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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

Horizon2020
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Neutrinos are all around and through us.

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments

B Y  E L I Z A B E T H  G I B N E Y
G R A P H I C  B Y  N I G E L  H AW T I N
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Neutrinoscope

Neutrinoscope 
is a free App 
for iPhone and 
iPad developed 
by Cambridge 
Consultants 
and Durham 
University. It 
allows to 
visualise the 
neutrinos as 
they are 
around us.
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Neutrinos in the SM
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SM is a gauge theory 

SSB breaking and the Higgs mechanism 

Note: Commonly one uses natural units: c=1, hbar=1, G=1. 

Yukawa interactions of 
fermions with the Higgs, 
after SSB, lead to mass 
terms for the quarks 
and charged leptons: 

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="MeeswZAkT1gBYAd//kfd5WkWW28=">AAACIHicbVDLTsJAFJ3iC/FVdelmIprAhrRookuiGxcuMFrAAGmmwxQmTKfNzNSkafgBP8MvcKtf4M641L3/4QA1EfAkk5x77r05d44XMSqVZX0auaXlldW1/HphY3Nre8fc3WvIMBaYODhkoWh5SBJGOXEUVYy0IkFQ4DHS9IaX437zgQhJQ36nkoh0A9Tn1KcYKS255tGtUzopuxh2FA2IhLqslt3r39Ip2WX33jWLVsWaAC4SOyNFkKHumt+dXojjgHCFGZKybVuR6qZIKIoZGRU6sSQRwkPUJ21NOdJe3XTymxE81koP+qHQjys4Uf9upCiQMgk8PRkgNZDzvbH4X68dK/+8m1IexYpwPDXyYwZVCMfRwB4VBCuWaIKwoPpWiAdIIKx0gDMuPkl4EI10LvZ8CoukUa3YVsW+OS3WLrKE8uAAHIISsMEZqIErUAcOwOARPIMX8Go8GW/Gu/ExHc0Z2c4+mIHx9QM7IKFQ</latexit><latexit sha1_base64="MeeswZAkT1gBYAd//kfd5WkWW28=">AAACIHicbVDLTsJAFJ3iC/FVdelmIprAhrRookuiGxcuMFrAAGmmwxQmTKfNzNSkafgBP8MvcKtf4M641L3/4QA1EfAkk5x77r05d44XMSqVZX0auaXlldW1/HphY3Nre8fc3WvIMBaYODhkoWh5SBJGOXEUVYy0IkFQ4DHS9IaX437zgQhJQ36nkoh0A9Tn1KcYKS255tGtUzopuxh2FA2IhLqslt3r39Ip2WX33jWLVsWaAC4SOyNFkKHumt+dXojjgHCFGZKybVuR6qZIKIoZGRU6sSQRwkPUJ21NOdJe3XTymxE81koP+qHQjys4Uf9upCiQMgk8PRkgNZDzvbH4X68dK/+8m1IexYpwPDXyYwZVCMfRwB4VBCuWaIKwoPpWiAdIIKx0gDMuPkl4EI10LvZ8CoukUa3YVsW+OS3WLrKE8uAAHIISsMEZqIErUAcOwOARPIMX8Go8GW/Gu/ExHc0Z2c4+mIHx9QM7IKFQ</latexit><latexit sha1_base64="MeeswZAkT1gBYAd//kfd5WkWW28=">AAACIHicbVDLTsJAFJ3iC/FVdelmIprAhrRookuiGxcuMFrAAGmmwxQmTKfNzNSkafgBP8MvcKtf4M641L3/4QA1EfAkk5x77r05d44XMSqVZX0auaXlldW1/HphY3Nre8fc3WvIMBaYODhkoWh5SBJGOXEUVYy0IkFQ4DHS9IaX437zgQhJQ36nkoh0A9Tn1KcYKS255tGtUzopuxh2FA2IhLqslt3r39Ip2WX33jWLVsWaAC4SOyNFkKHumt+dXojjgHCFGZKybVuR6qZIKIoZGRU6sSQRwkPUJ21NOdJe3XTymxE81koP+qHQjys4Uf9upCiQMgk8PRkgNZDzvbH4X68dK/+8m1IexYpwPDXyYwZVCMfRwB4VBCuWaIKwoPpWiAdIIKx0gDMuPkl4EI10LvZ8CoukUa3YVsW+OS3WLrKE8uAAHIISsMEZqIErUAcOwOARPIMX8Go8GW/Gu/ExHc0Z2c4+mIHx9QM7IKFQ</latexit><latexit sha1_base64="MeeswZAkT1gBYAd//kfd5WkWW28=">AAACIHicbVDLTsJAFJ3iC/FVdelmIprAhrRookuiGxcuMFrAAGmmwxQmTKfNzNSkafgBP8MvcKtf4M641L3/4QA1EfAkk5x77r05d44XMSqVZX0auaXlldW1/HphY3Nre8fc3WvIMBaYODhkoWh5SBJGOXEUVYy0IkFQ4DHS9IaX437zgQhJQ36nkoh0A9Tn1KcYKS255tGtUzopuxh2FA2IhLqslt3r39Ip2WX33jWLVsWaAC4SOyNFkKHumt+dXojjgHCFGZKybVuR6qZIKIoZGRU6sSQRwkPUJ21NOdJe3XTymxE81koP+qHQjys4Uf9upCiQMgk8PRkgNZDzvbH4X68dK/+8m1IexYpwPDXyYwZVCMfRwB4VBCuWaIKwoPpWiAdIIKx0gDMuPkl4EI10LvZ8CoukUa3YVsW+OS3WLrKE8uAAHIISsMEZqIErUAcOwOARPIMX8Go8GW/Gu/ExHc0Z2c4+mIHx9QM7IKFQ</latexit>

hH0i = vH/
p
2

<latexit sha1_base64="+UA45cXc20wZ4GrTCXf4qr7xBL0=">AAACHXicbZDLSsNAFIYn9VbrLerSzWgRXNWkCLoRim66rGAv0MQymZ60QyeTODMplNC1j+ETuNUncCduxQfwPUzaLmzrDwMf/zmHc+b3Is6UtqxvI7eyura+kd8sbG3v7O6Z+wcNFcaSQp2GPJQtjyjgTEBdM82hFUkggceh6Q1us3pzCFKxUNzrUQRuQHqC+YwSnVod89jhRPQ44OqD5cgpXuNhp3ruqEepk/K4YxatkjURXgZ7BkU0U61j/jjdkMYBCE05UaptW5F2EyI1oxzGBSdWEBE6ID1opyhIAMpNJl8Z49PU6WI/lOkTGk/cvxMJCZQaBV7aGRDdV4u1zPyv1o61f+UmTESxBkGni/yYYx3iLBfcZRKo5qMUCJUsvRXTPpGE6jS9uS0+jEQQZbnYiyksQ6Ncsq2SfXdRrNzMEsqjI3SCzpCNLlEFVVEN1RFFT+gFvaI349l4Nz6Mz2lrzpjNHKI5GV+/MfSiFg==</latexit><latexit sha1_base64="+UA45cXc20wZ4GrTCXf4qr7xBL0=">AAACHXicbZDLSsNAFIYn9VbrLerSzWgRXNWkCLoRim66rGAv0MQymZ60QyeTODMplNC1j+ETuNUncCduxQfwPUzaLmzrDwMf/zmHc+b3Is6UtqxvI7eyura+kd8sbG3v7O6Z+wcNFcaSQp2GPJQtjyjgTEBdM82hFUkggceh6Q1us3pzCFKxUNzrUQRuQHqC+YwSnVod89jhRPQ44OqD5cgpXuNhp3ruqEepk/K4YxatkjURXgZ7BkU0U61j/jjdkMYBCE05UaptW5F2EyI1oxzGBSdWEBE6ID1opyhIAMpNJl8Z49PU6WI/lOkTGk/cvxMJCZQaBV7aGRDdV4u1zPyv1o61f+UmTESxBkGni/yYYx3iLBfcZRKo5qMUCJUsvRXTPpGE6jS9uS0+jEQQZbnYiyksQ6Ncsq2SfXdRrNzMEsqjI3SCzpCNLlEFVVEN1RFFT+gFvaI349l4Nz6Mz2lrzpjNHKI5GV+/MfSiFg==</latexit><latexit sha1_base64="+UA45cXc20wZ4GrTCXf4qr7xBL0=">AAACHXicbZDLSsNAFIYn9VbrLerSzWgRXNWkCLoRim66rGAv0MQymZ60QyeTODMplNC1j+ETuNUncCduxQfwPUzaLmzrDwMf/zmHc+b3Is6UtqxvI7eyura+kd8sbG3v7O6Z+wcNFcaSQp2GPJQtjyjgTEBdM82hFUkggceh6Q1us3pzCFKxUNzrUQRuQHqC+YwSnVod89jhRPQ44OqD5cgpXuNhp3ruqEepk/K4YxatkjURXgZ7BkU0U61j/jjdkMYBCE05UaptW5F2EyI1oxzGBSdWEBE6ID1opyhIAMpNJl8Z49PU6WI/lOkTGk/cvxMJCZQaBV7aGRDdV4u1zPyv1o61f+UmTESxBkGni/yYYx3iLBfcZRKo5qMUCJUsvRXTPpGE6jS9uS0+jEQQZbnYiyksQ6Ncsq2SfXdRrNzMEsqjI3SCzpCNLlEFVVEN1RFFT+gFvaI349l4Nz6Mz2lrzpjNHKI5GV+/MfSiFg==</latexit><latexit sha1_base64="+UA45cXc20wZ4GrTCXf4qr7xBL0=">AAACHXicbZDLSsNAFIYn9VbrLerSzWgRXNWkCLoRim66rGAv0MQymZ60QyeTODMplNC1j+ETuNUncCduxQfwPUzaLmzrDwMf/zmHc+b3Is6UtqxvI7eyura+kd8sbG3v7O6Z+wcNFcaSQp2GPJQtjyjgTEBdM82hFUkggceh6Q1us3pzCFKxUNzrUQRuQHqC+YwSnVod89jhRPQ44OqD5cgpXuNhp3ruqEepk/K4YxatkjURXgZ7BkU0U61j/jjdkMYBCE05UaptW5F2EyI1oxzGBSdWEBE6ID1opyhIAMpNJl8Z49PU6WI/lOkTGk/cvxMJCZQaBV7aGRDdV4u1zPyv1o61f+UmTESxBkGni/yYYx3iLBfcZRKo5qMUCJUsvRXTPpGE6jS9uS0+jEQQZbnYiyksQ6Ncsq2SfXdRrNzMEsqjI3SCzpCNLlEFVVEN1RFFT+gFvaI349l4Nz6Mz2lrzpjNHKI5GV+/MfSiFg==</latexit>

yeēRL ·H �! meēReL
<latexit sha1_base64="FOwtQIs3kqRrAwAWJMwo5mwfhE4="></latexit><latexit sha1_base64="FOwtQIs3kqRrAwAWJMwo5mwfhE4="></latexit><latexit sha1_base64="FOwtQIs3kqRrAwAWJMwo5mwfhE4="></latexit><latexit sha1_base64="FOwtQIs3kqRrAwAWJMwo5mwfhE4="></latexit>
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Neutrinos are the lightest and most elusive of all 
the known elementary particles. 

