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What can we make with those?
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Forces are exchanges of particles

e-

e-

e-

e-

ɣ
a photon (a quantum of light symbolized by ɣ) 
carries the energy and momentum which cause 
these charges to repel each other.



Basic unit

Q Q



How many diagrams can we make with the basic unit?
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Basic unit for the weak force

UP DN

weak force can transfer energy, 
momentum, and also electric 
charge and “weak isospin”

W+(�E,�~p,+1e,+1IW )
<latexit sha1_base64="LL3gAXTtnqam8BgHUFgz3cP1/EE="></latexit>

There is also a neutral carrier of the weak force, the Z0 boson, which transfers energy, 
momentum, but no charge or Iw. Generally, the Z boson does not play a big role in neutrino 

production; supernova explosions are one exception.



What sorts of diagrams are possible now?



electron capture

neutron decay

pion decay

muon decay

nuclear fusion

}
"kaon" decay



https://youtu.be/l3QQQu7QLoM
NASA’s Solar Dynamics Observatory

https://youtu.be/l3QQQu7QLoM


nuclear fusion

}

electron capture

https://en.wikiversity.org/wiki/Stars/Sun/Standard_models/Quiz



NB: As you can see from the top there are experiments which can see these neutrinos. However, to se 
the scale: To most people working in experimental HEP, ~1 MeV is considered “low energy”. We 

typically work with 1000x more energy than this.

http://www.sns.ias.edu/~jnb/SNviewgraphs/SNspectrum/energyspectra.html
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Sudbury Neutrino 
Observatory (SNO) 
Phys. Rev. Lett. 89, 011301 – Published 13 June 2002

Neutrino flux contains 
muon and tau 
neutrinos

SNO 
PRL 89, 011301 (2002)
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electron capture neutron decay

neutrino pair production

https://what-if.xkcd.com/73/



vCERN Courier, Vol 47, 1; page 23



https://www.energy.gov/ne/articles/nuclear-101-how-does-nuclear-reactor-work



https://www.accessscience.com/content/nuclear-fission/458400

~200 MeV / atom

neutron decay

Some of many fission products 
which can undergo beta decay



Reactor 
spectrum 
measured 
by Daya Bay 
experiment



Sources of muon neutrinos

pion decay





Atmospheric neutrinos

⌫µ : ⌫e ' 2 : 1
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Flux is ~ up/down 
symmetric



Super-Kamiokande 25





Fermi National Accelerator Laboratory

27



Accelerator terminology

Beam is accelerated by applying 
a pulsed electric field; 56 MHz 
“Radio Frequency”, RF. The beam 
naturally falls into the minima of 
these “buckets”

To make the beam travel in a 
circle it is deflected by dipole 
magnets.

To keep the beam inside the pipe, 
it is squeezed in the vertical and 
horizontal directions by 
quadrupole magnets





NDOS location

• Located in two neutrino beams 
providing an early look at data 
and a chance to tune up DAQ, 
calibration, reconstruction, and 
analysis prior to first data from 
Ash River

• NDOS is located directly above 
the NuMI neutrino beam line and 
is oriented parallel to the NuMI 
beamline. It sees neutrinos at an 
off-axis angle of 110 mrad.

• NDOS is located ~on the 
Booster Neutrino Beam (BNB) 
line, but the detector axis is 
rotated 23o with respect to the 
BNB beamline
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NuMI Neutrino Production Target



protons





Selecting neutrino energy Angle is energy

Center of mass frame Boosted frame
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Selecting neutrino energy Angle is energy (NuMI example)
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Eur.Phys.J.C 80 (2020) 10, 978 Neutrino 
fluxes to be 
sent to 
DUNE

Can’t defocus “wrong-sign” 
component completely

muon lifetime ~100x longer than 
pion lifetime. There will always be 
~1% electron contamination in a 
pion beam.

Conservation of charge means that 
it will always be easier to make 
neutrinos than antineutrinos when 
using proton beams



Oscillated 
neutrino 
spectra at 
DUNE

Eur.Phys.J.C 80 (2020) 10, 978 



Sources for neutrino detectors

nuclear reactors

double-beta decay

super-novas

1 keV
1 MeV

1 GeV
1 TeV

1 PeV

neutrino factories?
beta beams?

