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e Neutrino oscillations

e Reactor neutrinos
e Accelerator neutrinos

Krakow, 16.02.2023 T.Wachata, Neutrino Physics



NEULFnNe mixing -

Das

C concept

* Reminder: neutrinos oscillate - change their flavor with time. Experimentally
confirmed by a number of experiments: Super Kamiokande, SNO...
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* Neutrinos are produced and detected via weak interactions (flavor eigenstates) but
propagate in space as the linear superpositions of the mass eigenstates.

Transition coefficients (Unitary 3x3 matrix - ‘'mixing matrix’)

v

Flavor €l Vl U—
eigenstates =U Vol . Mass -
9 eigenstates
V. v,
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* Two neutrino example:

u-'l-
/e

Detector

* Notice the flavor eigenstates differ from mass eigenstates. Therefore the source
produces the linear superposition of the mass eigenstates. In case of two neutrinos:

V, 4V

cosf sin:ﬁi
U= _ )
—sinf  cos#
Greek indices for flavor

N
B vV Latin for mass eigenstates
| 1 V. = U v.
(04 [0/
I
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principles

* Flavor state written as a superposition of the mass states:

Vo) = ZUm Vi)
i

* Mass state propagation (plane wave solutions):
() = (B07) 1,00))

* Ultrarelativistic limit energy approximation. This limit applies to all practical
(currently observed) neutrinos, since their masses are less than 1 eV and their

energies are at least 1 MeV, so the Lorentz factor, v, is greater than 10¢ in all cases

'Tﬂ»?-: m2 Iﬁj| =P = m;,
U P L J

Ej—vpj +m; ~p;+ 2p; ~ B+ Yok

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

m.‘:‘! L

|vj{L)>=e_i( ) 15(0)) .
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Neutrino oscillations principles

* FEigenstates with different masses propagate with different frequencies.
* The heavier ones oscillate faster compared to the lighter ones.

* Since the mass eigenstates are combinations of flavor eigenstates, this difference in frequencies
causes interference between the corresponding flavor components of each mass eigenstate.

* Constructive interference causes it to be possible to observe a neutrino created with a given flavor to
change its flavor during its propagation.

mEL 2
P&_fﬁ = La"ﬁ| La",_-t ( Z U* Uﬁj
P(v,?vy)=8,,—4D R(JP)sin’ @, +2 > I (JP)sin2®,
i<j i<j
a2 Lo 2 oy Llkm] - .
(Dzj_Amijﬁ_l'm'Amij[eV ]'W Ji =UUgUgy Uy,
Term responsible Mixing matrix elements (Jarlskog invariant)

for oscillation
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(3 flavors)

Pontercorvo-Maki-Nakagawa-Sakata matrix (U, )
_’6
1 0O O Ci3 OS13€ Hoer Ci 5120
U=U pyns=|0 €3 S5 0 1 0 [|=81nc,0
¢, =cosb,, O—g..c _ idcr () 1
S;:sineljj 23 723 S13e Cl3 0 0
P(v,>vy)=08,,—4> R(JF)sin’ D, +2 > I(JP)sin2d,
i<j i<j
a2 L ot 27 Llkm] S "
= Ay =L 2T A eV e e Sy =UaUp U, Uy,

« Transition probability P(v,v,) in the case of 3 neutrinos depends on:

> 3 mixing angles: 0,,, 0,5, 0,,
PMNS model

> 1 complex phase: o, parameters

> 2 independent mass splittings: Am?,,, Amz2,,
> Detector-source distance (L), neutrino energy (E) - adjusted experimentally
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Neutrno oscillation

Osci]lation probabilities for an initial muon neutrino
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Experiment L (m) | E(MeV) | |Am? MEEVQ)
Solar 1010 1 1010
Atmospheric 10* -10° | 10%-10° [ 10~'1-10"*
Reactor VSBL-SBL-MBL 10 — 10? 1 1-1073
LBL 10% — 10° 1074 - 1075
Accelerator | SBL 102 103-10* > 0.1
LBL 10° —10° | 10° - 10* | 1072 - 1073
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(3 flavors)

P(v,»v,)
P(v,=»v,)
P(VM—M/T)

 Two oscillation frequencies:

* Slow (solar)
* Fast (atmospheric)




ental aspects

* Neutrino oscillation experiments measure:
* Appearance probability: P (\/a—)\/ﬁ): ?