?

● Neutrinos in the 
SM are described by 
Weyl spinors with 
left chirality 
(PL=1-  5/2).

● The theory is 
chiral (L and R do 
not behave the 
same). For instance 
nuR is not included. 

�
<latexit sha1_base64="AIV3Kc915+yhcJcdtafXMIJD3Qk=">AAACAHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJcxOepMxM7PLzKywhFz8Aq/6Bd7Eq3/iB/gfTpI9mMSChqKqm+6uMOFMG8/7dgpr6xubW8Xt0s7u3v5B+fCoqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+Hoduq3nlBpFssHkyUYCDKQLGKUGCs1uwMiBOmVK17Vm8FdJX5OKpCj3iv/dPsxTQVKQznRuuN7iQnGRBlGOU5K3VRjQuiIDLBjqSQCdTCeXTtxz6zSd6NY2ZLGnal/J8ZEaJ2J0HYKYoZ62ZuK/3md1ETXwZjJJDUo6XxRlHLXxO70dbfPFFLDM0sIVcze6tIhUYQaG9DClggzKZKJzcVfTmGVNC+qvlf17y8rtZs8oSKcwCmcgw9XUIM7qEMDKDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0KEl4M=</latexit><latexit sha1_base64="AIV3Kc915+yhcJcdtafXMIJD3Qk=">AAACAHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJcxOepMxM7PLzKywhFz8Aq/6Bd7Eq3/iB/gfTpI9mMSChqKqm+6uMOFMG8/7dgpr6xubW8Xt0s7u3v5B+fCoqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+Hoduq3nlBpFssHkyUYCDKQLGKUGCs1uwMiBOmVK17Vm8FdJX5OKpCj3iv/dPsxTQVKQznRuuN7iQnGRBlGOU5K3VRjQuiIDLBjqSQCdTCeXTtxz6zSd6NY2ZLGnal/J8ZEaJ2J0HYKYoZ62ZuK/3md1ETXwZjJJDUo6XxRlHLXxO70dbfPFFLDM0sIVcze6tIhUYQaG9DClggzKZKJzcVfTmGVNC+qvlf17y8rtZs8oSKcwCmcgw9XUIM7qEMDKDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0KEl4M=</latexit><latexit sha1_base64="AIV3Kc915+yhcJcdtafXMIJD3Qk=">AAACAHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJcxOepMxM7PLzKywhFz8Aq/6Bd7Eq3/iB/gfTpI9mMSChqKqm+6uMOFMG8/7dgpr6xubW8Xt0s7u3v5B+fCoqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+Hoduq3nlBpFssHkyUYCDKQLGKUGCs1uwMiBOmVK17Vm8FdJX5OKpCj3iv/dPsxTQVKQznRuuN7iQnGRBlGOU5K3VRjQuiIDLBjqSQCdTCeXTtxz6zSd6NY2ZLGnal/J8ZEaJ2J0HYKYoZ62ZuK/3md1ETXwZjJJDUo6XxRlHLXxO70dbfPFFLDM0sIVcze6tIhUYQaG9DClggzKZKJzcVfTmGVNC+qvlf17y8rtZs8oSKcwCmcgw9XUIM7qEMDKDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0KEl4M=</latexit><latexit sha1_base64="AIV3Kc915+yhcJcdtafXMIJD3Qk=">AAACAHicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJcxOepMxM7PLzKywhFz8Aq/6Bd7Eq3/iB/gfTpI9mMSChqKqm+6uMOFMG8/7dgpr6xubW8Xt0s7u3v5B+fCoqeNUUWzQmMeqHRKNnElsGGY4thOFRIQcW+Hoduq3nlBpFssHkyUYCDKQLGKUGCs1uwMiBOmVK17Vm8FdJX5OKpCj3iv/dPsxTQVKQznRuuN7iQnGRBlGOU5K3VRjQuiIDLBjqSQCdTCeXTtxz6zSd6NY2ZLGnal/J8ZEaJ2J0HYKYoZ62ZuK/3md1ETXwZjJJDUo6XxRlHLXxO70dbfPFFLDM0sIVcze6tIhUYQaG9DClggzKZKJzcVfTmGVNC+qvlf17y8rtZs8oSKcwCmcgw9XUIM7qEMDKDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0KEl4M=</latexit>
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● Neutrinos come in 3 flavours, corresponding to 
each of the charged leptons. 

● They carry lepton number, U(1)lepton

W electron antineutrino

electron

7

Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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Number of active neutrinos

Table 1: SM fermionic content and its irreducible representations with respect to the groups SU(3), SU(2)L and
U(1)Y . 3 indicates a triplet of SU(3), 2 a doublet of SU(2)L and 1 a singlet with respect to either group. Y is
the hypercharge of the fields.

Particles SU(3) SU(2)L U(1)Y
Leptons✓
⌫e
e

◆

L

,

✓
⌫µ
µ

◆

L

,

✓
⌫⌧
⌧

◆

L

1 2 �1/2

eR , µR , ⌧R 1 1 �1
Quarks✓
u
d

◆

L

,

✓
c
s

◆

L

,

✓
t
b

◆

L

3 2 1/6

uR , cR , tR 3 1 2/3
dR , sR , bR 3 1 �1/3

right and viceversa, is maximally violated in the SM as there are no right-handed neutrinos.
Left-handed neutrinos interact via the weak force according to the charged current and neutral

current terms in the SM Lagrangian:

LSM = � gp
2

X

↵= e, µ, ⌧

⌫↵L�
µ`↵LWµ � g

2 cos ✓W

X

↵= e, µ, ⌧

⌫↵L�
µ⌫↵LZµ + h.c. , (2)

where g is the SU(2)L coupling, ✓W is the Weinberg angle, and all other symbols have the common
meaning. We notice that the structure of the SM weak interaction is of the V �A type.

As discussed in the Introduction, neutrinos come in three families. A fourth active neutrino is
not allowed by the invisible width of the Z boson to which it would contribute as much as one active
neutrino, Z ! ⌫↵⌫̄↵. The invisible width has been measured with great accuracy at LEP and leads to the
following constraint on the active number of neutrinos [40]:

N⌫ =
�inv

�⌫̄⌫
= 2.984± 0.008. (3)

Additional neutrinos could be present, as we will discuss later, but they need not partake in SM interac-
tions, and therefore are called sterile neutrinos.

2.1 Leptonic mixing
Since neutrinos have masses, there are two bases that can be used to describe them: the flavour basis,
⌫↵, ↵ = e, µ, ⌧ , depicted in Table 1, in which each neutrino is associated to the corresponding charged
lepton, and the mass basis, ⌫i, i = 1, 2, 3, in which each neutrino has a definite mass. The two bases, as
required by probability conservation, are related by a unitary matrix U , the so-called Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [23, 24]:

⌫↵L =
3X

i=1

U↵i ⌫iL . (4)

The PMNS matrix then enters the CC Lagrangian when we express it in terms of mass fields (in the basis
in which the charged lepton mass matrix is diagonal):

LSM = � gp
2

X

↵, i

⌫iU
⇤
↵i�

µPL`↵Wµ + h.c. , (5)
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The invisible width of the Z (measured precisely at 
LEP) restricts the number of active neutrinos to 

