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Neutrinos oscillate...

... and have mass ⇒ physics beyond the Standard Model

I Lecture I: Neutrino Oscillations
I Lecture II: Neutrinos in Cosmology
I Lecture III: Neutrino mass - Dirac versus Majorana
I Lecture IV: Neutrinos and physics beyond the Standard Model
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Literature

I Phenomenology:
C. Giunti, C.W. Kim: Fundamentals of Neutrino Physics and Astrophysics

I Neutrino Cosmology:
Lesgourgues, Mangano, Miele, Pastor, Neutrino Cosmology (2013,
Cambridge Univ. Press)
Lesgourgues, Pastor, astro-ph/06034494

I Theory aspects:
R.N. Mohapatra, P.B. Pal, Massive Neutrinos In Physics And Astrophysics
(1998, World Scientific Publishing)

I more literature during the lectures
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Introduction

Neutrinos ...

I are particles with very small mass:

mneutrino . 1 eV ∼ 10−6 melectron

I are the only known electrically neutral fermions
participate only in weak interaction and gravitation

I most abundant fermion in the Universe
336 cosmic neutrinos/cm3 (comparable to 411 CMB photons/cm3)
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Introduction

How “weak” are weak interactions?
Super Kamiokande: 50 000 t water

Abbildung 8: Beispiel eines Events

9

Cherenkov-Effekt
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Introduction

How “weak” are weak interactions?

I Every second 1018 solar neutrinos are passing through the
SuperKamiokande detector.

I Only 14 neutrinos per day are detected.

out of the 1018 neutrinos/s only 1014 are energetic enough to be seen by SuperK
(8B neutrinos) → 1019 8B neutrinos/day

“detection efficiency” of 14/1019 ' 10−18 (!)
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Introduction

Despite their weak interaction ...

... neutrinos are crucial for our existence:
I control the formation of light elements ∼15min after the Big Bang

I control the formation of heavy elements in supernova explosions

I control the formation of structure in the Universe (galaxies)

I play a crucial role for the shining of the Sun

I may be responsible for creating an access of matter over antimatter in
the very early Universe (Leptongenesis)
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Introduction Historical remarks

Historical remarks
1930: missing energy in nuclear beta decay

(A,Z )→ (A,Z + 1) + e−

+ ν̄e
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Introduction Historical remarks

Historical remarks
I 1930: Wolfgang Pauli postulates “neutron” to save energy and

angular momentum conservation in nuclear beta decay
I 1933: Enrico Fermi develops theory of beta decay and introduces the

name “neutrino”
I 1956: first detection of neutrinos at a nuclear reactor by Frederick

Reines and Clyde Cowan
I 1956/57: Wu demonstrates parity violation in weak interactions and

Goldhaber shows that the neutrino is left-handed
I 1962: discovery of second type of neutrino by Steinberger, Schwartz

and Lederman
I 1969: detection of solar neutrinos by Ray Davis
I 1989: LEP determines the number of neutrino flavours coupling to

the Z 0 to be 2.9840± 0.0082
I 1998, 2002: discovery of neutrino oscillations by the

SuperKamiokande, SNO, KamLAND experiments proves that
neutrinos have mass
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Introduction Historical remarks

 T. Schwetz 2

„…for the discovery of neutrino oscillations, 
which shows that neutrinos have mass“
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Lepton mixing

The Standard Model

Fermions in the Standard Model come in three generations (“Flavours”)

Neutrinos are the “partners” of the charged leptons
more precisely: they form a doublet under the SU(2) gauge symmetry
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Lepton mixing

Flavour neutrinos

A neutrino of flavour α is defined by the charged current interaction with
the corresponding charged lepton:

LCC = − g√
2

W ρ
∑

α=e,µ,τ
ν̄αLγρ`αL + h.c.

for example

π+ → µ+νµ

the muon neutrino νµ comes together with the charged muon µ+
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Lepton mixing

Flavour neutrinos

W

lα

W

lα

νανα

detectorneutrino source

"short" distance
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Lepton mixing

Let’s give mass to the neutrinos

Majorana mass term:

LM = −1
2

∑
α,β=e,µ,τ

νT
αLC−1MαβνβL + h.c.

M: symmetric mass matrix

In the basis where the CC interaction is diagonal the mass matrix is in
general not a diagonal matrix

any complex symmetric matrixM can be diagonalised by a unitary matrix

UT
ν MUν = m , m : diagonal, mi ≥ 0

T. Schwetz (KIT) Neutrino physics I 18 / 63



Lepton mixing

Lepton mixing

LCC = − g√
2

W ρ
∑

α=e,µ,τ

3∑
i=1

ν̄iLU∗αiγρ`αL + h.c.

