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Outline

Lepton mixing

T. Schwetz (KIT) Neutrino oscillation phenomenology 3/80



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 « is defined by the charged current interaction with
the corresponding charged lepton:

g —
Loc = ——=W?P UarVplal + h.c.
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Lepton mixing

Flavour neutrinos

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

g —
Loc = ——=W?P UarVplal + h.c.

for example

= uty,

the muon neutrino v, comes together with the charged muon p*
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Lepton mixing

Flavour neutrinos

o >
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W//’ T W

"short" distance
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Lepton mixing

Let’s give mass to the neutrinos

Majorana mass term:

Ly = — Z V(;I_L CilMQBVﬁ[_ + h.c.

a,f=e,pu,T

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 matrix M can be diagonalised by a unitary matrix

U,,T./\/IUV:m7 m : diagonal, m; > 0
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Lepton mixing

Lepton mixing

3
g - *
Lcec = ~/z we a; ) ; VitUajvplar + h.c.
1o 7
= 2 IC i~ Y Tt + e
i=1 =&, T

Pontecorvo-Maki-Nakagawa-Sakata lepton mixing matrix:

( Uai) = Upmns
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Lepton mixing

Lepton mixing

» Flavour neutrinos v, are superpositions of massive neutrinos v;:

3
Vo :ZUaiVi (Oé: eauvT)
i=1

» mismatch between mass and interaction basis

» Example for two neutrinos:

Ve = cosOuvy +sinf iy
v, = —sinf vy + cost s
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Lepton mixing

Lepton mixing

» Flavour neutrinos v, are superpositions of massive neutrinos v;:

3
Vo :ZUaiVi (Oé: eauvT)
i=1

» mismatch between mass and interaction basis

» Example for two neutrinos:

Ve = cosOuvy +sinf iy
v, = —sinf vy + cost s

» The same phenomenon happens also for quarks (CKM matrix)

T. Schwetz (KIT) Neutrino oscillation phenomenology 9/80



Neutrino oscillation fundamentals
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Neutrino oscillation fundamentals

Neutrino oscillations

a B
Yy neutrino oscillations Vg
P e \\
W/ -7 T W
P \
A
"long" distance

va) = Ugilvi) e /(Et=p) lvg) = Ugilvi)
oscillation amplitude:
Avosvy = (vs] propagation [Va)
> Ugilyl e B Z Ugi Ugyje(Et=p)
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Neutrino oscillation fundamentals Oscillations in vacuum

Neutrino oscillations in vacuum

oscillation amplitude:

U —i(E,-t—p,-x) p = A 2
Z/Q*HJB Z ﬂl — Va—vg — Va—g

need to calculate phase differences:

b = (Ej— E)t — (pj — pi)x with E? = p? + m?
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Neutrino oscillations in vacuum
oscillation amplitude:

U —i(E,-t—p,-x) p = A 2
Z/Q*HJB Z ﬂl — Va—vg — Va—g

need to calculate phase differences:

b = (Ej— E)t — (pj — pi)x with E? = p? + m?

after some hand waving:

Amﬁ 5
ji X F with Amﬂ =mj; — m;
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Neutrino oscillation fundamentals Oscillations in vacuum

A hand-waving derivation for two flavours
oscillation phase:

¢=(Er— E1)t — (p2 — p1)x  with E? = p? + m?
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Neutrino oscillation fundamentals Oscillations in vacuum

A hand-waving derivation for two flavours
oscillation phase:

¢=(Er— E1)t — (p2 — p1)x  with E? = p? + m?
define: AE=FE, — E;, AE?=E} —E}, E=(E+E)/2
then: AE? = 2EAE (similar for p and m)
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Neutrino oscillation fundamentals Oscillations in vacuum

A hand-waving derivation for two flavours
oscillation phase:

¢=(Er— E1)t — (p2 — p1)x  with E? = p? + m?

define: AE = B, — E1, AE?=E; - E}, E=(E+E)/2
then: AE? = 2EAE (similar for p and m)

Ap? AE2 — Am?
6 = AEt— =P a5 2T
2p 2p
- AEt—§AEx+A—mx
2p
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

A hand-waving derivation for two flavours
oscillation phase:

¢=(Er— E1)t — (p2 — p1)x  with E? = p? + m?

define: AE = B, — E1, AE?=E; - E}, E=(E+E)/2
then: AE? = 2EAE (similar for p and m)

Ap? AE2 — Am?
6 = AEt— =P a5 2T
2p 2p
- AEt—§AEx+A—mx
2p

use “average velocity” of the neutrino v = ﬁ/l:: and x &~ vt:

Am Am
25 7 E
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

Effective Schrodinger equation

The evolution of the flavour state can be described by an effective

Schrédinger equation:
.d [ ae e
tl — H,
al¥)-m(%)

where
Am3, Am?2
H” = Udiag|0 21 27381 )yt
vac 'ag< "2E, ' 2E,
Am3, Am2
HI/ — U*d 0 21 31 UT
vac 'ag< '2E, ' 2E,
. « —i(Eit— AmiL
equivalent to A, ., = > _; UgiUje Pix) and Pji & —£
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

2-neutrino oscillations
Two-flavour limit:
2]

_ cosf sind . .2 Am
U_<sin9 cos@)’ P =sin“ 20 sin IE,

oscillations are sensitive to mass differences (not absolute masses)

A e —rrrry —r
“short” “long" “very long"
rdistance distance distance
08 4t/ oot
L P E—
06—
Y oal £ AmPL Am[eV?] L[k
ol 8 mPL | AV Ln)
@ A =  —qoy=—"" 1=
, 4E, E, [GeV]
02—
| TRV
%.l 100

1 10
L/E, (arb. units)
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Neutrino oscillation fundamentals Oscillations in vacuum

Appearance vs. disappearance

P> appearance experiments:
Plja—nlg ) « 7& ﬁ
“appearance” of a neutrino of a new flavour 8 # « in a beam of v,

» disappearance experiments:

Pl/a—>Va

measure the “survival” probability of a neutrino of given flavour
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Neutrino oscillation fundamentals Oscillations in vacuum

Neutrinos oscillate!

