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O V E R A L L  P L A N  O F  T H E  5  L E C T U R E S

2

1.Neutrinos in the Standard Model.  
2.Neutrino interactions, detectors. Solar and atmospheric neutrino problems. 
3.Neutrino oscillations in 2 flavors. SNO and SK.  
4.Neutrino oscillations in 3 flavors. Future experiments.  
5.Theory and search for neutrino masses. Neutrinoless double-beta decay. Neutrinos in 
Cosmology and Astrophysics.

• Theory and experiment will be strongly mingled.  
• Every lecture will have some of  both.
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P L A N  F O R  L E C T U R E  2
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• Neutrino interactions with matter 
• Charged and neutral currents vertices 
• Kinematic considerations  
• Cross sections for lepton and nuclear interactions 

• Detectors 
• The Solar Neutrino Problem 

• Basics of  the Solar Standard Model and production of  neutrinos in the Sun 
• Radiochemical experiments: Chlorine & Gallium 
• Kamiokande-II  
• Astrophysical solutions ? 

• The atmospheric neutrino anomaly



N E U T R I N O  
I N T E R A C T I O N S
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R E C A P,  N E U T R I N O  I N T E R A C T I O N S
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• Charged Current 

• only LH particles (RH antiparticles) 
• similar for νμ, ντ. 
• plus the diagrams for quarks

• Neutral Current 

• cR=0 for neutrinos 
• only LH neutrinos 

(RH antineutrinos)

• Boson propagators 
• ~1/mW2 or ~1/mZ2 

• (if  E<< mW)
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V E R T I C E S
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νe 

W 

e- 

νμ μ- 

ντ τ- 

νe e+ u νe 

e- 

νμ 

ντ 

μ+ 

τ+ 

d 

u 

d 

c d 

Z 

Z 

f f 

f 

f 

+ 
others 

…

+ 
others 

…

f  = any fermion 



J. Maneira (LIP)                                                  Neutrino Science 2 - Susi 2024 - Sudbury

R E A C T I O N S  W I T H  E L E C T R O N S
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νe 

W 

e- 

e- νe 

νe νe 

Z 

e- e- 

e- e- 

νe νe 

Z 

νe 

e- 

e- 

νe 
W 

νe + e− → νe + e−

ν̄e + e− → ν̄e + e−

νμ + e− → νμ + e−

Z 

e- e- 

νμ νμ 

ντ + e− → ντ + e−

ντ τ- 

W 

e- νe 

μ- 

W 

e- νe 

νμ 

νμ ντ 

+ similar  
for 

νμ + e− → νe + μ− ντ + e− → νe + τ−
Quasi- 
elastic

Elastic

νμ ντ 

+ similar  
for 

Z 

e- e- 

ντ ντ 
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R E A C T I O N S  W I T H  Q UA R K S
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νl + q → νl + q

l+ 

W 

du 

ν̄l + u → d + l+ Quasi- 
elastic*

Elastic*

νl 

+ similar  
for other  
quarks 

νμ ντ 

+ similar  
for 

νe 

Z 

q

νl 

l=e, μ, τ

q

νl 

q=any quark 
q 

l- 

W 

d u 

νl 

νl + d → u + l−

*Elastic or quasi-elastic:  
only if  the nucleon stays intact 
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I N T E R A C T I O N  T H R E S H O L D S

9

• Neutrinos from the Sun ~ 1-10 MeV, from cosmic rays ~1 GeV  
• If  the neutrino energy is low, some interactions may be kinematically forbidden 
• For interactions to occur, there must be enough energy in the center-of-mass to produce the 

final state particles   
•

Assuming mν << ml

• Charged current scattering with electrons, thresholds for each flavor 

Only electron solar and atmospheric neutrinos can scatter off  electrons via CC 
Considering also NC: only elastic scattering with electrons is possible, not quasi-elastic 

✘ ✘
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I N T E R A C T I O N  T H R E S H O L D S

10

• Charged Current Scattering off  nucleons

• Solar neutrinos (~1-10 MeV) that oscillate to muon or tau can only interact via neutral 
currents 
• no handle on their flavor 
• elastic scattering cross section is smaller than for νe : it seems they “disappear” 

• Atmospheric neutrinos of  ~ 1 GeV, that oscillate to ντ: the same
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C R O S S  S E C T I O N S
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• Simplest reaction, quasi-elastic. Cross section has same form for electrons or nucleon