LM = −1
2

3∑
i=1

νT
iL C−1νiLmν

i −
∑

α=e,µ,τ

¯̀
αR`αLm`

α + h.c.

Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix:

(Uαi ) ≡ UPMNS
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Lepton mixing

Lepton mixing

I Flavour neutrinos να are superpositions of massive neutrinos νi :

να =
3∑

i=1
Uαiνi (α = e, µ, τ)

I mismatch between mass and interaction basis

I Example for two neutrinos:

νe = cos θ ν1 + sin θ ν2
νµ = − sin θ ν1 + cos θ ν2

I The same phenomenon happens also for quarks (CKM matrix)
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Neutrino oscillations

Neutrino oscillations

W

lα

W

lβ

νβνα

detectorneutrino source

"long" distance

neutrino oscillations

|να〉 = U∗αi |νi〉 e−i(Ei t−pi x) |νβ〉 = U∗βi |νi〉

oscillation amplitude:

Aνα→νβ
= 〈νβ | propagation |να〉

=
∑
i,j

Uβj〈νj | e−i(Ei t−pi x) |νi〉U∗αi =
∑

i
UβiU∗αie−i(Ei t−pi x)
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Neutrino oscillations Oscillations in vacuum

Neutrino oscillations in vacuum

oscillation amplitude:

Aνα→νβ =
∑

i
UβiU∗αie−i(Ei t−pi x) → Pνα→νβ =

∣∣∣Aνα→νβ ∣∣∣2

need to calculate phase differences:

φji = (Ej − Ei )t − (pj − pi )x with E 2
i = p2

i + m2
i

after some hand waving:

φji ≈
∆m2

jiL
2E with ∆m2

ji ≡ m2
j −m2

i
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Neutrino oscillations Oscillations in vacuum

A hand-waving derivation for two flavours
oscillation phase:

φ = (E2 − E1)t − (p2 − p1)x with E 2
i = p2

i + m2
i

define: ∆E = E2 − E1, ∆E 2 = E 2
2 − E 2

1 , Ē = (E1 + E2)/2
then: ∆E 2 = 2Ē∆E (similar for p and m)

φ = ∆Et − ∆p2

2p̄ x = ∆Et − ∆E 2 −∆m2

2p̄ x

= ∆Et − 2Ē
2p̄ ∆Ex + ∆m2

2p̄ x

use “average velocity” of the neutrino v = p̄/Ē and x ≈ vt:

φ ≈ ∆m2

2p̄ x ≈ ∆m2

2Ē
x
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Neutrino oscillations Oscillations in vacuum

problematic at least for the following reasons:
I use of average velocity is arbitrary

(derivations in the literature use “equal momentum” or “equal
energy”)

I assuming x ≈ vt is inconsistent with plain wave ansatz for neutrino
propagation ∝ e−i(Ei t−pi x)

To derive the oscillation probability rigorously one needs either a
wave-packet treatment or field theory
e.g., Akhmedov, Kopp, JHEP 1004:008 (2010) [1001.4815]
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Neutrino oscillations Oscillations in vacuum

2-neutrino oscillations
Two-flavour limit:

U =
(

cos θ sin θ
− sin θ cos θ

)
, P = sin2 2θ sin2 ∆m2L

4Eν

oscillations are sensitive to mass differences (not absolute masses)

0.1 1 10 100
L / Eν  (arb. units)

0

0.2

0.4

0.6

0.8

1

P
αβ

4π / ∆m
2

si
n2 2θ

"short"
distance

"long"
distance

"very long"
distance

∆m2L
4Eν

= 1.27∆m2[eV2] L[km]
Eν [GeV]
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Neutrino oscillations Oscillations in vacuum

Neutrinos oscillate!

1998: SuperKamiokande
atmospheric neutrinos

I zenith-angle dependent deficit
of multi-GeV µ-like events

I consistent with νµ → ντ
oscillations with

∆m2 ' 2.5× 10−3 eV2

sin2 2θ ' 1

Nobel prize 2015
Takaaki Kajita

T. Schwetz (KIT) Neutrino physics I 27 / 63



Neutrino oscillations Oscillations in vacuum

Neutrinos oscillate!