1998: SuperKamiokande
atmospheric neutrinos J

» zenith-angle dependent deficit
of multi-GeV p-like events

» consistent with v, — v,
oscillations with

Am? ~25x 1073 V2
sin220 ~ 1

Nobel prize 2015
Takaaki Kajita

T. Schwetz (KIT)
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

Neutrinos oscillate!
Pourvival = 1 — sin? 20 sin?

KamLAND 7, — 7

r?;_ ; v\} £ L

@n

Am? L
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Neutrino oscillation fundamentals Oscillations in vacuum

Neutrinos oscillate!

Am? L
Psurvival ~1-— Sin2 20 sin2 7[777
E,

DayaBay, 2015 T2K, 2015
Ve = Ve, (L) ~ 2 km Vy = Yy, (L) ~ 295 km
> 10 g
: } EHI S i
\;5 r ¥ EHe % 1E = _=_ | _+_
1 L $ EH3 = F _T_
° 0.95— —— Best fit L\% F
e [ o 107
o ! 2 U E
osf J =
[ g . .
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oz e o 08 é Reconstructed v Energy (GeV)
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

the naive approach to calculate the oscillation probability is problematic at least
for the following reasons:

» production and detection regions are localised in space —
inconsistent with plane wave ansatz for neutrino propagation o e~ /(Eit=pix)
» plane waves correspond to states with exact energy/momentum —
neutrino mass states are distinguishable particles —
why is the sum in the amplitude coherent (inside modulus)?
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Neutrino oscillation fundamentals ~ Oscillations in vacuum

the naive approach to calculate the oscillation probability is problematic at least
for the following reasons:

» production and detection regions are localised in space —

inconsistent with plane wave ansatz for neutrino propagation o e~ /(Eit=pix)

» plane waves correspond to states with exact energy/momentum —
neutrino mass states are distinguishable particles —
why is the sum in the amplitude coherent (inside modulus)?

Two approaches:
» assume wave-packets for neutrinos

» QFT approach, neutrino as internal line, wave-packets for external particles

relation of the two approaches e.g., Akhmedov, Kopp, JHEP (2010) [1001.4815]
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach to neutrino oscillations
joint process of neutrino production and detection

fs f
s % ut 5 % wt

vy + Vo
D D
_._g e —»—< e
fo fo

early papers:
Rich,1993; Giunti,Kim,Lee,Lee,1993; Grimus,Stockinger,1996; Kiers,Weiss, 1998

review paper:
M. Beuthe, Oscillations of Neutrinos and Mesons in Quantum Field Theory,
Phys. Rept. 375 (2003) 105 [hep-ph/0109119]
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach to neutrino oscillations
joint process of neutrino production and detection

fs f
s % ut 5 % wt

izt + Vo
D D
fo fo

» neutrino corresponds to internal line, unobservable
» “standard” Feynman rules to calculate amplitude A of the whole process

» take into account that production and detection vertices are macroscopically
separated in space and time

> coherence properties determined by localization (or momentum spread) of
external particles
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

Initial states at source and detector (X = S, D):
superpositions of momentum eigenstates:

d3ky

1X) = [1ak] ax(ke) [Rx). (k] = oy
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

Initial states at source and detector (X = S, D):
superpositions of momentum eigenstates:

d3ky

1X) = [1ak] ax(ke) [Rx). (k] = oy

S-matrix element for the full process i — f (final state moment Ps, Pp fixed)

S = / [dks][dkp] ds(ks)ép(kp) (2m)*6™ (ks + kp — Ps — Pp) M
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

Initial states at source and detector (X = S, D):
superpositions of momentum eigenstates:

d3ky

1X) = [1ak] ax(ke) [Rx). (k] = oy

S-matrix element for the full process i — f (final state moment Ps, Pp fixed)

S = / [dks][dkp] ds(ks)ép(kp) (2m)*6™ (ks + kp — Ps — Pp) M

and differential transition probability i — f:
dWir = |Sir|? dus

with density of final states dvy = d®s d®p
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

AWy = / [dRs][ARLIARD][ARL] dbsd®p os(Ks)b(Ro)ph(Re)on (ko) x

(27)86® (ks + kp — Ps — Pp)d™ (k& + kj, — Ps — Pp) M M';

kx, ki: initial state momenta of the two interfering diagrams
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

AWy = / [dRs][ARLIARD][ARL] dbsd®p os(Ks)b(Ro)ph(Re)on (ko) x

(2m)36™ (ks + kp — Ps — Pp)6™) (k& + kp — Ps — Pp)MsM;
kx, ki: initial state momenta of the two interfering diagrams

neutrino momenta: q = ks — Ps = Pp — kp, ¢’ = kg — Ps = Pp — kp,

momenta differences: Kk = q — q', kx = kx — ki, (X =5,D)
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

QFT approach Dobrev, Melnikov, TS, 2504.10600

AWy = / [dRs][ARLIARD][ARL] dbsd®p os(Ks)b(Ro)ph(Re)on (ko) x

(2m)36™ (ks + kp — Ps — Pp)6™) (k& + kp — Ps — Pp)MsM;
kx, ki: initial state momenta of the two interfering diagrams

neutrino momenta: q = ks — Ps = Pp — kp, ¢’ = kg — Ps = Pp — kp,

momenta differences: Kk = q — q', kx = kx — ki, (X =5,D)

introduce source and detector “times” ts, tp:

(2m)26(k2 — K0)d (k% + KO) = / dts e (s —H)ts / dtp et}
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Neutrino oscillation fundamentals QFT approach to neutrino oscillations

Crucial step 1

statistical averaging over quantum states described by ¢s and ¢p gives
time-dependent momentum-space density matrices

(dx(Kx) ok (K )e ™) = px(Kx, Ky, tx)

related to the Wigner function by

px (kx, Ky, tx) = /d37x nx (Px, Ix, tx)e ™ Fxix (X=S5,D)

the classical limit of a Wigner function is the phase-space distribution of particles
nx(rx, Ix, tx)

with position ¥, momentum I, at the time t.

