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* Last week questions

* Neutrino oscillations
e Reactor neutrinos

* Accelerator neutrinos
> Long baseline experiments
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Weird flux unit?
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In principle flux ® is expressed in [cm™s™] units.

In the context of cosmic rays, flux may be expressed in [cm?s?sri] since the signal
comes from different directions.

Sometimes it is more convenient to report ®/E instead of ® — hence MeV™.

Original plot taken from

U.F. Katz, C. Spiering, High-energy neutrino astrophysics: Status and perspectives,
Progress in Particle and Nuclear Physics 67 (2012) 651-704

DOI: 10.1016/j.ppnp.2011.12.001
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Neutrino helicity

The quantity

g -p
H=_—"—_] (1.22)
P

1s called the helicity (or handedness). It measures the sign of the component of
spin of the particle, j, = i%h, in the direction of motion (z-direction). The z-
component of spin and the momentum vector p together define a screw sense

7 p a, p .
-~ = - Donald H. Perkins,
Introduction to High
Energy Physics,
v LH 7 RH 4th edition, pp. 19-21

Massless fermions are characterised by definite helicity states. Good approximation for
ultrarelativistic fermions.

But how can we know whether neutrino is left-handed or right-handed?
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Helicity of Neutrinos™

M. GOLDHABER, L. Gropzins, AND A. W. SUNYAR

Brookhaven National Laboratory, U pton, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and
resonant scattering of + rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!5?~,

Physical Review, 109(3), 1015-1017
doi:10.1103/physrev.109.1015
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which decays by orbital electron capture. If we assume ALE

the most plausible spin-parity assignment for this

isomer compatible with its decay scheme,! 0—, we find

that the neutrino is “left-handed,” ie., o, p,=

(negative helicity).

J=0 152,
K-capture ¥
g1 152G m* & v
y, 860 keV
J—0 _ 152G m

D. Perkins, Introduction to High Energy Physics, p. 206
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Samarium?®? excited state ~101* s
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Goldhaber, Grodzins, Sunyar
experiment

1528m*

’ISZSm:lz

Forward Backward

D. Perkins, Introduction to High Energy Physics, p. 206

Neutrino and a photon emitted opposite to the neutrino have the same helicity!
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Goldhaber, Grodzins, Sunyar

experiment

In order to find the polarization of gamma-rays,
they are passed through the magnetized iron. The
transmission is greater if the electron spin is
parallel to that of the photon and it cannot absorb
angular momentum by spin-flip.

The experiment was done with reversed magnetic
field direction as well.
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D. Perkins, Introduction to High Energy Physics, p. 206
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Goldhaber, Grodzins, Sunyar
experiment

Eu'®2™ SOURCE

777277
- NN

How can we know that gamma-rays were emitted f % | —anaLvzing
opposite to neutrinos? % / ¢
ZF7A N 7

The idea was to observe resonance scattering on SEALE
Samarium target. It occurs when photon energy is a "
bit above 960 keV (to allow for nucleus recoil). This is

the case for a photon emitted opposite to the neutrino,

however it is kinematically not possible for a photon
emitted in the same direction as the neutrino.
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Solar neutrino interactions in SNO

FZhargec_I Current (CC) Electron \
Interaction: AL Electron /<, _
£ erenkov -
_ S P Only electron neutrinos
v,+d=>p+p+e > can be detected

\
; \ (@ Proton
Deuterium

Proton

Neutral Current (NC)

Neutrino _
interaction: \ o Neutrino
® ot All neutrino flavors
Vx"'d_) p+n+Vx \\: can be detected
Deuterium ® proton
n
Neutron
Electron Scattering (ES): \ All neutrino flavors can be
Neutrino Electron Cherenkov deteCt.ed . :
P o . ring (but with different weights
VyTe€ 2V, Te \ 0l - cross section different for
Electron & ve than for v,, v.)
° Neutrino
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Solar neutrino interactions in SNO

F:hargee_l Current (CQC) Electron \
Interaction: AL Electron /<, _
4 erenkov .
_ S P Only electron neutrinos
v,+d=>p+p+e > can be detected

\
; \ (@ Proton
Deuterium

@ Proton

How were these two signatures distinguished?

