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OutlineOutline

● Last week questions
● Neutrino oscillations
● Reactor neutrinos
● Accelerator neutrinos

➔ Long baseline experiments
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Weird flux unit?Weird flux unit?



Kraków, 20.02.2025 T.Wąchała&G.Żarnecki, Neutrino Physics 2 4

Weird flux unit?Weird flux unit?

In principle flux Φ is expressed in [cm-2s-1] units.
In the context of cosmic rays, flux may be expressed in [cm-2s-1sr-1] since the signal 
comes from different directions.
Sometimes it is more convenient to report Φ/E instead of Φ – hence MeV-1.

Original plot taken from 
U.F. Katz, C. Spiering, High-energy neutrino astrophysics: Status and perspectives, 
Progress in Particle and Nuclear Physics 67 (2012) 651–704 
DOI: 10.1016/j.ppnp.2011.12.001



Kraków, 20.02.2025 T.Wąchała&G.Żarnecki, Neutrino Physics 2 5

Neutrino helicityNeutrino helicity

Massless fermions are characterised by definite helicity states. Good approximation for 
ultrarelativistic fermions.

But how can we know whether neutrino is left-handed or right-handed?

Donald H. Perkins,
Introduction to High 
Energy Physics, 
4th edition, pp. 19-21
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Physical Review, 109(3), 1015–1017 
doi:10.1103/physrev.109.1015

D. Perkins, Introduction to High Energy Physics, p. 206

Short lived 
Samarium152 excited state ~10-14 s
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Goldhaber, Grodzins, Sunyar Goldhaber, Grodzins, Sunyar 
experimentexperiment

D. Perkins, Introduction to High Energy Physics, p. 206

Neutrino and a photon emitted opposite to the neutrino have the same helicity!
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Goldhaber, Grodzins, Sunyar Goldhaber, Grodzins, Sunyar 
experimentexperiment

In order to find the polarization of gamma-rays, 
they are passed through the magnetized iron. The 
transmission is greater if the electron spin is 
parallel to that of the photon and it cannot absorb 
angular momentum by spin-flip.

The experiment was done with reversed magnetic 
field direction as well.

D. Perkins, Introduction to High Energy Physics, p. 206
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Goldhaber, Grodzins, Sunyar Goldhaber, Grodzins, Sunyar 
experimentexperiment

How can we know that gamma-rays were emitted 
opposite to neutrinos?

The idea was to observe resonance scattering on 
Samarium target. It occurs when photon energy is a 
bit above 960 keV (to allow for nucleus recoil). This is 
the case for a photon emitted opposite to the neutrino, 
however it is kinematically not possible for a photon 
emitted in the same direction as the neutrino.

      δ = 2 (N– - N+) / (N– + N+) = 0.017 ± 0.003
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Solar neutrino interactions in SNOSolar neutrino interactions in SNO
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Solar neutrino interactions in SNOSolar neutrino interactions in SNO
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How were these two signatures distinguished? 
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Solar neutrino interactions in SNOSolar neutrino interactions in SNO
Actually, they were not distinguished on event 
by event basis. Instead, the likelihood fit 
method was used to extract the event rate 
corresponding to each interaction type.

CC interaction on deuterium was occuring only in 
the inner part of the detector. Electron scattering 
was happening in the entire volume.

Reconstructed position of neutrino interaction 
allows to separate events occuring in different 
regions of the detector.

See DOI: 10.1103/PhysRevLett.87.071301

D2O

H2O
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Neutrino mixing – basic conceptNeutrino mixing – basic concept
● Reminder: neutrinos oscillate – change their flavor with time. 

Experimentally confirmed by a number of experiments: Super Kamiokande, 
SNO...

● Neutrinos are produced and detected via weak interactions (flavor 
eigenstates) but propagate in space as the linear superpositions of the 
mass eigenstates.

