section can be  parameterized as

𝜎34 ≅ 10(56
𝐸
𝑇𝑒𝑉

𝑐𝑚7

• Roughly, half of the neutrino energy is transferred 
• The target number density is 𝑛 ≅ 1075 𝑐𝑚(5 ;
• The muon range R depends on the muon energy,

• In the high energy limit the muon range 𝑅 = ∫(898:)
(; 𝑑𝑥 ≅ 10< cm;

• Thus, and estimate of the probability is:

The 𝑷𝝂→𝝁 term in the effective area

𝑷𝝂→𝝁(𝑬, 𝑬𝝁) = 10(56 9
=>?

×1075 𝑐𝑚(5 ×10< 𝑐𝑚 =10(< 9
=>?



Detector effective area

• The effective area, 𝑨𝝂
𝒆𝒇𝒇(𝑬) of a NT corresponds to the quantity that, convoluted 

with the neutrino flux, gives the event rate. 
• In a detector with projected surface: 𝑨 =1 km2=1010 cm2:

• Under very simple assumption for 𝝂 → 𝝁:   𝑷𝝂→𝝁≅ 10(< 9
=>?

;

• For a perfect detector: 𝝐𝒅𝒆𝒕 = 1
• Neglecting the Earth absorption: 𝒆(𝝈(𝑬)-𝝆-𝑵𝑨-𝒁(𝜽) = 1

• Under our simple estimates, the effective area of a neutrino telescope of 1 
km2 area for neutrinos of 1 TeV is ~1 m2. It increases with increasing energy

35M. Spurio - Astroparticle Physics - 10

𝑨𝝂
𝒆𝒇𝒇(𝑬) = 𝑨 ' 𝑷𝝂→𝝁(𝑬, 𝑬𝝁) ' 𝝐𝒅𝒆𝒕 '𝒆'𝝈(𝑬)5𝝆5𝑵𝑨5𝒁(𝜽)

𝐴3
>@@ = 𝐴 5 𝑃3→4 5 𝜖 ≅ 10A

𝐸
TeV cm7 = 1

𝐸
TeV m7



«Real» effective areas

• Neutrino effective area as a function of the true simulated neutrino energy 
obtained for the events selected by the IceCube and ANTARES detectors. 

• A full Monte Carlo simulation is necessary to describe the triggering, tracking 
and selection efficiencies of the two detectors (term 𝝐𝒅𝒆𝒕 in the effective area)

• The plots refer to the nµ
channel for upgoing
particles, selected in 
order to have angular 
resolution <1o and small 
contamination of 
atmospheric muons



Number of expected events in a NT

• Let us merge all the above information to have the event rate Nn/T;
• The  cosmic signal is provided by the neutrino flux from the galactic source is 

𝑑Φ
𝑑𝐸 = 10(;; /𝐸7 TeV(;cm(7s(;

• The effective area is of the order of ~1 m2 at 1 TeV and increases with energy

• Integrating the event rate formula between 1 TeV
and 100 TeV, we obtain

𝑁3 = 𝑇^
;

;BB 10(;;

𝐸7 5 10A 𝐸 5 𝑑𝐸 = 𝑇 5 10(Cln(100)

• For T=1y=3 107 s, this corresponds to
𝑵𝝂 = some event/y

• (depends on the value of detector efficiency 𝝐𝒅𝒆𝒕).

𝑁!
𝑇
= $𝑑𝐸 '

𝒅𝜱𝝂
𝒅𝑬

' 𝑨𝝂
𝒆𝒇𝒇(𝑬)