Psurvival ≈ 1− sin2 2θ sin2
(

∆m2

4
L
Eν

)

KamLAND ν̄e → ν̄e

〈L〉 ∼ 180 km

 (km/MeV)
eν/E0L

0 10 20 30 40 50 60 70

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1

1.2

1.4 eνData - BG - Geo CHOOZ data
Expectation based on osci. parameters

determined by KamLAND

> 5σ evidence for spectral distortion
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Neutrino oscillations Oscillations in vacuum

Neutrinos oscillate!

Psurvival ≈ 1− sin2 2θ sin2
(

∆m2

4
L
Eν

)

DayaBay, 2015
ν̄e → ν̄e , 〈L〉 ∼ 2 km

6

use sin2 2✓12 = 0.857 ± 0.024 and �m2
21 = (7.50 ±

0.20) ⇥ 10�5 eV2 from Ref. [31], our result was largely
independent of these values. Consistent results were obtained
when our previous methods [1, 9] were applied to this larger
dataset. Under the normal (inverted) hierarchy assumption,
|�m2

ee| yields �m2
32 = (2.37 ± 0.11)⇥ 10�3 eV2 (�m2

32 =
�(2.47 ± 0.11)⇥ 10�3 eV2). This result was consistent with
and of comparable precision to measurements obtained from
accelerator ⌫µ and ⌫̄µ disappearance [10, 11]. Using only the
relative rates between the detectors and �m2

32 from Ref. [10]
we found sin2 2✓13 = 0.085 ± 0.006, with �2/NDF =
1.37/3.

The reconstructed positron energy spectrum observed in the
far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee|-sin2 2✓13 plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin2 2✓13 and
|�m2

ee| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓13 are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee| is
dominated by uncertainty in the relative energy scale.

1 2 3 4 5 6 7 8

Ev
en

ts
/d

ay
 (b

kg
. s

ub
tra

ct
ed

)

2

4

6

8

10

12

14

16

18

Far site data
Weighted near site data (best fit)
Weighted near site data (no oscillation)

Reconstructed Positron Energy (MeV)
1 2 3 4 5 6 7 8

Fa
r /

 N
ea

r(w
ei

gh
te

d)

0.85

0.9

0.95
1

1.05
1.1

FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.
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FIG. 4. Regions in the |�m2
ee|-sin2 2✓13 plane allowed at the 68.3%,

95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin2 2✓13 =
0.084 ± 0.005 and |�m2

ee| = (2.42 ± 0.11) ⇥ 10�3 eV2 (black
point). The adjoining panels show the dependence of ��2 on
sin2 2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.

 [km/MeV]〉νE〈 / effL
0 0.2 0.4 0.6 0.8

) eν 
→ eν

P(

0.9

0.95

1
EH1
EH2
EH3
Best fit

FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin2 2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.

|�m2
ee| have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GWth-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin2 2✓13.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,

T2K, 2015
νµ → νµ, 〈L〉 ∼ 295 km
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Neutrino oscillations Oscillations in matter

The matter effect

When neutrinos pass through matter the SM interactions with the
particles in the background induce an effective potential for the neutrinos

Effective 4-point interaction Hamiltonian

Hνα
int = GF√

2
ν̄αγµ(1− γ5)να

∑
f

f̄ γµ(gα,fV − gα,fA γ5)f︸ ︷︷ ︸
Jµ

mat

coherent forward scattering amplitude leads to an “index of refraction”
→ proportional to GF ! (not G2

F )

L. Wolfenstein, Phys. Rev. D 17, 2369 (1978); ibid. D 20, 2634 (1979)
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Neutrino oscillations Oscillations in matter

Effective matter potential

Vmat =
√
2GF diag (Ne − Nn/2,−Nn/2,−Nn/2)

ν l

l ν

W

ν ν

f f

Z0

CC NC

I only νe feel CC (there are no µ, τ in normal matter)
I NC is the same for all flavours ⇒ potential proportional to identiy has no

effect on the evolution
I NC has no effect for 3-flavour active neutrinos, but is important in the

presence of sterile neutrinos
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Neutrino oscillations Oscillations in matter

Effective Schrödinger equation in matter

i d
dt

(
aeaµaτ

)
= H

(
aeaµaτ

)

where

H = Udiag
(
0, ∆m2

21
2Eν

,
∆m2

31
2Eν

)
U†︸ ︷︷ ︸

vaccum

+ diag(
√
2GF Ne , 0, 0)︸ ︷︷ ︸
matter

Ne(x): electron density along the neutrino path

for non-constant matter: H(t) → time-dependent Schrödinger eq.
“MSW resonance” Mikheev, Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)
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Neutrino oscillations Oscillations in matter

