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The Standard Model

Nature is governed by four fondamental
interactions: ElectroMagnetic (EM), Weak, Strong
and Gravitational forces

Gravitation is not in the SM framework

EM and Weak interactions are unified in the
Electroweak theory

SM is an incredibly successful theory that
describes the physics of elementary particles

 The discovery of the Higgs boson, responsible
for the mechanism giving masses to the
particles, completed the SM framework !

But ...
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Few unknowns

o Standard Model only explains
~5% of the content of the
Universe!
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Masses of elementary particles
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 Mass of elementary particles span over a huge range of values

* For neutrinos we only have upper limits and they were supposed massless in the SM
— as such they are the only confirmed DM candidate!

» Standard model provides a mechanism for mass generation but do not explain why
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Evolution of the Universe do not explain why
we live In a matter-dominated Universe

1 second after Big Bang = Cosmic neutrino
background (CvB) — 340 v per cms3

Lepton asymmetry few minutes after Big Bang
would affect primordial nucleosynthesis

400 ky after Big Bang = Cosmic Microwave

Background (CMB)

How the evolution of the Universe changed
from the initial matter-antimatter equilibrium to

a matter dominated Universe?

Matter-Antimatter asymmetry
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Neutrino sources

Neutrinos from reactors. " 8 Neutrinos from supernovae.

Detected (1950s) Detected (1980s)

Neutrinos from the sun. 4 @8 Neutrinos from the Earth.

Detected (1960s) e Detected (2000s)

Neutrinos from the atmosphere. | . . Wl Neutrinos from galactic sources.
4 (e.g. remnant SN’s, other?)

Detected (2010-2020s)

Neutrinos from accelerators. ST B Neutrinos from the Big Bang.

| Created & detected (1960s) L= . S Not even close...
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Neutrino fluxes
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FACT: about 65 million neutrinos pass
through your thumbnail every second.



Cross-Section (mb)
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Put In some perspective

What does it mean a cross-section of 6 = 10~ cm? ?

U
Let’s look at the mean free path 4 = —

no

- Where u is the atomic mass unit u = 1.67 X 107%7 kg
* nis the density of the medium

e o0 the v cross-section

Two examples: water (h=1000 kg/m?3) and lead (n = 11400 kg/m3)

U 1.67 x 107 kg -
nyoo, 1000 kg/m> X 10=%" m
U 1.67 x 10727 kg

~ 1.5 % 10'° m

A —
bead = 4 6, 11400 kg/m3 x 10~47 m2

One light-year is 9.5x101° m !



How to detect neutrinos?



uclear explosions? i
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Figure 1. Sketch of the originally proposed experimental setup to detect the neutrino
using a nuclear bomb. This experiment was approved by the authorities at Los Alamos but
was superceded by the approach which used a fission reactor.
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* The first proposal from Cowan and Reines was
to detect neutrinos from nuclear explosions

* Plan to use a Liquid Scintillator detector but
only looking at the positron signal from IBD

* Y+p—er+n

* Large backgrounds..

ment neutrino source ascended skyward. We anticipated a signal consisting
of a few counts assuming the predicted (~ 10" cm’/proton) cross section,
but background estimates suggested that our sensitivity could not be guar-
anteed for cross sections < 10" cm’/proton, four orders of magnitude short!
It is a tribute to the wisdom of Los Alamos Director, Norris Bradbury, that he
approved the attempt on the grounds that it would nevertheless be ~ 1000
times as sensitive as the then existing limits.


https://www.nobelprize.org/uploads/2018/06/reines-lecture.pdf

Better ideas

Reines letter to Fermi

Dear Enrico.

We thought that you might be interested in the latest version of our
experiment to detect the free neutrino, hence this letter. As you recall,
we planned to use a nuclear explosion for the source because of back-
ground difficulties. Only last week it occurred to us that background pro-
blems could be reduced to the point where a Hanford vpile would suffi-
ce by counting only delayed coincidences between the positron pulse
and neutron capture pulse. You will remember that the reaction we plan
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Dr. Fred Reines

los Alamos Scientific Lanoratory
P.0. Box 1663

Los Alamos, ilew Yaxico

Dear Mred:

Thank you for your letter of October Lth by Clyde Cowan and
yourself, I was very much interested in your new plan for

the detection of the neutrino. Certainly your new mathod
should be much simpisr to carry out and have the great ad-
vantage that the measuremsnt can be repeated any number of
times, T shall be very interested in seeing how your 10 cubic
foot scintillation counter is going to work, but I do not know
of any reason why it should not.

