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Contents of this talk

Neutrino oscillations in a nut-shell
Discovery of neutrino oscillations
Current knowledge on oscillation parameters
Two ways to order neutrino masses

Accelerator neutrinos and CP violation
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Why can neutrinos oscillate?

= Neutrinos appear in three families

= Neutrinos appear to be massless
= upper limit: mg < 0.5 eV

= Participate only in weak interactions
— only left-handed neutrinos or
right-handed antineutrinos
- assumed mass-less in the Standard
Model (mostly for convenience)

= but IF they have tiny masses
mass and flavor eigenstates
can be different (rotated)

" |F so, eigenstates will interfere while
propagating = neutrino oscillations
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Neutrino masses and mixing

QM: For massive neutrinos with different masses,

" the three neutrino flavor-eigenstates
(taking part in weak interactions)

can be a superposition of

" the three mass-eigenstates
(propagating through space)

= The relative fractions of mass in flavor states
are described by a 3x3-mixing matrix

Ve Uel UeZ Ue3 81

U = U unl U 12 U 13 V9

Vr UT 1 U’r2 U’r3 V3
flavor- mass-
states states
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PMNS-mixing matrix corresponds
to a 3D-rotation between flavor
and mass eigenspaces

-2 c¢f. CKM-matrix in quark-sector



Neutrino oscillation formalism

source ba detector
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Parametrization of three-flavor mixing

Usxs = UpmnNs

Ve | 0 0 C13 0 813€_uS ci2 S 0 4]
VM = 0 Co3 593 0 | 0 —S512 (19 0 V9
V- 0 —s893 €93 —s13¢® 0 ¢ 0 0 1 V3
flavor atmospheric reactor mixing & solar mass
sfafes mixing CP violation mixing sfafes
m2
A . . .
N e B2 mixing angles . Cj5 =— COS (97;]', S45 — Sl (97;]'
CP violating phase : ¢
ATn’ztm
| mass squared differences :
V2 2 2
Am?2 | ¢ A,'nsol — Af'n21
v 2 2 2
Ve vy Vs ' i A777’8L1',m — ATn’32 ~ AmBl

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments



Pontecorvo — The ‘inventor’ of v oscillations

1957

“.. the neutrino may be a particle mixture and ...
there is a possibility of real transitions neutrino to
antineutrino in vacuum, provided that the lepton
(neutrino) charge is not conserved.”

1968

“If the lepton charge is not an exactly conserved
quantum number, and the neutrino mass is
different from zero, oscillations similar to those in
K° beams become possible in neutrino beams.”

“From an observational point of view
the ideal object is the sun.”
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Neutrinos from the Sun

from Learn Something New Every Day:
http://www.lsned.com/neutrino/

FACT: about 65 million neutrinos pass
through your thumbnail every second.
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Neutrinos from the Sun

from Learn Something New Every Day:
http://www.lsned.com/neutrino/

65 billion!

FACT: about ' neutrinos pass
through your thumbnail every second.
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Hydrogen burning in the Sun

Net fusion reaction: 4p > “He + 2e* + 2v, [+26.7 MeV]

pQ\ /, ? d 0 proton
- Y o neutron

pp-I chain — 8 “He

/ \ d ——> v neutrino
pg y » positron
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Expected solar neutrino flux

electromagnetic luminosity ‘

flux at Earth
Lo = 3.85x1026 W xatkar
O, = 4x10%*! /m?s

> Y —S,= 1367 W/m?

: . o, = %2
neutrino luminosity Qap-He
L, = 2% Lo = 6.6x10% /m?s /

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments /) 11




First detection of solar neutrinos: Davis

= Location: Homestake mine (US)
" Depth: 1478 m

* Target material: 615 tons of C,Cl,
—> ca. 6x103%atoms of 3’Cl

= Detection reaction:
Ve +37Cl = 3TAr + e~
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First detection of solar neutrinos: Davis

= Location: Homestake mine (US)
" Depth: 1478 m

* Target material: 615 tons of C,Cl,
—> ca. 6x103%atoms of 3’Cl

= Detection reaction:
Ve +37Cl = 3TAr + e~

SSM expectation:
1.5 per day

M : H‘W' average of

detected rate:
+ + 0.5 per day

;jw f@ 'H;L}UM iz ﬁ. 586 1990, 1994
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First detection of solar neutrinos: Davis

= Location: Homestake mine (US)
" Depth: 1478 m

* Target material: 615 tons of C,Cl,
—> ca. 6x103%atoms of 3’Cl

= Detection reaction:
Ve +37Cl = 3TAr + e~

10 [
o
8 SSM expectation:
- J R S A
1.5 per day
6 ’ . *? .
* . [
4l L > Il
I8 ! , | average of
2r P] detected rate:
Al Ll ! + + 0.5 per day
,.Jor pioneering contributions ¢ - l # J l
to astrophysics, in particular ) *

for the detection of cosmic R S,

neutrinos “ 1970 1974 1978 1982 1986 1990 Yeurl 994

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments



Solar neutrinos: Two-flavor approximation

2x2 mixing: _( cosf  sinf
~ \ —sinf cosf
flavor states mass states
Oscﬂlat.lc.)n Plve —1ve) =1 —- sin? (ﬁ)base/me-
probability: AE Jover-energy
oscillation oscillation

amplitude frequency/length

electron neutrinos

created in solar neutrinos propagate = oscillate detectors only
fusion processes partial flavor transition v, 2 v, sensitive to
electron neutrinos

B B N B N S .

distance from source

— observation of rate deficit!! but how to prove it is flavor oscillations?
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Sudbury Neutrino Observatory (SNO)