!

Electron Scattering (ES): \ All neutrino flavors can be
Neutrino Electron Cherenkov deteCt_ed . )
_ _ o o ring (but with different weights
v, te >v t+e \. . Pl - cross section different for
Electron & ve than for v,, v.)
Neutrino
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Solar neutrino interactions in SNO

Actually, they were not distinguished on event
by event basis. Instead, the likelihood fit
method was used to extract the event rate
corresponding to each interaction type.

CC interaction on deuterium was occuring only in
the inner part of the detector. Electron scattering
was happening in the entire volume.

Reconstructed position of neutrino interaction
allows to separate events occuring in different
regions of the detector.

See DOI: 10.1103/PhysRevLett.87.071301
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NEUtHno mixing - basic concept

« Reminder: neutrinos oscillate - change their flavor with time.
Experimentally confirmed by a number of experiments: Super Kamiokande,

SNO...
Muon neutrinos @ ; : . Detector
with energy E @ Oscillations @ (neutrinos o

& @ e,

J\ %

L

A 4

 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’)

FI Ve ¢ Vi UaUnUy
avor — —
= M =
eigenstates xu U XZ eiger?sstsates U Uez Uuz Urz
! ] UepU,3Uss
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Jthnormixing - 2 flavors example

Detector

« The flavor eigenstates differ from mass eigenstates. Therefore the source
produces the linear superposition of the mass eigenstates. In case of two
flavors:

Vu A Vz

U cosfl  sinf
—sinf cosB )
Greek indices for flavor

N
0 A% Latin for mass eigenstates
! 1 v, =Y U_v
o o i
)
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Neutrino oscillations principles

Flavor state written as a superposition of the mass states:

Vo) = ZUm Vi
i

Mass state propagation (plane wave solutions):

() = e (Brt-p ‘) |v;(0)) ,  Bilenky-Pontecorvo approach with definite neutrino momentum

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

m2 m? "ﬁ | =p >my,
Ej=vfp"’+m§ ~p + 2}: ~FE+ 2&{, ,

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

9
7T 7 L

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

Eigenstates 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.

'i'n2 L 2
P&_fﬁ = La"ﬁ| La",_-t ( Z U* Uﬁj 2E
_ Otﬁ Otﬁ
P(v,>v,)=8,,—4D R(J:P)sin’® +2> I(J¥)sin2d,
i<j i<j
L L[km]

O.=Am;—=127-Am;[eV*] ———= G-y U..U U-

=AM jleV’] ElCev] Je=U; U, U, U},
Term responsible Mixing matrix elements (Jarlskog invariant)

for oscillation
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Neutrino oscillations (3 flavors)

Pontercorvo-Maki-Nakagawa-Sakata matrix (Upwmns)

1 0O O C13 05138 HOcr Cio 5120
U=Upuns=|0 Cyp3 Spz| 0 1 0 [|{—sp¢,0
c; =cosf, _ _ idcp
1=sin 6, 0=s5pcp) =570 ¢y 0 01
P(v, —>vﬁ) —429% J“B)sm D +22J J“B)sm2(l)
i<j <]

_ 2 L _ [km] af _77* *
(I)ij_AmIJ4E 1.27-Am [eV ] E[GQV] Jij _UociUBiUochﬁj

* Transition probability P(v,2v;) in the case of 3 neutrinos depends on:
> 3 mixing angles: 623, 013, 612

> 1 complex phase: 5cr PMNS model
> 2 independent mass splittings: Am?s;, Am?; parameters
> Detector-source distance (L), neutrino energy-(E) - adjusted experimentally

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 17



Probability

NEeULrino oscillatior

Oscillation probabilities for an initial muon neutrino

(3 flavors)

P(v,»v,)
P(v,»v,)

