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Literature

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

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

» more literature during the lectures
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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 « 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

T. Schwetz (KIT) Neutrino physics | 9/63



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: eanT)
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)
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Neutrino oscillations

Neutrino oscillations

Iy Ig
Yy neutrino oscillations Vg

// \
W T “ W

"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 oscillations 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:

Am?
~ J! 2 __ 2
ji M F with  Amj; = m; — m;
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Neutrino oscillations ~ Oscillations in vacuum

2-neutrino oscillations
Two-flavour limit:

_ cosf sind . L, Am2L
U_<sin9 cos@)’ P =sin 295|nf

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 oscillations Oscillations in vacuum

Neutrinos oscillate!

Zenith_angle dependence
(Multi-GeV)
uPLﬂ"""g Duun—gviﬁg
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Neutrino oscillations ~ Oscillations in vacuum

Neutrinos oscillate!

) ) Am2 L
Psurvival = 1 —sin“ 20 sin“ | —— —
E,
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Neutrino oscillations Oscillations in vacuum

Neutrinos oscillate!

. . Am? L
Psurvival = 1 — sin?20sin? | —— —
4 E,
DayaBay, 2015 T2K, 2015
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Neutrino oscillations ~ 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 oscillations ~ 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 oscillations QFT approach to neutrino oscillations

QFT approach to neutrino oscillations

joint process of neutrino production and detection

V4!

pa

Ay

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 oscillations QFT approach to neutrino oscillations

QFT approach to neutrino oscillations

joint process of neutrino production and detection

V4!

Ay

» 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
initial and final state particles
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Neutrino oscillations QFT approach to neutrino oscillations

The oscillation amplitude Krueger, TS, 2303.15524

d* - —m;
i‘AOéﬁoCE UajUEj/( ﬂ_p iMp 2p J IM e —ip(xp—xp)
j

y ™ exp [_(p - p/)2 (P —E—vi(p—p))

3 2 2
1=P.D 0L 10El 40p, 4oy

effective momentum and energy spreads determined by localization and velocity
of all external particles:

2 _ 2 2_ 2 2
UP:ZO',-J, 0p = 0,(X — V)
and a weighted velocity and velocity-squared:

= E O' V; = E O' V Vi = aEl
= f = =
0_2 ifYit s 0_2 i,fYi,fo i Ok

P jf P if "Tki=pj
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Neutrino oscillations QFT approach to neutrino oscillations

The oscillation amplitude-squared
after some algebra (and non-trivial manipulations):
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Neutrino oscillations QFT approach to neutrino oscillations

The oscillation amplitude-squared
after some algebra (and non-trivial manipulations):

| Aasl? o< exp [i 2E, standard oscillation phase
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Neutrino oscillations QFT approach to neutrino oscillations

The oscillation amplitude-squared
after some algebra (and non-trivial manipulations):

TA 12 H 2 . .
| Aasl? o< exp [l AgrEOL standard oscillation phase
L(am ) localization decoh
X exXp | =5 \ 26,0, ocalization decoherence &,

2
2
X exp —% (A”;EL;’“‘> energy decoherence &y

definitions:
1 1 v2 1 1
= = + A =
2 = 2 2 ) 2 = 2
Im  Zpp \% E Ten Zpip left
2
1 1 1-w)
> =5t 2 ’
o o
I,eff pl El
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Neutrino oscillations QFT approach to neutrino oscillations

Localization decoherence

1/ Am? \°
floc:exp -3

2 \4E,om

energy-momentum uncertainty has to be large enough, such that
individual mass states cannot be resolved: o, > Am2/El,

T. Schwetz (KIT) Neutrino physics | 23 /63



Neutrino oscillations QFT approach to neutrino oscillations

Localization decoherence

‘ 1( am? \°
— e —_—
loc Xp 2 4El,0'm

energy-momentum uncertainty has to be large enough, such that
individual mass states cannot be resolved: o, > Am2/El,

Sloc \ 2 : 1 2E,
loc = exp [—2W2 (LLSC) 1 with  omdloc = 5 , Lose = 27TAm2

production and detection regions have to be localised much better than
the oscillation length: djoc < Lose (note 02, = 63 + 0%)

loc
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Neutrino oscillations QFT approach to neutrino oscillations

Energy decoherence

Een = €Xp —1 7Am2Loen 2 = exp —27r2< L Uen>2
2 2F2 Lose E,

> for experiments at the oscillation maximum (L = L) the neutrino
energy needs to be well defined: oo, < E,
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Neutrino oscillations QFT approach to neutrino oscillations

Energy decoherence

Een = €Xp —1 7Am2Loen 2 = exp —27r2< L Uen>2
2 2F2 Lose E,

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

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

Why are oscillations possible?