® Water Cherenkov detector
Underground water tank to
measure neutrino interactions by
final-state charged particles

" Location: Sudbury mine
depth: 2000 m - 6000 mwe

" Target mass: 1 kt of D,0O

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments
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Detection reactions in heavy water

@ O

d @ . X
¢ | © - —O

¥l Y%

t
elastic scattering
(CC) on deuterons (NC) on deuterons on electrons (ES)
Ve +d —>p+p+e Ve +d—=>p+n+v, Vete —e +U;
T E — sensitive to all flavors = mostly v,, but also v, ;

- determine total neutrino flux (all flavors) and v.-flux separately
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2002: SNO result on flavor conversion

The fluxes measured via the three channels were:

doc =1.76 +0.11
dps = 2.39+0.27 p x 10° cm %57}
dne = 5.09 £+ 0.62

The Standard Solar Model prediction for ®B-v’s is:

Pgsm = (5.05“:6:%) x 10% cm %571

—  The survival probability for v, measured in
(CC) channel is|F.. ~ 35 %.

—  The overall neutrino flux of (NC) corresponds
to the SSM prediction as v, converted to v, ,
still contribute to the (NC) rate.

—> total flux (all flavors) as predicted by SSM
-2 v, flux suppressed by oscillations
— cross-check: elastic scattering (mostly v,)
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2002: SNO result on flavor conversion

The fluxes measured via the three channels were:

doc =1.76 +0.11
dps = 2.39+0.27 p x 10° cm %57}
dne = 5.09 £+ 0.62

The Standard Solar Model prediction for ®B-v’s is:

Pgsm = (5.05“:6:%) x 10% cm %571

—  The survival probability for v, measured in
(CC) channel is|F.. ~ 35 %.

—  The overall neutrino flux of (NC) corresponds
to the SSM prediction as v, converted to v, ,
still contribute to the (NC) rate.

—> total flux (all flavors) as predicted by SSM

> Ve flux suppressec-l by OSC'”_at'OnS SNO proves only flavor conversion
— cross-check: elastic scattering (mostly v,) what about the oscillation pattern?
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LECTURE QUIZ

Question 1

How many solar neutrinos are passing
through your thumbnail every second?

B : 60 thousand

C : 60 million

D : 60 billion Note down the letter in

front of the solution.

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments 21




Atmospheric v’s in Super-Kamiokande

Zenith

Super-Kamiokande
_ A . dimensions: 45m x 45m
. . . ‘ ‘ target mass: 50 kton
- light readout: 11,200 20“-PMTs
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Atmoshperic neutrino production

p, He, Fe = High-energy cosmic rays collide with
nitrogen in the Earth’s atmosphere

p+N —-p+N +n K..

—1

k\ = Charged mesons decay into neutrinos:
+ gt +
; I\\\ T, KT — uTy,
pt —etrry,
™, K~ = uy,
B = e Vel

—> Flavor ratio:
At GeV energies, the expected
ratio of v, to ve is Ry, = 2.

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments 23




Angular distribution of atmospheric v’s

" Neutrinos are the only
particles to cross the Earth
from the antipodes.

®  Arrival direction described
by zenith angle:

cosO = +1 for zenith
cosO = -1 for nadir
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Angular distribution of atmospheric v’s

" Neutrinos are the only
particles to cross the Earth
from the antipodes.

®  Arrival direction described
by zenith angle:

cosO = +1 for zenith
cosO = -1 for nadir

- In first approximation,
the atmospheric v flux
should be independent
of the zenith angle 6.
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Neutrino detection by Cherenkov effect

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments 26




Flavor identification by ring fuzziness

160

muon neutrino /
—_muonneutrino

III
II

/
/
_
U
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1998: Super-Kamiokande result

" At low neutrino energies, the measured ratio R
of v, : v, was lower than the expectation:

exp

Rexp/Rth = (0.63 = O°038tat - O~O5syst

" At high neutrino energies, asymmetry in angular distribution

T T T T ] [ T T T T T T T ] g i _1).
multi-GeV e-like multi-GeV mu-like (FC+PC)| GOWN-BOINg (cOsO=1):
150 |- 4+ i baseline: ~20 km

- no oscillations

" up-going (cosB=-1):
baseline <£13,000 km
- v, disappearance

100 [~ —

* Data " no v, excess observed:

[CZ7] Predicted

— humu-nutau osc.

> oscillations are v, > v,

N o = surprise: large amplitude!

-1 -06 -02 02 06 1-1 -06 -02 02 06 1 - today: 0., = 45°
cos(zenith angle) cos(zenith angle) Y- Y23
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Later SK data on atmospheric v’s

OGNS UL
= 1.6 i SK 68%
3 - SK 90%
= 0.004 SK99%
= [ .
c
S | .
(5] = 0.003} .
= ! -
L
% NE8 _ -
= < 0.002[ -
I [ ‘
2 2
i 10 10 10° 10 0.001f- -
L/E (km/GeV) ! -
I"IIIIIIIIIIlllllIIIIIIIIIIIIIIIIm

02 03 04 05 06 07 08

= oscillation-like L/E structure found s
sin 623

= evidence (4.60) for v.-appearance in the detector

= still unclear whether sin?20,;<1 (8,3;#45°)
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Nobel Prize in Physics 2015

SUPER-
KAMIOKANDE PROTECTING ROCK
KAMIOKA, JAPAN
Both electron neutrinos ?
2100 m

alone and all three types of
neutrinos together give sig-

1000 m SKYDDANDE nals in the heavy water tank.