Neutrino oscillations in constant matter

diagonalize the Hamiltonian in matter:

Hν
mat = Udiag

(
0, ∆m2

21
2Eν

,
∆m2

31
2Eν

)
U† + diag(

√
2GF Ne , 0, 0)

= Umdiag (λ1, λ2, λ3) U†m

Same expression for oscillation probability, but replace “vacuum”
parameters by “matter” parameters
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Neutrino oscillations Oscillations in matter

2-neutrino oscillations in constant matter

Two-flavour case:

Pmat = sin2 2θmat sin2 ∆m2
matL
4E

with
sin2 2θmat = sin2 2θ

sin2 2θ + (cos 2θ − A)2

∆m2
mat = ∆m2

√
sin2 2θ + (cos 2θ − A)2

A ≡ 2EV
∆m2
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Neutrino oscillations Oscillations in matter

2-neutrino oscillations in constant matter
sin2 2θmat = sin2 2θ

sin2 2θ + (cos 2θ − A)2
A ≡ 2EV

∆m2

resonance for cos 2θ = A: “MSW resonance”
Mikheev, Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)
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Neutrino oscillations Varying matter density and MSW

Varying matter density: example solar neutrinos
The electron density in the sun:
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Neutrino oscillations Varying matter density and MSW

Solar neutrinos and the Sudbury Neutrino Observatory
2002: SNO: CC to NC ratio
of solar neutrino flux

CC: νe + d → p + p + e−
NC: νx + d → p + n + νx

I evidence for νe → νµ, ντ
conversion

I MSW effect inside the sun
adiabatic conversion through
resonance

Nobel prize 2015
Art McDonald

0.1 1 10
Eν [MeV]

0.2
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0.4

0.5
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P
ee

1 - 1/2 sin
2
2θ

sin
2θ

E
re

s

strong
matter

vacuum

SNO CC/NC

Pee = φe
φe + φµ + φτ

= φCC
φNC
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Neutrino oscillations Varying matter density and MSW

Evidence for LMA-MSW
solar neutrino experiments Homestake, SAGE+GNO, Super-K, SNO, Borexino

0.2 0.3 0.4 0.6 1 1.4 2 3 4 6 10 14

E
ν
 [MeV]

0.2

0.3

0.4

0.5

0.6

0.7

<
 P

e
e
 >

Borexino (pp)

Borexino (
7
Be)

Borexino (pep)

pp

Borexino (
8
B)

Super-K

SNO

sin
2
θ

13
 = 0.0219, sin

2
θ

12
 = 0.31

∆m
2

21
 = (4.7, 7.5) × 10

−5
 eV

2

day night

NuFIT 2.0 (2014)

I sin2 θ < 0.5 is strong evidence for MSW conversion
I for energies above resonance: Pee ≈ sin2 θ → best determination of θ12
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Global data and 3-flavour oscillations

Outline
Introduction

Historical remarks

Lepton mixing

Neutrino oscillations
Oscillations in vacuum
Oscillations in matter
Varying matter density and MSW

Global data and 3-flavour oscillations
Qualitative picture
Global analysis
Oscillations – outlook

Summary - neutrino oscillations
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Global data and 3-flavour oscillations

3-flavour neutrino parameters

I 3 masses: ∆m2
21, ∆m2

31, m0

I 3 mixing angles: θ12, θ13, θ23

I 3 phases: 1 Dirac (δ), 2 Majorana (α1, α2)

neutrino oscillations
absolute mass observables
lepton-number violation (neutrinoless double-beta decay)
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Global data and 3-flavour oscillations

3-flavour oscillation parameters
 νe

νµ
ντ

 =

 Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

 ν1
ν2
ν3



∆m2
31 ∆m2

21

U =

 1 0 0
0 c23 s23
0 −s23 c23

  c13 0 e−iδs13
0 1 0

−e iδs13 0 c13

  c12 s12 0
−s12 c12 0
0 0 1



atm+LBL(dis) react+LBL(app) solar+KamLAND

3-flavour effects are suppressed: ∆m2
21 � ∆m2

31 and θ13 � 1 (Ue3 = s13e−iδ)
⇒ dominant oscillations are well described by effective two-flavour oscillations
⇒ present data is already sensitive to sub-leading effects
⇒ CP-violation is suppressed by θ13
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Global data and 3-flavour oscillations Qualitative picture

