
Experimental fundamentals

 Sources of neutrinos
 a comprehensive, non-detailed, overview

 Basics of detectors 
 for natural, reactor, and accelerator neutrinos
 and for neutrinoless double beta decay
 include novel detection techniques

A. Marchionni, ETHZ
INSS11, Cartigny, 18-30 July, 2011



Outline

1. Historical introduction
2. Neutrino interactions

3. Astrophysical neutrinos

4. Neutrinos from accelerators
5. Neutrino detectors at accelerators

6. Beta decay and reactor neutrinos



Experimental fundamentals I

1. Historical introduction
2. Neutrino interactions

3. Astrophysical neutrinos

4. Neutrinos from accelerators
5. Neutrino detectors at accelerators

6. Beta decay and reactor neutrinos



Historical Introduction



Beta Decay I

Electron capture (EC) 



Beta decay II

1914: Chadwickʼs measurement of the continuum 
spectrum of beta rays in Radium E (210Bi → 210Po)

In disagreement with the first wrong ideas for the nuclear structure (in 1930 
neutrons and positrons were still unknown):
Nucleus (A,Z) ≡ system of A protons + (A-Z) ʻnuclerʼ electrons
β- decay: (A, A-Z) → (A, A-Z-1) + e- e- should be monoenergetic

In addition problems with the angular momentum conservation:

both nuclei had been measured to have integer spin

Also 14N measured to have J=1, but thatʼs impossible to get with 14 + (14-7) = 21
spin ½ particles



Chart of Nuclides
http://www.nndc.bnl.gov/chart/
http://ie.lbl.gov/decay.html
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A few beta decay examples

eepn ν−→  

Tritium decay      (100% β-)   

(100% β-)

7Be decay        (100% EC)    





Some hand waving and rough calculations led me to conclude that the bomb was the best source. All 
that was needed was a detector measuring a cubic meter or so. I thought, well I must check this with a 
real expert. It happened during the summer of 1951 that Fermi was at Los Alamos, and so I went down 
the hall, knocked timidly on the door and said, "I'd like to talk to you a few minutes about the 
possibility of neutrino detection." He was very pleasant, and said, "Well, tell me what's on your mind?" 
I said, "First off as to the source, I think that the bomb is best." After a moment's thought he said, "Yes, 
the bomb is the best source." So far, so good! Then I said, "But one needs a detector which is so big. I 
don't know how to make such a detector." He thought about it some and said he didn't either.

The First idea 
for detection

The first conceptual proposed experiment to 
detect the free neutrino. This experiment 
was approved by the authorities at Los 
Alamos but was superseded by the approach 
which used a fission reactor as a neutrino
source and the delayed coincidence reaction 
to reduce the background.

F. Reines Prog. Part. Nucl. Phys. 32 (1994) 1



First experimental  indication
F. Reines, C.L. Cowan Phys. Rev. 92 (1953) 830

0.3 m3 Cd loaded liquid 
scintillator detector

90 PMTs

++→+ βν npe

 large number of target protons
 good efficiency for β, γ and n
 delayed coincidence within 9 
μs to detect n capture in Cd

first pulse

second pulse from γ’s 
from n capture in Cd

Measurement
conditions

Delayed coincidences
(counts/min)

Reactor up 2.55±0.15

Reactor down 2.14±0.13

Difference 0.41±0.20

@ Hanford reactor

Expected ~0.2 count/min for σ ~6x10-20 barn



Discovery of the neutrino
C.L. Cowan, F. Reines et al., Science 124 (1956) 103

++→+ βυ npe

 Savannah River Plant: ~1013 ν cm-2 s-1

 2 x 200 l water targets
 5400 l of liquid scintillator with wavelength shifter
 3 x 110 5" PMTs