Dobrev, Melnikov, TS, 2504.10600; Ginzburg, Kotkin, Polityko, Serbo, Sov. J. Nucl. Phys. 55 (1992) 1847; Sov. J. Nucl. Phys.
55 (1992) 1855; Kotkin, Serbo, Schiller, Int. J. Mod. Phys. A 7 (1992) 4707
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Crucial step 2

_1)e
amplitude factorizes: M ~ —sinf cosf Ms Z %MD
129 T Ma Te

o i (=1)°(=1)
# Ml = sin0 cos 0 [Ms2[Mp* >
Mg Mii = sin® 6 cos” 0 |Ms|*| Mp| = (@ —mZ+ie)(q? — m} — ie)

Ms, Mp smooth functions of neutrino energy (neglect neutrino masses)
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Crucial step 2

_1)e
amplitude factorizes: M ~ —sinf cosf Ms Z %MD
129 T Ma Te

o i (=1)°(=1)
# Ml = sin0 cos 0 [Ms2[Mp* >
Mg Mii = sin® 6 cos” 0 |Ms|*| Mp| = (@ —mZ+ie)(q? — m} — ie)

Ms, Mp smooth functions of neutrino energy (neglect neutrino masses)

I:/sz d*s e—iHX Z (_1)3(_1)13

21 (2m)* L= (@ + Qr—m2 +i€)(Q — Qr — m} — i)

Q| 4/Q|

where ¥ = FD_?Sa LErH :?-é},, FJ_.EV :O7 |Q| ~ Ey

2
o= bt — ts — ) 0O(FL) ©(r ) sin? (Am L>
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Result for transition probability

drs
d3p,

X /drd3TD nD(F5+ré'y,TD,t5+r)daD,, Posc(r)

AWy = /d3p’l, /dt5d375d3f's ns(7s, Is, ts)

v

Am?L
P — 22 2 2
osc(r) = sin” 20 sin ( AE )

convolution of standard oscillation probability with neutrino flux, detection cross
section, and phase-space densities at source and detector
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Result for transition probability

drs
d3p,

X /drd3TD nD(F5+ré'y,TD,t5+r)daD,, Posc(r)

AWy = /d3p’l, /dt5d375d3f's ns(7s, Is, ts)

v

) ) Am?L
Pose(r) = sin? 20 sin? ( iE )
convolution of standard oscillation probability with neutrino flux, detection cross

section, and phase-space densities at source and detector

coherence properties encoded in phase-space densities ns and np
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Coherence properties
» assume isotropic Gaussian phase-space densities for X = S, D:

- 1
nx(Fx, Ix, tx) oc exp | —5

- T 2 7 s 2 2
x — Lx 1 (Ix—Ix 1 /tx — Tx
2 5)( 2 ox 2

X
» mean locations Ls p, mean momenta Is p, and mean times Ts p

» Quantum mechanical uncertainty relation: dxox > 1/2

> assume “stationary detector”: 73 > 6% + 62

T. Schwetz (KIT) Neutrino oscillation phenomenology 26 /80



Neutrino oscillation fundamentals Coherence requirements for oscillations

Coherence properties

» assume isotropic Gaussian phase-space densities for X = S, D:
N N s
(_, T t) 1 [rx—Lx 1 [ Ix—Ix 1 [(tx — Tx
nx(r xexp|—=z|——| — = - = —
XX, IX, tX P > Ox > ox 5 X

» mean locations Ls p, mean momenta Is p, and mean times Ts p

» Quantum mechanical uncertainty relation: dxox > 1/2

> assume “stationary detector”: 73 > 6% + 62

B (Lp — Ls)2 (L — T)?]sin?26 AmPL
Pose = exp [ 252 exp 272 2 1 — &locEen COS 2E,

where

TZETé—l—TE, 5255%—1—5%, LE(ZD—ZS)-é},, T=Tp—-Ts
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Localization decoherence

2E,
Am?

gloc = exp [_2 <7T i

LOSC

2
> 1 with  Lose = 27

production and detection regions have to be localised much better than
the oscillation length: § < Log. (note 02 = 6% + 63)
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Localization decoherence

2E,
Am?

gloc = exp [_2 <7T i

2
Losc> 1 with  Lose = 27

production and detection regions have to be localised much better than
the oscillation length: § < Log (note 62 = 6% + 6%,)

2
1 Am? .
Eloc = exp | —= < > with  ojpc =

1
2 4-E,/0'10C ?5

QM momentum uncertainty due to localisation has to be large enough,
such that individual mass states cannot be resolved: ojc > Am2/Ey
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Energy decoherence

2
1 [ AmPlo L o\?
en — O = -2 2 ——
Son = P 2< 2E2 ) exp[ T (LE”

> for experiments at the oscillation maximum (L = L) the neutrino
energy needs to be well defined: 0 < E,

T. Schwetz (KIT Neutrino oscillation phenomenology 28 /80
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Energy decoherence

2
1 [ AmPlo L o\?
en — Y = = -2 2 —_
Son = P 2< 2E2 ) exp[ T (LE”

> for experiments at the oscillation maximum (L = L) the neutrino
energy needs to be well defined: 0 < E,

» this term can be interpreted as decoherence due to neutrino wave
packet separation, identifying v; ~ 1 — m? /(2E?)
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Why are oscillations possible?

&loc and &, have opposite dependence on spreads:

» uncertainties have to be
large enough that mass states can interfere: oo > Am2/El,
small enough that intereference is not damped: 0 < E, Log./L
but QM uncertainty implies: o1, = 1/(20) < o

» there are many orders of magnitude available to fulfill these
requirements, because

Am?/E2 <1  or  E lege>1
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Why are oscillations possible?

Ex.:JUNO: E, = 4MeV, L = 53km, solid(dash) Am? = 7.5-105(2.5-103) eV?