Note: Additional neutrinos can be present but they cannot partake of the 
SM interactions and are called sterile neutrinos.
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Neutrino/electron scattering
For E⌫ ⌧ me
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<latexit sha1_base64="l+61P3Si21bzOfDD8/FkEtjpbak=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFkUwWUF2wpNCJPpTTt0ZhJnJkII/QC/wK1+gTtx62f4Af6H08fCth64cDjnXs7lRCln2rjut1NaWV1b3yhvVra2d3b3qvsHbZ1kikKLJjxRDxHRwJmElmGGw0OqgIiIQycaXo/9zhMozRJ5b/IUAkH6ksWMEmOl4Cb0ZYb9fh+LEMJqza27E+Bl4s1IDc3QDKs/fi+hmQBpKCdadz03NUFBlGGUw6jiZxpSQoekD11LJRGgg2Ly9AifWKWH40TZkQZP1L8XBRFa5yKym4KYgV70xuJ/Xjcz8WVQMJlmBiSdBsUZxybB4wZwjymghueWEKqY/RXTAVGEGtvTXEoMuRTpyPbiLbawTNpndc+te3fntcbVrKEyOkLH6BR56AI10C1qohai6BG9oFf05jw7786H8zldLTmzm0M0B+frF7oXmeg=</latexit><latexit sha1_base64="l+61P3Si21bzOfDD8/FkEtjpbak=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFkUwWUF2wpNCJPpTTt0ZhJnJkII/QC/wK1+gTtx62f4Af6H08fCth64cDjnXs7lRCln2rjut1NaWV1b3yhvVra2d3b3qvsHbZ1kikKLJjxRDxHRwJmElmGGw0OqgIiIQycaXo/9zhMozRJ5b/IUAkH6ksWMEmOl4Cb0ZYb9fh+LEMJqza27E+Bl4s1IDc3QDKs/fi+hmQBpKCdadz03NUFBlGGUw6jiZxpSQoekD11LJRGgg2Ly9AifWKWH40TZkQZP1L8XBRFa5yKym4KYgV70xuJ/Xjcz8WVQMJlmBiSdBsUZxybB4wZwjymghueWEKqY/RXTAVGEGtvTXEoMuRTpyPbiLbawTNpndc+te3fntcbVrKEyOkLH6BR56AI10C1qohai6BG9oFf05jw7786H8zldLTmzm0M0B+frF7oXmeg=</latexit><latexit sha1_base64="l+61P3Si21bzOfDD8/FkEtjpbak=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFkUwWUF2wpNCJPpTTt0ZhJnJkII/QC/wK1+gTtx62f4Af6H08fCth64cDjnXs7lRCln2rjut1NaWV1b3yhvVra2d3b3qvsHbZ1kikKLJjxRDxHRwJmElmGGw0OqgIiIQycaXo/9zhMozRJ5b/IUAkH6ksWMEmOl4Cb0ZYb9fh+LEMJqza27E+Bl4s1IDc3QDKs/fi+hmQBpKCdadz03NUFBlGGUw6jiZxpSQoekD11LJRGgg2Ly9AifWKWH40TZkQZP1L8XBRFa5yKym4KYgV70xuJ/Xjcz8WVQMJlmBiSdBsUZxybB4wZwjymghueWEKqY/RXTAVGEGtvTXEoMuRTpyPbiLbawTNpndc+te3fntcbVrKEyOkLH6BR56AI10C1qohai6BG9oFf05jw7786H8zldLTmzm0M0B+frF7oXmeg=</latexit><latexit sha1_base64="l+61P3Si21bzOfDD8/FkEtjpbak=">AAACB3icbVDLSsNAFJ3UV62vqks3g0VwVRIRdFkUwWUF2wpNCJPpTTt0ZhJnJkII/QC/wK1+gTtx62f4Af6H08fCth64cDjnXs7lRCln2rjut1NaWV1b3yhvVra2d3b3qvsHbZ1kikKLJjxRDxHRwJmElmGGw0OqgIiIQycaXo/9zhMozRJ5b/IUAkH6ksWMEmOl4Cb0ZYb9fh+LEMJqza27E+Bl4s1IDc3QDKs/fi+hmQBpKCdadz03NUFBlGGUw6jiZxpSQoekD11LJRGgg2Ly9AifWKWH40TZkQZP1L8XBRFa5yKym4KYgV70xuJ/Xjcz8WVQMJlmBiSdBsUZxybB4wZwjymghueWEKqY/RXTAVGEGtvTXEoMuRTpyPbiLbawTNpndc+te3fntcbVrKEyOkLH6BR56AI10C1qohai6BG9oFf05jw7786H8zldLTmzm0M0B+frF7oXmeg=</latexit>

� ⇠ G2
FmeE⌫

<latexit sha1_base64="0FRnYhx2CIc2CBBHdCy9nEIb0zQ=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/Q1iGT3mlDk8yQZIRSuvAz/AK3+gXuxK1LP8D/MH0sbOuByz2ccy83OWHCmTae9+1kVlbX1jeym7mt7Z3dPXf/oKbjVFGo0pjHqhESDZxJqBpmODQSBUSEHOph/3Ls1x9BaRbLezNIoC1IV7KIUWKsFLj5lmZdQbBtAt8E1w8lLALAV0FLpoFb8IreBHiZ+DNSQDNUAven1YlpKkAayonWTd9LTHtIlGGUwyjXSjUkhPZJF5qWSiJAt4eTT4zwsVU6OIqVLWnwRP27MSRC64EI7aQgpqcXvbH4n9dMTXTeHjKZpAYknR6KUo5NjMeJ4A5TQA0fWEKoYvatmPaIItTY3OauRDCQIhnZXPzFFJZJrVT0vaJ/d1ooX8wSyqI8OkInyEdnqIxuUQVVEUVP6AW9ojfn2Xl3PpzP6WjGme0cojk4X7/9O59J</latexit><latexit sha1_base64="0FRnYhx2CIc2CBBHdCy9nEIb0zQ=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/Q1iGT3mlDk8yQZIRSuvAz/AK3+gXuxK1LP8D/MH0sbOuByz2ccy83OWHCmTae9+1kVlbX1jeym7mt7Z3dPXf/oKbjVFGo0pjHqhESDZxJqBpmODQSBUSEHOph/3Ls1x9BaRbLezNIoC1IV7KIUWKsFLj5lmZdQbBtAt8E1w8lLALAV0FLpoFb8IreBHiZ+DNSQDNUAven1YlpKkAayonWTd9LTHtIlGGUwyjXSjUkhPZJF5qWSiJAt4eTT4zwsVU6OIqVLWnwRP27MSRC64EI7aQgpqcXvbH4n9dMTXTeHjKZpAYknR6KUo5NjMeJ4A5TQA0fWEKoYvatmPaIItTY3OauRDCQIhnZXPzFFJZJrVT0vaJ/d1ooX8wSyqI8OkInyEdnqIxuUQVVEUVP6AW9ojfn2Xl3PpzP6WjGme0cojk4X7/9O59J</latexit><latexit sha1_base64="0FRnYhx2CIc2CBBHdCy9nEIb0zQ=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/Q1iGT3mlDk8yQZIRSuvAz/AK3+gXuxK1LP8D/MH0sbOuByz2ccy83OWHCmTae9+1kVlbX1jeym7mt7Z3dPXf/oKbjVFGo0pjHqhESDZxJqBpmODQSBUSEHOph/3Ls1x9BaRbLezNIoC1IV7KIUWKsFLj5lmZdQbBtAt8E1w8lLALAV0FLpoFb8IreBHiZ+DNSQDNUAven1YlpKkAayonWTd9LTHtIlGGUwyjXSjUkhPZJF5qWSiJAt4eTT4zwsVU6OIqVLWnwRP27MSRC64EI7aQgpqcXvbH4n9dMTXTeHjKZpAYknR6KUo5NjMeJ4A5TQA0fWEKoYvatmPaIItTY3OauRDCQIhnZXPzFFJZJrVT0vaJ/d1ooX8wSyqI8OkInyEdnqIxuUQVVEUVP6AW9ojfn2Xl3PpzP6WjGme0cojk4X7/9O59J</latexit><latexit sha1_base64="0FRnYhx2CIc2CBBHdCy9nEIb0zQ=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/Q1iGT3mlDk8yQZIRSuvAz/AK3+gXuxK1LP8D/MH0sbOuByz2ccy83OWHCmTae9+1kVlbX1jeym7mt7Z3dPXf/oKbjVFGo0pjHqhESDZxJqBpmODQSBUSEHOph/3Ls1x9BaRbLezNIoC1IV7KIUWKsFLj5lmZdQbBtAt8E1w8lLALAV0FLpoFb8IreBHiZ+DNSQDNUAven1YlpKkAayonWTd9LTHtIlGGUwyjXSjUkhPZJF5qWSiJAt4eTT4zwsVU6OIqVLWnwRP27MSRC64EI7aQgpqcXvbH4n9dMTXTeHjKZpAYknR6KUo5NjMeJ4A5TQA0fWEKoYvatmPaIItTY3OauRDCQIhnZXPzFFJZJrVT0vaJ/d1ooX8wSyqI8OkInyEdnqIxuUQVVEUVP6AW9ojfn2Xl3PpzP6WjGme0cojk4X7/9O59J</latexit>

� ⇠ G2
FE

2
⌫

<latexit sha1_base64="zjBQyD5njooo4gFeUITTwcfFU5c=">AAACFXicbVDLSgMxFM3UV62vUVfiJlgEV2WmCLosio9lBVsLnXbIpJk2NMkMSUYYhuJn+AVu9QvciVvXfoD/YdrOwrYeuNzDOfdykxPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYCpAijgjQ01Yy0YkkQDxh5CIaXY//hkUhFI3Gv05h0OOoLGlKMtJF8+8BTtM8RNI3DG/+6W4VXvieSbtW3y07FmQAuEjcnZZCj7ts/Xi/CCSdCY4aUartOrDsZkppiRkYlL1EkRniI+qRtqECcqE42+cIIHhulB8NImhIaTtS/GxniSqU8MJMc6YGa98bif1470eF5J6MiTjQReHooTBjUERznAXtUEqxZagjCkpq3QjxAEmFtUpu5EpJU8HhkcnHnU1gkzWrFdSru3Wm5dpEnVASH4AicABecgRq4BXXQABg8gRfwCt6sZ+vd+rA+p6MFK9/ZBzOwvn4BbxCedA==</latexit><latexit sha1_base64="zjBQyD5njooo4gFeUITTwcfFU5c=">AAACFXicbVDLSgMxFM3UV62vUVfiJlgEV2WmCLosio9lBVsLnXbIpJk2NMkMSUYYhuJn+AVu9QvciVvXfoD/YdrOwrYeuNzDOfdykxPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYCpAijgjQ01Yy0YkkQDxh5CIaXY//hkUhFI3Gv05h0OOoLGlKMtJF8+8BTtM8RNI3DG/+6W4VXvieSbtW3y07FmQAuEjcnZZCj7ts/Xi/CCSdCY4aUartOrDsZkppiRkYlL1EkRniI+qRtqECcqE42+cIIHhulB8NImhIaTtS/GxniSqU8MJMc6YGa98bif1470eF5J6MiTjQReHooTBjUERznAXtUEqxZagjCkpq3QjxAEmFtUpu5EpJU8HhkcnHnU1gkzWrFdSru3Wm5dpEnVASH4AicABecgRq4BXXQABg8gRfwCt6sZ+vd+rA+p6MFK9/ZBzOwvn4BbxCedA==</latexit><latexit sha1_base64="zjBQyD5njooo4gFeUITTwcfFU5c=">AAACFXicbVDLSgMxFM3UV62vUVfiJlgEV2WmCLosio9lBVsLnXbIpJk2NMkMSUYYhuJn+AVu9QvciVvXfoD/YdrOwrYeuNzDOfdykxPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYCpAijgjQ01Yy0YkkQDxh5CIaXY//hkUhFI3Gv05h0OOoLGlKMtJF8+8BTtM8RNI3DG/+6W4VXvieSbtW3y07FmQAuEjcnZZCj7ts/Xi/CCSdCY4aUartOrDsZkppiRkYlL1EkRniI+qRtqECcqE42+cIIHhulB8NImhIaTtS/GxniSqU8MJMc6YGa98bif1470eF5J6MiTjQReHooTBjUERznAXtUEqxZagjCkpq3QjxAEmFtUpu5EpJU8HhkcnHnU1gkzWrFdSru3Wm5dpEnVASH4AicABecgRq4BXXQABg8gRfwCt6sZ+vd+rA+p6MFK9/ZBzOwvn4BbxCedA==</latexit><latexit sha1_base64="zjBQyD5njooo4gFeUITTwcfFU5c=">AAACFXicbVDLSgMxFM3UV62vUVfiJlgEV2WmCLosio9lBVsLnXbIpJk2NMkMSUYYhuJn+AVu9QvciVvXfoD/YdrOwrYeuNzDOfdykxPEjCrtON9WYWl5ZXWtuF7a2Nza3rF395oqSiQmDRyxSLYCpAijgjQ01Yy0YkkQDxh5CIaXY//hkUhFI3Gv05h0OOoLGlKMtJF8+8BTtM8RNI3DG/+6W4VXvieSbtW3y07FmQAuEjcnZZCj7ts/Xi/CCSdCY4aUartOrDsZkppiRkYlL1EkRniI+qRtqECcqE42+cIIHhulB8NImhIaTtS/GxniSqU8MJMc6YGa98bif1470eF5J6MiTjQReHooTBjUERznAXtUEqxZagjCkpq3QjxAEmFtUpu5EpJU8HhkcnHnU1gkzWrFdSru3Wm5dpEnVASH4AicABecgRq4BXXQABg8gRfwCt6sZ+vd+rA+p6MFK9/ZBzOwvn4BbxCedA==</latexit>