P(VM—>VT)

* Slow (solar)
* Fast (atmospheric)

1.0
0.8
0.6
H\\\HHIH
' (\ |
0 O JJ.A A A A
) 5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV)
Experiment L (m) | E (MeV) \AmQMUVQ)
Solar 1010 1 10710
Atmospheric 10* — 10" | 10*-10° | 101 —10~*
Reactor VSBL-SBL-MBL 10 — 10° 1 1-1073
LBL 10% — 10° 1074 - 107°
Accelerator | SBL 102 103-10* > (.1
LBL 10° —10% | 103 —10* | 1072 — 1073

Krakow, 20.02.2025
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* Neutrino oscillation experiments measure:

« Appearance probability: P (Voc_)vﬁ): ?

* Disappearance (survival) probability: P(v Sy )_ 5

 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 o, ~O*xPxT

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2
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Vu ve disappearance,
disappearance
Ve disappearance
Ve appearance) , vedisappearance
Table 14.6: Experiments contributing to the present determination of the oscillation parameters.
Expcrimcnt Domin&nt Important Table 14.2: List of solar neutrino experiments
SOIHJI‘ Expel‘iments 912 Amgl ; 613 Name Target material Energy threshold (MeV) Mass (ton) Years
9 Homestake CoCly 0.814 615 1970-1994
Reactor LBL (KamLAND) Am3, B , 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) 013, | Am? 1.32] GNO GaCly 0.233 100 [30.3 for Ga] 19982003
. . amiokande 20 D K — b5}
Atmospheric Experiments (SK, IC-DC) ta3, Am§1‘32|: t13,0cp Suplfr—Kamiokandc Ezo o 530%)000 Mo
ACCCI LBL U,(-HD,U-? Disapp (KQK‘ I\‘IL\]OSE TQK: NOVA) ‘Am§1‘32|3 923 KaliijgND Liquid]zjigtillator 0?/?)5 1.388 19236?206
ACCCI LBL Ueﬂj'e App (I\'HNOS. T2K’ NOUA) ISCP 613 : 823 Borexino Liquid scintillator 0.19 300 2007
Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 20



sin®(f1,) = 0.307 4 0.013
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®(Ay3) = 0.545 4+ 0.021  (Normal order)

Am%z — (—2.546f8:823) x 1073 eV?  (Inverted order)

Am3, = (2.453 £ 0.034) x 103 eV?

sin?(613) = (2.18 & 0.07) x 1072

(Normal order)

Neutrino mass ordering

* Most important open questions: ) 4
> What is the value of 8¢? CP symmetry —— o S
violation in neutrino sector? -1
> What is the neutrino mass ordering?
Normal: mz>m>>m; (NO) or inverted:
m>>mi1>ms (10)? I e
> What is the value of 0,57 If not 45 — —
degrees, then in which octant it lies? N
ormal Inverted
Ordering Ordering
NO 10

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 21



Atinciall neutrino sources:
ors

* In the nuclear reactors electron antineutrinos are produced as a result of
the nuclear fission of heavy isotopes 23°U, 238U, 23°Pu, ?4'Pu

235 236 Fission

6 antineutrinos are produced per one fission reaction nq.#> ’ 1N @ .

7

—_

~

 Typical nuclear powerplant (1 GW reactor)
produces 2x102° 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) o
Frederick Reines & Clyde Cowan

Reactor antineutrino
J' TISULT RIILY

Reines & Cowan detector
? {Hit (IR o s : : , / lil|"
il e = r
u" :-- 3 \ " . - f
i S P K
s it L &
%l : &

T

Detector with CdClI

B alamy stock photo y

Nobel prize for Reines in 1995

22
Delayed signal j Prompt signal
from neutron from electron
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« Reactor experiments are measuring the probability of disappearance of electron
antineutrinos from the reactor.

P(v,»v,)="?

» A precise 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.