μ- 

W 

e- νe 

νμ μ- 

W 

n p 

νμ 

νμ + n → p + μ−
νμ + e− → νe + μ− νe + e− → νe + e−

has two diagrams,  
more complex

But mn ~2000x larger than me! 
Cross section much larger for nuclei 
just due to the heavier target particle

s = center-of-mass  
energy
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A N T I N U  C R O S S  S E C T I O N
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• Why the matrix element is different? 
• a consequence of  the vertex chirality 
• neutrino has to be L. From projection 

rules*, quark also needs to be L.  
• So their spins are opposed and the 

interacting states have Sz = 0. null spin, so 
no preferred direction 

• antinu has to be R. quark continues to have 
to be L, so the spins are actually aligned. 
The Mfi will depend on the scattering angle.

neutrino    antineutrino

*

Spin 
momentum

ν q 0 
0

Spin 
momentum ν q 1 

0
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D E E P  I N E L A S T I C  S C A T T E R I N G
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• Cross sections as a function of  Lorentz-invariant y 

• • y-dependent component 
larger for nu-bar 

• Higher σ for  nuN 
because higher σ for  
valence quarks

switched for q 

Neutrinos as probes of  nucleon structure!
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C R O S S  S E C T I O N  S U M M A RY
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CC only 
Threshold 11 GeV

NC + CC 

NC only

Deep Inelastic 
Scattering



N E U T R I N O  D E T E C T O R S
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H I G H  O R  L O W  E N E R G Y  ?
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T Y P I C A L  
S O U R C E S

A D VA N TA G E S D I S A D VA N TA G E S

L O W  E N E R G Y
S O L A R  

R E A C T O R

H I G H  F L U X  
S I M P L E  F I N A L  S TAT E S  
W E L L - K N O W N  C R O S S  

S E C C T I O N S

R A D I O A C T I V I T Y  
B A C K G R O U N D S  
L O W E R  S I G N A L   
S M A L L  E X T E N T

H I G H  E N E R G Y
AT M O S P H E R I C  
A C C E L E R AT O R

N O  R A D I O A C T I V I T Y  
B A C K G R O U N D S  

B E T T E R  PA R T I C L E  I D  
H I G H E R  C R O S S  S E C T I O N

L O W  F L U X  
C O M P L E X  F I N A L  

S TAT E S  
U N C E R TA I N T Y  I N  
C R O S S  S E C T I O N S
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S C I N T I L L A T I O N  D E T E C T O R S
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• Liquid scintillators: high light yield (~10k ph./MeV), low 
radioactivity, fast, good pulse-shape discrimination 

• Solid scintillators: easier to build/assemble, good for 
segmentation, can be denser (shorter radiation length)

e-

Charged 
particle excites  

scintillator 
molecules

Emission of  
fluorescence 

light

Detected by 
photomultiplier

LAB + 
2g/l PPO
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S C I N T I L L A T O R  D E T E C T O R S
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Plus many (smaller) 
short baseline 
detectors at reactors - 
Poltergeist, Palo 
Verde, Bugey, Chooz, 
Double-Chooz, 
RENO 
or beam - MiniBoone
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S N O +
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2 km underground 
~70 muons/day

Acrylic Vessel (AV) 
12 m diameter

Rope system 
Hold-up and -down 

Low Radioactivity

Ultra-Pure 
 Water 

~9300 PMTs

Target Material 
1. Water: 905 tonnes 
2. LAB Scintillator: 780 tonnes 
3. Tellurium loading: +3.9 tonnes

Purification plant
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W A T E R  C H E R E N K O V  D E T E C T O R S
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• Cherenkov effect 
• When a particle travels above the speed of  light (in a 

medium with refractive index n, v> c/n), there is 
constructive interference of  wave fronts 

• Emission of  light at a fixed angle cos θ =c/nv 
• Similar to waves from boats or sonic boom

• Water Cherenkov detectors 
• Neutrino produces charged particle 
• Cherenkov light forms cone around path  
• PMTs in wall see circle, or ellipse 
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C H E R E N K O V  PA T T E R N S
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W A T E R  C H E R E N K O V  D E T E C T O R S
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H I G H  E N E R G Y  C A L O R I M E T E R S
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• CDHS experiment at CERN (1976-1984) 
• Goal: study deep inelastic scattering of  HE neutrinos 
• Neutrino beam from 400 GeV SPS protons 
• (Massive!) 1500 tons magnetized iron + wire chambers + calorimeters
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N O VA
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• Oscillation experiment at long 
baseline (810 km) 