What we know – masses

INVERTEDNORMAL

[m
as

s]
2

3ν

ν2

ν1

ν2
ν1

ν3

νe

µν

ντ

I The two mass-squared differences are separated roughly by a factor 30:
∆m2

21 ≈ 7× 10−5eV2 , |∆m2
31| ≈ |∆m2

32| ≈ 2.4× 10−3eV2

I at least two neutrinos are massive
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Global data and 3-flavour oscillations Qualitative picture

Physical interpretation of mixing angles

INVERTEDNORMAL

[m
as

s]
2

3ν

ν2

ν1

ν2
ν1

ν3

νe

µν

ντ

sin θ13 = |Ue3| (νe component in ν3) = (ν3 component in νe)
tan θ12 = |Ue2|

|Ue1| ratio of ν2 and ν1 component in νe

tan θ23 = |Uµ3|
|Uτ3| ratio of νµ and ντ component in ν3
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Global data and 3-flavour oscillations Qualitative picture

What we know – mixing

I approx. equal mixing of νµ and ντ in all mass states:
θ23 ≈ 45◦ (with significant uncertainty)

I there is one mass state (“ν1”) which is dominantely νe (θ12 ≈ 30◦),
and it is the lighter of the two states of the doublet with the small
splitting (MSW in sun)

I there is a small νe component in the mass state ν3: θ13 ≈ 9◦
we do not know whether this mass state is the heaviest (normal
ordering) or the lightest (inverted ordering)
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Global data and 3-flavour oscillations Qualitative picture

Complementarity of global oscillation data
param experiment comment
θ12 SNO, SuperK, (KamLAND) resonant matter effect in the Sun
θ23 SuperK, T2K, NOvA νµ disappearance

atmospheric (accelerator) neutrinos
θ13 DayaBay, RENO, D-Chooz ν̄e disappearance

(T2K, NOvA) reactor experiments @ ∼ 1 km
∆m2

21 KamLAND, (SNO, SuperK) ν̄e disappearance
reactor @ ∼ 180 km (spectrum)

|∆m2
31| MINOS, T2K, NOvA, DayaBay νµ and ν̄e disapp (spectrum)

δ T2K, NOvA + DayaBay very weak sensitivity
combination of (νµ → νe) + ν̄e disap

I global data fits nicely with the 3 neutrinos from the SM
I a few “anomalies” at 2-3 σ: LSND, MiniBooNE, reactor anomaly,

no LMA MSW up-turn of solar neutrino spectrum – SOLVED 2020 (!)
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Global data and 3-flavour oscillations Global analysis

Global 3-flavour fit

I NuFit collaboration: www.nu-fit.org
with M.C. Gonzalez-Garcia, M. Maltoni, et al.

I latest paper:
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792

I latest version: 5.0 (as of July 2020)

I provides updated global fit results
tables & figures, χ2 data for download
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Global data and 3-flavour oscillations Global analysis

Global 3-flavour fit
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Global data and 3-flavour oscillations Global analysis

Global 3-flavour fit
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I robust determination
(relat. precision at 3σ):

θ12 (14%) , θ13 (9)%)
∆m2

21 (16%) , |∆m2
3`| (6.7%)

I broad allowed range for θ23 (27%),
non-significant indications for
non-maximality/octant

I ambiguity in sign of ∆m2
3` →

mass ordering
I values of δCP ' 90◦ disfavoured
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Global data and 3-flavour oscillations Global analysis

Daya Bay reactor experiment
I ν̄e → ν̄e disappearance

The Daya Bay Experiment

2 / 22
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⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass

⌅ 17.4 GWth power

⌅ 8 operating detectors

⌅ 160 t total target mass
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Global data and 3-flavour oscillations Global analysis

T2K and NOvA accelerator experiments

I νµ → νµ and ν̄µ → ν̄µ disappearance
I νµ → νe and ν̄µ → ν̄e appearance

The T2K Experiment

02/07/2020P. Dunne 6

295 km

Kamioka

J-PARC

Tokai

Super-K
• Muon (anti) neutrino beam generated at J-PARC
• Beam travels 295 km to large SK far detector to be 

measured after oscillations
• Near detector complex, ND280 constrains beam flux and 

interaction cross-section before oscillation
• Important to constrain non-oscillation parts of model to 

avoid bias
Near 
Detector

The NOvA Experiment
• Long-baseline	neutrino	
oscillation	experiment

• NuMI beam:	νμ or	ν̅μ
• 2	functionally	identical,	tracking	
calorimeter	detectors
– Near:	300	T	underground
– Far:	14	kT on	the	surface
– Placed	off-axis	to	produce	a	
narrow-band	spectrum

• 810	km	baseline
– Longest	baseline	of	current	
experiments.