BERG

Myonneutriner

ger signaler ]
i vattentanken.
Myonnetgtrino (
direkt frén T
atmosfaren. \
=8 : o CHERENKOV
ik RADIATION
Ljusdetektorer 18m
som ser Tjerenkov- )
stralning. Myonneutrino
som passerat
: genom jorden.
TJERENKOV-
STRALNING —
- v, disappear with the correct WATER
L/E dependence of oscillations = V. disappear and re-appear as v,

- neutrinos undergo flavor oscillations and at least 2 neutrino states have mass!
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LECTURE QUIZ

Question 2

What is the expected ratio of electron to muon
neutrinos created by pion decay in the Earth’s
atmosphere (i.e. without oscillations)?

G) 2:1

H) 1:1

) 1:2
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Current Status of Neutrino Oscillations

Mixing angles PMNS mixing matrix Uz,3; — 3 mixing angles + CP phase
\
|

% Ve 1 0 0 C13 0 813€_i(S cio2 S22 0 141 g

g Vi = 0 C23 S923 0 1 0 —S12 (12 0 1) ;r
E Vr 0 —S893 (23 —81367’(S 0 C13 0 0 1 V3 ;’B’
Mass splittings Mixing angles Mass splittings (NMO, 10 unc.)
» Squared mass differences (NMO, 10 unc.) . Am%l — 74+ 02%10"5eV?2

— oscillation frequencies = 0., = 33.7° 4+ 0.7° 5 - 3 o
= Absolute mass scale 12 o = Am3; = 2.51 + 0.03x107"eV

: . . - — o +1.32 : :
not constrained by oscillations 0,3 = 49.1° 217 based on combination of results

A normal inverted m 813 = 8.5° + 0.1° from solar, reactor, atmospheric,

ordering ordering .
— 1), S— accelerator ... experiments
g « ’ s
=
g _m2
= M, ————
= | absolute scale [
0- ...........................................
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Open Issues in 3-Flavor Oscillations

Mixing Angles PMNS mixing matrix Uz,3; — 3 mixing angles + CP phase
\

%]

Q g =
E Ve 1 0 0 C13 0 S13€ o C12 S12 0 4] o
wn 9]
5 Vi = 0 C23 593 0 5 1 0 —S12 (12 0 V9 :,(_;
éc Vs 0 —S93 cC93 —s13e"° 0 C13 0 0 1 V3 ccn"p'

Mass Splittings What is

the phase 6.p

» Squared mass differences

— oscillation frequencies What is the
= Absolute mass scale octant of 6,57 of Ieptonlc
not constrained by oscillations . .
?
4 normal inverted lS the . CP VIOIatlon .
ordering ordering PM NS matrlx

e — e
mj m,

unitary? s it the cause of

. baryon asymmetry?
What is the

. neutrino mass Are

ordering? the.re additipnal
sterile neutrinos?

Neurtinos mass
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Upcoming Oscillation Experiments

SBND+lIcarus

e et i s )

‘‘‘‘‘‘‘‘‘

Is it the cause of
baryon asymmetry?

~ ~ - Are
there additional
sterile neutrinos?

Neutrino Oscillation Experiments
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LECTURE QUIZ

Question 3

At what precision do we know the
neutrino mixing angles?

M:0.1°
N: 1°
O: 10°
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Experiments for Neutrino Mass Ordering
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Neutrino Mass Ordering (Hierarchy)

= Arrangement of the neutrino masses Fermion families and masses

oas in quark sector 10 1 1 g
- normal mass ordering (NMO) o £
: 107 |- =
oopposed to it £
- inverted mass ordering (IMO) 10*F o g_
owy/o clear ordering 6 3
—> quasi-degenerate (QD) 10"~ fg N
> o
2 10*t B
w
Z
& 10°1 -
of_ -
10 , QD - .
2 2 9
107 v, /3><;3 £
4 T 2
10 |~ : = |

generation
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Neutrino Mass Ordering (Hierarchy)

= Arrangement of the neutrino masses 5’”9 baseline e"pe”msgts’
. egeneracy of MH an
oas in quark sector Z oo J v of <
: — NOvA
—> normal mass ordering (NMO) 5 2= 2.32 105 02
: o 008 - sin‘(26,,) = 0.095
oopposed to it _ o sin?(20,) = 1.00
- inverted mass ordering (IMO) S o007 [
. Q
ow/o clear ordering S 6 b .
— quasi-degenerate (QD) £
8_ 0.05 [
. . 2 A'm |
= resolving the degeneracy in the S AmT<0® ok
interpretation of 6cp measurements Ch
4\1 0.03 Am?>0
>
002 ~09o=0
o 5=7/2
r0d=T1
001 T w 5=3n2
0 - PR TR R NN TN SRR RN Y SRS SR TR S SR T SR N
0 0.02 0.04 0.06 0.08

Vv,V appearance probability
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Neutrino Mass Ordering (Hierarchy)

= Arrangement of the neutrino masses
oas in quark sector

- normal mass ordering (NMO) Lightest vs. effective 66 neutrino mass

. 1 - LRI RRL] | UL LR T T T
oopposed to it :

- inverted mass ordering (IMO)

ow/o clear ordering
—> quasi-degenerate (QD)

Current Bound

107" |

= resolving the degeneracy in the

interpretation of 6cp measurements 10°2

= target range for sensitivity of

OvBp decay experiments o

" jwin [eaibojowson

effective B3 neutrino mass [eV]

sl

| 10 ]
j 20,4
30

107 === :
107 107 1072 10

lightest neutrino mass [eV]
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Neutrino Mass Ordering (Hierarchy)

= Arrangement of the neutrino masses

oas in quark sector
- normal mass ordering (NMO)

oopposed to it
- inverted mass ordering (IMO)

ow/o clear ordering
— quasi-degenerate (QD)

Cosmological neutrino mass vs. MH

[
o
(=]

Current Cosmology (95% U.L.)

