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Outlook

Intro on Neutrinos!
I Feel free to let me know if you’ve already seen this stuff on lectures so I skip. . .

Neutrinos @ IPHC
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The birth of the neutrino: measuring the β spectra
1896 Becquerel discovery of radiation

I β decay: e emission
228Ra

e

228Ac

I e observed should have known energy (2-body decay)

1914 Chadwick observed continuous electron spectra from β-decay

?

Expected
e energy
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The birth of the neutrino: A letter from W. Pauli (1930)

W
.P

au
li,

P
hy

s.
To

da
y

31
N

9
(1

97
8)

27
.

Copyright © The Nobel
Foundation 1945

Presentation M2 PSA Neutrino Group 03 December 2021 4 / 20



The birth of the neutrino: A letter from W. Pauli (1930)
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more detail, how
because of the “wrong” statistics of the N and 6Li nuclei and the continuous beta spectrum, I have hit upon a
desperate remedy to save the “exchange theorem” of statistics and the law of conservation of energy.
Namely, the possibility that there could exist in the nuclei electrically neutral particles, that I wish to call
neutrons, which have spin 1/2 and obey the exclusion principle and which further differ from light quanta in
that they do not travel with the velocity of light. The mass of the neutrons should be of the same order of
magnitude as the electron mass and in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta decay a neutron is emitted in
addition to the electron such that the sum of the energies of the neutron and the electron is constant. . . I
agree that my remedy could seem incredible because one should have seen these neutrons much
earlier if they really exist. But only the one who dare can win and the difficult situation, due to the
continuous structure of the beta spectrum, is lighted by a remark of my honoured predecessor, Mr Debye,
who told me recently in Bruxelles: “Oh, It’s well better not to think about this at all, like new taxes”. From now
on, every solution to the issue must be discussed. Thus, dear radioactive people, look and judge.

Unfortunately, I cannot appear in Tubingen personally since I am indispensable here in Zurich because of a
ball on the night of 6/7 December. With my best regards to you, and also to Mr Back.

Your humble servant,
W. Pauli

[translation to english: http://www.pp.rhul.ac.uk/~ptd/TEACHING/PH2510/pauli-letter.html]
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The birth of the neutrino: quick (theoretical) acceptance
1896 Becquerel’s β decay: e emission

228Ra
e

228Ac

1930 Pauli’s β decay: invisible ν emitted carries away part of the energy

228Ra
e

ν

228Ac

1934 Fermi incorporated the ν in the electroweak theory
I Pauli’s “neutron” renamed as neutrino due to discovery of “atomic” neutron (1932)

Current “Standard Model” view of β decay:

W−

d

ν̄e

e

u
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The Standard Model and Neutrinos
ν properties:

charge = 0

spin = 1/2

only interact weakly
I in SM: νL, but no νR

mass = 0 in SM
I From ν oscillations, mν > 0

F Discovered in 1998–2002
F Nobel Prize 2015

I mν � mu,d,e

3 families:
flavor: νe, νµ, ντ
mass: ν1, ν2, ν3
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Neutrino Oscillation (in vacuum) – overview

ν̄e

ν propagation ν detectionν production

ν̄1
ν̄2

|νe〉 =
∑

j U∗ej |νj〉 |νj〉 → e−iEj t |νj〉

n
ν̄e

e+

|νj〉 =
∑
α Uαj |να〉

p

e−

239Np

· · ·

239U

P(νe → νe, t) = ||〈νe|νe, t〉||2

For oscillations to happen {|να〉} and {|νj〉} different⇒ ν has non zero mass
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Neutrino Oscillations – simplest case
2 flavor case, vacuum

2 ν interaction flavours (νe and νµ)
mass eigenstates {|νj〉} = {|ν1〉 , |ν2〉} 6= {|να〉} = {|νe〉 , |νµ〉} flavour eigenstates
mixing matrix U: |να〉 =

∑
j U∗αj |νj〉 with UU† = 1 (ie, U rotation matrix)

U =

(
cos θ sin θ
− sin θ cos θ

)
Propagate through space time as plane waves in mass state:

|νe, t〉 =
∑

j

U∗eje
−iEj t |νj〉 = cos θe−iE1t |ν1〉+ sin θe−iE2t |ν2〉

P(νe → νe, t) = ||〈νe|νe, t〉||2 = 1− sin2(2θ) sin2[(E2 − E1)t/2]

Given mi small: Ei =
√

m2
i + p2 ≈ p + 1

2
m2

i
p and t ≈ L, therefore (E2−E1)t ≈ 1

2
m2

2−m2
1

p L ≈ ∆m2L
2E

⇒ P(νe → νe,L) = 1− sin2(2θ) sin2 (∆m2 L
4E

)
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Neutrino Oscillations
3 flavor case, vacuum