0.5 MeV

0.5 MeV

3 to 11 MeV
required

1.5 ± 0.1 hr-1 average signal rate per water tank
σ = (1.2-0.4

+0.7)x 10-43 cm2



Discovery of Parity Violation I

eeNiCo ν++⇒ −++ )4()5( 6060 Pure Gamow-Teller transition

Sample of 60Co at 0.01 K 
inside a solenoid large portion of 60Co are polarized 

B B
Co Ni

Ji=5+ Jf=4+

Se

eP


νS

C.S. Wu et al., Phys. Rev. 105 (1957) 1413

Emission of beta particles is more favored in the 
direction opposite to that of the nuclear spin
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p
unit spin vector in the direction of J

and E are the momentum and energy of the electron
θ is the angle of emission of the electron with respect to J



Discovery of parity violation II
R.L. Garwin et al., Phys. Rev. 105 (1957) 1415π+

ν μ+

μ+e+
ν

ν

θcos
3
11−=

Ωd
dN

Sμ

stopped in 
C target

detected by 
electron telescope 3-4

θ: e+ angle 
with μ momentum



Measurement of the neutrino helicity

γγ

M. Goldhaber et al., Phys. Rev. 109 (1957) 1015

electron capture 152Sm* has same polarization as ν

for  ν LH

 polarization of ʻforwardʼ γ
rays same as ν
 resonance scattering is 
possible only with ʻforwardʼ γ
 next step is the determination 
of polarization of γ rays

this configuration of the magnetic 
field gives experimentally a higher 
transmission than the configuration 
with the opposite field: ν is LH !



2 body decay kinematics I
63.5%    K                  99.988%    µµ νµνµπ ++++ →→

S. Kopp, Phys. Rept. 439 (2007) 101

where β′ = p′/E′ is the daughter velocity in the CM frame 
(=1 for ν and =0.28 or 0.91 for μ in π or K decays)

γθν
1max ≈ γ

βθµ
′≈max

If no focusing of π is employed, π diverge from the target with a typical angle

which is larger than the typical angle of neutrinos from π decay, so important to correct



2 body decay kinematics II
S. Kopp, Phys. Rept. 439 (2007) 101

Angular distribution of 
neutrinos in the Lab frame
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Flux of neutrinos at a 
given decay angle θ with 
respect to the π direction

A = size of the detector
z = distance from the π decay point



Neutrinos from accelerators
M. Schwartz, Phys. Rev. Lett. 4 (1960) 306

Is it possible to use high energy ν’s to study weak interactions?

10 ton

5 x 1012 3 GeV protons, 10 ton detector
 I = # protons/unit time
 I/10 π´s with Eπ ≥2 GeV in ~2 steradians
 10 m decay length, 10 m shielding
 1 cm2 detector @ 20 m  2.5 x 10-7 steradian
 cτπ = 7.8 m  γcτ2GeVπ ≈ 110 m  10% π’s decay

(dN/dE)ν is flat in the lab system: decay angular distribution in the 
π rest frame is isotropic and energy independent from decay angle 
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13.5 m

Discovery of muon neutrinos
G. Danby et al., Phys. Rev. Lett. 9 (1962) 36

1962)(in   10
)(

)( 8−<
→
→

ννµ
γµ

eR
eR Why?

Brookhaven AGS, 15 GeV protons
2-4 x 1011 protons/pulse

21 m

anti-coincidence slabs
triggering slabs

Exposure of 3.48 x 1017 protons
 34 single μ, pμ > 300 MeV
 22 ʻvertexʼ events
 6 ʻshowerʼ events, not consistent with electrons

νʼs from π and K decays

νμ ≠ νe

Array of 10 one-ton aluminum spark chambers



Discovery of weak neutral currents I
F.J. Hasert et al., Phys. Lett. B46 (1973) 121

Gargamelle bubble chamber 
with freon CF3Br, X0 = 11 cm

useful volume 6.2 m3, 4.8 m long

−− +→+ ee µµ νν

Exposed to both ν and ν beams at the CERN PS

exposure  ν
Electron energy 385 ± 100 MeV
Angle to beam axis 1.4°+1.6

-1.4

@ 90% CL, 0.1<sin2θW<0.6



Discovery of weak 
neutral currents II

F.J. Hasert et al., Phys. Lett. B46 (1973) 138
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Gargamelle bubble chamber 
with freon, ρ=1.5 g/cm3