KATRIN
c. 2020
(95% U.L.)

= resolving the degeneracy in the
interpretation of 6cp measurements

eae o -Future Cosmology - ~al¥- /- ------ EEEEE
= target range for sensitivity of

OvBP decay experiments

sum of neutrino masses [eV]
S

= combination with cosmology

_ - sy e BEEUE COSIOIOEES - - - - -
to find lightest neutrino mass

10" 102 10

lightest neutrino mass [eV]
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Measuring the Neutrino Mass Ordering

Mid-baseline reactor om0
neutrino oscillations > N
\¢&
DUNE Low-energy atmospheric ’ i~

neutrino oscillations

Very-Long Baseline
Neutrino Beams

KM3NeT

Vo uu\%s‘g\ ORCA/PINGU

NS ATV‘V@V %4

% i N Hwperk
¥ ’:.7 b



Standard oscillations and Am?; values

Common three-flavor reactor electron-antineutrino survival probability:

)
Ami,

Am3, >

) _ sin2(20;5) sin® ( o

P, =1 — sin2(26,3) sin® (

1F

ur fraction

)

<| <I
=

-
I

<|
a

neutrino source: j . : ;
only v, created 1 10 100
Distance (km)

—> oscillation parameters are extracted from v, disappearance pattern
- due to the sin? terms, P, terms do not depend on sign of Am?;

- however, the formula above implicitly assumes Am?;; = Am?;,
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NMO from reactor v, disappearance

Survival probability
Psg =1 — Po1 — P31 — P3o

P21 = COS4 913 Sin2 2(912 Sin2 Agl

Pee P31 = COS2 912 Sin2 2(913 Sin2 Agl
A
1 P32 = SiIl2 (912 sin2 2(913 Sin2 Agg
AmgjL
Ay =
41K
- >
disfance

Petcov, Piai, hep-ph/0112074
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NMO from reactor v, disappearance

Survival probability
Psg =1 — Po1 — P31 — P3o

P21 = COS4 913 Sin2 2912 Siﬂ2 Agl

Pee P31 = COS2 912 Sin2 2(913 Sin2 Agl
0 L
12 . . .
e P32 — SlIl2 912 SlIl2 2(913 Sll’l2 Agg
2
- Amg; L
Y 41F

>

distance
Petcov, Piai, hep-ph/0112074
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NMO from reactor v, disappearance

—> subdominant oscillation pattern Survival probability
d d hase t fP;,/P
epends on phase terms of P3,/Ps, P..=1— Py — Py — Py

— depends on relative sizes of

Pee Pz = COS2 912 sin 2913 sin Agl

P21 = COS4 913 Sin2 2912 Siﬂ2 Agl

] e W P32 — Sin2 012 Sin2 2(913 SiIl2 A32
AmZ; L
Aij =
4F

IH

<

>

distance

Petcov, Piai, hep-ph/0112074
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Nuclear reactors as intense Vv, source

n+ 23U — 4(Z) + 2337492 — Z) + 3n + 200 MeV

O
N=50 N=82 11l
H-H o
vl O
239Pu . D D
stabie[ ] oo
oo 1
OQ
Z=50 O | 1
OQ O
N O - .:: O
O EmE
A O e -
O
[ | fission yield
B [ .
8E-5 0.004 0.008
>

Neutrinos / (MeV fission)

= v‘s from B~-decays of neutron-rich fission products ;
= ~6 V.'s per fission (200MeV) = intense! ~10*° V/GW,, -
= energy spectra: up to ~8 MeV 2 3 4
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Mid-distance v,-Vv_ oscillations

Pee =1— Py — P31 — P3 Kt LS

peeA
P21 = COS4 013 SiIl2 2912 SiIl2 Agl

P31 = COS2 012 SiIl2 2913 SiIl2 Agl

P32 = SiIl2 012 Sil’l2 2913 Sil’l2 A32

55km baseline

Nuclear
reactor(s)
>P~30GW

Neutrino Oscillation Experiments
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Mid-distance v,-Vv_ oscillations

Pseg =1—Py; — P3; — Ps3y

P21 = COS4 013 SiIl2 2012 SiIl2 Agl

P eeA

P31 = 0082 012 SiIl2 2013 SiIl2 Agl

P32 = SiIl2 012 SiIl2 2(913 SiIl2 A32

55km baseline

Nuclear
reactor(s)
>P~30GW

neutrino energy [MeV]

energy range of
reactor spectrum
A

30 40 50
distance from source [km]
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Mid-distance v,-Vv_ oscillations

p eeA

55km baseline

Pse =1— Po1 — P31 — Pso
P21 = COS4 013 SiIl2 2912 SiIl2 Agl
P31 = cos? 015 sin? 2013 sin? Az N4

.92 .2 s 2
P32 = sin 012 S11 2013 SI1I A32 N

———

L ¢ S

g"an SIS

AL T T

N NI
P 13~

P~ rama™

vall B '\‘n“.
e

S0

Nuclear
reactor(s)
>P~30GW

neutrino energy [MeV]

energy range of
reactor spectrum
A

Michael Wurm (JGU Mainz)

reactor spectrum +

oscillations
normal hierarchy
inverted hierarchy

U
g
U
g
g
g
g
g
g
J
”
>

40
distance from source [km]

| N M T |
3 4 5 6 7
neutrino energy [MeV]

> MH from position of
spectral wiggles!