« Currently operating reactor neutrino experiments:
1 KamLAND result

Name Reactor power (GW,y,) Baseline (km) Detector mass (t)  Year

KamLAND varionus 180 (ave.) 1,000 2001 % |
Double Chooz 4.25x%2 1.05 8.3 2011-2018 E """"
Daya Bay 2.9x6 1.65 20x4 2011 -
RENO 2.8x6 1.38 16 2011 ojo‘ e .g.o‘c. oo
JUNO 26.6 (total) 53 20,000 L/, (km/MeV)

e

ke

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 23



D Sources.
ors

 The main principle behind the - Some extra ideas in accelerator neutrino production:
production accelerator neutrinos is > Focus charged pions with the same sign (and deflect pions
: : with opposite sign) with magnetic horns (toroidal magnetic

an analc_)gy to atmo§pherlc neutrino field).
prOdUCt|0n meCha nism » Ultimately able to get either neutrino (positive pions are focused)

S . . or antineutrino (negative pions are focused) beam.
Accelerate protons to hlgh €nergies ~ Can change the polarity of the horns —» one experiment can

with the accelerator operate in two modes: neutrino or antineutrino mode

» Stop muons produced in the charged pion decay using a
block of graphite and iron - beam dump.

> Collide protons with the target (eg.
graphite) and produce secondary
particles, mainly pions

> Let the pions decay and produce
neutrinos

Primary
\Be\aml ine
J-PARC MR

protons

Target Station

pions

~—muons
~<— neutrinos

+
Decay Volume

Beam Dump

Muon Monitor

[1)]

Kraké Ve Vit Vi Vi Ve Vpu Vu Vu Ve a&G.Zarnecki, Neutrino Physics 2 24
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Near Detectors Beam Dump Decay Volume | _
Primary

3 Horns protons

T — ¢ Beaml ine

|

Agcelerator

~— pions
~€— muons
-«— neutr 1nos
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Long baseline experiments
study neutrino beam from
accelerator complex in near
and far detectors.

In the near detectors the
oscillation effect is negligible
— constraints on systematic
effects.

Far detector location
corresponds to maximal
oscillation effect.

K2K, MINOS, T2K, NovA,
DUNE (planned)

Krakow, 20.02.2025

ariments

Example: T2K experiment layout

)

Beam

INGRID

bl Bl D B

— ~— — ,,

T.Wachala&G.Zarnecki, Neutrino Physics 2
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AGGcelerator neutrino oscillations

Disappearance of muon neutrinos/antineutrinos from the beam

(v /anti-v disappearance)

(—)
Py, — Lflu} ~ 1 — 4cos® B13sin” O,4

No oscillation

. . o, Am2,L
x [1 — cos? @13sin” B3] sin® _1—;2
+ (solar, matter effect terms)

= i
2 asfE
L) -
g-' 30
@ 25E
=
g -
Z  1sE
= -
% 10F-
Location of min: AmZ3, sE
Depth of min: sin220 3 00:

With oscillation

Vy 2 Vy -
0.5 1 1.5 2 2.5 3
Energy (GeV)
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Accelerator neutrino oscillations

lectron neutrino/antineutrino appearance in the muon
neutrino/antineutrino beam (v_/anti-v_ appearance)

9 &mizL
4F

(+)— | sin260ssin 260,3sin 26043 cos B3

—1 (— . 2 . 2 .
P(vy — ve) = sin” f23sin” 263 sin

&-m%lL L2 &m;‘:.ﬂL

% 211 1k 211 Tsin EGP N'D GSEi”EltiCII"I
> 6 ERERE ——  With oscillation
_ ™PF AT L =
+ (CP-even, solar, matter effect terms) = n V.u — ve -
= s .
1 . ]
5 N .
= 4 -
= - .
E 3:_ - - .- . _:
_ T i
Magnitude of the peak - " AURRET -
sin2023, sin%20 3, Ocp 8 - ] k ]
E ]_— - +
SR Jiiﬁ | ]
O ll-l..l.ll | 1 1 1 I 1 1 1 1 1 1 g Ll Lig gy |
00204 06 08 12