hadronsNNC +→+ µµµµ νννν //    

hadronsNCC +→+ +− µµνν µµ //    

Longitudinal distributions 
along the ν beam axis

Neutrino distributions are 
consistent with being flat

Total hadronic energy > 1 GeV

If events are due to NC current
0.3<sin2θW<0.4



Neutrinos 
in the Standard Model



Neutrino cross sections I

ν ν



Neutrino cross sections II



Neutrino-electron scattering

inverse μ (τ) decay
pure W exchange

weak CC interaction

pure Z0 exchange
weak NC interaction

W and Z0 exchange

W. Marciano & Z. Parsa, hep-ph/0403168



Astrophysical neutrinos

Gamma-ray 
bursts sources

Solar ν’s

Active galactic 
nuclei

NGC4261

Cosmological ν
background
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J.K. Becker, Phys. Rept. 458 (2008) 173



Cosmological neutrinos
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Energy Production 
in Stars I



Energy Production in Stars II

Carbon-Nitrogen-Oxygen cycle
(CNO)

 In this cycle, four protons are 
combined into one α-particle. 
 The C and N isotopes serve as
catalysts for this combination.
 No C and N will be consumed
and the energy production will 
continue until all protons in the 
star are used up.

H. Bethe, Phys. Rev. 55 (1939) 103

H. Bethe, Phys. Rev. 55 (1939) 434

The CNO cycle is predominant in 
stars more massive than the sun



Solar Neutrinos Reaction ν flux 
(cm-2 s-1)

% total 
ν flux

p + p →2H + e+ + νe 6.04x1010 92%
7Be + e- →7Li + νe 4.55x109 7%

p + e- + p → 2H + νe 1.45x108 0.2%
8B → 8Be* + e+ + νe 4.72x106 0.007%



An experiment, at which depth?
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-cosmic-rays.pdf



The Homestake experiment
R. Davis, Rev. Mod. Phys. 75(2003)985

 Detector-target
• 3.8x105 l of tetrachloroethylene, C2Cl4

 at a depth of 4400 mwe

AreCle
3737 +→+ −ν

MeVthresholdE
e

81.0)( =ν

Remove 37Ar from the tank, and 
observe the decay of 37 Ar (35 day 
half-life) in a small proportional 
counter (0.5 cm3). The 37Ar is 
removed by purging with helium gas.



Super-Kamiokande detector
Electronics hutsLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

Atotsu 
entranceMozumi 

village

Mt. Ikeno
Kamioka, Gifu
Japan

ID

OD

50 kton water Cherenkov
22.5 kton fiducial volume

(~ 2m away from wall)

2700 m.w.e overburden
cosmic ray BG ~3 Hz 

~10 Solar ν /day 
~10 Atmospheric ν / day

Inner detector (ID):
~11,100  50 cm PMTs
~ 2ns timing resolution
~ 4.5MeV threshold

Outer detector (OD):
water layer ~ 2m thick,    
1,885   20 cm PMTs

Multi-purpose observatory: 
Neutrinos from Sun, atmosphere, supernova, relic SN's, 
astrophysical point sources, and beams from K2K and T2K
Also: search for nucleon decay, WIMPS, other exotic particles



History of Super-Kamiokande

11146 ID PMTs
(40% coverage)

5182 ID PMTs
(19% coverage)

11129 ID PMTs
(40% coverage)

Threshold:
(Total energy)
(Kinetic energy)

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

SK-I SK-II SK-III SK-IV

Acrylic (front)
+ FRP (back)

Electronics
Upgrade

SK-I SK-II SK-III SK-IV

5.0 MeV
~4.5 MeV

7.0 MeV
~6.5 MeV

5.0 MeV
~4.5 MeV

< 4.0 MeV
<~3.5 MeV

Goal

~4.5 MeV
~4.0 MeV

Now

(Rebuild) (Rebuild)
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Solar ν in Super-K
8B (and hep) neutrino(s) detection 

νx + e- → νx + e-

Sensitive to νe, νµ, ντ

σ(νµ,τ + e- ) ≈ 0.15 × σ(νe + e-)

• High statistics ~15 events/day
• Real time measurement allow studies on time variations
• Studies energy spectrum