N_

Neutrino Oscillation Experiments



Basic Detector Requirements for JUNO

reactor antineutrinos at MeV energies
- Liquid-scintillator detector :
- Detection by inverse beta decay .

signature in position of spectral wiggles
- ~39% energy resolution at 1 MeV
- photoelectron yield: ~1,100 pe/MeV

large distance to source and
high-statistics measurement
- large target mass: 20 kilotons of LAB

cosmogenic background
- rock overburden of ~600 m
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Experimental Setup of JUNO
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JUNO Detector Layout

Outer water tank Scintillator panels
Muon Cherenkov veto x’

Steel support structure

optical separation

17,000 PMTs (20 i Jé\/
‘ _f .‘,/ 74 ,' % /

\
Water buffer |

Acrylic sphere
diameter: 35.4m

Liquid scintillator
20 kt of LAB

600m below ground
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JUNO: Current Status

‘J; NE:

<y e B 5]

A’ &0 a8
| SR (A

irsmg) 3
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JUNO Sensitivity

= sensitivity to NMO: about 6 years (10° events) to reach 30
= depends strongly on energy resolution and energy scale linearity

= combination with existing experiments increases sensitivity to 4o after 6 years

JUNO sensitivity (Y.F. Li et al.)

— 10— — VAT 1% a m2, prior 50% vs. 50% -
‘,4 - —— VAT: no prior —— 1.1% vs. 98.9% "
— B % of . N B
I 68% of exp. JUNO ——-3_7x106VS.1

i 95% of exp. JUNO

0.035

0.025

i 0.020 [ a /2 A 1 /

L 0.50 0.75 1.00 1.25 1.50
0 2 4 6 8 10
Years
NMO sensitivity over time

Luminosity

sensitivity as function of
energy resolution/exposure
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LECTURE QUIZ

Question 4

How large is the scintillator target mass to
be deployed in JUNO?

L : 200 tons

M : 2 kt

N : 20 kt
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Measuring the Neutrino Mass Ordering

Mid-baseline reactor om0
neutrino oscillations > N
\¢&
DUNE Low-energy atmospheric ’ i~

neutrino oscillations

Very-Long Baseline
Neutrino Beams

KM3NeT

Vo uu\%s‘g\ ORCA/PINGU

NS ATV‘V@V %4

% i N Hwperk
¥ ’:.7 b



v, 2 V, oscillation probability 2

o"o/j‘,:‘,??o
Oscillation probability for v, appearance ///Ox?"%—b-
in a v, neutrino beam: "’oo"o%’)’ox.
o’q,_'?e,:‘,’o
As ) BilL <
Pue(ﬂé) = SiIl2 (923 SiIl2 2913 (B—f> Siﬂz (%)
A\’ AL
9 ) 12 . 9
v 20 —= —
-+ COS” fa3 SIn 12( 1 ) S1n ( 5 )
_|_JA12 A3 . (ALY . (BiL 5 ANEY
sSiIn { — | sin{ —— | CcoS —
A B 2 2 i 2
J = cos 913 sin 2912 sin 2913 sin 2923
Am?,
Aij= 55 Be= A+ A A=+V2GEFN,



v, 2 V, oscillation probability

Oscillation probability for v, appearance
in a v, neutrino beam:

atmospheric oscillations

Agz)? BiL
Pue(ﬁé) = sin2 923 Sin2 2913 (B—f> Sin2 ( :5 )
solar oscillations

A 2
+ COS2 923 SiIl2 2912 (712) Sin2 (%) =0

Ao Ayg . (ALY . (BiL ANEY
—I—JA B, SIH(Q)SID(T cos | Fo — 5

neutrino-antineutrino asymmetry term

J = cos 913 sin 2912 sin 2913 sin 2923

Am?,
Aij = zEw By =[A+ A3 A=V2GpN,




v, =2 v, oscillation probability: CP violation

Oscillation probability for v, appearance
in a v, neutrino beam:

atmospheric oscillations

A’ B.L
P,u,e('aé) — Sin2 (923 Sin2 2913 (B_f> Sin2 ( :5 )
solar oscillations 5 leptonic
A AL CP violati
+ cos” 023 sin? 2015 212 g2 (22 ) <0 P violation
A 2
Aq1o A AL B. L Asal,
e ACON =

neutrino-antineutrino asymmetry term

J = cos 913 sin 2912 sin 2913 sin 2923

Am?2.
Aij = QZ” By =[A+ A3 A=V2GpN,




v, =2 V, oscillation probability: NMO

Oscillation probability for v, appearance effects of weak

in a v, neutrino beam: matter potential
atmospheric oscillations > T2K

Az’ Byl
Pe(pe) = sin” fp3 sin” 2613 (B—f> sin” ( :2t )
solar oscillations 5 leptonic
A AL ofat
+ cos? a3 sin® 2615 (f) sin (7) N /CP o

A A1z . (ALY . (B4L AqzL
+J A B. sin (7) sin (T) COS (‘— > )

neutrino-antineutrino asymmetry term

J = cos 913 sin 2(912 sin 2(913 sin 2(923

Am?2.
A = 2?;” By =[AE£ A3l  A=+V2GrN,

weak matter potential A

v <> U asymmetry if A ~ Aqg!
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Matter effect on neutrino oscillations

Forward-scattering of v's in matter: a.k.a. the MSW-effect (1985)

= NC the same for all flavors Mikheyev

€ . VesViVa
70
/ Smirnov
e Ve, VyrVs

- v, pick up an effective mass term

—> impact on Am? values AND osc. amplitudes
Wolfenstein
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Oscillation spectra at long baselines

