Neutrino oscillations
Oksana Polishchuk

Institute for Nuclear Research (Kyiv, Ukraine)
in a framework of the course of Rita Bernabei

Missing Neutrinos from the Sun
Electron-Neutrino Detectors
Chlorine

Gallium

All Flavors

Water
Heavy Water
Heavy Water
nne+ e  ne++ee n + d  p + p + e- n + d  p + n + n
e

8B
CNO

8B

7Be
8B

8B

8B

pp
CNO
7Be

Homestake

Gallex/GNO
SAGE

(Super-)
Kamiokande

What can be wrong?
- Sun model
- Experiments
- n propagation from Sun to Earth

SNO

SNO

> 30 years of debate!
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Missing Neutrinos from the Sun

So, the neutrino flux is three times smaller than expected.
Why? You can offer the following options:
1)

Sun model is incorrect. Despite long-term optical
observations, we absolutely do not understand how the
sun works. The total neutrino flux is less than expected.

2) Something is wrong with the neutrinos themselves. For
example, they change type on the way to Earth (ne  n)
and can no longer interact with the birth of an electron.
The total flux (n e + n ) has not changed.
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https://habr.com/ru/post/405183/

Neutrino oscillation
basic of neutrino oscillations: flavor and mass eigenstates
1957: Bruno Pontecorvo proposed Neutrino
Oscillation in analogy with kaons
oscillation (Glenn-Mann and Pais, 1955)

1968: first observation by Devis (deficit of
solar neutrinos).
Flavor Neutrinos: n e, n , n 
produced in weak interactions
Massive Neutrinos: n 1, n 2, n 3 propagate from Source to Detector
A Flavor Neutrinos is a superposition of Massive Neutrinos

U is the 3  3 Neutrino Mixing Matrix
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Neutrino oscillation
basic of neutrino oscillations: flavor and mass eigenstates
o Experimentally detected neutrino oscillations are flavor oscillations
occurring between particles of different flavors (for example,
electron antineutrinos and muon antineutrinos).
o The total lepton number is saved (ΔL = 0), but the flavor lepton
number is not saved.
o Neutrino-antineutrino oscillations that do not preserve the total
lepton number (ΔL = ± 2) are predicted but not yet detected.
o Neutrino oscillations are possible only if they have mass (in the
original version of the Standard Model neutrino is massless 
therefore, observing neutrino flavor oscillations actually means going
beyond the SM).
o The nature of the neutrino mass is still unknown (the right heavy
sterile neutrino and Majorana neutrinos are often considered as a way
of introducing the neutrino mass into the extended SM)
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Neutrino oscillation

basic of neutrino oscillations
Blue – types (varieties) of neutrinos
Red – states with different masses
Oscillation  bases do not match!
If ne appeared in the decay of a
neutron, then three mass states
appeared at once (ne projects on n1,
n2, n3).

Weak-eigenstate is a superposition
of mass-eigenstates according to
the mixing matrix
, = e//
 ≠
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Neutrino oscillation

basic of neutrino oscillations: change of n flavor due to propagation
If these states have slightly different masses, then the energies and
distributions in space will different.
three states
evolves over time

t= 0 – production

At the detector (t = L/c) there is a probability > 0 to see the
neutrino as a n
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Neutrino oscillation

basic of neutrino oscillations: practical case: two n mixing and oscillation
n with definite
flavor
The transition from the n states
n1, n2 to ne, nμ and back is carried
out by the unitary matrix, which
is conveniently represented
through the cosθ and sinθ of
angle θ, which will be called the
"mixing angle“
If "mixing angle“ = 0, mixing is absent
and n1,n2 coincides with ne, nμ (the same
is for /2, but n1,n2 coincides with n μ,ne,
respectively)

m2  m212  m22 – m12

m2 are known to be on the order of 1×10−4 eV2

How much the type will change is determined by the relative angles of the
described coordinate systems (ij) and mass differences.
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Neutrino oscillation

a simple derivation of the neutrino oscillation probability
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Neutrino oscillation

basic of neutrino oscillations: practical case: two n mixing and oscillation

When n1 can evolve to n2 with time, i.e in the propagation from
source to detector, the probability of oscillation (basic formula
for oscillation among two neutrino species) is:
Transition probabilities:
Pne n = Pnμ  ne = sin22 sin2(1.27 m2 L/E)
with m2 (eV2) = m12 – m22 and L/E(km/Gev) or (m/MeV)
Experimental parameters:

Physic parameters:

• Neutrino Energy

E

• m2 (eV2) = m12 – m22

• Source-Detector distance

L

•
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Neutrino oscillation
Appearance experiments
measure P(n n) by detecting different species and identify the
neutrino flavor (,).
Disappearance experiments
measure P(n n) by detecting, for example, one neutrino flavor at
2 (or more) different sites.
Survival probabilities:

Pne ne = Pnμ  nμ = 1 – Pne  nμ
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Neutrino oscillation
basic of neutrino oscillations: probability waves

Neutrino interacts depending on the type (e, , ). Therefore, when we
calculate how the neutrino will manifest itself, we project a state vector
on (ne, n, n)  a probability to register a particular type of neutrino.
P (ne  ni)
Probability waves for ne
depending on the distance

── P (ne  ne)
── P (ne  n)
── P (ne  n)
--- sum

L/E (km/MeV)
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Neutrino oscillation

basic of neutrino oscillations: dependence of flux from distance
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Oscillation Interpretations
•

“Just-So” or Vacuum Oscillations

•

MSW or Matter Effects in Sun
(Mikheyev-Smirnov-Wolfenstein) for high energy
solar neutrinos

Mass eigenstates propagate
– But these are mixtures of flavor
eigenstates
Try to fit the results into the the
oscillation formula;
Posc = sin22 sin2 (1.27  m2L/E)
for L  1011(m)

• They have different interactions
with e’s in Sun

– If N = electron density then

Resonance Condition:
sin22eff = 1 if W2 = sin22
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Neutrino oscillation
References
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Neutrino oscillation
neutrino mixing
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Normal hierarchy(NH) Invert. hierarchy (IH)

U MNSP
(MNSP=Maki-Nakagawa-Sakata-Pontecorvo)

U MNSP
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  - sin 12
 0
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Unknown CP-violating phase

0   cos 13
0 e - i CP sin 13   1
0




0 
0
1
0
   0 cos 23


1   - e -i CP sin 13 0
cos 13   0 - sin 23

Solar n + KamLAND:
sin2 ϑ12= 0.308(17)
m212 = 7.54(25)x10-5 eV2

Reactor n
(Chooz, Daya Bay, RENO,
Double Chooz, KamLAND):
sin2ϑ13=0.0234(20), NH
sin2ϑ13=0.0240(20), IH



diag
sin 23   U Maj
cos 23 
0

Atmosphere n +
MINOS, K2K, T2K, NOvA:
sin2ϑ23= 0.437(30), NH
sin2ϑ23= 0.455(35), IH
| m2(1+2)3 |= 2.43x10-3 eV2
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Oscillation and questions
What we know (from n oscillations):
• Neutrino flavor eigenstates differ from their mass eigenstates
• Neutrinos oscillate, hence they must have mass
• Mixing angles and m2 values known (with varying accuracies)
What we don’t know:
• Normal or inverted hierarchy
• Dirac or Majorana particle
• CP violating phases in mixing matrix
• No information about absolute mass scale (only upper limits)
• Existence of sterile neutrinos
• We cannot attribute the mass to the neutrino type.
• Mass states and different types of neutrinos have different bases.
• Each type of neutrino contains all three states with different masses, and
in the same way, if we create a state with a strictly defined mass, we will
have a certain probability of finding all types of neutrinos
(electron/muon/tau) in such a state.