* Disappearance (survival) probability: p (Va‘)\’a) — 9

* Number of observed (detected) neutrino interactions is
proportional to:

* neutrino-target (eg. neutrino-nucleus) cross section o,
* neutrino flux ®
* number of interacting targets (eg. number of target nuclei) T

N, ,~O0*xD*xT
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v, disappearance

v, appearance) , v.disappearance

Table 14.6: Experiments contributing to the present determination of the oscillation parameters.

v, disappearance,

v, disappearance

Experiment Domin&nt Important Table 14.2: List of solar neutrino experiments
Solar Experiments 912 A:}ngl 5 913 Name Target material Energy threshold (MeV) Mass (ton) Years
9 Homestake CoCly 0.814 615 1970-1994
Reactor LBL (KamLAND) Am3, fa , 013 SAGE Ga 0.233 50 1989
GALLEX GaCls 0.233 100 [30.3 for Ga] 1991-1997
Reactor MBL (Daya-Bay, Reno, D-Chooz) b1z, | Am3) 5| GNO GaCls 0.233 100 [30.3 for Ga] 19952003
: ‘. i At 2 Kamiokande H,O 6.5 3,000 1987-1995
Atmospheric Experiments (SK, IC-DC) 923&‘Am31‘32|: fh3,0cp Super-Kariokande O 35 50,000 1996
i = L 1T ¢ 2 ; SNO D20 3.5 1,000 1999-2006
Accel LBL Vy,Vy, Disapp (KQK, MINOS, T2K, NOVA) ‘Am531‘32|: Bas KamDLAND  Liquid scintillator 05/55 1,000 2001—
ACCCI LBL UE',L_"B App (B‘,HNOS, T2K’ NOUA) [5CP 913 ’ 823 Borexino Liquid scintillator 0.19 300 2007—
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at has been

. 2 -

sin g912) =0.307 == 0.013 5 o sin2(f13) = (2.18 + 0.07) x 102
Am3; = (7.53 & 0.18) x 107> eV 5, CP violating phase = 1.36 + 0.17 7 rad
sin?(f>3) = 0.547 4+ 0.021  (Inverted order)
sin®(fy3) = 0.545 4+ 0.021  (Normal order)

Am%z = (—2.546+8:833) x 1073 eV?  (Inverted order)

Am3, = (2.453 £ 0.034) x 103 eV?

(Normal order)

Neutrino mass ordering

. . m m
* Most important open questions: \ \
> What is the value of §.,? CP symmetry —1 :Zi
violation in neutrino sector?
> What is the neutrino mass ordering?
Normal: m;>m,>m, (NO) or inverted: y
m,>m,>m, (10)? 2 I A
> What is the value of 0,;? If not 45
degrees, then in which octant it lies? Normal Inverted
Ordering Ordering
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[cialtneutrino sources: reactors

* In the nuclear reactors electron antineutrinos are produced as a result of the
nuclear fission of heavy isotopes 235U, 238U, 239Pu, 241Pu 25 - Fission

* 6 antineutrinos are produced per one fission reaction ”. - . > @

* Typical nuclear powerplant (1 GW reactor) produces 2x1020 antineutrinos per
second

* Number of detected antineutrinos is proportional to the reactor power

* There’s a long tradition of using reactor antineutrinos to study neutrino properties.
It started in 1953 by Reines & Cowan (detector located next to the Savannah River
powerplant)

Frederick Reines & Clyde Cowan
Reactor antineutrino :

Reines & Cowan detector /

Detector with CdClI

Bl alamy stock photo -

Nobel prize for Reines in 1995

Krakow, 16.02.2023 12
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* Reactor experiments are measuring the probability of disappearance of electron antineutrinos
from the reactor.

P(v,»>v,)="?