" Oscillation probabilities differ for v, > v, vs. v, > v,

" Enhanced electron-flavor appearance for: neutrinos — normal hierarchy
antineutrinos =2 inverted

o

P(v,2v,) for 130 km P(v,2V,) for 2300 km
2 02 — 0.2 - —
3 H [H
= 015 NH,8¢5=0 ~ 0.15 NH,0gp=0 ——
2 IH,8.,=0 IH,0,=0 ———
0
S o » 0.1
S R
2 -
B 005 0.05 ~___
S S —
S 0

0.2 04 0.6 0.8 1 6 8 10
Energy [GeV] Energy [GeV]

o

= Far detector at first atmospheric oscillation maximum:
longer baseline = larger energy = larger matter effect!
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Long-baseline oscillations with NOVA

Soudan 3 ors
" muon neutrino beam b ycpea ﬁ?ovxerD?:ctor
produced at Fermilab MINGS Sarie [ FOsEar e
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A G T @Linac
mine (Ash River) =i |-1~~§B°°ste'
y / - Mason CD o
, ’// o o%
’:'_jfi‘lf/’ Main Injector Switchyard
/ /’/ 120 Gev NuMI Target Hall ‘ u‘M
/ Surface Building | |
[ | 8GoV P 120150 GoV' | |
M9 (] 1 } O Milwaukee
wa][)/ | Re‘gyvcler ;
MIRR Abort\ \ P /S Tevatron Fefmilab
- g
= e Chicago™
. Muon Monitors
Target Hall Decwlpe Absorber
- e ~ "
Target " \ >
Lo - - - - 2= - - A SN (RSN AN W
Protons from ’\ || 5 i e s
Main Injector y — ' Y
Homn 1 Horn 2 \ v . S o M - - .l.. - - l:?. _______ >
P=400kW T — —e f ;
om &75m W k
5m
: 12m 18m 210 m
Hadron Monitor e A
K il
Rock

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments



Long-baseline oscillations with NOVA

u muon 1 h ) 1] ] 1 I 1 Al 1 1 l 1 1 1) 1 ] l | 1 1 ] 1 ] I 1 1 1 1] ' 1 1 1] 1
produy| - i i "
3 Initial neutrino spectrum -
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3 1 Z
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Results from NOVA Experiment

Events / 0.1 GeV

Experimental Layout
baseline: 810km
alignment: 16 mrad off-axis
spectrum: (2+1) GeV
beam power: 400kW
detector: 14kt of
segmented scintillator
near detector for cross-sections
and spectral comparison

v, Vv, disappearance

v-beam NOVA Preliminary

Frr T T T T T T T T

-+ FD data

40+ — 2024 Best-fit Pred—|

1-0 syst. range |

Background ]

30 [l Wrong Sign: v,CC
| Cosmic bkgd.

10 -

0

1 2 3 4
Reconstructed Neutrino Energy (GeV)

comparison of neutrino
and anti-neutrino modes

V. appearance: 32 ev

80

20

(o]
o

V2 Ve appearance

v-beam NOvA Preliminary
" Low PID High PID :
DDAt gyt preq. 1,
I s okg. i
B 1-0 syst.
eam range
| S bkg. = N
E Cosmic E 1
T bkg. 5 ]
-3 e ]
-
o

05115 1 2 3 4 1 2 3 4
Reconstructed v, energy (GeV)

_NOVA Preliminary

50_7 Inverted MO

i AM32,=—2.47x10%eV?
407 uo

— L2

| sin“0,,=0.54
30

—
—NOVA FD
| 26.61x 10%° POT-equiv (v)
L 12.50 x 10%° POT (¥)

sin?26,,=0.085 |

Ve appearance: 181 ev

Total events - antineutrino beam

N
o

5

T

4
Normal MO
AMZ,=+2.43x10eV?

[ 2024 best fit

[0 85p=0 ® 8gp=1/2

- ‘ | I I ‘ | T ‘ I T ‘ 1l

:El SCF’= T = SCP= 37I:/|2

L 1 1 1 1 1 1 1 ‘ L L 1 1 | 1
0 100 150 | 200 250
Total events - neutrino beam

]
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Matter effects and atmospheric neutrinos

Source: Atmospheric p-neutrinos SR ———————

= Energies: 2-20 GeV 1\»“ £

= Baselines: 20-13000 km i, '
= Matter potential: £ o 05

Earth core & mantle

MH signature
matter effects in
" v,>v, disappearance

TR Lo |
0 2000 4000 6000 8000 10000 12000
Length (km)

P(v,—v,) with Travel Through the Earth - 6 GeV, 126

" v,>V, appearance s 5

%4.::,:

: £as

Detector requirements A

. W 25

= relatively low energy threshold: O(1GeV) e

o 1.53

= good angular resolution 4
= flavor identification °Z° ........ e T,

1000 2000 3000 4000 5000 6000 7000
Length (km)

" nice to have: lepton charge ID (v/V)
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Upcoming Detectors

KM3Net IceCube-Upgrade INO Hyper-Kamiokande
ORCA (2025) (2026) (??) (2027)
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Matter effects in atmospheric v oscillations

neutrinos

Energy / GeV

-08 -06 -04 -0.2

15

10

Energy / GeV

- -08 -06 -04 -0.2
cos 0,

Michael Wurm (JGU Mainz)

Energy / GeV

Energy / GeV

08 -06 -04 -02

08 -06 -04 -0.2

anti-neutrinos

normal

inverted

cos 0,

Neutrino Oscillation Experiments

Signal

= matter effects
inverted for NH and IH

= similar flux of vand ¥

= detector cannot
separate v and v events!
— combined signal

= but: different x-sections
o(vN):o(VN)=2:1
- few % effect

Requirements
= high statistics

= very good control of
systematic effects

plots by Sebastian Boser



Expected signal in PINGU

Normal

Event statistics
"v,:5.0x10* yr?!
"v,: 3.8x10% yrt

10!