(
νe
νμ
ντ
)=U (

ν1
ν2
ν3)Flavor 

eigenstates Mass 
eigenstates

Muon neutrinos
with energy E

Detector
(neutrinos of

all three flavors)

νμ

νμ

νμ

νe

νμ

ντ

L

Oscillations

Transition coefficients (Unitary 3x3 matrix – ’mixing matrix’)

U=(U e1

U e 2

U e3

U μ 1

U μ 2

U μ 3

U τ 1

U τ 2

U τ 3
)
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Neutrino mixing – 2 flavors exampleNeutrino mixing – 2 flavors example
● Two flavors example:

● The flavor eigenstates differ from mass eigenstates. Therefore the source 
produces the linear superposition of the mass eigenstates. In case of two 
flavors:
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Neutrino oscillations principlesNeutrino oscillations principles
● Flavor state written as a superposition of the mass states:

● Use above and put t=L plus drop phase factors:

● Mass state propagation (plane wave solutions):

● Ultrarelativistic limit energy approximation. This limit applies to all practical 
(currently observed) neutrinos, since their masses are less than 1 eV and their 
energies are at least 1 MeV, so the Lorentz factor, γ, is greater than 106 in all cases

Bilenky-Pontecorvo approach with definite neutrino momentum 
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Neutrino oscillations principlesNeutrino oscillations principles

P (να→νβ)=δαβ−4∑
i< j

ℜ( J ij
αβ)sin 2Φ ij+2∑

i< j
ℑ( J ij

αβ)sin 2Φ ij

Φ ij=Δmij
2 L

4 E
=1.27⋅Δmij

2 [eV 2]⋅
L [km ]
E [GeV ] J ij

αβ=U α i
* U β iU α jU β j

*

Term responsible 
for oscillation

Mixing matrix elements (Jarlskog invariant)

● Eigenstates with different masses propagate with different frequencies. 
● The heavier ones oscillate faster compared to the lighter ones. 
● Since the mass eigenstates are combinations of flavor eigenstates, this difference in frequencies 

causes interference between the corresponding flavor components of each mass eigenstate. 
● Constructive interference causes it to be possible to observe a neutrino created with a given flavor 

to change its flavor during its propagation. 
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Neutrino oscillations (3 flavors)Neutrino oscillations (3 flavors)

U=U PMNS=(100
0
c23

−s23

0
s23

c23
)⋅( c13

0
−s13 e

iδCP

0
1
0

s13 e
−i δCP

0
c13

)⋅( c12

−s12

0

s12

c12

0

0
0
1)

● Transition probability P(να→νβ) in the case of 3 neutrinos depends on:
➔ 3 mixing angles: θ23, θ13, θ12

➔ 1 complex phase: δCP

➔ 2 independent mass splittings: Δm232 , Δm212

➔ Detector-source distance (L), neutrino energy (E) – adjusted experimentally

Pontercorvo-Maki-Nakagawa-Sakata matrix (UPMNS)
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*

● Transition probability P(να→νβ) in the case of 3 neutrinos depends on:
➔ 3 mixing angles: θ23, θ13, θ12

➔ 1 complex phase: δCP

➔ 2 independent mass splittings: Δm232 , Δm212

➔ Detector-source distance (L), neutrino energy (E) – adjusted experimentally
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Neutrino oscillations (3 flavors)Neutrino oscillations (3 flavors)

P (νμ→νμ)

P (νμ→νe )

P (νμ→ν τ)

● Two oscillation frequencies:
● Slow (solar)
● Fast (atmospheric)
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Oscillations – experimental Oscillations – experimental 
aspectsaspects

● Neutrino oscillation experiments measure:
● Appearance probability:
● Disappearance (survival) probability:

● Number of observed (detected) neutrino interactions is 
proportional to:
● neutrino-target (eg. neutrino-nucleus) cross section σ, 
● neutrino flux Φ
● number of interacting targets (eg. number of target nuclei) T

P (να→νβ)=?

P (να→να)=?

N Obs≈σ∗Φ∗T
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Neutrino oscillations - Neutrino oscillations - 
experimentsexperiments
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Neutrino oscillations - what has Neutrino oscillations - what has 
been measured?been measured?