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

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

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

> Many improvements in the reactor neutrino flux calculations recently.

e Currently operating reactor neutrino experiments: .E KamLANDresult |
Name Reactor power (GW,y,) Baseline (km) Detector mass (t)  Year :S?
KamLAND various 180 (ave.) 1,000 2001 ;f : »
Double Chooz 4.25x2 1.05 8.3 2011-2018 E only .
Daya Bay 2.9x6 1.65 20x4 2011 N
RENO 2.8x6 1.38 16 2011
JUNO 26.6 (total) 53 20,000

EER
RSy
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Adificialt neutrino sources: accelerators

* The main principle behind the - Some extra ideas in accelerator neutrino production:
prod uction accelerator neutrinos is an > Focus charged pions with the same sign (and deflect pions with
analogy to atmospheric neutrino opposite sign) with magnetic horns (toroidal magnetic field).

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

. : : » Can change the polarity of the horns — one experiment can operate in
> Accelerate protons to h]gh energies with two modes: neutrino or antineutrino mode

the accelerator > Stop muons produced in the charged pion decay using a block of
> Collide protons with the target (eg. graphite and iron — beam dump.

graphite) and produce secondary

particles, mainly pions

Primary
\Bieiml ine
J-PARC MR

protons

> Let the pions decay and produce
neutrinos

Target

Target Station
3 Horns
=

pions

~—muons
~— neutrinos

+
Decay Volume

Beam Dump

=
s
Muon Monitor

[1)]
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Near Detectors Beam Dump Decay Volume |

Primary
3 Horns protons -
== eaml ine
- ——— o —— -\
/ Agcelerator
Target \
- pions
~€—muons

-«— neutr inos
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Primary

—, 3 Horns protons

— Beaml ine

= e 1:‘"’,

Agcelerator

- pions
~€— muons
-«— neutr 1nos

Off-axis ND
S " —-:E _'.—_——-‘-\.-—-r——@
l-‘ D

] | On-axis ND (INGRID)

‘ | | |
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ND280

Downstream
l ECAL

Solenoid Coil

Barrel ECAL

INGRID

Il | ~10m

~10m
Krakéw, 16.02.2023

orr example (T2K)

» Off-axis detector:

> Several sub-detectors in 0.2T magnetic field:

v Tracker (TPC + FGD), pizero detector (POD), electromagnetic
calorimenter (ECAL), muon ranger (SMRD)

> Measures the neutrino flux before the oscillations occur

> Measures intrinsic v, contamination

> Measures neutrino interaction cross sections

* On-axis detector (INGRID):

> 16 iron-scintillator modules form the cross
> Monitoring flux, direction and stability of the neutrino beam
> Neutrino cross section measurements

J-PARC

30GeV
proton beam

decay volume

e == = o = —— - -——

s
-

| |
Om 118m \_IEEH'/ 295km
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(T2K)

* Measures the oscillated neutrino spectrum

* Super-Kamiokande (operating since 1996):

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

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

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

v Neutral pion detection (rejecting background from
neutrino interactions with n°).

J-PARC Super-K
£ i D
30GeV decay volume Off-axis N
proton beam \
T'E ———————————————— ‘_ — S T i —
L u]
target&3horns Il P~Hemo .l ] Off-axisangle 2.5 deg.
beam dump D . Ml TSN beam axis
muon monitor 8 =232@wW 0 Tm=aa.,
I | On-axis ND (INGRID) l
J |
Leriw 118m 3!’5\’]”1 295km
Krakéw, 1
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J-PARC
30GeV
proton beam

Off-axis ND
decay volume

target & 3horns

beam dump
muon monitor

| On-axis ND (INGRID) |
| I

~2QcCl
280m 295km

e
-

P,
-

I
118m

e Currently two world leading accelerator
experiments (T2K, NOvA) use ’off-axis’
beam idea:

> Pion decay kinematic effect

> Thin energy spectrum with the mean energy
tuned to the neutrino oscillation probability

> Lower background from high energy
interactions that are difficult to reconstruct
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sin*20 ,= 0.1

Am2, =2.4x 107 eV?
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[ACOI heutr

Disappearance of muon neutrinos/antineutrinos from the beam

(v./anti-v, disappearance)

|_—} t_:l :.|} ¥ 3
P(v, = v,) ~1—4cos B,3sin” B4

ino oscillations

No oscillation

With oscillation

Vu = Vy

= : , Am?2,L
x [1 — cos® f13sin” B23] sin? 4—;
+ (solar, matter effect terms)