This is not the most obvious thing, we must try to imagine…
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Neutrino interactions: CC and NC
Neutrino weak interactions can be distinguished in:
• CC: Charged Current Interactions (via W exchange)
The charged lepton in the final state identifies neutrino flavor!
• NC: Neutral Current Interactions (via Z0 exchange)
No sensativity ti neutrino flavor

CC only:
* Flavor of lepton tags
neutrino flavor
* Charge of outgoing
lepton (-/+) determines
if n or anti-n
NC:
gne = gn = gn
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Neutrino interactions with matter: Elastic scattering
Most common target for neutrino
interaction are nucleons (or quarks,
increasing neutrino energy resolves
smaller matter constituents ) and
electrons

Elastic scattering:

n e–  n e–
Same particles in the initial
and final state:
n in and n out target
left impact

(n e) ~ GF2s ~ 10-41 cm2En (Gev)
s = E2CM = me2 + 2meEn ~ 2meEn
 linearly with E, but really weak
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Neutrino interactions with matter: Elastic interactions
on nucleons

- n in initial and final state (N = n or p)
- mediated by neutral boson (Z 0)
- difficult to reconstruct kinematics 
typically appear in oscillation measurements
as background
s = E2CM = me2 + 2meEn ~ 2meEn
For the same neutrino energy the crosssection is much larger mN ~ 103 me
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Neutrino interactions with matter: Quasi-elastic
interactions on nucleons
Target is modified, but doesn’t break

Useful for n detection. CC
 allows identification of
n flavor through detection
of charged lepton
l = e,,

(ne) ~ 10-41 cm2
Approximately independent
of energy for
E > 1 GeV
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Neutrino interactions with matter: Nucleon resonance
production

But also 0, ++, N’ …. several baryonic resonances can be produced
mp < Resonance masses < few GeV
Cross-section same order of magnitude of quasi-elastic interactions
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Neutrino interactions with matter: Deep inelastic
scattering (DIS) on nucleons
Thoroughly studied with n beams at accelerators (since 1970). Un-valuable in
establishing SM physics: weak interaction and nucleon constituents
Scattering with very large momentum transfer, En >> GeV the nucleon break up

Quark structure of the nucleon probed. interaction on point-like
quarks
- raises linearly with energy (far from threshold)
- CC: DIS(n N) ~ 0.67  10-41 cm2  En (GeV)
- DIS X-section for antineutrinos is about 1/2
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Neutrino interactions with matter: Neutrino-Nucleus
scattering
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Observing of neutrino interactions
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Observing of neutrino interactions

Since the probability for interaction is very small, increase your
chance of seeing a neutrino by:

1) Making the detector mass large (and with high efficiency)
2) Sending a lot of neutrinos through it!
3) Providing a long time of stable measurements
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Neutrino detection
We don’t see neutrinos directly, only the remnants of their
interactions
• Charged particles are “easily” detectible
• Neutral particles must first interact to make a charge particle
and then we can detect them
Neutrinos detectors (and all particles detectors) see particles
by the energy they leave behind
• Energy loss show up mainly in the form of ionization, scintillation
light, Cerenkov light, and bremsstrahlung (at high energies for
heavy particles, even at low energy for electrons)
• We measure quantities like energy loss per unit length (dE/dx),
particle range, and track curvature to understand the type of
particle and its momentum (or energy)
• In some sense (with caveats), the type of detectors doesn’t
really matter, as long as you do a good job of collecting
ionization and/or light
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Neutrino detectors

1) Big/Scalable (put a large number of
nuclei in the path of the neutrino, need to
build big detectors)

2) Sensitive charge and light

(we
want to collect information about charged
particles produced)

3) High resolution

(we want to collect as
much information about the vertex of the
neutrino interaction to understand the
physics of the interaction)
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Neutrino detectors
(lecture 1)
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Features of neutrino detectors (lecture 1)
• No neutrino colliders: detector is the target
• Low cross section implies large mass – cheap materials are
needed
• Neutrinos could interact everywhere – vertex can be anywhere
• Need to identify charged lepton to separate NC (neutral
current) and CC (charged current) and neutrino flavour
• Measurement of energy and scattering angle of charged lepton
and total hadronic energy
• Identification of single hadrons for hadronic studies
No experiment can satisfy all these requirements
Most experiments fall into one of a few types
The main requirements:
- must be very massive
- must defeat cosmic-ray background (placed
underground)
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Sensitivity of neutrino oscillation experiments
Neutrino