0> EyLosc/L

oscillations observable

-
=Y
&
IS
%07 < g

uncertainty principle
excluded

momentum spread o [MeV]
S

1018 4

e it s b

N

10'-14 10I'11 10I‘a 10I‘5 10I‘2 1(I)l l(l)4 167
spatial localization 6 [m]

Dobrev, Melnikov, TS, 2504.10600
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Classical averaging

consider averaging of the event rates R(L, E,):
/dL’ R(L',E )#ex {(LLF]
T V2T clas P 2531as
(E) — Eu)z]

1
dE! R(L, E!)——— ex {
/ ( ) V2O las P 2Uglas

same decoherence factors i and &, with (in the Gaussian case)

6% = 6% + 62 0% = 0 + o2

clas » clas
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Classical averaging

» quantum mechanical and classical decoherence have the same effect
and are indistinguishable phenomenologically
Kiers, Nussinov, Weiss, 1996; Stodolsky, 1998; Ohlsson, 2001

P classical averaging due to experimental reasons: size of production
region, finite detector resolutions (in space and energy),...

» fundamental averaging effects due to experimental configuration and

physics principles: phase space integrals of unobserved particles,
Doppler broadening,...
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Classical averaging

In the approach of Dobrev, Melnikov, TS, 2504.10600, the QM uncertainties of
the initial state particles manifest themselves as classical convolution of the
probability with Wigner distributions:

drs

dWjr = /d3l3u /dtsd375d375 ns(Fs,Tst)ﬁ

X /dr d37D np(7s + ré,, TD, ts + r)dop, Posc(r)

conditions of observability of oscillations imply that coherence assumptions of the
derivation are satisfied
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Neutrino oscillation fundamentals Coherence requirements for oscillations

Decoherence parameters - numerical example

estimates for reactor oscillation experiments
Krueger, TS, 2303.15524, Akhmedov, Smirnov, 2208.03736

]_ A 2 2 A 2 2 1 M 2 2
- lngloc == m ~13x 10—19 m eV 500 eV
2 \4E,010¢ leV?2 E, Oloc

L 0w\’ L\ [1MeV\°/ 0en \2
_ _ 2 en ~ 4. 12 en
In on = 2 (L Ey) 4.9 % 10 (L> ( E ) (0.56\7)

= QM decoherence (incl. localization and “wave packet separation”) is irrelevant
for all practical purposes

decoherence effects completely dominated by classical averaging
(e.g., typical energy resolution in reactor exps: ¢las =~ 0.1 MeV)
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Neutrino oscillation fundamentals

Summary oscillations in vacuum

> “simple QM" derivation of oscillation probability is based on wrong
assumptions but gives the correct result

» well founded derivation and understanding of (coherence) conditions
for the observability of oscillations can be obtained by a QFT or wave
packet treatment

» fundamental QM decoherence effects are unobservable for all practical
purposes, coherence is dominated by classical averaging effects
(or would require rather exotic BSM physics)
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Neutrino oscillation fundamentals ~ 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

v, GF _ o
Hm(? = \/% Va/y/i(l - Z gV - gA7f’75)f

f

"

mat

coherent forward scattering amplitude leads to an “

index of refraction”
— proportional to Gg! (not G2)

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

Effective matter potential

Vmat = \ﬁGF diag (Ne - Nn/2a *Nn/za *Nn/z)

cC w NC z°

v | \Y \Y

» only v, feel CC (there are no p, 7 in normal matter)

» NC is the same for all flavours = potential proportional to identiy has no
effect on the evolution

» NC has no effect for 3-flavour active neutrinos, but is important in the
presence of sterile neutrinos
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Neutrino oscillation fundamentals Oscillations in matter

Effective Schrodinger equation in matter

where

Am3; Am3
H = ; 21 31 1
Udiag (O, TT U

vaccum
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Neutrino oscillation fundamentals Oscillations in matter

Effective Schrodinger equation in matter

where

Am3, Am?
H = Udiag (o, iy m31> UT + diag(v/2Gg N, 0,0)

vaccum matter

Ne(x): electron density along the neutrino path
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Neutrino oscillation fundamentals Oscillations in matter

Effective Schrodinger equation in matter

where
. Am2, Am?2 .
H = Udiag (0, 2551’ 2E31> UT + diag(v/2Gg N, 0,0)
vaccum matter

Ne(x): electron density along the neutrino path

for non-constant matter: H(t) — time-dependent Schrodinger eq.
“MSW resonance” Mikheev, Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)
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Matter effect in QFT

» transition probability for neutrinos in matter can be derived also
within the QFT approach to neutrino oscillations
e.g., Cardall, Chung, hep-ph/9904291; Akhmedov, Wilhelm, 1205.6231

> consider the effect of background matter on the neutrino propagator
appearing in the QFT Feynman diagram

» neutrino propagator has to be derived from a solution of the Dirac
equation with matter-induced potential
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Neutrino oscillation fundamentals Oscillations in matter

Neutrino oscillations in constant matter

diagonalize the Hamiltonian in matter:

Am2, Am2
HY = . 21 31
¥ at Udiag (0, S, ’725,

Undiag (A1, A2, A3) U,

) U' 4 diag(V2GE N, 0,0)

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

2-neutrino oscillations in constant matter

Two-flavour case:

Am? . L
P . —sin220. .. sin? —_mat—
mat n mat SIN 4E

with
sin? 20

sin? 26 + (cos 20 — A)?

sin? 20mat =

Am?,, = Amz\/sin2 20 + (cos26 — A)?
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Neutrino oscillation fundamentals Oscillations in matter

2-neutrino oscillations in constant matter

sin® 26 A 2EV
sin? 26 4 (cos 20 — A)?2 Am?
resonance for cos20 = A: “MSW resonance”

Mikheev, Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)

Sin2 20mat =

1 T T T 11T T T T TrrTT

L 2 _
sin"26,, =03
08—

[small matter effect
\vacuum osc.
® 0.6

£
D
N T
_C
@ 04 —
strong matter effect
OSsC. are suppressed |
02 _
Ll Ll A L
8.01 0.1 1 10 100