= B
2 35
o -
g' 30
2 25p
. -
=  20F
g =
“ 15
= -
5 10F-
Location of min:  Am?%3» SE.
Depth of min:  sin226,3 00:

05 1 15 7 73 3
Energy (GeV)
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AGGelerator neutrino oscillations

Electron neutrino/antineutrino appearance in the muon
neutrino/antineutrino beam (v./anti-v, appearance)

g &mizL
4K

(+)— | sin20ysin 26,3sin 26043 cos B4

o bk . D i .
PCII# — Ve ) =~ sin” O23sin” 2653 sin

g 2
ey % gt d %sin Sop No oscillation
R T ——  With oscillation
L ENTTE 1 | £ i &) 3 ETINS L B
+ (CP-even, solar, matter effect terms) - n V.u — ve -
= 5__ B
b - ]
e - n
= 4 =
E - ]
w 3:_ -+ i M _:
: D_f - L] g
Magnitude of the peak | " __af e[ =
sin2073, sin2203, Ocp i - ] E :
E ]_— - - - +
A L el S
:':— =|=I=.I=I | 1 1 1 I 1 1 1 1 1 1 |=I=I |=|?
D[} 02 04 0.6 0.8 1 1.2

Energy (GeV)
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ino sector?

Use accelerator neutrinos and measure: : — ST
CPV . P(vuéve);éP(vMéve)
o P, | Y I R | | T | -
5 C — v, Candidates
m2. L > L . O SO S
Plv, =+ v,) = sin® B,qsin® 26, sin? Ay, L E 35: v. Candidates
=) B :
[+ sin 26 951n 20243s1n 26014 cos B4 o C
_ . = E
ma . Ami, L &
¥ §in Arrigyd sin? 837 g0, dcp -
4FE
+ (CP-even, solar, matter effect terms) : a
15 ;, .................................................................................................... _.E
. 10 -_ ..................... T — b
sindcp occurs in Ve and Ve 1 — _
appearance prcbability With {}E| T N | | I N | | R B | | T N N | | T N | | T R I | |E
; . -3 -2 -1 0 1 2 p
opposite sign 1\ T 5 AN
; I CF
Complicated measurement because the sensitivity to measure | ; |
dcp depends on: Masimal
Ocp true value, 0,, true value, mass ordering et CP violation
Need to have control over all systematic effects — precision o o
measurements in neutrino oscillations
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Number of events

Data/MC

=
s

20005
15001

1000

o i
- BEe—T 8
TTT]TT

2500 F

Monte Carlo simulations + external

Neutrino flux model:

other experiments (eg. NA61)

data from

oscillation analysis

—

Neutrino interaction models

and their uncertainties:
Monte Carlo simulations + external data
(MINERVA, MiniBooNE experiments)

S

TN

—

—— MC NEUT nominal

M Post-fit

# Daia

Fit to the data

from the near detector

4 i 1 . ]
¢

++ *Hiﬂ.ﬂ"’* +‘F*=m ﬂt +<4¢J,$4 -I':]: jﬁ%ﬁ 4 #H—T%

)II '1!5(1 Ill{l(} H{K} 3:!){} Jw()(} E)(JD 3500 4000 4500 5000

Muon momentum [MeV/e]

From near detector fit:
Flux model parameters

b
Neutrino interaction model parameters, v

Backgrounds in far detector

Expected neutrino
spectrum
In far detector

Evegts / GeV

Fit to the data

from far detector
(with PMNS model)

Ratio to unosc.
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T2ZK best fit
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e Unoscillated prediction

-ﬁﬁ

:::5|15ﬂvqaaa44s_.