Take a tour 
in VR!
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Global data and 3-flavour oscillations Global analysis

Disappearance due to ∆m2
31

Psurvival ≈ 1− sin2 2θ sin2
(

∆m2

4
L
Eν

)

T2K, 2015
νµ → νµ, 〈L〉 ∼ 295 km

DayaBay, 2015
ν̄e → ν̄e , 〈L〉 ∼ 2 km

6

use sin2 2✓12 = 0.857 ± 0.024 and �m2
21 = (7.50 ±

0.20) ⇥ 10�5 eV2 from Ref. [31], our result was largely
independent of these values. Consistent results were obtained
when our previous methods [1, 9] were applied to this larger
dataset. Under the normal (inverted) hierarchy assumption,
|�m2

ee| yields �m2
32 = (2.37 ± 0.11)⇥ 10�3 eV2 (�m2

32 =
�(2.47 ± 0.11)⇥ 10�3 eV2). This result was consistent with
and of comparable precision to measurements obtained from
accelerator ⌫µ and ⌫̄µ disappearance [10, 11]. Using only the
relative rates between the detectors and �m2

32 from Ref. [10]
we found sin2 2✓13 = 0.085 ± 0.006, with �2/NDF =
1.37/3.

The reconstructed positron energy spectrum observed in the
far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee|-sin2 2✓13 plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin2 2✓13 and
|�m2

ee| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓13 are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin2 2✓13 and
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FIG. 4. Regions in the |�m2
ee|-sin2 2✓13 plane allowed at the 68.3%,

95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin2 2✓13 =
0.084 ± 0.005 and |�m2

ee| = (2.42 ± 0.11) ⇥ 10�3 eV2 (black
point). The adjoining panels show the dependence of ��2 on
sin2 2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin2 2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.

|�m2
ee| have been obtained by studying the energy-

dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GWth-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin2 2✓13.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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Disappearance due to ∆m2
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Complementarity between beam and reactor experiments
I νµ → νe appearance probability (T2K, NOvA):

Pµe ≈ sin2 2θ13 sin2 θ23
sin2(1− A)∆

(1− A)2

+ sin 2θ13 α̂ sin 2θ23
sin(1− A)∆

1− A
sin A∆

A cos(∆ + δCP)

with ∆ ≡ ∆m2
31L

4Eν
, α̂ ≡ ∆m2

21
∆m2

31
sin 2θ12 , A ≡ 2EνV

∆m2
31

I νe survival probability (reactor experiments, e.g. Daya Bay)

Pee ≈ 1− sin2 2θ13 sin2 ∆
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Latest restults from T2K and NOvA

Pµe ≈ sin2 2θ13 sin2 θ23
sin2(1− A)∆

(1− A)2

+ sin 2θ13 α̂ sin 2θ23
sin(1− A)∆

1− A
sin A∆

A cos(∆ + δCP)
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Latest restults from T2K and NOvA Esteban et al., 2007.14792
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Status of θ23 and δCP

Esteban et al., 2007.14792
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CP violation in neutrino oscillations

Leptonic CP violation will manifest itself in a difference of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

Pνα→νβ − Pν̄α→ν̄β = −16 Jαβ sin ∆m2
21L

4Eν
sin ∆m2

32L
4Eν

sin ∆m2
31L

4Eν
,

where
Jαβ = Im(Uα1U∗α2U∗β1Uβ2) = ±J ,

with +(−) for (anti-)cyclic permutation of the indices e, µ, τ .

J : leptonic analogue to the Jarlskog-invariant in the quark sector
Jarlskog, 1985
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CP violation
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛
⎝

0.97446 ± 0.00010 0.22452 ± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133 ± 0.00074 0.999105 ± 0.000032

⎞
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Leptonic CP violation

Neutrino oscillations Current status and implications

CP violation
Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

P‹–æ‹—
≠ P‹̄–æ‹̄—

Ã J , J = |Im(U–1Uú
–2Uú

—1U—2)|
J : leptonic analogue to Jarlskog-invariant Jarlskog, 1985

standard parameterization: J = s12c12s23c23s13c2
13 sin ” © Jmax sin ”

present data NuFit 2.0: Jmax = 0.0329 ± 0.0009 (1‡)
compare with Jarlskog invariant in the quark sector:

JCKM = (3.06+0.21
≠0.20) ◊ 10≠5

I CPV for leptons might be a factor 1000 larger than for quarks
I OBS: for quarks we know J , for leptons only Jmax (do not know ”!)
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves

are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 ✓23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:

JCP ⌘ Im
⇥
U↵iU

⇤
↵jU

⇤
�iU�j

⇤

⌘ Jmax
CP sin �CP = cos ✓12 sin ✓12 cos ✓23 sin ✓23 cos2 ✓13 sin ✓13 sin �CP (2.3)

where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333 ± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18 ± 0.15) ⇥ 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and ✓12. We show in fig. 4 the present determination of these
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Global data and 3-flavour oscillations Oscillations – outlook

T2K: J-PARC → HyperK (285 km, WC detector)

DUNE: Fermilab → Homestake
(1300 km, LAr detectors)

Sanford Underground Research Facility, South Dakota Fermi National Accelerator Laboratory, Illinois

Building an International Flagship  
Neutrino Experiment
An international team of over 1,000 scientists and engineers from more than 30 countries  
is building the most advanced neutrino experiment in the world, which could change our 
understanding of the universe. Groundbreaking for this revolutionary endeavor—hosted  
by the U.S. Department of Energy’s Fermilab with contributions from across the U.S. and 
around the globe—took place in July of 2017. The first of two large prototype detectors 
started recording data in Sept. 2018.

Contact 
Fermilab Office of  
Communication
+1 630 840-3351
fermilab@fnal.gov
www.fnal.gov/dune

800 miles/1300 km

Deep Underground Neutrino Experi-
ment (DUNE)

DUNE consists of two state-of-the-art 
particle detectors: a smaller one at Fermilab 
and a much larger one to be constructed  
a mile beneath the surface at the Sanford 
Underground Research Facility in South 
Dakota. The South Dakota detector will  
be the largest of its type ever built, and  
will use 70,000 tons of liquid argon and 
advanced technology to record neutrino 
interactions with unprecedented precision. 
The first of two large prototype detectors 
began recording data at CERN in Sept. 
2018. The full detector and its computing 
systems will be designed and built by an 
international collaboration of scientists from 
more than 30 countries. 

Long-Baseline Neutrino Facility  
(LBNF)

Before the DUNE detectors can be built, 
they will need underground facilities 
equipped with intricate cryogenic technol-
ogy to keep the detectors at their operating 
temperature of -300 degrees Fahrenheit. 
LBNF will house the DUNE far detector a mile 
underground in South Dakota, as well as  
the smaller near detector at Fermilab. About 
800,000 tons of rock will be excavated  
from Sanford Lab’s underground caverns, 
and a new scientific facility constructed.  
At Fermilab, a new beamline will  
be built to send the laboratory’s intense  
high-energy beam of neutrinos 800 miles 
(1300 km) through the earth from Illinois  
to South Dakota, with no tunnel needed. 

Proton Improvement Plan II  
(PIP-II)

The DUNE experiment requires the most 
particle-packed high-energy neutrino 
beam in the world and that’s exactly what 
Fermilab will deliver. Fermilab’s high- 
energy neutrino beam is already the world’s 
most intense, but a new particle accelerator, 
built with major contributions from partners 
around the world, will make that beam  
even more powerful. Groundbreaking for 
the PIP-II project took place in March  
2019. The accelerator will be built with the 
latest superconducting radio-frequency 
technology developed at Fermilab. Along 
with other improvements to the accele- 
rator complex, it will deliver the best possible 
neutrino beam for DUNE. 

FEB 2020

DUNE
oscillation science goals:
determine mass ordering
and CP phase
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Global data and 3-flavour oscillations Oscillations – outlook

Determining the mass ordering
I Looking for the matter effect in transitions involving ∆m2

31
I long-baseline accelerator experiments NOvA, DUNE
I atmospheric neutrino experiments PINGU, ORCA, HyperK

I Interference effect of oscillations with ∆m2
31 and ∆m2

21
I reactor experiment at 60 km JUNO

the minimum value of �2, which is also equivalent to ��2 since the test value with normal