● Most important open questions:
➔ What is the value of δCP? CP symmetry 

violation in neutrino sector?
➔ What is the neutrino mass ordering? 

Normal: m3>m2>m1 (NO) or inverted: 
m2>m1>m3 (IO)?

➔ What is the value of θ23? If not 45 
degrees, then in which octant it lies?

Neutrino mass ordering

Normal
Ordering
NO

Inverted
Ordering
IO
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Artificial neutrino sources: Artificial neutrino sources: 
reactorsreactors

● In the nuclear reactors electron antineutrinos are produced as a result of 
the nuclear fission of heavy isotopes 235U, 238U, 239Pu, 241Pu

● 6 antineutrinos are produced per one fission reaction
● Typical nuclear powerplant (1 GW reactor) 

produces 2x1020 antineutrinos per second
● Number of detected antineutrinos is proportional to the reactor power
● There’s a long tradition of using reactor antineutrinos to study neutrino 

properties. It started in 1953 by Reines & Cowan (detector located next to 
the Savannah River powerplant)

Nobel prize for Reines in 1995

Reines & Cowan detector

Frederick Reines & Clyde CowanFrederick Reines & Clyde Cowan

Prompt signalPrompt signal
from electronfrom electron

Reactor antineutrinoReactor antineutrino

Detector with CdClDetector with CdCl

Delayed signal Delayed signal 
from neutronfrom neutron
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Reactor neutrinosReactor neutrinos
● Reactor experiments are measuring the probability of disappearance of electron 

antineutrinos from the reactor.

● A precise prediction of the antineutrino flux from the nuclear reactor is crucial because 
we need to compare the measured neutrino spectrum with the predicted one.

● Detailed calculation of the antineutrino flux from the nuclear reactor is challenging 
(summing up the spectra of beta decays)

➔ Fission processes of four main isotopes involves thousands(!) of beta decay branches 
→ The main problem of reactor neutrino experiments is the neutrino flux calculation

➔ Many improvements in the reactor neutrino flux calculations recently.
● Currently operating reactor neutrino experiments:

P ( ν̄e→ν̄e)=?

KamLAND resultKamLAND result
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Artificial neutrino sources: Artificial neutrino sources: 
accelerators accelerators 

● The main principle behind the 
production accelerator neutrinos is 
an analogy to atmospheric neutrino 
production mechanism
➔ Accelerate protons to high energies 

with the accelerator
➔ Collide protons with the target (eg. 

graphite) and produce secondary 
particles, mainly pions

➔ Let the pions decay and produce 
neutrinos

● Some extra ideas in accelerator neutrino production:
➔ Focus charged pions with the same sign (and deflect pions 

with opposite sign) with magnetic horns (toroidal magnetic 
field).

✔ Ultimately able to get either neutrino (positive pions are focused) 
or antineutrino (negative pions are focused) beam.

✔ Can change the polarity of the horns → one experiment can 
operate in two modes: neutrino or antineutrino mode

➔ Stop muons produced in the charged pion decay using a 
block of graphite and iron → beam dump.

p
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Accelerator neutrinosAccelerator neutrinos

Magnetic HornsMagnetic Horns

TargetTarget

BeamBeam
DumpDump

Decay Decay 
volumevolume

Muon Muon 
monitormonitor

Accelerators
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Long baseline experimentsLong baseline experiments

INGRID

Long baseline experiments 
study neutrino beam from 
accelerator complex in near 
and far detectors.

In the near detectors the 
oscillation effect is negligible 
→ constraints on systematic 
effects.

Far detector location 
corresponds to maximal 
oscillation effect.