A
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Neutrino oscillation fundamentals Oscillations in matter

resonance and mass ordering

- sin? 20 2EV
sin® 20mat = —— =
sin® 20 + (cos 20 — A)? Am?

resonance for cos 20 = A:

» the appearance of the resonance depends on the relative signs of
V,Am?, cos 26 = cos? 0 — sin’ 0
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Neutrino oscillation fundamentals Oscillations in matter

resonance and mass ordering

- sin? 20 2EV
sin® 20mat = —— =
sin® 20 + (cos 20 — A)? Am?

resonance for cos 20 = A:

» the appearance of the resonance depends on the relative signs of
V,Am?, cos 26 = cos? 0 — sin’ 0

» for neutrinos V > 0, for antineutrinos V < 0
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Neutrino oscillation fundamentals ~ Oscillations in matter

resonance and mass ordering

. 2
2 2EV
Sin2 29mat = >0 i =

sin 26 4 (cos 20 — A)?2 - Am?

resonance for cos 20 = A:

» the appearance of the resonance depends on the relative signs of
V,Am?, cos 26 = cos? 0 — sin’ 0

» for neutrinos V > 0, for antineutrinos V < 0
» e.g., if the resonance happens for neutrinos we must have
Am? cos20 = (m3 — m3)(cos® 6 — sin?6) > 0

possible solution: m3 > m? and 6 < 45°
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Neutrino oscillation fundamentals ~ Oscillations in matter

resonance and mass ordering

.2

9 sin® 260 __2EV

sin“ 20 a1 = A= ——
" sin?20 + (cos26 — A)? Am?

resonance for cos 20 = A:

» the appearance of the resonance depends on the relative signs of
V,Am?, cos 26 = cos? 0 — sin’ 0

» for neutrinos V > 0, for antineutrinos V < 0

» e.g., if the resonance happens for neutrinos we must have
Am? cos20 = (m3 — m3)(cos® 6 — sin?6) > 0

possible solution: m3 > m? and 6 < 45°

» in two flavours, there is a degeneracy between labeling the mass states and
the allowed range of the mixing angle
more involved parameter dependencies in three flavours
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Neutrino oscillation fundamentals Varying matter density and MSW

Varying matter density: example solar neutrinos

The electron density in the sun:

4 1 T ] ¥ T Ll Ll ¥ T !
a =

log(n,/N,) vs. R/R,
2 — BP2000

—4 1 1 1 L 1 il I L L |

0 01 02 03 04 05 08 07 08 08 |
R/Ry
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Neutrino oscillation fundamentals Varying matter density and MSW

Adiabatic conversion of solar neutrinos

» matter density changes slowly on the L—r—rrrrrry e
scale of the oscillation length = Y Rl
adiabatic propagation of neutrino mass 08l L&
states in matter o7l
» oscillations between sun and earth 06 FL: 12320 .
averaged out: 051 1
04+ |:>ee —
Pee = 3 UG Ual? ’
— cos” 0, cos” 0 + sin“ 0, sin“ 0 E, Mev]
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Neutrino oscillation fundamentals Varying matter density and MSW

Adiabatic conversion of solar neutrinos

» matter density changes slowly on the L—r—rrrrrry e
scale of the oscillation length = Y Rl
adiabatic propagation of neutrino mass 08l L&
states in matter o7l
» oscillations between sun and earth 06 FL: 12320 .
averaged out: 051 1
04+ |:>ee —
Pee = 3 UG Ual? ’
— cos” 0, cos” 0 + sin“ 0, sin“ 0 E, Mev]

E<Ee~2MeV: 6,

%

1
9:>Pee:c4+s4:1—§sin229

E> Es~2MeV : szgéPee:sinzﬁ
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Neutrino oscillation fundamentals Varying matter density and MSW

Adiabatic conversion of solar neutrinos

» matter density changes slowly on the L—r—rrrrrry e
scale of the oscillation length = Y Rl
adiabatic propagation of neutrino mass 08l L&
states in matter o7l
» oscillations between sun and earth 06 FL: 12320 .
averaged out: 051 1
04+ |:>ee —
Pee = 3 UG Ual? ’
— cos” 0, cos” 0 + sin“ 0, sin“ 0 E, Mev]

E<Ee~2MeV: 6,

%

1
9:>Pee:c4+s4:1—§sin229

E> Es~2MeV : szgéPee:sinzﬁ

additional correction from propagation through earth matter — day-night effect
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Neutrino oscillation fundamentals Varying matter density and MSW

Solar neutrinos and the Sudbury Neutrino Observatory

2002: SNO: CC to NC ratio agfram T g T T Trong |
of solar neutrino flux J ol e
_ 061 - 1/25in’28 -
CC.ve+d—>p+pte & 1
NC: vy +d = p+n+ vy 0'5, |
ok SNO CCING]
| sin® ]
» evidence for ve — vy, vy 03 T
conversion 07~ L e
» MSW effect inside the sun B Mev]
adiabatic conversion through
resonance P — Pe Pce
ee —

ot or
Nobel prize 2015 Pe+dutd N

Art McDonald
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Neutrino oscillation fundamentals

Varying matter density and MSW

Evidence for LMA-MSW

solar neutrino experiments Homestake, SAGE-+GNO, Super-K, SNO, Borexino

NUFIT 2.0 (2014)

MR U e N B o e e s ey
0.7 e T
C Borexino (pp) ° Borexino ('B) | ]
N ; »  Super-K b
0.6 — Borexino (7Be) Borexino (pep) SNO —
C PP ]
A 05 .
g - .
o C ]
Voo04
E [ siPe_—0.0219, sine,_ - 0.31
0.3 C sin 13=0. , SIn 2=V
| = Am, = (4.7,7.5) x 107° eV?
- | — da --- night
02F y 9
7\ L1 ‘ L1 ‘ L1l ‘ Il L1 ‘ Il ‘ Ll ‘ L1l ‘ L1 ‘ L1l ‘
0.2 0.3 04 0.6 1 1.4 2 3 4 6 10 14
E, [MeV]