� ⇠ G2
FmpE⌫

<latexit sha1_base64="CeT7RVGERbJGm/6zHEJC/DaMvUc=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/QGYdMmmlDk8yQZIQydOFn+AVu9QvciVuXfoD/YdrOwrYeuNzDOfdykxMmjCrtON9WYWV1bX2juFna2t7Z3bP3D1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph8PLid9+JFLRWNzrUUJ8jvqCRhQjbaTALnuK9jmCpnF4E1w/1CAPEngVeCIN7IpTdaaAy8TNSQXkaAT2j9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90DRWIE+Vn00+M4bFRejCKpSmh4VT9u5EhrtSIh2aSIz1Qi95E/M/rpjo69zMqklQTgWeHopRBHcNJIrBHJcGajQxBWFLzVogHSCKsTW5zVyIyEjwZm1zcxRSWSatWdZ2qe3daqV/kCRVBGRyBE+CCM1AHt6ABmgCDJ/ACXsGb9Wy9Wx/W52y0YOU7h2AO1tcvDwmfVA==</latexit><latexit sha1_base64="CeT7RVGERbJGm/6zHEJC/DaMvUc=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/QGYdMmmlDk8yQZIQydOFn+AVu9QvciVuXfoD/YdrOwrYeuNzDOfdykxMmjCrtON9WYWV1bX2juFna2t7Z3bP3D1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph8PLid9+JFLRWNzrUUJ8jvqCRhQjbaTALnuK9jmCpnF4E1w/1CAPEngVeCIN7IpTdaaAy8TNSQXkaAT2j9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90DRWIE+Vn00+M4bFRejCKpSmh4VT9u5EhrtSIh2aSIz1Qi95E/M/rpjo69zMqklQTgWeHopRBHcNJIrBHJcGajQxBWFLzVogHSCKsTW5zVyIyEjwZm1zcxRSWSatWdZ2qe3daqV/kCRVBGRyBE+CCM1AHt6ABmgCDJ/ACXsGb9Wy9Wx/W52y0YOU7h2AO1tcvDwmfVA==</latexit><latexit sha1_base64="CeT7RVGERbJGm/6zHEJC/DaMvUc=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/QGYdMmmlDk8yQZIQydOFn+AVu9QvciVuXfoD/YdrOwrYeuNzDOfdykxMmjCrtON9WYWV1bX2juFna2t7Z3bP3D1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph8PLid9+JFLRWNzrUUJ8jvqCRhQjbaTALnuK9jmCpnF4E1w/1CAPEngVeCIN7IpTdaaAy8TNSQXkaAT2j9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90DRWIE+Vn00+M4bFRejCKpSmh4VT9u5EhrtSIh2aSIz1Qi95E/M/rpjo69zMqklQTgWeHopRBHcNJIrBHJcGajQxBWFLzVogHSCKsTW5zVyIyEjwZm1zcxRSWSatWdZ2qe3daqV/kCRVBGRyBE+CCM1AHt6ABmgCDJ/ACXsGb9Wy9Wx/W52y0YOU7h2AO1tcvDwmfVA==</latexit><latexit sha1_base64="CeT7RVGERbJGm/6zHEJC/DaMvUc=">AAACF3icbVDLSgMxFM3UV62vUZfdBIvgqswUQZdF8bGsYB/QGYdMmmlDk8yQZIQydOFn+AVu9QvciVuXfoD/YdrOwrYeuNzDOfdykxMmjCrtON9WYWV1bX2juFna2t7Z3bP3D1oqTiUmTRyzWHZCpAijgjQ11Yx0EkkQDxlph8PLid9+JFLRWNzrUUJ8jvqCRhQjbaTALnuK9jmCpnF4E1w/1CAPEngVeCIN7IpTdaaAy8TNSQXkaAT2j9eLccqJ0Jghpbquk2g/Q1JTzMi45KWKJAgPUZ90DRWIE+Vn00+M4bFRejCKpSmh4VT9u5EhrtSIh2aSIz1Qi95E/M/rpjo69zMqklQTgWeHopRBHcNJIrBHJcGajQxBWFLzVogHSCKsTW5zVyIyEjwZm1zcxRSWSatWdZ2qe3daqV/kCRVBGRyBE+CCM1AHt6ABmgCDJ/ACXsGb9Wy9Wx/W52y0YOU7h2AO1tcvDwmfVA==</latexit>

�(⌫ee) ' 0.93⇥ 10�44cm2 E⌫

MeV
�(⌫µ,⌧e) ' 0.16⇥ 10�44cm2 E⌫

MeV
�(⌫̄ee)

<latexit sha1_base64="Of8KGaJZ81N8Q+WQmho0g7T7BJc="></latexit><latexit sha1_base64="Of8KGaJZ81N8Q+WQmho0g7T7BJc="></latexit><latexit sha1_base64="Of8KGaJZ81N8Q+WQmho0g7T7BJc="></latexit><latexit sha1_base64="Of8KGaJZ81N8Q+WQmho0g7T7BJc="></latexit>

Neutrino/nucleons scattering

For E⌫ ⌧ mp
<latexit sha1_base64="2nSOmN5WR6/M6GsQqyFY8HaW4uI=">AAACBnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiCC4r2Ad0hpJJM21okglJRiile7/ArX6BO3Hrb/gB/odpOwvbeuDC4Zx7OZcTK86M9f1vr7C2vrG5Vdwu7ezu7R+UD4+aJs00oQ2S8lS3Y2woZ5I2LLOctpWmWMSctuLh7dRvPVFtWCof7UjRSOC+ZAkj2DopvOuGMgs5R6KruuWKX/VnQKskyEkFctS75Z+wl5JMUGkJx8Z0Al/ZaIy1ZYTTSSnMDFWYDHGfdhyVWFATjWc/T9CZU3ooSbUbadFM/XsxxsKYkYjdpsB2YJa9qfif18lsch2NmVSZpZLMg5KMI5uiaQGoxzQllo8cwUQz9ysiA6wxsa6mhZSEjqRQE9dLsNzCKmleVAO/GjxcVmo3eUNFOIFTOIcArqAG91CHBhBQ8AKv8OY9e+/eh/c5Xy14+c0xLMD7+gWA95nT</latexit><latexit sha1_base64="2nSOmN5WR6/M6GsQqyFY8HaW4uI=">AAACBnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiCC4r2Ad0hpJJM21okglJRiile7/ArX6BO3Hrb/gB/odpOwvbeuDC4Zx7OZcTK86M9f1vr7C2vrG5Vdwu7ezu7R+UD4+aJs00oQ2S8lS3Y2woZ5I2LLOctpWmWMSctuLh7dRvPVFtWCof7UjRSOC+ZAkj2DopvOuGMgs5R6KruuWKX/VnQKskyEkFctS75Z+wl5JMUGkJx8Z0Al/ZaIy1ZYTTSSnMDFWYDHGfdhyVWFATjWc/T9CZU3ooSbUbadFM/XsxxsKYkYjdpsB2YJa9qfif18lsch2NmVSZpZLMg5KMI5uiaQGoxzQllo8cwUQz9ysiA6wxsa6mhZSEjqRQE9dLsNzCKmleVAO/GjxcVmo3eUNFOIFTOIcArqAG91CHBhBQ8AKv8OY9e+/eh/c5Xy14+c0xLMD7+gWA95nT</latexit><latexit sha1_base64="2nSOmN5WR6/M6GsQqyFY8HaW4uI=">AAACBnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiCC4r2Ad0hpJJM21okglJRiile7/ArX6BO3Hrb/gB/odpOwvbeuDC4Zx7OZcTK86M9f1vr7C2vrG5Vdwu7ezu7R+UD4+aJs00oQ2S8lS3Y2woZ5I2LLOctpWmWMSctuLh7dRvPVFtWCof7UjRSOC+ZAkj2DopvOuGMgs5R6KruuWKX/VnQKskyEkFctS75Z+wl5JMUGkJx8Z0Al/ZaIy1ZYTTSSnMDFWYDHGfdhyVWFATjWc/T9CZU3ooSbUbadFM/XsxxsKYkYjdpsB2YJa9qfif18lsch2NmVSZpZLMg5KMI5uiaQGoxzQllo8cwUQz9ysiA6wxsa6mhZSEjqRQE9dLsNzCKmleVAO/GjxcVmo3eUNFOIFTOIcArqAG91CHBhBQ8AKv8OY9e+/eh/c5Xy14+c0xLMD7+gWA95nT</latexit><latexit sha1_base64="2nSOmN5WR6/M6GsQqyFY8HaW4uI=">AAACBnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiCC4r2Ad0hpJJM21okglJRiile7/ArX6BO3Hrb/gB/odpOwvbeuDC4Zx7OZcTK86M9f1vr7C2vrG5Vdwu7ezu7R+UD4+aJs00oQ2S8lS3Y2woZ5I2LLOctpWmWMSctuLh7dRvPVFtWCof7UjRSOC+ZAkj2DopvOuGMgs5R6KruuWKX/VnQKskyEkFctS75Z+wl5JMUGkJx8Z0Al/ZaIy1ZYTTSSnMDFWYDHGfdhyVWFATjWc/T9CZU3ooSbUbadFM/XsxxsKYkYjdpsB2YJa9qfif18lsch2NmVSZpZLMg5KMI5uiaQGoxzQllo8cwUQz9ysiA6wxsa6mhZSEjqRQE9dLsNzCKmleVAO/GjxcVmo3eUNFOIFTOIcArqAG91CHBhBQ8AKv8OY9e+/eh/c5Xy14+c0xLMD7+gWA95nT</latexit>