• Low flux → high mass 14 kton!
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N O VA
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• NOVA
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N O VA  R E S U L T S
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N O VA  R E S U L T S
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L I Q U I D  A R G O N

28

• Noble liquid detectors are the technology of  choice for many Dark Matter and 
Neutrino Physics experiments (LAr has also been employed in HEP (e.g. ATLAS)) 

• Dark Matter 
• Liquid Xenon: e.g. ZEPLIN, LUX, Xenon, LZ, XLZD 
• Liquid Argon: e.g. ArDM, DEAP, DarkSide, MiniCLEAN (also Liquid Neon) 

• Neutrino Experiments 
• Liquid Argon is the chosen target for many ongoing and future neutrino experiments: e.g. 

ICARUS, ArgoNEUT, MicroBooNE, SBND, ProtoDUNE, DUNE 
• Advantages of  Liquid Argon Time Projection Chambers 

• Pure - high electron mobility - scalable to very large masses 
• Abundant in the atmosphere (1%), therefore not expensive 
• Bubble chamber quality images, only in HD! — interactions with unprecedented detail 
• Full 3D reconstruction, calorimetry and particle ID 
• Can operate on wide range of  energies (MeV to GeV) 
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L I Q U I D  A R G O N ,  A C T I V E  F I E L D
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L A R  T P C  P R I N C I P L E

30

• Ionization charges drift in strong electric field 
• Collected in sense plane  
• Overlap in 3 sets of  wires gives position in plane

• Scintillation light gives ref. time 
• Drift time provides 3rd coordinate 
• Collected charge provides calorimetry and particle ID
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D U N E  P R O T O T Y P E S  A T  C E R N
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M U C H  M O R E  O N  
D U N E  I N  L E C T U R E  3 .



Q U E S T I O N S ?



T H E  S O L A R  N E U T R I N O  
P R O B L E M
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H O W  D O  S TA R S  S H I N E ?
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• Hans Bethe (1939) 
• Star’s power source is nuclear fusion of  4 protons into He, 

not chemical or gravitational processes 
• Provides two mechanisms, the pp Chain and the CNO cycle 
• Enough energy for estimated age of  the Sun, 4.5 billion years Note: no mention 

of  neutrinos … 

• Lord Kelvin (1865) 
• Having excluded chemical energy (enough only for a few thousand years), proposed 

slow gravitational collapse, estimating 20 Myr for age of  the Sun 
• Evidence from geology and evolution of  life said it had to be much larger
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B A H C A L L  &  DAV I S
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• Two landmark papers (1964): the birth of  a 
field 

• Bahcall calculated the expected solar 
neutrino flux 

• Davis described his experiment to detect 
them
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H O W  M A N Y  N E U T R I N O S ?

37

• Sun powered by fusion of  protons into Helium. 
Protons turn into neutrons, so this emits νe, not   

• For each 4p fusion, 2 ν are emitted, plus 26.7 MeV. 
So, one neutrino is emitted per each 13.3 MeV 
(2.1x10-12 J) produced 

• Sun´s luminosity 3.826 x 1026 J/s 
• Neutrinos emitted = 1.8x1038 ν/s 

• Flux in the Earth? D=149x106km=1.5x1013cm 
• 6x1010 ν/cm2/s (same as near a nuclear reactor) 

• Only an overall balance of  a sequence of  reactions, more 
complex than this.

2++ +
++

νe

• 1 MeV = 1.6x10-13 J
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S O L A R  M O D E L S

38

• Assumptions 
• Mass conservation 
• Hydrostatic equilibrium 
• Equation of  state (gas & radiation) 
• Nuclear energy production  
• Energy transport (radiation, convection)

• Predictions 
• Solar neutrino fluxes  
• Surface Helium abundance, depth of  convective zone 
• Temperature and sound speed profiles (vs. radius)  
•

• Ingredients and constraints 
• Initial composition 
• Mass, luminosity, age  
• Nuclear and atomic cross sections (opacities)
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P P  C H A I N  &  C N O  C Y C L E
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νe νe