> sin2@ < 0.5 is strong evidence for MSW conversion
> for energies above resonance: Pe. ~ sin® @ — best determination of 615
T. Schwetz (KIT)
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Neutrino oscillation fundamentals Varying matter density and MSW

“Solar” mass ordering

» for the mass-squared difference relevant for solar neutrinos, we adopt
the convention that Am? > 0, i.e.,, mp > m

P observations show that in the sun the resonance happens for neutrinos

> = cos20 > 0: 60 ~ 33° < 45°
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Neutrino oscillation fundamentals Varying matter density and MSW

“Solar” mass ordering

» for the mass-squared difference relevant for solar neutrinos, we adopt
the convention that Am? > 0, i.e.,, mp > m

P observations show that in the sun the resonance happens for neutrinos
> = cos260 > 0: 0§ ~ 33° < 45°

» physical statement:
there is one mass state which is dominantely electron-neutrino like,
and this mass state has to be the lighter one of the “solar pair”

Ve = cosOuvy+sinfu,
Vyr = —sinf vy + cos 0 v
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Neutrino oscillation fundamentals Varying matter density and MSW

Matter effects in the v, v; sector

» in the two-flavour approximation there is no matter effect in v, — v,
and v, — v, transitions

» the v,-disappearance channel in long-baseline experiments is
described by vacuum oscillations to good approximation
e.g., Denton, Parke, 2401.10326

> typically matter effects in these channels are suppressed by
three-flavour effects (in particular 613), however, there can be
resonance enhancement in atmospheric neutrinos

T. Schwetz (KIT) Neutrino oscillation phenomenology 49 /80



Neutrino oscillation fundamentals ~ Varying matter density and MSW

Matter effects in atmospheric neutrinos

e s
=) Pei

0.995

0.97

0.9

0.8

1
T

07

1
T
1

0.6

0.5

04

03

0.2

0.1

0.03

0°  15° 30° 45° 60° 75° 80°

Akhmedov, Maltoni, Smirnov, hep-ph/0612285

T. Schwetz (KIT) Neutrino oscillation phenomenology



Neutrino oscillation fundamentals

Final comments on oscillation fundamentals

Neutrino oscillations in vacuum and in matter

> are sensitive only to neutrino mass-squared differences
(interference phenomenon)

» no sensitivity to absolute neutrino mass
— beta-decay, neutrinoless double-beta decay, cosmology

» cannot distinguish between Dirac and Majorana neutrino mass
(lepton number is conserved in oscillations) — neutrinoless
double-beta decay
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Global data and 3-flavour oscillations
Qutline

Global data and 3-flavour oscillations
Qualitative picture
Global analysis
dcp and mass ordering
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Global data and 3-flavour oscillations

3-flavour neutrino parameters

P> 3 masses: Am%l, Am%l, mg
» 3 mixing angles: 6015, 613, 623

» 3 phases: 1 Dirac (), 2 Majorana (a1, o)

neutrino oscillations
absolute mass observables
lepton-number violation (neutrinoless double-beta decay)

T. Schwetz (KIT) Neutrino oscillation phenomenology 53/80



Global data and 3-flavour oscillations

3-flavour oscillation parameters

Ve Uer Uex Ues V1

vy = U,ul Uﬂz Uﬂ3 1%}

Vr U‘I’l U7'2 U‘r3 V3
1 0 0 C13 0 e"5513 C12 s;» O
U= 0 C23 523 0 1 0 —S12  C12 0
0 —s3 O —es3 0 cp3 0 0 1
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Global data and 3-flavour oscillations

3-flavour oscillation parameters

Ve Uer U Ues V1
ve | =1 Ua Up Us V2
Vr U‘I’l U7'2 U‘r3 V3
Am3, Am3,
1 0 0 C13 0 e"5513 C12 s;» O
U= 0 C23 523 0 1 0 —S12  C12 0
0 —s3 O —es3 0 cp3 0 0 1
atm+LBL(dis) react+LBL(app) solar+KamLAND

3-flavour effects are suppressed: Am3; < Am2; and 013 < 1 (Uez = si3e7 )

= dominant oscillations are well described by effective two-flavour oscillations
= present data is already sensitive to sub-leading effects
= CP-violation is suppressed by 613 and Am3,/Am3;
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Global data and 3-flavour oscillations Qualitative picture

What we know — masses

NORMAL INVERTED
V,
v; I v, I €
3 2 e
v, T
1
Vu
N |
E V1
o
Vo T
v, I V3 I

> The two mass-squared differences are separated roughly by a factor 30:
Amd =~ 7 x107%V?,  |Amd| ~ |Am3,| ~ 2.4 x 10~ 3eV?

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

Physical interpretation of mixing angles

NORMAL INVERTED
V,
v; I v, I €
3 2 .
v, T
1
Vu
N |
£ V1
o

V2 T

sinf13 = |Ues|  (ve component in v3) = (v3 component in v,)

U, . .
tan b = ;U:i ratio of 15 and v; component in v,
U

tan s = \Uij ratio of v, and v, component in v3
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Global data and 3-flavour oscillations ~ Qualitative picture

What we know — mixing

» approx. equal mixing of v, and v in all mass states:
o3 ~ 45° (with significant uncertainty)

> there is one mass state (“v1") which is dominantely v, (612 ~ 30°),
and it is the lighter of the two states of the doublet with the small
splitting (MSW in sun)

» there is a small v, component in the mass state v3: 013 ~ 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
012 SNO, SuperK, (KamLAND) resonant matter effect in the Sun
03 SuperK, T2K, NOvA v,, disappearance
atmospheric (accelerator) neutrinos
013 DayaBay, RENO, D-Chooz Ve disappearance
(T2K, NOvA) reactor experiments @ ~ 1 km

Am3, KamLAND, (SNO, SuperK) Ve disappearance
reactor @ ~ 180 km (spectrum)

|Am3;| MINOS, T2K, NOvA, DayaBay v, and 7. disapp (spectrum)
) T2K, NOvA + DayaBay combination of (v, — ve) + 7. disap