Energy (GeV)
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Use accelerator neutrinos and
measure.
. 3 . 3. .9 &.m,izf_-
P(v, = v,) = sin® O5s8in” 260, sin®
[+ sin 281951in 20353sin 2013 cos 43
m2 L ., Am2 L
¥ sin &r_”“L sin? 282 dcp

t (CP-even, solar, matter effect terms)

sindcp occurs in Ve and Ve
appearance probability with
opposite sign

Complicated measurement because the sensitivity
to measure 6cp depends on:

dcp true value, 6,5 true value, mass ordering

Need to have control over all systematic effects —»
precision measurements in neutrino oscillations

Krakow, 20.02.2025
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rino sector?

CPV: P(v,»v,)#P(v,>V,)

u

| — v, Candidates

— ¥, Candidates

:I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |:
-3 2 -1 0 1 2 3
Maximal
CP violation
29



L=295km
0.1

in220,.=0.1 . e
0.08 Sln_ 81=30 0.08 antl_r\’ 51N 2813 01
’;‘? * f— 6:3-[:/2 _
7 006 — 5= x
. — —_
%0.[14 =1/2
0.02
0
0 1
E, (GeV)

Impact of 6, violation phase for neutrinos and antineutrinos. Maximal

CP violation results in approximately £27% change of the v_appearance
probability (wrt. CP conserving values).

Matter effects small compared to CP violation
(difference between &, = 0, m).

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 30



Krakow, 20.02.2025
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68% credible interval

- 90% credible interval
- 99% credible interval

CP conserving values
(8, = 0, £m) excluded

at 90% CL.

Best fit value near
maximal CP violation
(8 = -T/2).

T.Wachala&G.Zarnecki, Neutrino Physics 2
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 Today covered:

v Neutrino Oscillations
v Artificial neutrino sources: reactor, accelerator

e To remember:

> Basics of neutrino oscillations: mixing matrix, transition probability

> How can we study CP violation in the neutrino sector?

> References:
v PDG, Neutrino Masses, Mixing and Oscillations review (pdg.lbl.gov)

v M. Zito, Neutrino masses and mixing lecture
https://indico.in2p3.fr/event/10396/sessions/416/attachments/1634/

Krakow, 20.02.2025 T.Wachata&G.Zarnecki, Neutrino Physics 2 32
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Backup slides

T.Wachata&G.Zarnecki, Neutrino Physics 2

33



Primary

3 Horns protons

/ S Beaml ine

Agcelerator

-~ pions
~€— muons
-«— neutr 1nos

Off-axis ND
4| i B>~ = = === w _-j ; _'_—-_*-—.---@

I | On-axis ND (INGRID) |_-—
I I . T l R I
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Downstream
] ECAL

Solenoid Coil

Barrel ECAL

~10m
Krakow, 20.02.2025

ple (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 ve 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

P
-

| | |
aim 118m \Igm/ 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:

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

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

J-PARC Super-K
30GeV Off-axisND

iy =

B
target & 3horns l- ______ ] Off-axisangle 2.5 deg.
beam dump Rty T TP beam axis

muon monitor ]
I l On-axis ND (INGRID) J

| .
o aclL
280m 295km

T.Wachala&G.Zarnecki, Neutrino Physics 2 36

- e
-—
-

I
Om 118m
Krakow, 2



J-PARC Super-K 1
0GeV decay volume Al 3 N -
proton beam o v B —————@ > - L, g
b — = = — =" =\ Ti 0.5 sm22623=1.0 ]
HE - B N | o _ |
target & 3horns T = R Q Off-axis angle 2.5 deg. & - . 2311_1 iimx_l?)j -
beam dump %%t;_" ------ Peamaxis - e ) ]
muon monitor e - ————+—