Energy [GeV]

=
~
(9]

[
(%
o

[
N
(8]

1100

~l
w

Counts per bin per year

v
o

N
(8]

plots by Sebastian Boser
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Expected signal in PINGU

Inverted

Event statistics
"v,:5.0x10* yr?!

. . 4 -1 —
Ve! 3.8x10 yr 175§
>
E 1150 @
O, Lot <
> 10 1253
S g
e 1100
c
=
(o]
(@]
10°

plots by Sebastian Boser
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Expected signal in PINGU

Normal-Inverted

Event statistics
"v,:5.0x10* yr?!

"v,: 3.8x10% yrt

— detectable difference

T
[ N
o s

(o0}

10t}

7

10 -08 -06 -04 -02 0.0
cos t)Y.(‘Hilll

Energy [GeV]

|
o0}

o
Counts per bin per year

.
| |
N =
Lo (o)

plots by Sebastian Boser
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Expected signal in PINGU

Normal-Inverted

Event statistics

2.0
"v,:5.0x10* yr?! Il-5
"V,: 3.8x10% yrt 10 5
—> detectable difference 3 P> g
g 10} ‘ 0.0 %
Detector resolution g |Loss
= energy resolution: . |2
~20% above 10 GeV .
= directional resolution o TR I_z'0
improving with energy R

plots by Sebastian Boser
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Expected signal in PINGU

Normal-Inverted

Event statistics
"v,:5.0x10* yr?!

"v,: 3.8x10% yrt

— detectable difference

.
= g
w o

=
(=}

o
U

Normal-lnvgrted

nergy [GeV]

Detector resolution

= energy resolution:
~20% above 10 GeV

1.2 -1.5
= directional resolution lo.e I

o
o
Counts per bin per year

R B
| |

[ o
o wn

1.6

. . . G;;)‘_ _2.0
improving with energy - l,, o 00
o =
o [ LY L] [ ; *00 -5
Particle identification 3 B
=v, (CC): tracks o0

"y, (CC) + v, (NC): cascades | 12
—> distinction of event types

Y . . . .
10—1.0 —0.8 —0.6 -0.4 —0.2 0.0

€OS it plots by Sebastian Boser
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Global NMO sensitivity vs. time

Expected sensitivities vs. Time

Median significance (o)

NMO sensitivity (o)

INO

NOvVA '

TITI TTT]]TII}TIT!]T

After Blennow
| | PR BT |

' ' A ' ' 1 A ' 1 1
2016 2018 2020

' 1 A 1
2022

I 1 1 ' l ' I ' A 1 A 1 A
2024 2026 2028 2030 2032 2034

NO=True

DUNE 51

— |C86 (12 yr) + 1C93
JUNO (8 cores)

— — Statistical addition //

| =—— Combined fit

———————
-—-——'—_
—
— -
—
— -
-
-
e
=
=

IceCube Simulation

1 2 3 4 5

Years of joint operation

T (ysre) Note: there is a strong synergy

NMO sensitivity depends on effect between JUNO and any
. . kind of NMO measurement
= oscillation parameters, based on matter effects

e.g. 6 for DUNE, 0,5 for atm. exp.

= detector performance,
e.g. energy resolution for JUNO

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments
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reaches 50 discovery range



LECTURE QUIZ

Question 5

What detector technology is used in the
NOvVA Far Detector?

C : Water Cherenkov Detector

D : Liquid Argon Detector

E : Liquid Scintillator Detector
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CP violation

... is one of the three preconditions of creating matter-antimatter asymmetry:

10,000,000,001 10,000,000,000

— matter access is tiny, but CP violation in the quark sector is not sufficient

CP violation in neutrino oscillations opens the door for leptonic CP violation
—> can still be 1000x larger than in the quark sector

— Leptogenesis: Leptonic CP asymmetry can be transferred to baryon sector
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Effects of the leptonic CP phase

- Neutrinos themselves violate both P and C-parities.

- In oscillations:

CP conservation: P (v, — vg) = P(Uy — )
CP violation: P(ya — yﬁ) + P(pa — pﬁ)
but P(Va — I/ﬁ) = P(_B — Da> T
Full three-flavor oscillation probability:
P(l/a — Vﬁ) = 5a5
CAm2 | same for neutrinos and antineutrinos
—4 Z Re [UaiUg,;U%,Ug;| sin? 4Eﬂ L - conserves CP-symmetry
i< L | —> flavor disapperance & appearance
CAm2. | different for neutrinos and antineutrinos
+2) Im [UasUz;Up:Us;] sin 2EJZ L - violates CP-symmetry
i< L d —> only appearance oscillations!
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v, =2 V, oscillation probability: 8., vs. NMO

Oscillation probability for v, appearance effects of weak

in a v, neutrino beam: matter potential
atmospheric oscillations > T2K

Rz )~ BiL
Pe(ne) = sin? O3 sin? 2605 ( 13) sin? (%)

By
solar oscillations - N - leptonic
: 12 : CP violation
+cos? fy38in% 201, [ —= ) sin? [ = ) =0
A > /
+JA12 A3 . AL\ . [ BiL ‘ ANEY
sin { — | sm | —— | cos —
A By 2 2 2
neutrino-ant P(v,>v,) for 130 km " v, = v (130 km)
v 0.2
- matter effects and &.p both lead to differences in 019 a0
neutrino/antineutrino oscillation probabilities 0.1
—> Ocp best measured over short baselines where "B~
impact of matter effects is small! o LIV ——

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments



T2K: Tokai-to-Kamioka Experiment

Super-Kamiokande J-PARC
Near Detector 280 m

T’ Neutrino Beam
295 km
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Long-baseline v, beam experiments

Far Detector

: Neutrino Beam Recipe

L - -
Beam Absorber . e .- lJ-

Neutrinos .