> global data fits nicely with the 3 neutrinos from the SM

> a few “anomalies” > 30: LSND, MiniBooNE, Gallium anomaly
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Global 3-flavour fit

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

> latest paper: NuFit 6.0 (as of Sept 2024)
Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Pinheiro, Schwetz,
JHEP(2024), 2410.05380

» provides updated global fit results
tables & figures, x? data for download
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Global 3-flavour fit

NO, 10 (IC19 wio SK-atm)
= NO, 10 (IC24 with SK-atm) NURITHGT0N2024)

[ Eaa N WA SR AanEas I EA RS (ANRRRRERARANTS AR6
o\ 1 ]
» robust determination R 1t ]
(relat. precision at 30): °r F ]
ol e YA T D ) ]
€12 (13%) , 913 (8%) 02 0.25 Sﬂl.';’ie‘z 0.35 0.4 6.5 Zm; [‘g:gevz] 8 85
Amgl (15(%))7 |Am§e|(51%) 155‘\ u"“m“m‘m,u\m% jumlu‘m‘u u“‘u“mjui
SIaN 1
el 1 |0 b
> broad allowed range for 653 (20%), sp 1r 1
non-significant indications for EONMONS A
. . 004 045 05 055 06 065-26 25 -24 24 25 26
non-maximality /octant ano, ané, [10°0V) ant,
, T T
» ambiguity in sign of Am3, — . e i
mass ordering °F ]
> values of dcp ~ 90° disfavoured ok Bl
preference for dcp ~ 270° for 10 o 1t N
0.018 0.02 0022 0.024 0026 0 90 180 270 360

3
sin® 0, Bep
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Global data and 3-flavour oscillations

Global analysis

m " ) 2
Solar” sector: 015, Am3;

synergy between solar neutrinos and
KamLAND reactor neutrinos

NuFIT 6.0 (2024)

14 prrrr T 121\\”\”‘\‘\\‘\”
[ sin’e,, = 00222 1 FLob
12 4 o
_10F - F
< f 1 8-
CN | N
% =N
= < 7L

= A

NS i ]
<4 F ] 4 .
4= 3 ]
Py 4 2 -
ol il lind ]
02 025 03 035 04 2 4 6 8 10

sin’e,, Am3, [107° eV
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Survival Probability

KamLAND

L « Daa-BG-Geov, » CHOOZ data
—— Expectation based on osci. parameters
12— determined by KamLAND
1t :
08~ +
065 +
0.4
5 +
02f
£ L L L L L . L L L
0O 10 20 30 40 50 60 70
LJE,, (km/Mev)
solar neutrinos

{Boroxing (pep)  © Super

o Borexino ('B)
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Global data and 3-flavour oscillations Global analysis

“Atmsopheric” sector: 03, 013, 6cp, Am3;

» atmospheric neutrino experiments (SuperK, IceCube, ORCA)
» accelerator experiments (T2K, NOvA)

> reactor experiments (DayaBay, RENO)
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Global data and 3-flavour oscillations Global analysis

Daya Bay reactor experiment

» U, — U, disappearance

3 Underground
Experimental Halls

Ling Ao Il Cores
ing Ao | Cores

— Daya Bay Near Hall
363 m from Daya Bay
98 m overburden

m 17.4 GWy, power
m 8 operating detectors

m 160 t total target mass
Daya Bay Cores e
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Global data and 3-flavour oscillations Global analysis

T2K and NOVA accelerator experiments

» v, — v, and v, — b, disappearance

» v, — ve and U, — e appearance

The T2

K Exp

Super-K.

eriment

The NOVA Experiment

+ Long-baseline neutrino
oscillation experiment
+ NuMI beam: v, or 7,
+ 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,

Neutrino oscillation pl




Global data and 3-flavour oscillations Global analysis

“Atmsopheric” sector: 3, 013, Am3,

|nter2p|ay of disappearance data at the DayaBay, 2015
Ams;-scale Ve — Ve, (L) ~ 2 km
NUFIT 6.0 (2024)
T ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T [FErrrrT ‘ TTTT ‘ TTTT ‘ ]
3 1F ]
28
26
Ngm 24F 0z 04 05 08
L DayaBay Lo/ (E,) km/MeV]
m; 22
[}
2 22 T2K, 2015
Ngx 24F Vy = Vy, (L) ~ 295 km
26 5 10
C i<}
F s PR S
2.8 |~ 2 t =TT
E :
3 1 1201 3 107k
SRR P FERTUEE | S e P :
0.3 0.4 0.5 0.6 0.7 0.015 002 0025 0.03 : 10 3 7 >
3 Reconstructed v Energy (GeV)

.2 .2
sin“6,, sin“e,
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Global data and 3-flavour oscillations Global analysis

Complementarity between beam and reactor experiments

» v, — V. appearance probability (T2K, NOvA):

L2
1-AA
'D,ue ~ sin2 2913 sin2 923 Sm(f_A)g
in(1 — A)Asin AA
+ sin2013 & sin 2043 sin( JA sin cos(A + dcp)
1-A A
with . Am%lL . Am%1 ) __2E,V
A — Y = 29 A =
ag, 0 T amg TR A,

> v, survival probability (reactor experiments, e.g. Daya Bay)

Pee ~ 1 — sin®26,3sin’ A

T. Schwetz (KIT) Neutrino oscillation phenomenology 66 /80



Global data and 3-flavour oscillations Global analysis

Appearance restults from T2K and NOvVA

sin?(1 — A)A
(1 Ay

in(1 —A)Asin AA
+  sin2613 & sin 203 Sln(l A) SInA

P = sin 2013 sin? 63

cos(A + dcp)

T2K NOvA
30F 7. CCQE !
Ezs ........... 2 Observed +1o
S P NO, sin’ 633 € [0.44, 0.58]
_EQU> P (O, sin?6,; € [0.44,0.58]
2 R —
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Global data and 3-flavour os: Global anal