Reconstructed Energy (GeV)

23




9 T

Neutrine interaction modelling

. . i- i ring - E
Charged-current interactions Quasi-elastic scattering - CCQ

(dominant in T2K)
§1.4;— v -
% 1.2 - "

I |
E & _———
w0-8 n p
EO.G i Resonance pion production - RES
g F (dominant in NOvA)
EOA o " .
@ I
00.2[-
e - +
e 0 G w
N A N'

Ly -
. + additional complications:
Deep Inelastic * Nuclear ’initial-state’ models
Scattering (DIS) * Nuclear re-interactions models
(NOvA) (Final State Interactions)
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: O neutrino experiments

Name  Beamline Far Detector L (km) E, (GeV) Year
K2K KEK-PS Water Cherenkov 250 1.3 1999-2004
MINOS  NuMI Iron-scintillator 735 3 2005-2013
MINOS+  NuMI Iron-scintillator 735 T 2013-2016
OPERA CNGS Emulsion 730 17 2008-2012
ICARUS CNGS Liquid argon TPC 730 17 2010-2012
T2K J-PARC Water Cherenkov 295 0.6 2010
NOvA NuMI Liquid scint. tracking calorimeter 810 2 2014

* History of accelerator neutrino studies and major results:
> K2K (Japan): confirmed atmospheric neutrino oscillations discovered by Super-Kamiokande
> MINOS, MINOS+ (USA): measured atmospheric neutrino oscillations Amz,,, 6,,
> OPERA (ltaly): confirmed v —v, oscillations

> ICARUS (Italy): first neutrino detector using liquid argon Time Projection Chambers
technique

> T2K (Japan): 6,, angle measurement, AmZ,, measurement, first measurement of 6., phase

> NOVA (USA): 6, angle measurement, 6., phase measurement, mass ordering

Krakow, 16.02.2023 T.Wachata, Neutrino Physics 25



» DUNE (USA)

> USA flagship accelerator neutrino project.

> Neutrino beam produced in Fermilab (1.2 MW and
2.4 MW power after upgrade)

> 10 kton or larger liquid argon detector in South
Dakota (1300 km from Fermilab) 1.5 km
underground.

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

> Should be able to measure §., ~ 20 degree accuracy
(~10 degrees after beam upgrade).

> Start ~2028

SANFORD LAB
Lead, South Dakota

=L £

FERMILAB
Batavia, lllinois

SANFORD LAB
T i—, f 20 miles

s

—
800 miles

* Hyper-Kamiokande (Japan)

> T2K experiment extension with larger
far detector.

> High-intensity neutrino beam (1.7 MW)
from J-PARC complex

> Far detector - 0.5 kton water Cherenkov
300 km from J-PARC.

> Measuring 6., with accuracy of 18

degrees but depends on mass ordering
measurements.

> Start ~2027

VS




* Today covered:

v Neutrino Oscillations
v Artificial neutrino sources: reactor, accelerator
 To remember:
> How are reactor neutrinos produced and measured?

> Accelerator neutrinos: production, oscillations, CP violation

> References:

v PDG, Neutrino Masses, Mixing and Oscillations review (pdg.lbl.gov)
v M. Zito, Neutrino masses and mixing lectures

Krakow, 16.02.2023 T.Wachata, Neutrino Physics
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Table 14.7: 3v oscillation parameters obtained from different global anal-
yses of neutrino data. In all cases, the numbers labeled as NO (1I0) are

obtained assuming NO (10), i.e.,

relative to the respective local mini-

mum. SK-ATM makes reference to the tabulated y? map from the Super-
Kamiokande analysis of their data in Ref. [97].

Ref. [185] w/o SK-ATM

Ref. [185] w SK-ATM

Ref. [186] w SK-ATM

Ref. [187]