[ On-axis ND (INGRID) | -~ 0.1  NH.S._ =0 LTS =0 ]
v 118m »80m 295km > — NH, SEE =n2 —-IH, 82: =m2
=.0.05 ]
Z -
. a. |
* Currently two world leading accelerator L s ]
experiments (T2K, NOvA) use ’'off-axis’ i \! 1
: . = NG HiHH OA 0.0° —~
beam idea: = | E\ 442 OA 2.0° -
: : . B AT =N 0A 2.5° )
> Pion decay kinematic effect < T b i -
> Thin energy spectrum with the mean E 05 i =
energy tuned to the neutrino oscillation %ef ﬂ% ]
probability i _

, sxer sty M

> Lower background from high energy i %%é‘s Gt
interactions that are difficult to reconstruct 0 "B, (Gev) ° 3
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sis. 4

Neutrino interaction models

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

I 2. ¢ ”

Neutrino flux model:
Monte Carlo simulations + external data fropgn
other experiments (eg. NA61)

% 30T T T T T T T T T T =

o T Fit to the data

E 2{}()0: . =

- E from the near detector
£ 1500

I{Jﬂ(): : m—— Unoscillated prediction

s00F- | —f é - T2K best fit
U 1'81' s |.'i'|::r':'1 r+ bl :|: * — e [ata :
= 08 +” ﬂiﬂﬂﬂ +“F HE ¥ +¥-F¢l-ﬂ'+‘|‘:]:+ #ﬁ:ﬁ it #H— * ; . . ]
E 0500 150015003000 25003000 330040064300 3000 Expected neutrino = - .
Muon momentum [MeV/c] S peCtru m ?::'»U: _:
In far detector 60- 3

From near detector fit:

Flux model parameters, :
Neutrino interaction model parametersv 20~

Backgrounds in far detector

Fit to the data
from far detector
(with PMNS model)

Ratio to unosc.
-—a—-
1

g

”c:ns|15ﬂ?‘i IEE A%
Reconstructed Energy (GeV)
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modelling

Quasi-elastic scattering - CCQE
(dominant in T2K)

Charged-current interactions

§1.4;— v U
‘ELZ:- w?
5 1
...2_, B . e
~0.8F ek | ] ; P
So0.6E LESS. (e it Resonance pion production - RES
£ ' (dominant in NOvVA)
$0.4[ \ ' y
P RES ' '
00.21- : <=
6 F
g 0- Ll B i W+
10" 1 10 10° m
E, (GeV) i
Y 5=
. + additional complications:
Deep Inelastic * Nuclear ’initial-state’ models
W Scattering (DIS) » Nuclear re-interactions models

(NOvA) (Final State Interactions)
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experiments

Name  Beamline Far Detector L (km) E, (GeV) Year
K2K KEK-PS Water Cherenkov 250 1.3 19992004
MINOS  NuMI Iron-scintillator 735 3 2005-2013
MINOS+  NuMI Iron-scintillator 735 7 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 seint. tracking calorimeter 810 2 2014

» History of accelerator neutrino studies and major results:

> K2K (Japan): confirmed atmospheric neutrino oscillations discovered by Super-
Kamiokande

> MINQOS, MINOS+ (USA): measured atmospheric neutrino oscillations Am?sz, 623

> OPERA (ltaly): confirmed v —v_oscillations

> |CARUS (ltaly): first neutrino detector using liquid argon Time Projection Chambers
technique

> T2K (Japan): 013 angle measurement, Am?;; measurement, first measurement of o,
phase

> NOvVA (USA): 613 angle measurement, 6., phase measurement, mass ordering
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* 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 é6c ~ 20 degree
accuracy (~10 degrees after beam upgrade).

> Start ~2028

SANFORD LAB
Lead, South Dakota

i e

i e
e ——— i,

FERMILAB
Batavia, lllinois

SANFORD LAB

e,

800 miles

—\/— ® < (Proposed)

« 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 6cp With accuracy of 18
degrees but depends on mass
ordering measurements.