Typical low-energy event

37

• Timing information
vertex position

• Ring pattern
direction

• Number of hit PMTs
energy

Ee = 9.1MeV
cosθsun = 0.95

ν + e- → ν + e-

(for solar neutrinos)

Resolution (for 10MeV electrons)
SK-I:  Energy: 14% Vertex: 87cm Direction: 26o

SK-III: Energy: 14% Vertex: 55cm Direction: 23o

~6 hits / MeV
(SK-I, III, IV)

Outer Detector

Inner Detector

(color: time)

(software improvement)



Solar neutrinos from SuperK
Phys. Rev. D 83 (2011) 052010

observed 8B solar flux in the 5.0 to 20 MeV
total electron energy region



Gallium experiments (GALLEX, 
SAGE, GNO)

daysGeGeeGae   43.11)(      71
21

7171 =+→+ − τν Threshold 233 keV

 In the case of Gallex, the target is 30.3 t of gallium containing 12 t of 71Ga in the 
form of an aqueous solution acidified in HCI
 GeC14 is swept out of the solution by a stream of nitrogen and chemically 
converted to the gas GeH4
GeH4 is introduced in proportional counter where the EC decay of 71Ge is 
detected (Auger electrons and X-rays (keV range)
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1700 tonnes  Inner
Shield H2O

1000 tonnes D2O

5300 tonnes Outer 
Shield H2O

12 m Diameter 
Acrylic Vessel

Support Structure 
for 9500 PMTs, 
60% coverage

Sudbury 
Neutrino 

Observatory

6000 mwe 
overburden

17.8 m



Key reactions in SNO

41
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Timeline of SNO

Commissioning D2O + Salt D 2
O

D2O + 3He counters

3He counters
Install
Commission 

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

D2O      

Phase I Phase II Phase III

306days 391days 396days

PRL 87, 071301, 2001
PRL 89, 011301, 2002
PRL 89, 011302, 2002
PRC 75, 045502, 2007

PRL 92, 181301, 2004
PRC 72, 055502, 2005

Total of ~1100 live-days

PRL101, 111301, 2008





Borexino Detector

18m

 Scintillator detector with an active mass of  278 tons of pseudocumene, 
doped with PPO
 Inactive organic buffer liquid and water for shielding to radioactivity
 Scintillation light is detected via 2212 inward looking PMTs
 Energy resolution 5% (at 1 MeV) and position resolution 10‐15 cm



Borexino

7Be and 8B neutrinos 
detection 
νx + e- → νx + e-

 Sensitive to νe, νµ, ντ
 Challenge: Control of Low  
Energy Background
 Energy window: 
[0.16 – 2.0]  MeV for 7Be
> 3.0 MeV for 8B



Signature for the monoenergetic 0.862 MeV 7Be neutrinos
is the Compton-like edge of the recoil electrons at 665 keV

85Kr Cosmogenic 11C 210Bi + CNO neutrinos

After statistical subtraction of 210Po alphas

7Be Analysis Borexino



Supernova neutrinos
February 23, 1987: 

supernova explosion 
in the Large 

Magellanic Cloud IMB

Baksan

Kamiokande

SN 1987a



Supernova model
 Type II supernova: a massive star when the pressure from fusion reactions can 
not support the gravitational pressure of the outer regions
 an inward collapse proceeds until the central density reaches nuclear density 

• in this collapse phase electron capture on protons produces a sharp burst of νe

 then a bounce occurs (outward shock wave ), causing an explosion, aided by 
energy deposited by neutrinos created in the collapsing core

• neutrinos and antineutrinos are produced in the wake of the shock wave
 up to 99 % of the roughly 1053 ergs of energy released in type II supernova is 
carried away by neutrinos