> &6 and &, have opposite dependence on spreads: uncertainties have to be
large enough that mass states can interfere: o, > Am?/E,
small enough that intereference is not damped: ¢, < E, Losc/L

P assuming o, ~ Oen, there are many orders of magnitude available to fulfill
both requirements, because

AmP/E2 <1 or  Elge>1
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Neutrino oscillations QFT approach to neutrino oscillations

Classical averaging

consider averaging of the event rates R(L, E,)  |Aqp|%:

1
dl’ R(L', E,)——— ex {
/ ( ) V 2T 0clas 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)

2
clas

5120C _> 6120(3 + 52 O-gn _> Jgn + g

clas »
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Neutrino oscillations QFT approach to neutrino 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 oscillations QFT approach to neutrino oscillations

Decoherence parameters - numerical example

estimates for reactor oscillation experiments Krueger, TS, 2303.15524

e = LAY 15y qgme (A (IMV)? (50007
°c~2\4E0,) T 1oV2 E, Om

L e\’ L2 /1MeV\? [ e \2
-1 en — 2 2 = ~ 4.9 10_12 en
" 5 i (Losc Ey ) % Losc E,/ (05 eV>

= 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 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

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)

T. Schwetz (KIT) Neutrino physics |

29 /63



Neutrino oscillations ~ Oscillations in matter

Effective matter potential

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

| v f f

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 oscillations 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 oscillations ~ 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 oscillations 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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Neutrino oscillations 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 oscillations Oscillations in matter

2-neutrino oscillations in constant matter

Two-flavour case:

Am? L
Pmat = sin2 20mat sin2 %
with
sin? 20

o2
29ma =
>0 * 7 sin? 20 + (cos 20 — A)2

Am?,, = Amz\/sin2 20 + (cos26 — A)?
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Neutrino oscillations 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 TTTTT

L 2 _
sin"26,, =03
08—

[small matter effect
0.6 [VACUUM OSC.

0.4 —

strong matter effect
OSsC. are suppressed |

| | l Y
8.01 0.1 1 10 100
A
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Neutrino oscillations Varying matter density and MSW

Varying matter density: example solar neutrinos

The electron density in the sun:

log(n,/N,) vs. R/R,
2 — BP2000

logln,/N,)
=

Q 0.1 02 03 04 08 0¥ 08 09 1

0.5
R/Ry

T. Schwetz (KIT) Neutrino physics | 35/63



Neutrino oscillations ~ 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 oscillations

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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Global data and 3-flavour oscillations
Qutline

Global data and 3-flavour oscillations
Qualitative picture
Global analysis
Oscillations — outlook
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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)
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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
023 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 very weak sensitivity
combination of (v, — ve) + 7. disap

> global data fits nicely with the 3 neutrinos from the SM
> a few “anomalies” at 2-3 o: LSND, MiniBooNE, reactor anomaly,
no LMA MSW up-turn of solar neutrino spectrum — SOLVED 2020 (!)
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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:
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792

> latest version: 5.2 (as of Nov 2022)

> provides updated global fit results
tables & figures, 2 data for download
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Global 3-flavour fit

NO, 10 (w/o SK-atm)
=: NO, 10 (wuh SK ann) INURITiE:242022)
T

15E H OEmvTTTTTTTTT T
1k :
sE Jtb E » robust determination
; 1 ] (relat. precision at 30):
0[7.2‘ - 27‘25H ' ‘17.3 ' ‘b.‘:ﬁ” ' ‘G‘.‘l‘ ‘5.‘5‘ - “7‘ ' 7v5‘ B ‘8.5
sin’o,, am2, [10° eV?] 0 0
It T T u—— 012 (14%) . 613(9%)
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Hl it /1 Am3; (16%), [Am3,|(6.7%)
10 \ - aqrc ]
F O\ 1r 1
s a1k =
E 0 it ] > broad allowed range for 623 (27%),
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o2 2 10%ev?] Amd
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F oL 1t mass ordering

st E

» values of dcp ~ 90° disfavoured

0
0.018 0.02 0.022 0.024 0.026
sin 0,
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Global data and 3-flavour oscillations Oscillations — outlook

Open questions in the three flavour framework

» Determination of dcp — leptonic CP violation

» Determination of the neutrino mass ordering (normal versus inverted)
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Global data and 3-flavour oscillations ~ Oscillations — outlook

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;nglng) ==+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 Oscillations — outlook

CP violation
Jarlskog-invariant:
Jmax

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

neutrino oscillation data:

JH#* = 0.0332 4+ 0.0008(+0.0019) 1o (30) nu-fit 5.0
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Global data and 3-flavour oscillations Oscillations — outlook

CP violation
Jarlskog-invariant:

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

JH#* = 0.0332 4+ 0.0008(+0.0019) 1o (30) nu-fit 5.0

in the quark sector:

Joxm = (318 £0.15) x 107> PDG
T. Schwetz (KIT)
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Global data and 3-flavour oscillations Oscillations — outlook

Status of d¢p
N wiaem)

7"'I""\‘\"'I""'

TYT T TTIT
VT

v b Py |

\
\
Y
AN Ll NI WA il

04 045 05 055 06 0650 90 180 270 360
Sin2 923 SCP

» 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

> no significant indication of CPV (yet)
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T2K: J-PARC — HyperK (285 km, WC detector)

Hyper-Kamiokande

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

ment (DUNE) wanp)
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Determining the mass ordering
» Looking for the matter effect in transitions involving Am3;

» long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments lceCube, ORCA, HyperK

T. Schwetz (KIT) Neutrino physics | 52/63



Global data and 3-flavour oscillations Oscillations — outlook

Determining the mass ordering

» Looking for the matter effect in transitions involving Am3;

» long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments lceCube, ORCA, HyperK

> Interference effect of oscillations with Am3; and Am3;
» reactor experiment at 60 km JUNO

®Guangzhou

.
Daya bay NPP

o
2 8 4 5 6 7 8 9
Antineutiino energy (MeV)

N ® Hong ki
o jong kong
I ® Macau

‘.
Taishan NPP

o
Yangjiang NPP 0 102030 40 50 km
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Global data and 3-flavour oscillations Oscillations — outlook

Determining the mass ordering

» Looking for the matter effect in transitions involving Am3;

» long-baseline accelerator experiments NOvA, DUNE
» atmospheric neutrino experiments lceCube, ORCA, HyperK

> Interference effect of oscillations with Am3; and Am3;
» reactor experiment at 60 km JUNO

9
 Guangzhou =
Q
£
=
2
2
<
oo
. (=3
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2 3 4 5 6 7 8 9 x =
Anti-neutrino energy (MeV) < —JUNO only

—NOVA-II + JUNO

—Joint analysis
| | 1 | 1

2 3 4 6
Ocp [rad.] (True, MH)

_(
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=
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o
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Cao et al., 2009.08585
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Outline

Summary - neutrino oscillations
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Summary - neutrino oscillations

Summary

> 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 - neutrino oscillations

Summary

> 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
» all three mixing angles are measured with reasonable precision

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

The SM flavour puzzle

Lepton mixing:

012 ~ 33° 1 O(l) O(l) €
O3 ~ 45° Upmns = —= | O(1) O(1) O(1)
s V3l o) o@) o)
th3 ~9
Quark mixing:
912 ~ 13° 1 e «
923 ~ 2° UCKM = e 1 .
(913 ~ 0.2° e e 1
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Summary - neutrino oscillations

The SM flavour puzzle

|
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S o
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T T
\
charged fermions
\ \
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[=2)
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Summary - neutrino oscillations

Summary

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 - neutrino oscillations

Summary

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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Supplementary slides

Supplementary slides
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Supplementary slides

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

chwetz (KI



Supplementary slides

T2K and NOVA accelerator experiments

» v, — v, and v, — v, disappearance
» v, — Ve and U, — U, appearance

The T2K Experiment

+ Muon {anti)

Super-K.

The NOVA Experiment

« Long-baseline neutrino
oscillation experiment

* NuMI beam: v, or 7,

« 2 functionally identical, tracking
calorimeter detectors

Schwetz (KIT)



Supplementary slides

Disappearance due to Am3;

Osc. to unose Events/0.1 GeV

Am? L
Psurvival = 1 — sin2 20 sin2 (f)

T2K, 2015
Vy = Yy, (L) ~ 295 km

E,

DayaBay, 2015
Ve — Ve, (L) ~ 2 km

0.9

T. Schwetz (KIT)

4 >5
Reconstructed v Energy (GeV)

Neutrino physics |

4 EH1

T EH2

¢ EH3
—— Best fit

0.2 0.4 0.6 0.8
Ly / (E,) km/MeV]
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Supplementary slides

Disappearance due to Am3;

32

3
2.8
2.6
24

Reno

2
31

DayaBay
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Supplementary slides

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
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Supplementary slides

Latest restults from T2K and NOvA

sin?(1 — A)A
(1 Ay

in(1 — A)Asin AA
+ sin 2913 & sin 2023 Sln(l A) SInA COS(A + (50}))

P = sin 2013 sin? 63

T2K NOvA
30F 7. CCQE !
525 ........... 2 Observed +1o
S P NO, sin’ 633 € [0.44, 0.58]
3;20> P (O, sin?6,; € [0.44,0.58]
2 R —
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