Type

E,
L, km
МeВ

min(∆m2)
,
эВ2

Experiments

Reactor

ν̃e

~1

~1

~10–3

Chooz, Daya Bay, RENO,
Double Chooz

Reactor

ν̃e

~1

~100

~10–5

KamLAND

Accelerators

νμ, ν̃μ

~103

~1

~1

Accelerators

νμ, ν̃μ

~103

~103

~10–3

K2K (KEK-to-Kamioka),
MINOS, OPERA, T2K
(Tokai-to-Kamioka), NOνA

Atmospheric

νμ , ν̃μ , ~103
νe , ν̃e

~104

~10–4

SuperKamiokande

Solar

νe

1.5×108 ~10–11

~1

Homestake, SAGE,
GALLEX/GNO,
SuperKamiokande, SNO,
Borexino, KamLAND
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Neutrino cross-section

J. N. Bahcall, M. Kamionkowski, A. Sirlin. Solar neutrinos:
Radiative corrections in neutrino-electron scattering
experiments. Physical Review D 51 (1995) 6146–6158.

At high energies, the cross sections for elastic
scattering of neutrinos and antineutrinos on electrons
become proportional to energy. For example, for
electron neutrino

(arXiv:hep-ph/0403168)

Neutrino cross-section
CC – Charged Currents
NC – Neutral Currents
ES – Elastic Scattering

C. J. Horowitz, K. J. Coakley, D. N. McKinsey, PRD 68 (2003) 023005.
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Neutrino cross-section
In order to get comfortable with so small sections (10–44 cm2 = 10–20
barn), it is useful to estimate several quantities.
1) What is the average time interval between successive elastic
scattering of solar neutrinos on electrons in the human body?
The mass of a nucleon is 1.67  10–27 kg, therefore 70 kg of a
substance contains about 4  1028 nucleons. These are mainly light
nuclei with Z/A ≈ 1/2, so the number of electrons is Ne ≈ 2  1028.
- a flux of solar pp neutrinos F ≈ 6  1010 cm–2s–1
- the total cross section for their elastic scattering on an electron is
σ ≈ 12  10–46 cm2,
- the scattering frequency f =Ne  σ  F ≈ 1.5·10—6 s—1

So, the average interval between interactions
1/f ≈ 6.7  105 s or ~8 days
(in fact, more due to oscillations).
Kobychev - KINR Seminar 2018.12.21

Neutrino cross-section
2) What is the average mileage L of a solar “beryllium” neutrino
with an energy of 0.862 MeV in water?
- The total cross section for its elastic scattering on an electron is
σ ≈ 60  10–46 cm2.
- There are 6  1023/18 ≈ 0.33 · 1023 nucleons per gram of water
(1/18 mol), of which 10/18 are protons.
- Ne = Np ≈ 1.9  1022 electrons/cm3.

The average mileage
L = 1/(σ  Ne) ≈ 9  1021 cm ≈ 9.5 thousand light years
(In fact, the mileage is greater because of oscillations that reduce the
average cross section for scattering — muon and tau neutrinos are
scattered on an electron with less probability than electron ones).
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First detection of neutrino oscillations
37Cl-Ar:

Homestake: First Measurement of Solar Neutrinos

Inverse beta decay
of chlorine
(B. Pontecorvo)

Radiochemical Experiment
615 tons of
Perchloroethylene (C2Cl4)
Homestake solar neutrino
observatory (4400 m w.e,1967–2002)
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37Cl-Ar:

Homestake: results, comparison
SSM prediction

1 SNU (Solar Neutrino Unit)
= 10—36 captures/(atom·s)
Flux of n e appeared 3 times less than expected!
(2.56  0.16) SNU VS expected (8.6  1.1) SNU

Time Average Rates
1970-1993

Kamiokande
confirms the deficit of high energy solar n
• Reaction

:

• Exp. site

:

• Target

n + e-  n + e-

Ethr: E = 7.5 MeV

Kamioka mine (2700 m.w.e.)
:

680 tons of H2O (fiducial volume), 2.27  1032 e-

Sensitive to
(8B)n

charged particles detected by Cerenkov light

Identification
of events due
to n e:

• low energy events
• fiducial volume cut (g,n)
• cosmic rays cut
• correlation Earth-Sun

Rexpected = 0.3 events/days/680 tons
( >10 MeV)

Kam. II and III:

Data/SSM = 0.50  0.06  039.06

Kamiokande
At first, they tried to find the
decay of a proton (Kamioka
Nucleon Decay Experiment).
But finding nothing, the
Japanese quickly shifted to a
promising direction: the study
of atmospheric and solar
neutrinos (that born in decays
of muons and pi-mesons in the
Earth's atmosphere. And while
they reach the Earth they
manage to oscillate).

n + e-  n + eThe fast-moving free electron glows in water in dark blue. This radiation was
recorded by the photomultiplier on the walls. Subsequently, the installation was
upgraded to Super Kamiokande.
The experiment confirmed the deficit of solar neutrinos and added to this
the deficit of atmospheric neutrinos.
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61Ga-Ge:

GALLEX/GNO (1991-2003)

• Purpose: measurement of the low energy solar n interaction rate which is related to the
Sun luminosity (i.e. model-independent) and investigation of its time dependence on a solar
cycle with a sensitivity 15%
• Reaction: n e +

71 Ga

 e- +

71 Ge

(Ethr = 0.233 MeV), sensitive to n pp

• Exp. site: Laboratori Nazionali del Gran Sasso (Italy, 3800 m.w.e.)
• Target: 30 tons of gallium (GaCl3 + HCl)

How? Exposing the target to n’s of suitable energy from
source of known activity in the same condition than in
the solar exposures
Needs
 build a n source with activity allowing a precision on
9% in the measurements
 n energy close to solar n
 T1/2 sufficient to transport the
source and perform the experiment

EC, T1/2 = 11.43(3) d
71Ga

(1.2 capture/d
expected by SSM)

Tank
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61Ga-Ge:

SAGE (Soviet-American Gallium Experiment)
• Reaction:
ne +

71Ga

 e- +

71Ge

(Ethr = 0.233 MeV)
• Exp. site: Baksan (Russia, 4900 m.w.e.)
• Target: 60 tons of metalic gallium

Sensitive to pp fusion in the Sun
Extraction of few tens of atoms
of Germanium
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GALLEX + GNO + SAGE results
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SNO (Sudbury Neutrino Observatory)
All the above experiments showed that we see less neutrinos than expected,
but this does not prove the presence of oscillations. The problem may still be
in the wrong model of the sun…
The SNO experiment put the last point in the solar neutrino problem.
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SNO

• Reaction: d + ne → p + p + e– (CC) + d + ne,μ,τ → p + n + ne,μ,τ (NC) + n scattering on e• Exp. site:

Sudbery (Canada, 6000 m.w.e.)

• Target:

1000 tons of heavy water (D2O) in spherical acrylic vessel surrounded by
a Cherenkov veto detector of 2 layers of ultrapure light water (I). Then
2 tons of NaCl (II) and 3He neutron counters (III) were added to D2O.
Spectrum and direction, but high threshold (only 8B-n). All flavors (NC
and scattering),ne(CC).

Result:

Charged interactions
convert n to p. Only ne.
30 events/day

Neutral interactions
disassociate deutron
into n and p. ne, n, n
30 events/day

Electron scattering mostly
sensitive to ne with small
contribution from n, n.
3 events/day
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All neutrino flavours finally caught at SNO!
The Sudbury Neutrino Observatory detects 8B solar neutrinos through
the reactions:
d + ne → p + p + e–
(CC)
d + ne,μ,τ → p + n + ne,μ,τ
(NC)
(ES)
e– + ne,μ,τ → e– + ne,μ,τ
It was deuterium that played a key role in solving the problems of solar
neutrinos  registration of all the types of neutrinos! ne destroys deuterium
with the birth of an electron, while all other types of n couldn’t give a birth of
electrons. But they can slightly "push" the deuterium so that it collapses into its
component parts, and the neutrino will fly itself further (ES). The fast electron,
glows when moving, and the neutron must quickly be captured by deuterium,
emitting a photon. All this can be registered using PMTs.
The total flux of active 8B neutrinos measured with the NC is
ФNC = [6.42 +1.57-1.57 (stat.) +0.55-0.58 (syst.)]  106 cm–2s–1
which is in agreement with the shape constrained value above and with the
standard solar model predictions for 8B prediction:
ФNC = 5.05 +1.01-0.81  106 cm–2s–1.
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The neutrino revolution (1998-…)