w SK-ATM

NO Best Fit Ordering Best Fit Ordering Best Fit Ordering Best Fit Ordering
Param bip £leo da range bip 1o do range bfp *lo 3o range bip +1a Jo range
in” 8 . . .
TR | gigtlls 2.75 — 3.50 | 3.107913 2.75 —+ 3.50 | 3.0410 13 2.65 — 3.46 | 3.20723% 2.73 - 3.79
10-1 —-0.12 —0.12 -0.13 —0.16
+0.78 - +0.78 4+0.87 4 r41.2 &
612/° 33.82107% 3161 — 36.27 | 33.82%%7% 3161 — 36.27 | 33.4670%7 3098 — 36.03 | 34.5%12 315 380
sin2 Gax S : : T
T0 B | 55st020 4075600 | 5631918 4335600 | 551121 430-6.02 | 5477920 4455 5.00
10-1 — .33 —0.24 — 0. B — .30
O23/° 48.3713 40.8 — 51.3 48.6171°" 41.1 — 51.3 47.911% 41.0 — 50.9 47.7t12  41.8 = 50.7
sin” 01z . ¢ -
m—_;'* 2.24110-9%% 2,046 — 2.440 |2.237790%¢ 2044 — 2435 | 2247007 190239 |2.160700%° 196 — 2.41
B13/° g.61tl® 8225899 | 8601012 822898 | 841t01% 7.9 — 8.9 8.45101% 8.0 -89
dcp/° gggt+3d 141 — 370 221+39 144 — 357 238141 149 — 358 B e 157 — 349
— 28 —28 —33 —27
Am3 .
% s 6.79 — 8.01 7.39102%  6.79 — 8.01 7adtg T 6.92 —7.91 | 7.551722%  7.05 — 8.24
ﬁ 2.44970932 9 358 — 2.544 | 2.45470:02% 2362 — 2.544 |2.4197003%  2.319 — 2.521 |2.424 £ 0.03 2.334 — 2.524
T g 030 031 032 :
10 Ax® =6.2 Ax? = 10.4 Ax? =095 Ax? =11.7
in” @ : . |
T3 | g qgt0s 2.75 — 3.50 | 3.10+%-13 2.75 — 3.50 | 3.03+01% 2.64 — 3.45 | 3.207220 273 - 3.79
0-1 —-0.12 —0.12 —[‘1.1_.3 —0.16
812/° 33.82107%  31.61 — 36.27 | 33.82107%  31.62 — 36.27 | 33.40%0%7 30.92 — 35.97 | 34.5712  31.5 - 38.0
. X i T L ’
sin? 6; ;
“’Tﬂi_fﬁ 631222 430612 | 56510 ET 436610 | 5:67FTLT 4.44 -+ 6.03 | 5511238  4.53 — 5.98
Ba3/° 48.6+1-1 41.0 — 51.5 48.8+1-0 41.4 — 51.3 489118 41.8 — 50.9 47.9119  42.3 — 50.7
sin” #4; % ; ;
m——zm 2.26110-957 2,066 — 2.461 |2.259709%% 2064 — 2.457 | 2181205 195 243 (2.2207007% 1.99 — 2.44
813/° BestR 2 8.26 - 9.02 | 8.64%012 826 —9.02 | 8.49701° 8.0 — 9.0 853121 8190
dop/° 285775 205 — 354 DR 205 — 348 D red 193 — 346 281+23 202 —+ 349
L"rm,gj .
o ;021 PP B 8 | - 40.17 - 0.20 = :
105 V7 7.39102L  6.79 — 8.01 7.39+0-21 .79 — 8.01 7.341917 6925791 | 7.551020  7.05 - 8.24
Amg,

10-3 ¢V2

—2.500+%032 _5 gn3

~0.032

— —2.416

-2.51010 230 ~2.601 — —2.419

—2.47810:035 _o5 5o7 _, _2.375

—0.033

—2.504+10% _o 59 4 239

—0.03




Oscillation length

Equation (14.39) is oscillatory in distance with oscillation lengths

O5C 4?T E

= e 14.41
0,27 |Amfj ; ( )

and with amplitudes proportional to products of elements in the mixing matrix. Thus, neutrinos
o 1 (3 T 1 T .Y i JL ] f 2 [ u 1 [ T TE . . 1 " 1 ’- . |-|r .

must have different masses (Am; i # 0) and they must have not vanishing mixing (U,,Ug; # 0)

in order to undergo flavour oscillations. Also, from Eq.(14.39) we see that the Majorana phases

Krakow, 16.02.2023 T.Wachata, Neutrino Physics 30



Off-axis Neutrino Beams

In pion rest frame:

Yo

Neutrino and muon energy
completely determined

In lab frame: V

- ~ | [ At14mrad
“‘ﬁ* ' | | off-axis
Neutrino energy depends on almost all m
boost and angle to boost produce v
direction ‘ 1 | around 2
L/~ : — GeV, i.e. at
£ 0.43ym_ oscillation
v = maximum
1+y%02

Rameika - NNN10 2= Fermilab



Neutrino oscillations - interference

Two-slits (masses) quantum interference experiments !