MH assumed would give a minimum �2 close to zero, is obtained. The results, in which

sin2 ✓23 = 0.5 is assumed, are showed in the left plot of Fig. 4 for various experimental

setups: (i) JUNO only, (ii)NO⌫A-II only, (iii) a joint of JUNO and NO⌫A-II, (iv) a joint

of JUNO, NO⌫A-II, T2K-II and the R-SBL experiment2. It can be seen that the MH

sensitivity of JUNO is more than 3� C.L. and does not depend on �CP. On the other hand,

NO⌫A-II sensitivity to MH depends strongly on the true value of �CP. A joint analysis of

JUNO with NO⌫A-II and T2K-II shows a great boost in the MH determination since it

expectedly breaks the parameter degeneracy between �CP and the sign of �m2
31. Due to

the parameter degeneracy among ✓23, �CP, sign of �m2
31, and ✓13 in the measurement of the

A-LBL experiment, we also expect that the MH determination depends on the value of ✓23.

The combined sensitivity of all concerning experiments at di↵erent values of ✓23: (i)maximal

mixing at 45�, (ii)LO at 41�, (iii)and HO at 51�, is shown in the right plot of Fig. 4. Those

results concludes that the wrong mass hierarchy can be excluded at greater than 5� C.L. for

all the true values of �CP and for any value of ✓23 in the constrained range by experiment. In

the other words, the MH can be determined conclusively by a joint analysis of JUNO with

the A-LBL experiments, NO⌫A-II and T2K-II.
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FIG. 4: The MH sensitivities calculated for various experimental setups at sin2 ✓23 = 0.5 (left)

and for all concerning experiments but at di↵erent value of sin2 ✓23 (right).

2 for the MH sensitivity, the role of R-SBL is relatively small.
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sin2 ✓23 = 0.5 is assumed, are showed in the left plot of Fig. 4 for various experimental

setups: (i) JUNO only, (ii)NO⌫A-II only, (iii) a joint of JUNO and NO⌫A-II, (iv) a joint

of JUNO, NO⌫A-II, T2K-II and the R-SBL experiment2. It can be seen that the MH

sensitivity of JUNO is more than 3� C.L. and does not depend on �CP. On the other hand,

NO⌫A-II sensitivity to MH depends strongly on the true value of �CP. A joint analysis of

JUNO with NO⌫A-II and T2K-II shows a great boost in the MH determination since it

expectedly breaks the parameter degeneracy between �CP and the sign of �m2
31. Due to

the parameter degeneracy among ✓23, �CP, sign of �m2
31, and ✓13 in the measurement of the

A-LBL experiment, we also expect that the MH determination depends on the value of ✓23.

The combined sensitivity of all concerning experiments at di↵erent values of ✓23: (i)maximal

mixing at 45�, (ii)LO at 41�, (iii)and HO at 51�, is shown in the right plot of Fig. 4. Those

results concludes that the wrong mass hierarchy can be excluded at greater than 5� C.L. for

all the true values of �CP and for any value of ✓23 in the constrained range by experiment. In

the other words, the MH can be determined conclusively by a joint analysis of JUNO with

the A-LBL experiments, NO⌫A-II and T2K-II.
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FIG. 4: The MH sensitivities calculated for various experimental setups at sin2 ✓23 = 0.5 (left)

and for all concerning experiments but at di↵erent value of sin2 ✓23 (right).

2 for the MH sensitivity, the role of R-SBL is relatively small.
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Summary

I global data on neutrino oscillations is (mostly) consistent with
3-flavour oscillations

I at least two neutrinos are massive

I typical mass scales √
∆m2

21 ∼ 0.0086 eV√
∆m2

31 ∼ 0.05 eV

are much smaller than all other fermion masses

I all three mixing angles are measured with reasonable precision

I lepton mixing is VERY different from quark mixing
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Summary - neutrino oscillations

The SM flavour puzzle
Lepton mixing:

θ12 ≈ 33◦

θ23 ≈ 45◦

θ13 ≈ 9◦
UPMNS = 1√

3

 O(1) O(1) ε
O(1) O(1) O(1)
O(1) O(1) O(1)



Quark mixing:

θ12 ≈ 13◦

θ23 ≈ 2◦

θ13 ≈ 0.2◦
UCKM =

 1 ε ε

ε 1 ε

ε ε 1
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The SM flavour puzzle
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Summary - neutrino oscillations

Summary

open questions for oscillation experiments:
I identify neutrino mass ordering

I establish leptonic CP violation

I precision measurments (e.g., θ23 ≈ 45◦?)

I over-constrain 3-flavour oscillations

questions which cannot be addressed by oscillations:
I absolute neutrino mass scale
I Dirac or Majorana nature
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