Appearance restults from T2K and

NOvVA

065 104 FNoO
060
055
&
< 050
0451
NOvA
0.40 - 4 F
I Tk
0.35-—== NOVA + T2K -
L 1 1
90 180 270 3 90 180 270 360
der der
T2K

30F 7. CCQE
E - S Observed +10
g P NO, sin’ 3 € [0.44, 0.58]
% 20 P 1O, sin® 65 € [0.44,0.58]
=
“15

1=}
S

Number of events
%0
=)

60
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Global data and 3-flavour oscillations =~ dcp and mass ordering

Status of dcp

some indications on the allowed range of dcp due to the interplay of reactor
(Daya Bay) and accelerator (T2K, NOvA) neutrino experiments

» values of dcp ~ 90° disfavoured

» normal ordering:
CP conservation (dcp ~ 180°) at 1o

» inverted ordering:
preference for dcp ~ 270°(maximal CPV)
CP conservation disfavoured at > 3.60

T. Schwetz (KIT) Neutrino oscillation phenomenology
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Global data and 3-flavour oscillations =~ dcp and mass ordering

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

Am2 2 2
mj; L sin Ams,L sin Ams; L 7
4E, 4E, 4E,

Pl/aaug - PDQHDB =-16 Jaﬂ sin

where
Jag = |m(Ua1 U;2UE]_UB2) ==+J,

with +(—) for (anti-)cyclic permutation of the indices e, u, 7.

J: leptonic analogue to the Jarlskog-invariant in the quark sector
Jarlskog, 1985
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Global data and 3-flavour oscillations =~ dcp and mass ordering

CP violation
Jarlskog-invariant:
Jmax

J= \Im(Ual U22 Uél U/@z)‘ = 512C12523C23513C123Sin 5 = sin (5

neutrino oscillation data:

JH#* = 0.0333 + 0.0007(+0.0017) 1o (30) nu-fit 6.0
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Global data and 3-flavour oscillations

dcop and mass ordering

CP violation
Jarlskog-invariant:

J= \Im(Ual U22 Uél U/@z)‘ = 512C12523C23513C123Sin 0 = J"sing
neutrino oscillation data:

JH#* = 0.0333 + 0.0007(+0.0017) 1o (30) nu-fit 6.0

in the quark sector:

Joxm = (3.12+£0.13) x 10> PDG

T. Schwetz (KIT) Neutrino oscillation phenomenology
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Global data and 3-flavour oscillations p and mass ordering

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

Hyper-Kamiokande

confront
itication theories
o

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

DUNE
oscillation science goals:
determine mass ordering
and CP phase

Deep Underground Neutrino Experi-  Long-Baseline Neutrino Facility Proton Improvement Plan Il
ment (DUNE) wanp) ®IP-)
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Global data and 3-flavour oscillations cp and mass ordering

Determining the mass ordering - 1

> Looking for the matter effect in transitions involving Am3;

> long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments lceCube, ORCA,
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Akhmedov, Maltoni, Smirnov, hep-ph/0612285
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Global data and 3-flavour oscillations dcop and mass ordering

Determining the mass ordering - 2

> Interference effect of oscillations with Am3; and Am3;
Petcov, Piai, hep-ph/0112074
» reactor experiment at 60 km JUNO
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Global data and 3-flavour oscillations =~ dcp and mass ordering

Determining the mass ordering - 3

> Determination of [Am3;| from v and v, disappearance
Nunokawa, Parke, Zukanovich Funchal, hep-ph/0503283

2 AmiaL

P, ~ 1 — sin® 20,4 sin> —22—
(0703 In (6764 n 4EV b

a=[,e
with

.2 2 .2

sin® 0, = cos” 013 sin” 3

Amfm = sin? 012Am§1 + cos? 012Am§2 + cos dcp sin O3 sin 2615 tan 923Am§1

eee = 6)13

Am?, = cos® 010 Am3; + sin® 01,Am3,

\Amfm — |Am§e\ = :|:Am§1 [cos 26015 — cos dcp sin 013 sin 2015 tan Oa3]
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Global data and 3-flavour oscillations dcop and mass ordering

Determining the mass ordering - 3

> Determination of [Am3;| from v and v, disappearance
Nunokawa, Parke, Zukanovich Funchal, hep-ph/0503283

JUNO & KM3NET/ORCA

> starts being relevant in current data = ,UN; LN,
ORCA P
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Outline

Summary and concluding comments
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Summary and concluding comments

Concluding comments

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

P> at least two neutrinos are massive

> typical mass scales
Am3; ~ 0.0086 eV

Am3; ~ 0.05eV

are much smaller than all other fermion masses
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Summary and concluding comments

Concluding comments

>

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

at least two neutrinos are massive

typical mass scales
Am3; ~ 0.0086 eV

Am3; ~ 0.05eV

are much smaller than all other fermion masses
all three mixing angles are measured with reasonable precision

lepton mixing is VERY different from quark mixing
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Summary and concluding comments

The SM flavour puzzle

Lepton mixing:

912%330 1 0(1) O(l)
- 15° Urns = — | 0(1) 0(1) 0(1)
e Vs o o o)

Quark mixing:

912 ~ 13° 1 e «
923 ~ 2° UCKM = e 1 «
(913 ~ 0.2° e e 1
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Summary and concluding comments

The SM flavour puzzle
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Summary and concluding comments

Concluding comments

open questions for oscillation experiments:

>

>

identify neutrino mass ordering
establish leptonic CP violation
precision measurments (e.g., 63 ~ 45°7)

over-constrain 3-flavour oscillations (search for non-standard
properties, sterile neutrinos, exotic neutrino interactions,...)
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Summary and concluding comments

Concluding comments

open questions for oscillation experiments:

> identify neutrino mass ordering
» establish leptonic CP violation
> precision measurments (e.g., 63 ~ 45°7)

> over-constrain 3-flavour oscillations (search for non-standard
properties, sterile neutrinos, exotic neutrino interactions,...)

questions which cannot be addressed by oscillations:
P absolute neutrino mass scale

» Dirac or Majorana nature
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