K2K, MINOS, T2K, NovA, 
DUNE (planned)

Example: T2K experiment layout
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Accelerator neutrino oscillationsAccelerator neutrino oscillations
Disappearance of muon neutrinos/antineutrinos from the beam

(νμ/anti-νμ disappearance)
ννee

ννμμ

ννττ

Location of min:
Depth of min:
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Accelerator neutrino oscillationsAccelerator neutrino oscillations
Electron neutrino/antineutrino appearance in the muon 

neutrino/antineutrino beam  (νe/anti-νe appearance) ννee

ννμμννττ

Magnitude of the peak
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CP violation in neutrino sector?CP violation in neutrino sector?

 Complicated measurement because the sensitivity 
to measure δCP depends on:
δCP true value, θ23 true value, mass ordering
Need to have control over all systematic effects → 
precision measurements in neutrino oscillations

Use accelerator neutrinos and 
measure: CPV : P (νμ→νe)≠P ( ν̄μ→ν̄e )
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CPV search in T2KCPV search in T2K

Impact of δCP violation phase for neutrinos and antineutrinos. Maximal 
CP violation results in approximately ±27% change of the νe appearance 
probability (wrt. CP conserving values).

Matter effects small compared to CP violation 
(difference between δCP = 0, π).
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CPV search in T2KCPV search in T2K

CP conserving values 
(δCP = 0, ±π) excluded 
at 90% CL.
 
Best fit value near 
maximal CP violation 
(δCP = -π/2).



Kraków, 20.02.2025 T.Wąchała&G.Żarnecki, Neutrino Physics 2 32

SummarySummary
● Today covered:

✔ Neutrino Oscillations
✔ Artificial neutrino sources: reactor, accelerator

● To remember:
➔ Basics of neutrino oscillations: mixing matrix, transition probability
➔ How can we study CP violation in the neutrino sector?

➔ References: 
✔ PDG, Neutrino Masses, Mixing and Oscillations review (pdg.lbl.gov)
✔ M. Zito, Neutrino masses and mixing lecture

https://indico.in2p3.fr/event/10396/sessions/416/attachments/1634/

https://indico.in2p3.fr/event/10396/sessions/416/attachments/1634/
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Backup slidesBackup slides
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Accelerator neutrinosAccelerator neutrinos

Magnetic HornsMagnetic Horns

TargetTarget

BeamBeam
DumpDump

Decay Decay 
volumevolume

Muon Muon 
monitormonitor

Accelerators
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Near detector example (T2K)Near detector example (T2K)
● Off-axis detector:

➔ Several sub-detectors in 0.2T magnetic field:
✔ Tracker (TPC + FGD), pizero detector (P0D), electromagnetic 

calorimenter (ECAL), muon ranger (SMRD)
➔ Measures the neutrino flux before the oscillations occur
➔ Measures intrinsic νe contamination
➔ Measures neutrino interaction cross sections

● On-axis detector (INGRID):
➔ 16 iron-scintillator modules form the cross
➔ Monitoring flux, direction and stability of the neutrino beam
➔ Neutrino cross section measurements

ND280ND280

INGRIDINGRID

+SMRD
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Far detector (T2K)Far detector (T2K)
● Measures the oscillated neutrino spectrum
● Super-Kamiokande (operating since 1996):

➔ Water Cherenkov (50 kt, 22.5 kt fiducial 
volume).

➔ 11 000 (inner) + 2000 (outer) photomultipliers
➔ Neutrino energy resolution ~10%
➔ Particle identification:

✔ Good electron-muon discrimination (<1% muons 
identified as electrons)

✔ Neutral pion detection (rejecting background from 
neutrino interactions with π0).
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Off-axis beam conceptOff-axis beam concept

● Currently two world leading accelerator 
experiments (T2K, NOvA) use ’off-axis’ 
beam idea:
➔ Pion decay kinematic effect
➔ Thin energy spectrum with the mean 

energy tuned to the neutrino oscillation 
probability

➔ Lower background from high energy 
interactions that are difficult to reconstruct
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Accelerator neutrino oscillation Accelerator neutrino oscillation 
analysisanalysis

Neutrino flux model:
Monte Carlo simulations + external data from

other experiments (eg. NA61)

Neutrino interaction models
and their uncertainties:

Monte Carlo simulations + external data 
(MINERvA, MiniBooNE experiments)

Fit to the data 
from the near detector

Fit to the data 
from far detector

(with PMNS model)

From near detector fit:
Flux model parameters,
Neutrino interaction model parameters,
Backgrounds in far detector

Expected neutrino 
spectrum
In far detector
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Neutrino interaction modellingNeutrino interaction modelling
Charged-current interactions Quasi-elastic scattering – CCQEQuasi-elastic scattering – CCQE

(dominant in T2K)(dominant in T2K)

Resonance pion production – RESResonance pion production – RES
(dominant in NOvA)(dominant in NOvA)

+ additional complications:
● Nuclear ’initial-state’ models
● Nuclear re-interactions models
  (Final State Interactions)
● ...

Deep Inelastic Deep Inelastic 
Scattering (DIS)Scattering (DIS)

(NOvA)(NOvA)
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Accelerator neutrino experimentsAccelerator neutrino experiments

● History of accelerator neutrino studies and major results:
➔ K2K (Japan): confirmed atmospheric neutrino oscillations discovered by Super-

Kamiokande
➔ MINOS, MINOS+ (USA): measured atmospheric neutrino oscillations Δm232, θ23

➔ OPERA (Italy): confirmed νμ→ντ oscillations
➔ ICARUS (Italy): first neutrino detector using liquid argon Time Projection Chambers 

technique
➔ T2K (Japan): θ13 angle measurement, Δm232 measurement, first measurement of δCP 

phase
➔ NOvA (USA): θ13 angle measurement, δCP phase measurement, mass ordering
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Future experimentsFuture experiments
● DUNE (USA)

➔ USA flagship accelerator neutrino project.
➔ Neutrino beam produced in Fermilab (1.2 MW 

and 2.4 MW power after upgrade)
➔ 10 kton or larger liquid argon detector in 

South Dakota (1300 km from Fermilab) 1.5 km 
underground.

➔ Two prototype far detectors are at the 
European research center CERN. The first 
started taking data in September 2018 and 
the second is under construction.

➔ Should be able to measure δCP  ~ 20 degree 
accuracy (~10 degrees after beam upgrade).

➔ Start ~2028

● Hyper-Kamiokande (Japan)
➔ T2K experiment extension with 

larger far detector.
➔ High-intensity neutrino beam (1.7 

MW) from J-PARC complex 
➔ Far detector – 0.5 kton water 

Cherenkov 300 km from J-PARC.
➔ Measuring δCP  with accuracy of 18 

degrees but depends on mass 
ordering measurements.

➔ Start ~2027
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Oscillation lengthOscillation length
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Neutrino oscillations - interferenceNeutrino oscillations - interference
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Classical analogy: spring-coupled Classical analogy: spring-coupled 
pendulumspendulums
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Classical analogyClassical analogy

● Time evolution of the pendulums

● Lower frequency normal mode

● Higher frequency normal mode
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T2K T2K ννee appearance measurement appearance measurement
Phys.Rev.Lett. 112 (2014) 
061802

● 28 electron neutrino candidates 
in the far detector, 4.92±0.55 
candidates predicted for the no-
oscillation hypothesis

● Best fit (N.H, δCP=0):

● 7.3σ significance for non-zero 
θ13. 

● Discovery of νe appearance in νμ 

beam!

sin2 2θ13=0.140 +0.038
- 0.032



Kraków, 20.02.2025 T.Wąchała&G.Żarnecki, Neutrino Physics 2 57

T2K T2K ννμ μ disappearance disappearance 
measurementmeasurement

Phys.Rev.Lett. 112 (2014) 181801

● 120 muon neutrino 
candidates in the far 
detector, 446±22.5 
candidates predicted for no-
oscillation hypothesis

● Best fit value (N.H.):

● World’s best θ23 
measurement!

● T2K prefers maximal mixing 
(θ23 equal 45 degrees)

sin2θ23=0.514 + 0.055
- 0.056
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