310 410 510 610 710 810 910 1010 1110 1210 1310 1410 1510
Energy [eV]

the sun particle accelerators

atmospheric neutrinos

extra galactic sources?

primarily νe or anti-νe 
primarily νμ or anti-νμ 
mixed νe + νμ

duty cycle ≈ 1 
duty cycle << 1}at source
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⌫̄µ
<latexit sha1_base64="x9u3mCtQkjmMMeIrV9CW3SPzxXI=">AAAB9HicbVDJSgNBEK1xjXGLevTSGARPYSYKegx68RjBLJAZQk+nJ2nS3TP2EghDvsOLB0W8+jHe/Bs7y0ETHxQ83quiql6ccaaN7397a+sbm1vbhZ3i7t7+wWHp6LipU6sIbZCUp6odY005k7RhmOG0nSmKRcxpKx7eTf3WiCrNUvloxhmNBO5LljCCjZOiMMYqD6WddENhu6WyX/FnQKskWJByDeaod0tfYS8lVlBpCMdadwI/M1GOlWGE00kxtJpmmAxxn3YclVhQHeWzoyfo3Ck9lKTKlTRopv6eyLHQeixi1ymwGehlbyr+53WsSW6inMnMGirJfFFiOTIpmiaAekxRYvjYEUwUc7ciMsAKE+NyKroQguWXV0mzWgkuK9WHq3LtdhFHAU7hDC4ggGuowT3UoQEEnuAZXuHNG3kv3rv3MW9d8xYzJ/AH3ucPkUaSpQ==</latexit>

⌫̄⌧
<latexit sha1_base64="jcIPJHxuoXvV1UgOhp0QhctxOIc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84DsGmYns8mQ2dllplcJS/7DiwdFvPov3vwbJ4+DJhY0FFXddHeFqRQGXffbWVldW9/YLGwVt3d29/ZLB4dNk2Sa8QZLZKLbITVcCsUbKFDydqo5jUPJW+HwZuK3Hrk2IlH3OEp5ENO+EpFgFK304IdU577Kxl0fadYtld2KOwVZJt6clGswQ71b+vJ7CctirpBJakzHc1MMcqpRMMnHRT8zPKVsSPu8Y6miMTdBPr16TE6t0iNRom0pJFP190ROY2NGcWg7Y4oDs+hNxP+8TobRVZALlWbIFZstijJJMCGTCEhPaM5QjiyhTAt7K2EDqilDG1TRhuAtvrxMmtWKd16p3l2Ua9fzOApwDCdwBh5cQg1uoQ4NYKDhGV7hzXlyXpx352PWuuLMZ47gD5zPH1lQkxc=</latexit>

E⌫
<latexit sha1_base64="MkZiFFV3TOcoFEr6PncT54zGpEM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiCB4rmLbQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N24+Dtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj26nfeuLaiEQ94jjlQUwHSkSCUbSSf9frqqxXrrhVdwaySrwFqdRhjkav/NXtJyyLuUImqTEdz00xyKlGwSSflLqZ4SllIzrgHUsVjbkJ8tmxE3JmlT6JEm1LIZmpvydyGhszjkPbGVMcmmVvKv7ndTKMroNcqDRDrth8UZRJggmZfk76QnOGcmwJZVrYWwkbUk0Z2nxKNgRv+eVV0qxVvYtq7eGyUr9ZxFGEEziFc/DgCupwDw3wgYGAZ3iFN0c5L8678zFvLTiLmWP4A+fzB/vTjtM=</latexit>

Physics Topics

Sun ✓ 0.1 - 10 MeV Neutrino oscillations (“12” sector), 
solar physics

Supernova ✓ ✓ ✓ ✓ ✓ ✓ 1 - 30 MeV Astrophysics, neutrino speed / mass, 
oscillations

Reactor ✓ 1 - 8 MeV
Neutrino oscillations (“13” and “12” 
sector), neutrino cross-section, 
sterile neutrino searches

Atmospheric 
neutrinos ✓ ✓ ✓ ✓ 0.1 - 100 GeV Neutrino oscillations (“23” sector), 

sterile neutrino search

Accelerators

(positive focus) ✓ ✓ ✓ ✓ 0.1 - 10 GeV

Neutrino oscillations (“23” and “13” 
sector), CPV search, sterile neutrino 
search, neutrino cross-sections

Accelerators

(negative focus) ✓ ✓ ✓ ✓ 0.1 - 10 GeV

Neutrino oscillations (“23” and “13” 
sector), CPV search, sterile neutrino 
search, neutrino cross-sections