Phase shift (p,-p,)x~Am? L/4p=> Interference

"Neutrino oscillation” is due to the phase shift between the lighter states (in advance
with respect to phase) versus the heavier. Out of phase linear superposition means the
other flavor eigenstates (not present at t=0) appear during the propagation.

Krakow, 16.02.2023 T.Wachata, Neutrino Physics 32



“Atmospheric” “Solar”

U, U, U,Y (1l 0 0Y ¢, 0 s,e®Ye, s,

{/ = UJ“1 UH2 U,u3 =10 ¢, S5 0 | 0 —8s €
id

Uri Urz Uri 0 — 83 Oy )k_SHE 0 Ci3 A 0 0

NxN unitary matrix, N(N-1)/2 angles, N(N+1)/2 phases

(2N**2 real parameters, Unitarity: N conditions on the diagonal+
12N(N-1) Im(V1k V2k*=0) + 2N(N-1) Re(V1k V2k*=0) =>N**2 real
parameters)

N phases can be rotated away by redefining the charged lepton fields
N-1 phases can be rotated away by redefining the neutrino fields
However this is not possible if Majorana (not invariant under U(1))

(
How many physical phases? 1
(N-1)(N-2)/2 phases in general : €
(N-1) additional phases if Majorana U=

TES School iy
Buymerovka July 2008 Marco Zito \ €




Probability

Two neutrino approximation
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Oscillation prob abilities for an initial electron neutrino
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Oscillation probabilities for an initial electron neutrino
1.0~ S S | |

Probability
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Probability

Oscillation probabilities for an initial muon neutrino
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initial tau neutrino
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Oscillation probabilities for an initial tau neutrino
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Classical analogy: spring-coupled
pendulums

Krakow, 16.02.2023 T.Wachata, Neutrino Physics
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Classical analogy

* Time evolution of the pendulums

* Lower frequency normal mode

VAN

L\

LN N N N

N U U 4
LN N LN N\

NS

N N N

* Higher frequency normal mode

Krakow, 16.02.2023
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asurement

o1 | } [ Phys.Rev.Lett. 112 (2014) 061802
5t ]
b X

wig : L I« 28 electron neutrino candidates
S0 =t 4 in the far detector, 4.92+0.55
= : ., candidates predicted for the no-
30 g O 02 oscillation hypothesis
o 0

T My« Best fit (N.H, 8,=0):

———— ] . 2 +0.038
| £ o o _; sin*20,,=0.140 " o5
- Background component-
°F Fusion<2sovev e 7,30 significance for non-zero 6.

» Discovery of v, appearance in v,
beam!

e O e IIIIIIA'II.IIM e R e e et e el e e ~.,,1-‘z~vzj
0 500 1000 1500 >2000
Reconstructed neutrino energy (MeV)

Krakow, 16.02.2023 T.Wachata, Neutrino Physics 43

Number of v, candidate events
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* 120 muon neutrino candidates %
in the far detector, 446+22.5 =
candidates predicted for no- £
oscillation hypothesis 5

* Best fit value (N.H.): ?

sin’0,,=0.514 " > 3

« World’s best 6,; measurement!

* T2K prefers maximal mixing
(6,; equal 45 degrees)

Krakow, 16.02.2023
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_I I_IIIIIIIIIIIIIIIIIII
E_ 68% (dashed) and 90% (solid) CL Contours _E
= T2K [NH] —— T2K [IH] 3
= SK I-1V [NH] MINOS 3-flavor+atm [NH] E
= ERDN
S ||||||||||||||||||||||||||||||||||||||||||||:u|§||||||}||||||||
03 035 04 045 05 055 06 065 07 01 2 3 4
2
sin(0,;,)  -2AmL
> 16 : 3
8 14F DATA =
S nf v,+V, CCQE =
% 10F v, +V, CC non-QE =
E sE V.4V, CC =
g o NC E
45 E
2F =
+ oty o
g £1.5f =
9'% ] ST B N N O SO O D 1 | |
P
= 20.5F =
= s] DE ) ) L3
0 3 4 >5

2
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