E⌫ � mp
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Neutrino/nuclei scattering

�(⌫̄ep+ e+n) ' 10�43cm2 Eepe
MeV2
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A brief history of 
our knowledge of 

neutrinos



11

Despite being the most abundant fermion in the 
Universe, we did not even realise they existed till 
the ’30.  The idea came about in the study of beta 
decays and a puzzle which troubled physicists for 
several decades. 

 G. J. Neary, Roy. Phys. Soc. 
(London), A175, 71 (1940).

+?
The experimental results 
were puzzling. The positron 
(= anti-electron) carries 
away different amounts of 
energy in each individual 
observed decay.
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The proposal of the “neutrino” was put forward by 
W. Pauli in 1930. [Pauli Letter Collection, CERN]

Dear radioactive ladies and gentlemen,

…I have hit upon a desperate remedy to 
save the … energy theorem. Namely the 
possibility that there could exist in the 
nuclei electrically neutral particles that I 

wish to call neutrons, which have spin 1/2 … 
The mass of the neutron must be … not 

larger than 0.01 proton mass. …in β decay a 
neutron is emitted together with the 

electron, in such a way that the sum of the 
energies of neutron and electron is 

constant.

W. Pauli
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● Fermi, following E. Amaldi, used the 
name “neutrino” (little neutron) and later 
proposed the Fermi theory of beta decay.

● Reines and Cowan 
discovered neutrinos in 1956 
using inverse beta decay.

The Nobel 
Prize in 
Physics 
1995

F. Reines

Savannah River experiment

E. Fermi
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● Madame Wu in 1956 
demonstrated that the 
parity symmetry is violated 
in weak interactions. 
Neutrinos come only as 
left-handed (spin opposite 
to momentum) differently 
from all other fermions.

● Muon neutrinos 
were discovered in 
1962 by L. Lederman, 
M. Schwartz and J. 
Steinberger. The Nobel Prize in Physics 1988



After their discovery by Cowan and Reines, searches 
were performed for astrophysical neutrinos, 
produced in the Sun, Supernova and in the 
atmosphere.

The 
Homes
take 
experi
ment.

Nobel 
prize 
in 
2002

15
R. Davis Jr. 

Kami
okan
de

M. Koshiba



The first atmospheric neutrinos were observed in 
1965 by the Kolar Gold Field (KGF) and Reines' 
experiments. 

16



@Silvia Pascoli

Neutrinos seemed to fit well in the picture of the 
SM which was forming. But soon some anomalies 
started to appear. 
● First indications of ν oscillations came from solar 
ν: less electron neutrinos were observed than 
expected. Where did the others go?

17

Nobel Prize in 
Physics 2015The SNO Detector

A. McDonald

Super-Kamiokande

39m

41
.4

m Outer detector ~  1,900  20cm PMTs
Inner detector ~11,100 50cm PMTs

1,000m under the ground
50,000 tons  Ring imaging Water Cherenkov detector

Super-Kamiokande detector

SK-I started in Apr. 1st, 1996.
SK-IV finished on May 31st, 2018.

6

SK-I SK-III SK-IV
1996

SK-II
Photo coverage 40% 20% 40% 40%

2002 2006 2008

Accident Full reconstruction Replace electronics & DAQ system

2018

Preparation
for SK-Gd



@Silvia Pascoli

● Indications of an anomaly in atmospheric 
neutrinos was presented in 1988, subsequently 
confirmed by MACRO. 
● More muon neutrinos were seen going down 
than coming up from the other side of the Earth.
● Discovery was presented in 1998 by 
SuperKamiokande.

Nobel Prize in 
Physics 2015

18

Super-
Kamiokande 
Detector

T. Kajita
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What was going on?

These experiments showed that neutrinos 
oscillate, i.e. that can change flavour (going into 
flavours that some detectors cannot see).

Neutrinos are chameleon particles.
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Neutrino 
oscillations:  
a quantum 
mechanical 

phenomenon
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In a SM interaction 
a neutrino of one 
type (e lectron , 
muon or tau) is 
produced. While 
t r a v e l l i n g i t 
c h a n g e s i t s 
“flavour” and can 
e v e n b e c o m e 
another type of 
neutrino.

electron

The first idea of neutrino oscillations was put 
forward by B. Pontecorvo in 1957.
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-
Nakagawa-Sakata matrix:

This implies that in an interaction with an electron, 
the corresponding (anti-)neutrino will be produced, 
as a superposition of different mass eigenstates.

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

Flavour field
Mass field

W
electron neutrino

Positron

=
X

i

Uei⌫i

which enters in the CC interactions
|⇥�⇤ =

�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)
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● 2-neutrino mixing matrix depends on 1 angle 
only. The phases get absorbed in a redefinition of 
the leptonic fields (a part from 1 Majorana 
phase). �

cos � � sin �
sin � cos �

⇥

● 3-neutrino mixing matrix has 3 angles and 
1(+2) CPV phases.

One can always rephrase a field as: e � e�i(�e+⇥)e

µ � e�i(�µ+⇥)µ

⇥ � e�i⇥⇥

�
⇥̄e ⇥̄µ ⇥̄⇤

⇥
ei⇧

⇤

⇧
ei⌅e 0 0
0 ei⌅µ 0
0 0 1

⌅

⌃

⇤

⇧
. . .
. . .
. . .

⌅

⌃

⇤

⇧
ei⇥e 0 0
0 ei⇥µ 0
0 0 1

⌅

⌃

⇤

⇧
e
µ
⇤

⌅

⌃CKM-
type

1 2 3

1

2
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For antineutrinos, U � U�

U is real� � = 0, ⇥CP-conservation requires

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
1 0 0
0 ei↵21/2 0
0 0 ei↵31/2

1

A

with ↵ = e, µ, ⌧ and i = 1, 2, 323. From here it plays a role in neutrino oscillations as we will discuss
later.

In general, a 3⇥ 3 unitary matrix can be parameterized in terms of 3 angles and 6 phases. Several
of the phases are unphysical. In fact, we have the freedom to phase-rotate the fields as  ! ei� .
If we do so for the charged leptons, we can eliminate three phases from the PMNS matrix and these
disappear from the Lagrangian as they do not affect the kinetic terms, the NC one and the mass term for
the leptons as far as both left and right-handed component undergo the same rephasing. If neutrinos are
Dirac particles, as the charged leptons, the same rephasing can be applied to them as well, eliminating
two further phases. There remains only one physical phase, called the Dirac phase, as in the Cabibbo-
Kobayashi-Maskawa mixing matrix in the quark sector. If neutrinos are Majorana, such rephasing does
not eliminate two phases which will reappear in the Majorana condition and in the Majorana mass term.
Therefore, for Majorana neutrinos, there are three physical phases, two of which enter only in lepton
number violating processes. Since for antineutrinos we need to use the conjugate of U , any physical
phase represents a violation of the CP symmetry and will be called a CP violating (CPV) phase.

The PMNS matrix can be parameterized as [41, 42]

U↵i =

0

BB@

c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCA · P , (6)

where we define cij ⌘ cos ✓ij and sij ⌘ sin ✓ij , with ✓ij 2 [0, 90�]. In this notation, � is the Dirac CPV
phase � 2 [0, 360�] and P is a diagonal phase matrix P ⌘ diag(1, ei

↵21
2 , ei

↵31
2 ) which embeds the two

Majorana CPV phases ↵21, ↵31.
It is interesting to express the CP-violating effects due to the Dirac phase in a rephasing-invariant

manner. This can be done using the Jarlskog invariant [43]

J ⌘ =[Uµ3Ue2U
⇤
µ2U

⇤
e3] =

1

8
sin 2✓12 sin 2✓23 sin 2✓13 cos ✓13 sin � . (7)

This formulation makes apparent that Dirac CP violation is a genuine 3-neutrino mixing effect whose
physical impact depends on all of the three mixing angles, including the relatively small ✓13.

3 Neutrino oscillations
In presence of leptonic mixing and non-degenerate neutrino masses, the phenomenon of neutrino oscil-
lations takes place. This is a beautiful manifestation of quantum mechanics on macroscopic distances.
The basic picture is the following. In production and detection neutrinos are described by flavour states.
Let’s assume that a muon neutrino is produced. This is a coherent superposition of massive states which
have slightly different masses. The coherence is a key condition which needs to be satisfied to have
neutrino oscillations. It is satisfied thanks to the uncertainty in the neutrino momentum at production4.
The massive components of the initial state propagate over long distances with slightly different phases.
This amounts to a change in the state over distance. It is then possible that at detection, when projecting
the flavour components out, a different flavour is found compared to the initial one. In order for the
oscillatory behaviour to hold, coherence is needed also during propagation and this is possible because
of the very weakly interacting nature of neutrinos5.