> Start ~2027

1C




Table 14.7: 3v oscillation parameters obtained from different global anal-
yses of neutrino data. In all cases, the numbers labeled as NO (10) are

obtained assuming NO (I10), 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 £1lo Jo range bip 1o do range bip +1o Jo range bip +1o 3o range
in” 0 . . .
M;]o——lu 3107000 275 350 | 3101010 275 4350 | 3.047000 265 » 346 | 320007 2,73 5 3.79
40.78 o+0.78 40.87 4 p41.2 -
91250 33.82107%  31.61 — 36.27 | 33.82707%  31.61 — 36.27 | 33.461 )50 30,98 - 36.03 | 345717  31.5 — 38.0
“1;’[}7_;” 5581020 427 —»6.00 | 563010 433 600 | 5511701 430 —6.02 | 54770720 4.45 — 5.99
O23/° 48.3712 40.8 — 51.3 48.611°" 41.1 — 51.3 a7.9t 41.0 — 50.9 47.7712 0 41.8 - 50.7
23/ . . . :
sin” @ - . .
m—_;a 2.24110°9%% 2,046 — 2.440 [2.237709%% 2044 — 2435 | 2147007 190 - 239 |2.160700% 1,96 — 2.41
B13/° g1t l® 82258909 | 860t 8225898 | 84110 1% 7.9 — 8.9 8.457)1% 8.0 =89
dep/° 22238 141 — 370 221139 144 —+ 357 238130 149 — 358 218+32 157 —+ 349
Am3 .
ﬁ 7.397021 6.79 — 8.01 7.391020 6.79 — 8.01 7341017 6.92 - 7.91 | 7.557030  7.05 — 8.24
Am; 3: 2
% 244970092 9358 5 2,544 | 2.45410°92% 2362 — 2.544 | 2.419700%° 2319 — 2,521 |2.424 + 0.03 2.334 — 2.524
10 Ax® = 6.2 Ax? = 10.4 Ax? =95 Ax? = 11.7
in” 0;: . . .
”1"0—_1” 3.1010-13 2.75 = 3.50 | 3.101013 2.75 =+ 3.50 | 3.03t0 1% 2.64 — 3.45 | 3.20707% 2,73 — 3.79
B12/° 33.8210°T%  31.61 — 36.27 | 33.8210 7% 31.62 —+ 36.27 | 33.40°0%7 30,92 - 35.97 | 345712  31.5 - 38.0
in® 0, . ; ;
hl;](}i—fﬂ 5631000 430 - 6.12 | 5657007 4.36 —+ 6.10 | 5577517 4.44 — 6.03 | 5517018 4.53 —+ 5.98
flag/° 48.611-1 41.0 — 51.5 48.8110 41.4 — 51.3 48.211-9 41.8 — 50.9 479710 423 — 50.7
sin” # . )
m——zm 2.26110-057 2,066 — 2.461 | 2.25910-9% 2064 — 2.457 | 2.18F005 195 +2.43 [2.220%0072 1,99 — 2.44
B13/° E.GBf%; 8.26 — 9.02 S.G»ﬁ‘é‘_ﬁ 8.26 — 9.02 8.49%;{’; 8.0 — 9.0 s.mj{;; 8.1 — 9.0
dop/° 2851355 205 — 354 2827352 205 — 348 247130 193 — 346 281752 202 — 349
A*m,gl - .
40.21 - an+0.21 - 40,17 = 0.20 - .
105 o7 7.301020 6.79 — 8.01 7.30T020 6.79 — 8.01 7341007 6.92 791 | T.B5100% 7.05 — 8.24
Am3,

103 oV2

~2.509700%2 2,603 — —2.416

~2.51010 030 —2.601 — —2.419

—2.478109% 2,577 — —2.375

2504001 —2.59 — —2.39




Oscillation length

Equation (14.39) is oscillatory in distance with oscillation lengths

osc __ATE (14.41)
0,47 — ; .
2] | Am?
J
and with amplitudes proportional to products of elements in the mixing matrix. Thus, neutrinos
J (3 L1 1 A A [2 S ] f 2 [2 u 3 [ T TE ] ) 1 3 ] 1 ' |-I'- :I'-,. .
must have different masses (Am; 5 # 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
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Off-axis Neutrino Beams