SuperKamiokande,
Japan

Sudbary
Neutrino
Observatory,
Canada

“for the discovery of neutrino oscillations,
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which shows that neutrinos have mass”

KamLAND Long-Baseline Reactor-Neutrino Experiment
• Japanese Nuclear Reactors
80 GW (20% world capacity)
• Average distance 180 km
• Flux 6  105 cm-2 s-1
• Without oscillations 2 captures
per day
• Eth = 1.8 MeV (I)  300 keV (II)

1) Neutrino oscillation search by reactor anti-n
2) Terrestrial anti-n detector
3) Solar n detection (7Be n)
+ Supernova-burst n, relic supernova n, atmospheric n,
proton decay….

KamLAND experiment
• 1-kton ultra-pure liquid scintillator detector located at the old Kamiokande’s site in Japan.
• The primary goal of the KamLAND experiment was a long-baseline (flux-weighted average
distance of ∼ 180 km) neutrino oscillation studies using anti-νe’s emitted from nuclear
power reactors.
• The reaction anti-νe + p → e+ + n is used to detect reactor anti-νe and a delayed
coincidence of the positron with a 2.2 MeV γ-ray from neutron capture on a proton is used
to reduce the backgrounds.
• With the reactor anti-νe energy spectrum (< 8 MeV) and a prompt-energy analysis
threshold of 2.6 MeV, this experiment has a sensitive ∆m 2 range down to ∼ 10−5 eV2.
• If the LMA solution is the real solution of the solar neutrino problem, KamLAND should
observe reactor anti-νe disappearance, assuming CPT invariance.
• The first KamLAND results with 162 ton·yr exposure were reported in Dec 2002:

 This result showed clear evidence of an event deficit expected from neutrino oscillations.
 The 95% CL allowed regions are obtained with the observed event rates and positron
spectrum shape.
 A combined global solar + KamLAND analysis showed that the LMA is a unique solution to
the solar neutrino problem with > 5σ CL.
 With increased statistics, KamLAND observed:
•the distortion of the ν ē spectrum,
49
•for the first time the periodic feature of the ν ̄e survival probability expected from ν osc
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Best-fit “solar” oscillation parameters

Back-up slides
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Neutrino oscillations in matter
As typically the interactions we are interested in happen at energies much below
the electroweak scale, we can start with the four-fermion interaction Lagrangian
Electron neutrinos have CC and NC interactions, while muon and tau neutrinos only
the latter.
The Dirac equation (neglecting the mass
for simplicity and for unpolarized
electrons) is

For neutrinos and antineutrinos
different sign!
The new term is called the matter
potential. Including both CC and NC ones
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We have neglected
common terms on the
diagonal as they amount to
an overall phase in the
evolution.

Neutrino
oscillations in
matter
The full Hamiltonian in matter can then be
obtained by adding the potential terms, diagonal
in the flavour basis. For electron and muon
neutrinos

For antineutrinos the potential has the opposite sign.
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2-neutrino case in constant density
If the electron density is constant (a good approximation for oscillations in the
Earth crust), it is easy to solve. We need to diagonalise the Hamiltonian.

ϑm  π/2
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2-neutrino oscillations with varying density

Let’s consider the case in which Ne depends on time. This happens, e.g., if a
beam of neutrinos is produced and then propagates through a medium of varying
density (e.g. Sun, supernovae).

At a given instant of time t, the Hamiltonian can be diagonalised by a unitary
transformation as before.We find the instantaneous matter basis and the
instantaneous values of the energy. The expressions are exactly as before but
57
with the angle which depends on time, θ(t).

In general, it is very difficult to find analytical solution to this problem.

Solar neutrinos: MSW effect
The oscillations in matter were first discussed in L. Wolfenstein, S. P.
Mikheyev, A. Yu Smirnov.
● Production in the center of the Sun: matter effects dominate at high
energy, negligible at low energy.
The probability of νe to be
νA is cos2 θm
νB is sin2 θm
If matter effects dominate, sin2 θm≃ 1

In presence of adiabaticity,
νe  νB  ν2  P=sin2 θ
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