2Unless otherwise indicated, we will use Greek indexes for flavour fields/states and Roman ones for mass fields/states.
3The flavour states are related to mass states as |⌫↵i = P

i U
⇤
↵i|⌫ii.

4If the momentum uncertainty is small compared to the mass differences, for instance if there exists a very heavy nearly-
sterile neutrino, such coherence is lost and oscillations do not develop. At production in a specific event either the light states
will be produced coherently or the heavy one.

5Over astronomical distances the massive components of neutrinos can separate in the wave function due to the slightly
different velocities, effectively destroying coherence.

5
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It is useful to express the CP violating effects in a 
rephrasing invariant manner (Jarlskog invariant):



A flavour neutrino is a superposition of different 
mass states. If their mass is different, then they will 
evolve in time differently and later their 
combination can correspond to a different type of 
neutrino.
This is an eminently quantomechanical effect, 
similar to other observed ones, such as spin 
precession. It has an oscillatory behaviour.

25

⌫1

Light orange
= 

muon 
neutrino

Dark orange
= 

tau neutrino⌫2

⌫1 ⌫1

⌫2 ⌫2

JUNO INO
Will measure the rate 
at which antineutrinos 
of different energies 
created at the 
Yangjiang and Taishan 
nuclear power plants 
(53 kilometres apart) 
switch flavour to 
calculate the 
differences between 
mass states. 

DUNE Hyper-Kamiokande
Will send neutrinos of 
different energies from 
Fermilab to the 
Sanford Underground 
Research Facility in 
South Dakota. 
Physicists will record 
differences in the way 
neutrinos and 
antineutrinos oscillate 
and how this depends 
on their energy. 

Neutrinos and 
antineutrinos will travel 
from the Japan Proton 
Accelerator Research 
Complex (J-Parc) in 
Tokaimura. Particles 
will be of a single 
energy, selected to 
maximize the detection 
of flavour switching 
over the distance from 
J-Parc.

A neutrino (ν), or its antimatter 
counterpart the antineutrino, is 
always produced alongside an 
electron (e) or one of the electron’s 
heavier cousins, the muon (μ) or tau 
(τ) particle — and the presence of 
this partner particle gives the 
neutrino a ‘flavour’.

Unlike electrons, muons and tau 
particles, neutrinos do not have 
definite masses. Instead, every 
neutrino is a mixture — or quantum 
superposition — of three ‘mass 
states’, and those states mix in 
different proportions to make different 
flavours.

Neutrinos are everywhere, 
generated by a variety of 
processes.

Fusion of hydrogen nuclei 
to form helium in the Sun.
 

Supernovae and collisions 
between cosmic rays and 
air particles in Earth’s 
atmosphere.

Particle accelerators 
smashing protons 
into a target and 
fission from the 
radioactive decay of 
elements inside 
nuclear reactors.

A major puzzle is why the Universe is 
filled with matter, rather than antimatter. 
Differences in how neutrinos and 
antineutrinos oscillate between flavours 
as they travel could provide a clue.

Some theories propose a fourth, sterile, neutrino. 
If it exists, it would interact with matter even more 
weakly than the other flavours, and could account 
for the as-yet-undetected dark matter that is 
thought to make up 85% of all the matter in the 
Universe. If neutrinos mysteriously ‘disappear’ at 
a detector, that could be a sign that they have 
switched into sterile neutrinos.

ν
Although physicists know that neutrinos exist in 
three different mass states, which state is the 
lightest and which is the heaviest remains a 
mystery. Knowing that would help scientists to 
decide between rival theories about how the four 
forces of nature unite as a single force at high 
energies, similar to those experienced in the 
moments after the Big Bang.

Physicists know the differences 
between the first and second and 
the first and third mass states. 
They also know that that the 
second mass state is bigger than 
the first. That leaves just two 
possibilities for the hierarchy:

20,000 tonnes of 
‘liquid scintillator’  
lights up when 
neutrinos hit

50,000 tonnes of 
magnetic iron 
plates distinguish 
neutrino from 
antineutrino strikes 

40,000 tonnes of liquid 
argon produces 
electrons and light when 
neutrinos hit

295 km1,300 km

1 megatonne of 
water shows cones 
of light where 
neutrinos hit

Status: Construction begun
Cost: $330 million
Sits under 700 metres of rock.

Status: Funding approved
Cost: $233 million
Will be largest experimental 
basic-science facility in India.

Jiangmen Underground Neutrino 
Observatory (JUNO), China

Status: Planned
Cost: About $800 million
Will be the world’s largest neutrino 
detector — it is 25 times bigger than 
its predecessor, Super-Kamiokande.

Status: Planned
Cost: US$1 billion
Will make highest-energy 
neutrinos of any experiment.

Deep Underground Neutrino 
Experiment  (DUNE), United States

Hyper-Kamiokande, Japan

India-based Neutrino 
Observatory (INO), India

AN UNCONVENTIONAL PARTICLE

NEUTRINO
FACTORIES

WHERE THEY
WILL BE DETECTED

BIG QUESTIONS
What is the mass hierarchy? Why is there so little antimatter? Is there a ‘sterile’ neutrino?

ν

νeνe

As a neutrino travels, each state contributes to 
its mass at a varying rate, causing the neutrino 
to change flavour over time. The frequency of 
the changes depends on the differences 
between the mass states, the neutrino’s 
energy and parameters that govern how the 
states are allowed to mix.

νμνe ντ

Mass states Time

2020 2025

Flavours

? ?NORMAL

1

2

3

3 1 2

31 2

νμ ντ

Will detect neutrinos 
and antineutrinos 
produced by cosmic 
rays from the other side 
of Earth. If the journey 
boosts neutrino 
switching, this implies a 
normal mass hierarchy; 
if antineutrino switching 
speeds up, the inverted 
hierarchy is likely.

Sun

Supernovae

Nuclear fission

INVERTED

A s researchers at CERN, Europe’s particle-physics laboratory 
near Geneva, dream of super-high-energy colliders to explore 
the Higgs boson, their counterparts in other parts of the world 
are pivoting towards a different subatomic entity: the neutrino.  

Neutrinos are more abundant than any particle other than 
photons, yet they interact so weakly with other matter that every 
second, more than 100 billion stream — mainly unnoticed — 
through every square centimetre of Earth. Once thought to be 
massless, they in fact have a minuscule mass and can change type as 
they travel, a bizarre and entirely unexpected feature that physicists 
do not fully understand (see ‘An unconventional particle’). Indeed, 
surprisingly little is known about the neutrino. “These are the most 
ubiquitous matter particles in the Universe that we know of, and 
probably the most mysterious,” says Nigel Lockyer, director of the 

Fermi National Accelerator Laboratory (Fermilab) in Batavia, Illinois.
Four unprecedented experiments look poised to change this. 

Two — one in China and one in India — already have the go-ahead, 
and plans to erect detectors in Japan and the United States are in 
the works (see ‘Where they will be detected’). Buried underground 
to prevent interference from other particles, all four are designed to 
detect many more neutrinos, and to probe the switching process in 
more detail, than any existing experiment.

The results are expected to feed into some of the most 
fundamental questions in cosmology (see ‘Flurry of experiments’). 
Some of the experiments will make their own neutrinos; all will use 
any they can capture from the Sun or from supernova explosions. 
“The age of the neutrino,” Lockyer says, “could go on for a very 
long time.”

Age of the

NEUTRINO

The detectors in China (JUNO) 
and India (INO) are designed 
to untangle the relationship 
between the three mass states, 
with implications for the origins 
of the forces of nature. By 
contrast, DUNE in the United 
States and Hyper-Kamiokande 
in Japan aim to spot differences 
in how neutrinos and 
antineutrinos oscillate between 
flavours. That could solve a 
second cosmological puzzle: 
why the Universe is made up of 
matter rather than antimatter. 
All four detectors will also hunt 
for a hypothesized ‘sterile’ 
neutrino.

Flurry of  
experiments

B Y  E L I Z A B E T H  G I B N E Y
G R A P H I C  B Y  N I G E L  H AW T I N
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Production

Flavour 
states

Propagation

Massive states
(eigenstates of the 

Hamiltonian)

Detection

Flavour 
states

At production, coherent superposition of mass states:
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muon neutrino electron neutrino

⌫2

⌫1 ⌫1

⌫2 ⌫2

Neutrinos oscillations in vacuum: the theory
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In the same-momentum approximation:

E1 =
�

p2 + m2
1 E2 =

�
p2 + m2

2 E3 =
�

p2 + m2
3

Let’s assume that at t=0 a muon neutrino is 
produced

The time-evolution is given by the solution of 
the Schroedinger equation with free 

Hamiltonian:

|�, t� =
�

i

Uµie
�iEit|�i�

Note: other derivations are also valid (same E formalism, etc).

|�, t = 0� = |�µ� =
�

i

Uµi|�i�⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>
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At detection one projects over the flavour state as 
these are the states which are involved in the 
interactions. The probability of oscillation is

P (�µ � �⇥ ) = |⇥�⇥ |�, t⇤|2
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Typically, neutrinos are very relativistic: 

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>

⇤<latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit><latexit sha1_base64="GKc68hQ8kXQxFxOOec2atmVjoeo=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cKthXaUDbbTbt0swm7EyGUgr/Aq/4Cb+LVv+IP8H+4aXOwrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrF+DKjhUijeQoGSPyaa0yiQvBOMb3O/88S1EbF6wCzhfkSHSoSCUcylHjXYr9bcujsDWSVeQWpQoNmv/vQGMUsjrpBJakzXcxP0J1SjYJJPK73U8ISyMR3yrqWKRtz4k9mtU3JmlQEJY21LIZmpfycmNDImiwLbGVEcmWUvF//zuimG1/5EqCRFrth8UZhKgjHJHycDoTlDmVlCmRb2VsJGVFOGNp6FLSHPVJRMbS7ecgqrpH1R99y6d39Za9wUCZXhBE7hHDy4ggbcQRNawGAEL/AKb86z8+58OJ/z1pJTzBzDApyvX8uUlrQ=</latexit>
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The oscillation probability implies that

● neutrinos have mass (as the different 
components of the initial state need to propagate 
with different phases)

● neutrinos mix (as U needs not be the identity. 
If they do not mix the flavour eigenstates are also 
eigenstates of the propagation Hamiltonian and 
they do not evolve)
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Implications of the existence of neutrino oscillations
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Neutrino production

30

In CC (NC) SU(2) interactions, the W boson (Z 
boson) will be exchanged leading to the production 
of neutrinos.