νe

Temperature

E
ne

rg
y

PP chain dominates for stars like the Sun
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S O L A R  N E U T R I N O  S P E C T R U M
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C H L O R I N E  E X P E R I M E N T
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• The pioneering solar neutrino experiment by Ray Davis 
• Homestake mine (USA), 1478 m deep 
• Big tank with 600 tons of  CCl4 (solvent) 
• Chemical extraction of  argon from tank (2 atoms/day)! 
• Detection of  the 37Ar decays 

E > 814 keV: sensitive mostly to 8B, 7Be ν

Ray Davis, 
Nobel 2002

Radiochemical 
method proposed 

by Pontecorvo  
& Alvarez
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C H L O R I N E  R E S U L T S
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SNU  
solar neutrino units 

= 
interactions per second 

per 1036 atoms 

S O L A R  M O D E L

• 25 year average:                     2.56 ±0.16 ±0.16 SNU 
• Solar Model (BP2000):          7.6 ±1.2 SNU 
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G A L L I U M  E X P E R I M E N T S
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• Also radiochemical method, but with Gallium 
• Lower energy threshold (E> 233 keV): sensitive to all solar neutrinos (mostly pp) 
• GALLEX/GNO (Gran Sasso, Italy), SAGE (Baksan, Russia)

• Average rate:          66 ±3.1 SNU 
• Solar Model:          128 ±8 SNU 

Intense radioactive 
source used as neutrino 
source for calibration
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K A M I O K A N D E - I I
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• Water Cherenkov Detector, Kamioka mine 
• 2 ktons of  water seen by 948 PMTs 
• Can measure direction and energy 
• High threshold (E> 9 MeV)

S O L A R  M O D E L

P O I N T I N G  T O  S U N !

Masatoshi Koshiba, 
Nobel 2002

Also observes suppression
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S O L A R  N E U T R I N O  P R O B L E M
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E X P E R I M E N TA L  R E S U LT S

S O L A R  M O D E L
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P R O P H E C Y  O F  D O O M ?
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• Earth's funeral bell […] the neutrino […] Something so penetrating 
[...] could be used to look into the hearts of  suns.[...]  

• solar neutrinos were detected. But - there were far too few of  them. 
[…] nothing wrong with the theory, or with the equipment.           
The trouble lay inside the Sun. [...] 

• humanity was under sentence of  death […] The Sun would not 
blow up for at least a thousand years; and who could weep for the 
fortieth generation? 

• Arthur C. Clarke, “The Songs of  Distant Earth” (1986)
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A S T R O P H Y S I C A L  S O L U T I O N S  ?
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• Temperature dependence of  fluxes 
• φ(8B) ~ T25 (only in very central region) 
• φ(7Be) ~ T11 (a bit wider region) 

• To explain the results only with astrophysics, 
the 7Be flux would have to be more 
suppressed than 8B  

• But a T decrease would lower 8B much more 
than 7Be, so the simple astrophysical solutions 
didn’t work 

• Heavy tweaking of  input parameters (cross 
sections) or physics (plasma effects) was 
necessary, and still the fit was not so good.

A .  D A R ,  S U R V E Y S  H I G H  E N E R G .  P H Y S .  1 2  ( 1 9 9 8 )



T H E  A T M O S P H E R I C  
N E U T R I N O  A N O M A LY
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N E U T R I N O S  F R O M  C O S M I C  R A Y S
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• Interaction of  primary cosmic rays (mostly protons) 
produces many pions, that decay to muons. The decay 
chain produces a    , a     and a     (or    ) 

• Large uncertainties in primary flux. Also, magnetic 
field deflects the lower energy CR. So ν flux depends 
on geomagnetic location

νeνμ νμ νe 

K A J I TA ,  A D V.  H E P  2 0 1 2 ,  1 ,  5 0 4 7 1 5
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P R O P E R T I E S  O F  A T M O S P H E R I C  N E U T R I N O S
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• Upward/downward roughly symmetric (less so at low E) 
• Ratio μ/e roughly 2 (higher at high energy) 
• Flux much lower than solar neutrinos, sharply decreasing 

with energy (as for cosmic rays)

downward going upward going
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K - I I  A N D  I M B
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• Kamiokande-II (1988), IMB (1991) detected atmospheric 
neutrinos, separating νe from νμ.

K-II

IMB

μ μ

μ

e e

• νe flux observed as expected, but νμ 

flux was lower (both experiments)  
• Absolute fluxes are very hard to 

predict, but μ/e ratio is very solid…  