A. Burrows et al., Phys. Rev. D45(1992)3361



Event 9, 19.8 MeV

Observation of SN1987a 
by Kamiokande

Kamiokande Coll., Phys. Rev. Lett. 58 (1987) 1490 

 3 kton Water Cerenkov detector 
 948 20" PMTs on a 1-m grid



Kamiokande SN1987a 
events

event #1 is consistent with νe e- → νe e-

θ = (10±18)°



Supernova relic neutrinos

e
+

p
νe n

γ

γ
p

Gd

Beacom & Vagins, Phys. Rev. Lett. 93 (2004) 171101

GADZOOKS
Add 0.2% of GdCl3 to water in Super-K

to detect ʼnʼ and lower threshold

νe can be identified by delayed coincidence

10% 2.2 MeV γ

90% ~8 MeV γ

up to 5 events/year above 10 MeV

diffuse supernova neutrino background from all past core-collapse supernovae
about 100 times larger than ν e elastic scattering

Super-K limit < 1.2 cm-2 s-1 from electron spectrum > 19.3 MeV
νe is easiest to detect: )( nepe +→ +νσ



Atmospheric neutrinos
 First atmospheric ν neutrino experiments in the 1960s, deep 
underground (~8000 mwe). Measured ν events occurring in the 
rock and crossing the detector. Particles traversing the detectors 
almost horizontally (or upward going) were atmospheric ν’s

• Kolar Gold Field (KGF) in South India 
• East Rand Proprietary Mine in South Africa

 From the early 1980s, several proton decay experiments began 
operation. Background to proton decay were atmospheric ν’s. 
These experiments were the first to observe fully contained events

• KGF, NUSEX, IMB, KAMIOKANDE, HPW, FREJUS

T.Kajita, Y. Totsuka Rev. Mod. Phys. 73 (2001) 85 

Kamiokande (~3kton WC) 1988

e-like μ-like ?



)/(0 pN ππµν µ ++→+

Nucleon stability experiment
(NUSEX) Phys. Lett. B 118 (1982) 461

Garage 17 Mont Blanc tunnel

 134 horizontal iron plates 3.5x3.5 m2, 1 cm thick
 plastic streamer  tubes 0.9x0.9 cm2 x-section

)/()/( ppeNe ππν ++→+

or

?
Total mass 150 ton

Etot = 1.5 ± 0.4 GeV



Neutrino flavor oscillations

In a simplified 2 neutrino mixing approach: 
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α ν1, ν2 are the mass eigenstates

να, νβ are the flavour eigenstates

The probability that a neutrino of energy E, originally in a state να〉, is in a state 
νβ〉 after a distance L from the point where it was generated, is given by:

where ∆m2=(m1
2-m2

2 ) eV2, L/E in m/MeV
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Experimental neutrino oscillations

Eν
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 E/L >> ∆m2 no time for the oscillations to develop

E/L ≈ ∆m2   best sensitivity to oscillations

 E/L << ∆m2   oscillation probability averages to ½ x sin22θ

 The formalism can be extended to the case of 3 neutrino families

cij=cosθij

sij=sinθij

δ CP violation 
phase



ν

L = 15 km, Oscillations if Δm2 >10-2eV2

L = 13000 km, Oscillations if Δm2 > few x 10-5 eV2

Earth En ~ 200 MeV - 5 GeV

∆m210−5 10−4 10−3 10−2 10−1

No oscillations Zenith  angle dependence Oscillations for all angles

Multi-GeV (E > 1.3 GeV)

Sub-GeV (E < 1.3 GeV)

SuperK

Atmospheric Neutrino Oscillations



Super-K Oscillation Analyses
νµ–ντ oscillation (best fit)
No oscillation µ-likee-like+ Data 

Zenith angle distributions

Select a sample of atmospheric 
neutrino events, with good 

resolution in L/E, to search for 
the dip in oscillation probability

L/E distribution

The direction and the momentum of 
charged particles were reconstructed 

from the Cherenkov ring image

SuperK-I, Phys. Rev. Lett. 93 (2004) 101801 



Super-K oscillation results
SK-I+II+III Preliminary

Zenith Physical Region (1σ)
∆m23

2=2.11+0.11/-0.19 x10-3

sin22θ23>0.96 (90%C.L.)

L/E Physical Region (1σ)
∆m23

2=2.19+0.14/-0.13 x10-3

sin22θ23>0.96 (90%C.L.)(Arxiv.1103.0340.0340)

Super-K Coll., PoS (ICHEP 2010) 313
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