W

electron 
antineutrino

electron

n (d quark)
p (u quark)

Beta decay.

pion
W muon

muon  
antineutrinoDecay into electrons is suppressed.

Pion decay

Neutrinos oscillations in experiments
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At the neutrino energy of beta decays, the average 
distance before an interaction (mean free path) in 
water (1 g/cm^3) is
d= 2 x 10^17 m ~ 200 lightyears!

Image from Bob 
King/
Skyandtelescope.
com.

Neutrino propagation
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When neutrinos travel through a medium, they 
interact with the background of electrons, protons, 
neutrons (and possibly other particles), acquiring an 
effective mass. This modifies the oscillation 
probability w.r.t. vacuum.
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Fig. 3: A schematic representation of the electron neutrino survival probability P (⌫e ! ⌫e) for solar neutrinos, as
a function of the energy.

3.3 Experimental knowledge on neutrino oscillations
Since the discovery of neutrino oscillations, a rather precise picture of neutrino oscillation properties
has been painted by a very rich experimental programme. Neutrino oscillations have been observed in
atmospheric, accelerator, solar, reactor neutrino experiments. Here, we provide a very concise summary,
referring the reader to more updated and broad discussions available in the literature and in conferences.

3.3.1 Atmospheric neutrinos
Neutrinos are produced in the atmosphere by pion and kaon decays, and subsequent muon decays, pro-
duced by cosmic rays hitting the atmosphere. The flux is mainly made of muon neutrinos and electron
neutrinos with a ratio of two since there are two muon neutrinos, one coming from pion decay and one
from muon decay, per electron neutrino9. The spectrum is very broad going from sub-GeV to multi-TeV
energies. For neutrino oscillation purposes the range of interest spans from hundrends of MeV to a few
GeV.

Since the discovery of neutrino oscillations in atmospheric neutrinos by the Super-Kamiokande
experiment, several experiments have studied these oscillations in greater detail. Super-Kamiokande 1-4
has collected more data [53], MINOS [54] has been able to distinguish neutrinos from antineutrinos,
thanks to its magnetisation, and IceCube/DeepCore have also provided relevant information [55].

Atmospheric neutrinos contribute to our current knowledge of neutrino parameters mainly by ob-
serving the muon neutrino disappearance channel. This gives information on �m2

31 and the angle ✓23,
see Eq. (18). Thanks to the strong matter effects, some information can also be obtained on the mass
ordering, although the lack of magnetisation of the Super-Kamiokande detector and the limited number
of events do not allow to reach a high statistical significance.

3.3.2 Accelerator neutrinos
Accelerator neutrinos are produced in the similar manner as atmospheric neutrinos, by focusing a pion
beam down a decay pipe. This allows to have a controlled beam, in which the electron neutrino compo-

9At high energy this ratio becomes much bigger as muons hit the Earth before decaying, so that the electron component is
suppressed.
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Solar neutrinos: MSW effect



Neutrino detection
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Neutrino detection proceeds via CC (and NC) 
SU(2) interactions. Example:

We are interested mainly in produced charged 
particles as these can emit light and/or leave tracks 
in segmented detectors (magnetisation -> charge 
reconstruction). Notice that the leptons have different masses:
 me = 0.5 MeV < mmu = 105 MeV < mtau= 1700 MeV.

electron 
neutrino

electron

n p



NOvA
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Credit: Super-Kamiokande

Super-Kamiokande, 
Future HK

IceCube

KamLAND
SNO

DayaBay, RENO, 
DoubleCHOOZ, 
JUNO

ICARUS DUNE
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- Take lots neutrinos to hunt for (“intense fluxes”);
- Take as many kilotons of detector mass as you can afford;
- Use a very efficient way to distinguish the very few 

neutrino interaction events from other stuff 
(“backgrounds”), for example photons from radioactivity, 
electrons, neutrons, muons from cosmic rays etc.;

- If needed, go deep underground (even 1000 m!).

Recipe to build a neutrino experiment

Electronic eyes 
are 
Photomultipliers 
(PMTs).

@Liang Yang
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J. Formaggio and S. Zeller, 1305.7513

Neutrino sources

Pion decay

A banana emits 
around 10 
neutrinos per 
second!
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Current knowledge 
of neutrino 
properties
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Neutrino experiments 

Solar neutrinos: 
E~0.1-10 MeV
matter effects

LBL Reactor  
neutrinos exp:  
E~3 MeV, 
L~100 Km

Y. Nakajima, for 
Super-Kamiokande, 
Neutrino 2020

Oscillation Parameter Extraction

• Oscillation parameters extracted by 
combining all SK data, as well as SNO and 
KamLAND data


• Consistent θ12 values among experiments


• Solar best fit Δm221 lower than KamLAND, but 
difference is less than the previous analysis.
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Neutrino experiments 

SBL Reactor  
neutrino exp: 
E~3 MeV, 
L~1 Km

Atmospheric neutrinos: 
E~100 MeV-100GeV, 
L~10-10000 Km

Accelerator neutrinos:  
E~500 MeV-few GeV, 
L~295-1300 Km Days Bay coll., 

PRL 121 (2018)

Oscillation Results from nGd

XXIX Neutrino Conference

𝐬𝐢𝐧𝟐𝟐𝜽𝟏𝟑 = 𝟎. 𝟎𝟖𝟓𝟔 ± 𝟎. 𝟎𝟎𝟐𝟗
∆𝒎𝒆𝒆

𝟐 = 𝟐. 𝟓𝟐 ± 𝟎. 𝟎𝟕 × 𝟏𝟎−𝟑 eV2

∆𝑚32
2 = 2.47 ± 0.07 × 10−3 eV2 (NO)

∆𝑚32
2 = −2.58 ± 0.07 × 10−3 eV2 (IO) 

PRL 121 241805 (2018) 

Jiajie Ling (SYSU) 8

O. Dalager’s Poster #531

1958 days 

Y. Nakajima, for 
Super-
Kamiokande, 
Neutrino 2020

23θ 2sin
0.3 0.4 0.5 0.6 0.7

]2
 [e

V
322

 m
Δ 

0.002

0.0025

0.003

0.0035 Normal Hierarchy, 90% C.L.
Super-K 2020 (Preliminary) 
Super-K 2018
T2K 2019
NOvA 2019
IceCube 2018
MINOS

Δm232 vs sin2θ23 constraints

28

Preliminary
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Current 
knowledge of 
neutrino 
properties:
● 2 mass 
squared 
differences 
● 3 sizable 
mixing angles, 
●  hints of 
CPV
●  mild 
indications in 
favour of NO

M. C. Gonzalez-Garcia et al., 2007.14792http://www.nu-fit.org/
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A implies at least 3 massive neutrinos. 
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Using

we can express the masses in terms of MO and mMIN:
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Fractional flavour content of massive neutrinos



What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•

42

What do we still need to know?
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What do we still need to know?

Neutrinoless dbeta decay

LBL: T2K, NOvA, 
DUNE, T2HK, ESSnuSB, 
Daedalus, nuFACT..., 
PINGU, ORCA, INO, 
JUNO

reactor SBL and MBL, 
atm, LBL, ...

MINOS+, MicroBooNE, SoLid,  ...



A key question regarding neutrinos is whether they 
are distinguishable from antineutrinos or not (they 
are called a Majorana particles). 

44

Neutrinoless double beta decay ((A,Z) -> (A, Z
+2) + 2 e) experiments can test the nature of 
neutrinos because Majorana neutrinos can make 
this decay happen.

W

e� ⌫
e

⌫
e e�

k

�

e�

e+

µ+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B0

⇡�

⇡+

W

e
�

⌫ e

⌫ e

e
�

k

�

e
�

e
+

µ
+

µ
�

k

p 1

p 2

b

b

u

d

d

d

u

d

W

W
W

�

B
0

⇡
�

⇡
+

W

e �

⌫
e

⌫
e

e �

k

�

e �

e +

µ +

µ �k

p
1

p
2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

W

e� ⌫e

⌫e

e�

k

�

e�

e
+

µ
+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B
0

⇡�

⇡
+

W

e
�

⌫
e

⌫
e

e
�

k

�

e
�

e
+

µ
+

µ
�

k

p 1

p 2

b

b

u

d

d

d

u

d

W

W

W
�

B
0

⇡
�

⇡
+

W

e �

⌫e

⌫e

e �

k

�

e �

e +

µ +

µ �k

p1

p2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

u

d

d

u

e-

e-

Z

e� e�

⌫
�

⌫
�

k

�

e�

e+

µ+

µ�

k

p1 p2

W

W

d

d

u

u

e-

e-

W

e� ⌫
e

⌫
e e�

k

�

e�

e+

µ+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B0

⇡�

⇡+

W

e �

⌫
e

⌫
e

e �

k

�

e �

e +

µ +

µ �k

p
1

p
2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

W e�

⌫e

⌫e

e�

k

�
e�

e+

µ+

µ�

k p1

p2

b

b

u

d

d

d

u

d

W

W

W
�

B
0

⇡�

⇡+

W

e� ⌫e

⌫e

e�

k

�

e�

e
+

µ
+

µ�

k

p1 p2

b b u

d d d

u

d

W

W

W�

B
0

⇡�

⇡
+

W

e �

⌫e

⌫e

e �

k

�

e �

e +

µ +

µ �k

p1

p2

b

b

u

d

d

d

u

d

W

W W �

B 0

⇡ �

⇡ +

W e�

⌫
e

⌫
e

e�

k
�

e�

e+

µ
+

µ�

k p
1

p
2

b

b

u

d

d

d

u
d

W

W

W
�

B
0

⇡�

⇡
+

W

W

Z

e� e�

⌫
�

⌫
�

k

�

e�

e+

µ+

µ�

k

p1 p2

e
—

Z

e� e�

⌫
�

⌫
�

k

�

e�

e+

µ+

µ�

k

p1 p2

e
—

Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).
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where G0⌫

is a known phase-space factor, m
e

is the electron mass, MNUCL is the nuclear matrix element
(NME) for the nucleus of the process. m