P(να → νβ) =
∑
j,k

UβjU∗
αjU

∗
βkUαke−i∆m2

jk
L

2p , ∆m2
jk = m2

j −m2
k

3 known ν interaction flavours : νe, νµ and ντ ⇒ matrix U is 3× 3

U =

“atmospheric sector”︷ ︸︸ ︷ 1 0 0
0 c23 s23
0 −s23 c23

×
“reactor sector”︷ ︸︸ ︷ c13 0 s13e−iδCP

0 1 0
−s13eiδCP 0 c13

×
“solar sector”︷ ︸︸ ︷ c12 s12 0
−s12 c12 0

0 0 1


sij = sin θij , cij = cos θij

θ23, θ13, θ12: ν mixing angles

δCP : leptonic CP violation phase

∆m2
32, ∆m2

21: ν mass splitting
I Note: ∆m2

31 = m2
3 −m2

1 = ∆m2
32 + ∆m2

21

Presentation M2 PSA Neutrino Group 03 December 2021 10 / 20



Studying Neutrino Oscillations: Neutrino Sources

Sun & atmosphere: two main natural sources
Reactors

I Good: Reactors exist independently of ν research (ie, we’re not paying the bill!)
I Good: can control L (within a certain range. . . )
I Bad: We cannot control it’s ‘burning’ power
I Good/Bad: ν̄e energy spectra fixed, and hard to predict. Adding detectors→ expensive

Accelerator ν
I Good: Control L, E and if νµ or ν̄µ produced (for a traditional beam)
I Bad: “Expensive” ν
I Good and Bad: extra detectors useful to understand φ emmitted, but also expensive
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Open questions in neutrino physics. . .
Absolute Scale of Neutrino Masses

Neutrino Mass Ordering
⇒ JUNO

P(να → νβ)
?
= P(ν̄α → ν̄β)

I Tied to Universe Matter/AntiMatter
asymmetrie?

⇒ ESSνSB

Mixing Matrix U is Unitary?
⇒ both via precision measurements

Are there Sterile ν?

ν Majorana or Dirac Particle
⇒ JUNO phase 2 (maybe)

Normal Inverted
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Neutrinos @ IPHC

NMO

CP-violation

: reactor + . . .

: accelerator + . . .
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ESS

540 km

far detector

��
��

��*

Located in Sweden
Upgrade ESS facility to produce ν beam
Initial design step finishing
Next phase of project in preparation
Timeline: data taking for 2036 (or later)

O(1 Mton) far detector
Main goal: measure CP violation
Optimally placed for CPV at 2nd

oscillation maxima
IPHC responsible for “horn” design
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44 m

43.5 m (AS: �=35.4 m)

Located in China

20 kton ν target mass

built to detect ν̄e from nuclear
reactors

I Can only measure ν̄e survival:
ν̄e → ν̄e

excellent energy resolution

observe fast oscillations
I first time to observe ∆m2

32 and
∆m2

21 together

main goal: NMO

Start data taking: 2022
I construction on-going

Presentation M2 PSA Neutrino Group 03 December 2021 15 / 20



JUNO site
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Neutrino Oscillations in JUNO
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Neutrino Oscillations in JUNO: what we really will measure

ν̄e oscillated spectrum

Ideal case
Exposure: 20 kt · 6 years

+ energy resolution

Evis from e+ used rather than Eν
Assuming 3%/

√
E [MeV] energy resolution
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JUNO @ IPHC

Top Tracker modules originally built at IPHC
I TT part of JUNO veto strategy

F Track atm. µ crossing JUNO: reject associated
background

I IPHC group leading TT efforts
I Developping new electronics cards for TT

Prototype detector @IPHC
I Let me know if you want a tour!

Thesis not restricted to TT
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JUNO schedule & M2 Internships & Ph.D. thesis
JUNO schedule:

I Civil construction finished this year
I Starting now to install JUNO detector
I TT expected to be installed end of 2022 until 2023
I Thesis to start just (assuming no delays) before TT installation

Student project/TIPP:
I study sensitivity to neutrino mass ordering with JUNO

M2 internship (2022):
I development of reconstruction in TT and TT prototype

F test Hough method in full TT
F could be extended to trying other methods also

Ph.D. thesis (2022 – 2025):
I Initial data taking on JUNO; work on TT + analysis geared towards ν oscillation

Also feel free to talk to our current Ph.D. students (Bat 22, room 227):
I Luis Felipe PIÑERES RICO – 4th year: finishing May 2022
I Deshan SANDANAYAKE – 1st year
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