Muons,
Neutrinos b
<€ >

15t atmospheric
0SC. maximum

L13 = 2km x E/I\/leV

Search modes: = Disappearance oscillations: v, v, = 0,3, Am?s;,

Am%Q )
41F

= Appearance oscillations:  v,2> v, 2 033, 6¢p

P(v, — v,) = 1 — sin® 2053 sin® (

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments




Neutrino target

Inlet
manifold

Outlet manifold

Graphite to fitanium
diffusion bond

graphite target

Graphite-to-graphite
bond

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments

production of charged pions
(and kaons) by interactions
of protons on carbon

light material favors
higher-energy pions

pions are beamed in
forward direction

beams are typically pulsed
— BG reduction



Focussing horns

= magnetic fields improve
forward-focussing of pions

= de-selects other particles
(especially wrong-sign pions)
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Inclined decay pipe

N
llllllllllllll

TTTTITTTTTITT NN
S L L L L L L L L INY
Ll

4

= evacuated pipe fort* — u* + vy,
(neutrino mode)

= try to balance pion and muon decay
not wanted: u* - e™ +v, + 7,

=  tunnel has to be inclined to compensate
curvature of Earth surface - expensive!!
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T2K Near Detectors for v spectrum

" some intrinsic beam contamination with v, flavor
= polarity of beam horn switched to obtain v -beam

= near detector (ND280) to measure beam direction
and composition, cross-sections ... (reduce systematics)

Barrel ECAL

T | T ' ! T T T T | T T T

= )

o. | o. 1072 |-

41" S L B

S Flux at ND280 | S V,, Fluxat ND28( -

S v-beam mode |5 ' %" p-beam mode -

[} 10 1

o o 10 E

N LN 1

N\ lol(l | (‘l\ » ]

- . A - I/ ‘—l .

é 107 : é( b € Ty, N ‘H—

W 1 W - T B = BT B ]

10 0 2 4 6 8 10

E,(GeV) E,(GeV)

Michael Wurm (JGU Mainz) Neutrino Oscillation Experiments



T2K: Off-axis beam

Near Far Detector
target/ ~Decay volume  Myon Fagull V (Super)
Horn TT7 detector e, u
< U | = N ———— Bl - ---- o\ coccn- +»
pMH-------- | on-axis
30GeV protons
| I I
from J-PARC MR——T1 " HV — | |
0m 118 m 280 m 295 km
—~400
§SSO = i ; o (b)
0
oo | v,-beam energy spectrum
> . .
2 = on-axis: wide-band beam
= 250
(@) .
< 200 = off-axis: narrower beam spectrum,
Q . . .
150 increased peak intensity
>=‘L .
100 — increased event rate at correct L/E
50 - less high-energy background

0
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Short-baseline v, appearance probability

Effective oscillation probability

Am§1L>

P = sin? 5 203 in”
o Sl Uaog S1Il 13 S111 1E

+ h.o.f.(0:5, Amfj) - cos(F0) E 0.1 iL13/2 0,,=10°

T 1 | E,=0.6GeV
= 0.08[
- term with CP phase shifts -
amplitude and position of %0_06‘_
15t oscillation maximum S I
5 |
— neutrinos and antineutrino B 0.041
. . o B
shifts are inverted -
0.02—
I

_|||.I....I..|||I....I....I....I....I..

0 100 200 300 400 500 600 700
oscillation baseline L [km]
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T2K v,,-V, appearance results for 6

B RS
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Future experiments for CP-phase

Kamioka (Gifu Pref.) vaer-Kamiokande [ T2HK ]

o DUNE: Fermilab 2 Homestake
(1300 km)

o T2HK: Tokai = Kamioka
(285 km)

o ESSvSB: Lund =2 ?

[0.26 + 0.26) Mt

[0.19 +0.19] Mt fiducial 1.3 MW, 2.5 off-axis

B A narrow-band, ~600 MeV
(3 60/ 450 k m ) 2'“’ tank aftgg’&years (staglng)
* option: build it in Korea, 1100 - 1300 Km
T2 H K . MH known . MHknown =====: T2HK
12 i -

10 DUNE Sensitivity 7 years (staged)
9 Morse Oedecing 10 years (staged)
o :" R e oL range) --eve- airf0,, = 0441 £ 0.042 14 True NH " True IH
8 - MH unknown + MH unknown
i 12 -
~ 6
18 m =
g 4
3
2
1
i [V 17 kton module o ' ‘ ‘ ‘ o
19m 66 m (10 kton active volume) SRR R R 0 50 100 150 200 250 300 350 50 100 150 200 250 300 350
6 [deg] 0 [deg]
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LECTURE QUIZ

Question 6
What device is used in the T2K beam?

Q : Berillium target

R : Magnetic horn

S : Neutrino lense
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Summary

The discovery of is the 15t
evidence of physics beyond the original Standard Model.

Historically, (e.g. atmospheric,
solar v‘s) have played a large role in their exploration.
Precision experiments often use

(mixing angles, mass
splittings) have been but
important ingredients are still missing.

Upcoming oscillation experiments investigate the
(JUNO, ORCA, IC-Upgrade)
and (T2HK, NovA, DUNE)

Note: for non-standard
oscillations (eV sterile neutrinos) are on-going.
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Thanks for your attention!
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