In pion rest frame:

v,
l.},,fe

Neutrino and muon energy
completely determined

In lab frame:

At 14mrad
off-axis

Neutrnino energy depends on almost all n
boost and angle to boost produce v
direction ~ | |around 2
[/ | _ __~—1—| GeV, ie. at
0.43ym_ oscillation
E'v = 1+Yzez maximum

Rameika - NNN10 2= Fermilab



Neutrino oscillations - interference

Two-slits (masses) quantum interference experiments !

|
__Vq:phase (-ip; X) u/
|

\Y

=V, Tphase (<ip;x) P

| .
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.
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“Atmospheric”

Uy U, Us) (10 0Y c
U= U,m U,uz U,u3 =10 ¢y sy 0 |
u, U, U, 0 -5y ©y /:K_Suera

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?
(N-1)(N-2)/2 phases in general :
(N-1) additional phases if Majorana Uu=U-

TES School

Buymerovka July 2008 Marco Zito \

(1

effﬁ'z




Probability

Two neutrino approximation
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Probability

Oscillation prob abilities for an initial electron neutrino

Loy o probebiities o e
: M””M
;2 h"""" llllll "“‘\NN AW \I'

0'0 5000 10000 15000 20000 25000 30000 35000
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Probability
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Oscillation probabilities for an initial electron neutrino
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Oscillation probabilities for an initial muon neutrino

Probability
- =J -
B e
i‘
4

0.0-
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Oscillation probabilities for an initial tau neutrino

:{:\/\/\/\/\/\/\/\
N A T O O O O
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Classical analogy: spring-coupled
pendulums

Krakow, 20.02.2025 T.Wachala&G.Zarnecki, Neutrino Physics 2
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Classical analogy

 Time evolution of the pendulums

 Lower frequency normal mode

VAN

Krakow, 20.02.2025

LN LN\ /N N N

)(

N D N4
N N N\

N N

 Higher frequency normal mode
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1easurement

wH ‘ Phys.Rev.Lett. 112 (2014) I
5_ ]
2180 e
Dol o Dat .« 28 electron neutrino candidates
= 120] meexfic /% in the far detector, 4.92+0.55
2 ool . 0.6 . :
g 90 ., candidates predicted for the no-
60 F - - : . .
ol _ ., oscillation hypothesis
0050 100 o0 * Best fit (N.H, 8=0):
Momentum (MeV/c) +0.038
l g 8:—' o I—¢—g:§ﬁt | _' S].n 2613—0 140 0032
e F e pasoniomnnt o 7 35 significance for non-zero
5‘2 - Fit region < 1250 MeV ]
"c% i 1 013.
Z » Discovery of ve appearance in v,
g pt beam!
é 05500 1000 " 1500 32000

Reconstructed neutrino energy (MeV)
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12K v,

« 120 muon neutrino
candidates in the far
detector, 446+22.5
candidates predicted for no-
oscillation hypothesis

- Best fyajue g1 o

» World's best 0553
measurement!

« T2K prefers maximal mixing
(625 equal 45 degrees)

[NH)/Am?, [IH] (107 eV*/c?)

2
32

Am

s

il

12

[J[\J-PU\E.C"«JE\J-FAEJ\;:IO-F—E\J:-—HW

e LJ [FER

_I i L 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
= ER
S e e b e b b b e b b g by g 1 :|||§||||||‘PI||||||||
03 035 04 045 05 055 06 065 07 01 2 3 4
2
sin(0,;,)  -2AmL
> 16 : 3
O M t DATA =
S nf v,+V, CCQE =
% 10 v, +V, CC non-QE -
E sE- V.4V, CC =
g o NC E
4F =
2F : —
LT T
g £1.5F —mcB E
el S 1E 1 | |
o= FL& TN [ I
B Q05F * I =
~ o D:
0

2
Reconstructed v Energy (GeV)
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