��

is the effective Majorana mass parameter which parameterises
all the decay rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and
CP-violating phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is
given by

|m
��

| ⌘
���m1|Ue1|2 + m2|Ue2|2 ei↵21

+ m3|Ue3|2 ei(↵31�2�)
��� . (4)

Here, m
i

, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences �m2

31 and �m2
21 and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. U
ei

are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles ✓12, ✓13 and on the CP violating phases ↵31/2
and �� + ↵21/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of m
��

depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases in the PMNS matrix, ↵21 and ↵31. We find that
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where we have used the measured values of the oscillation parameters, including a 3� error, and we varied
the CPV phases in their allowed ranges. In the most general case, varying the minimal value of neutrino
masses, we show in Fig. 4 the current predictions for m

��

for the two mass orderings.
As the mixing angle ✓12 is large but non-maximal, there is significant lower bound on m

��

for IO given
by

|hmi|IO �
q

|�m2
32| cos 2✓12 ' 15 meV . (8)

In the case of NO the effective Majorana mass can go from the current bound to zero, even if neutrinos are
Majorana particles due to a cancellation for values of mMIN ⇠ 5 meV, as shown in Fig. 4.

Neutrinoless double beta decay can provide information on the neutrino mass spectrum. In the ideal
case of perfectly known nuclear matrix elements, a measurement of m

��

> 0.1 eV would imply that the

8

n

2 – Neutrino masses

(ββ)0ν -decay

neutrinoless double beta decay : (A,Z) → (A,Z + 2) + 2e−, is the
most sensitive of processes (∆L = 2) which can probe the nature of
neutrinos (Dirac vs Majorana).

✲
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(ββ)0ν -decay has a special role in the study of neutrino properties, as it
probes the violation of global lepton number, and it might provide
information on the neutrino mass spectrum, absolute neutrino mass
scale and CP-V.

n p

p
W
W

Neutrinoless double beta decay, Figure 1
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e-

-

Neutrinoless double beta decay



A key question regarding neutrinos is whether they 
are distinguishable from antineutrinos or not (they 
are called a Majorana particles). 
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Neutrinoless double beta decay ((A,Z) -> (A, Z
+2) + 2 e) experiments can test the nature of 
neutrinos because Majorana neutrinos can make 
this decay happen.

Neutrinoless double beta decay

9

Feature

࿑㧠�

with NaI, for example, will become possible. This 

future upgrade is called as KamLAND2-Zen, and 

initially KamLAND2-Zen is planned to contain 1,000 

kg of enriched 136Xe which will be dissolved in the LS 

at 80% higher concentration by pressurizing Xenon 

up to 1.8 bar (balances with 10 m LS depth). The 

expected sensitivity is about 20 meV, covering the 

inverted hierarchy.
 Some challenging developments are also going 

on. Scintillating film, for example, will be effective 

to improve the BiPo tagging efficiency in the mini-

balloon, and an imaging device will be useful to 

distinguish multi-vertexes events such as 10C and 

multi-compton gamma rays. Employing these 

technologies, it may be possible to access the normal 

hierarchy. Among these future plans, pressurizing 

Xenon is cost effective and an intermediate phase 

with 800 kg of Xenon before KamLAND2-Zen 

is considered. Currently, 450 kg of Xenon is in 

hand and additional procurement is going on. The 

estimated sensitivity with this phase is about 30 – 

40 meV, in the middle of the inverted hierarchy.

Rapid growth in neutrino research has created a 

very special observational environment. The ultra-

low radioactivity environment established at a huge 

underground cavity, with ultra clean materials, are 

developing a new research field of rare phenomena 

search. The target mass of the double beta decay 

study has already exceeded 300 kg; it was only up 

to 10 kg just a few years ago. By using an existing 

apparatus, the project can keep costs down and 

have very high scalability. The start-up time can be 

also reduced. For a detailed study, measurements 

with various nuclei and of angular distribution are 

necessary. But such high technology apparatuses 

often become expensive and single purpose. For the 

continuous growth of research, a strategy of starting 

and finding with a general-purpose detector at first 

and then deepening the research with a dedicated 

detector seems to be beneficial.

Figure 5.  Schematic of the KamLAND2-Zen detector (left) 
and photomultipliers with light concentrators 
(right).

Closing
@NatureKamLAND-Zen

WIPP
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What can neutrino 
tell us about the 

most fundamental 
rules of Nature?  

Game-changing 
information 
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Crucially neutrino oscillations require neutrino 
masses, that are tiny compared to the others. 

The Standard Model of Particle Physics would tell 
us that neutrinos are massless. But we know have 
proof that this is not the case.

@Ghosts in the Universe

First (and so far unique) particle physics 
evidence of Physics beyond the Standard Model
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The ultimate goal is to 
understand

- where do neutrino masses 
come from?

- why there is leptonic 
mixing? and what is at the 

origin of the observed 
structure?

- what was neutrino’s role 
in the evolution of the 

Universe
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@Silvia Pascoli

Neutrinos give a new perspective on physics BSM.

This information is complementary with the one 
from flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#Why neutrinos have mass? 
and why are they so much 
lighter?
and why their hierarchy is 
at most mild?

Why leptonic 
mixing is so 
different from 
quark mixing?
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In the SM, neutrinos do not acquire mass and mix:

● like the other fermions as there are no right-
handed neutrinos.

Solution:   Introduce         for Dirac masses

● they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or D>4.

meēLeR m� �̄L�R

�R

M�T
L C�L

51

Neutrino masses in the SM and beyond

lepton number violation



L = �y⌫L̄ · H̃⌫R + h.c.

L =

✓
⌫L
eL

◆
and H̃ =

✓
H0,⇤

�H�

◆

If we introduce a right-handed neutrino, then a 
lepton-number conserving interaction with the 
Higgs boson emerges.

Thanks to 
H. Murayama

Dirac Masses

52

This term is 
- SU(2) invariant and 
- respects lepton number

with

m⌫ ⇠ y⌫vH
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Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana 
mass can arise as the low energy realisation of 
a higher energy theory (new mass scale!).
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In order to have an SU(2) invariant mass term for 
neutrinos, it is necessary to introduce a 
Dimension 5 operator (or to allow for new scalar 
fields, e.g. a scalar triplet):

�L = �
L ·HL ·H

M
=

�v2H
M

⌫TLC
†⌫L

Lepton number
violation!

Weinberg operator, PRL 43
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In the see-saw mechanism, neutrinos acquire a 
mass due to their interactions with heavy sterile 
neutrinos N.
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l Introduce a right handed neutrino N (sterile 
neutrino) 
l Couple it to the Higgs and left handed neutrinos 

The Lagrangian is
breaks lepton number

See-saw type I

When the Higgs boson gets a vev, Dirac masses 
will be generated. The mass matrix will be
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����
�� mD

mD M � �

���� = 0

�2 �M��m2
D = 0

This is of the Dirac+Majorana type we discussed 
earlier. The massive states are found by diagonalising 
the mass matrix and will be Majorana neutrinos.

The light neutrino masses acquires a tiny mass!

m⌫ ' m2
D

M
⇠ 1GeV2

1010 GeV
⇠ 0.1 eV

�1,2 =
M ±

p
M2 + 4m2

D

2
'

M
M�M

2 � 4m2
D

4M = �m2
D

M
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Do neutrinos 
matter in the 

Universe?



How many relic neutrinos are in 
a cup of tea?            

5000!
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Neutrinos have played an important role in 
shaping the Universe.



Image credit: ESA/NASA/WMAP

Image credit: NASA/WMAP

Neutrinos are the only 
known component of 
Dark Matter.
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Neutrinos constitute HDM and played a role in 
the formation of clusters of galaxies.



Neutrinos might hold the 
key to explain why the 
Universe is basically made 
only of matter (baryon 
asymmetry).
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@Symmetry magazine

- At the beginning 
there were equal 
amounts of matter and 
antimatter. 
- Then, possibly via 
neutrino interactions, a 
small difference 
emerged. 
- After matter and 
antimatter annihilated 
into photons, this small 
difference remained 
and makes up for all 
the matter we see 
today. 
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@The Why Files

Supernova SN1987A
Credit: Dr. Christopher Burrows, ESA/STScI and NASA

- Most of the supernovae energy is emitted in 
neutrinos.
- Astrophysical accelerators can produce the 
highest energy neutrinos in the Universe.

Astrophysical neutrinos



Neutrinos are the most elusive and 
mysterious of the known particles.

Neutrino physics will help open a new 
window on the fundamental laws of 

nature, its constituents and the 
evolution of the Universe.

The discovery of neutrino 
oscillations has been a 

game-changer because it 
means that neutrinos have 

mass and the Standard 
Model is incomplete.
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Conclusions



@Silvia Pascoli

Why study neutrinos?
● Neutrino masses imply new physics BSM. Their 
origin is a necessary ingredient for the newSM.

● The least know of all SM fermions (a window on 
the BSM?): portal to dark sectors.

● Their nature (and the mass) is related to the 
fundamental symmetries of nature (lepton 
number?, link with proton decay).

● The most abundant of all fermions in the 
Universe with strong impact of its evolution.

● Neutrino mass models can explain the baryon 
asymmetry of the Universe.63