Good luck,

Sincerely yours,

Enrico Fermi



Savannah River experiment (1955)

et slow down and annihilates with
an e- producing two 0.5 MeV y —

mﬁ"a'e“’ exit water target and are detected
e by LS detector

U,+p—>n+e’

n+'%Cd ->'P° Cd+y
The neutron is slowed down by water
and captured by Cd — 3y are
produced and detected in the LS

S
Baude

NGt

P\

VD —nte

* Use coincidence detection technigue
* Go underground (12 m shielding)
700 MW reactor at 11 m distance — 1.2x1013 /cm?2s
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Savannah River experiment

e +e Dy +y n+Cd—Cd - Cd+7v's

Oscilloscope signals  Rate consistent with expectations

\“\, Detector | Detector |
. | Positron scope  QObserved a signal rate of 3.0+0.2 ev/h
\ —— ™ e
Positron - e o} ' . e Determined positron and neutron
Target tank A | I Target tank A L Samarr I Vi el

detection efficiency with radioactive
sources

;Lx;«. £
(;’ j ; Hl& 1l
Detector || Detector |l o Use reactor flux of

— ) 13 2
Target tank B TargettankB ¢ =1.2-10 /(Cm S)

B iz . = (12+)) - 107* em?
Detector Il Detector Il
Neutron scope .
NS et Kot s . ath=(Sil)-1O44cm2

 Each “detector” tank contained 1400 liters of liquid scintillator, viewed on each end by 55 PMTs
» “Target” tank contained 200 liters of water and 40 kg of dissolved CdCl:> for neutron capture

110
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The first accelerator neutrino beam (1962)

e |f v from mt-decay and v from [3-decay are the same particles then, by detecting neutrino
interactions from neutrinos produced by m-decay, one should observe the same number of

e v+n—=e+pandv+nN—=>pu+p

* Need an accelerator able to produce enough neutrinos = Brookhaven AGS accelerator
(1962)

Need a detector with large mass

* Proton energy 15 GeV and able to dlstlngmsh e from p
 Proton intensity 4x1011 p/pulse with 3000 pulse/hour il 3 g p !
-
Se target =kl
0—t'-"r e J 65“0 e Y
A ) - i

1 ton spark chambers @ \es L
9 Aluminum plates

110x110x2.5 ecm
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The Standard Model of neutrinos

. The electron spectrum in 3-decay is continuous — crisis of energy conservation

. Desperate remedy from Pauli: a new undetectable particle is emitted

. Fermi introduce the first theory of weak interactions (four-fermion interaction)
and names the new particle “neutrino”

. Reines and Cowan first detection of neutrinos

. Goldhaber — neutrinos are left-handed particles and anti-neutrinos right-
handed

. Lederman, Schwartz and Steinberger found that v, # ve

. Davis - observation of v from the Sun

. Discovery of neutral currents (Gargamelle @ CERN)

. Discovery of W and Z at CERN

. Measurement of Z width at CERN — N,=3

. Direct observation of T neutrino

16



The Standard Model of neutrinos

. The electron spectrum in 3-decay is continuous — crisis of energy conservation
. Desperate remedy from Pauli: a new undetectable particle is emitted
. Fermi introduce the first theory of weak interactions (four-fermion interaction)
and names the new particle “neutrino”
. Reines and Cowan first detection of neutrinos
. Goldhaber — neutrinos are left-handed particles and anti-neutrino 2o
handed 1800
¢ Lederman, Schwartz and Steinberger found that Vu # Ve . # papers with *neutrino™ In ‘i_Ah — title
. Davis - observation of v from the Sun m
. Discovery of neutral currents (Gargamelle @ CERN) - /
. Discovery of W and Z at CERN 60
. Measurement of Z width at CERN — N,=3 “°°
. Direct observation of T neutrino I—— i; )
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That’s I1t!

Merci et a la
prochaine!




Neutrino oscillates!

# papers with *neutrino* in the title, 50-yr trend from INSPIRE

Ehe New York Times
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Solar Neutrinos

4H' + 2e0—> 'He™ + 2V, + 26.73 MeV
< E(2V,) > = 0.59 MeV

= 1,500,000 kilometers > PP - Zyklus
p.e+(e) 3He,2p ~— PP |
P 99.6% \ /86% H
d 2% 3He /_‘E%.TL ——e""‘H ~+— PP 1
e—p.g/ \4He,y
P —0.4% ®\
—!>- 889 - 44e —~=— PP Il

0. 019%

T 1 T | T T
Serenelli et al. 2011

Solar Neutrino Spectra (=10)

+ ‘,f .
|
N J—— |.
¢ PR A .
o | [ 1
- | I 1
2 i
% | |
= 1
La | [
I
1

:_\

0.5 1.0 2.0 5.0 10.0 20.0
2 Neutrino Energy in MeV



Homestake experiment

* 0.61 kton of perchloroethylene
1500 m undergound

* Argon extracted chemically every few months
and decays counted in a counting station (35
days of half-life)

Very first run (letter from Davis to Willy Flowler)

Argon from 10° gal tank =16 + 4 counts (tot. 39.7 d)
Background =4 X (39.7/11.5) =14 + 4 counts (for 39.7 d)
Increase =2 + 5 counts
Using: 2.1 X 10*° CI*” atoms in tank
Counter efficiency = 0.50
Then, 2do = (0.2 +0.4) X 107% sec™!
< 0.6 X 10 sec™
Using $(B®) =1.35 X 107 (Bahcall)
éB® < 0.5 X 107 cm™ sec™
Please regard these results as very preliminary. There are several
points that must be checked before we are certain this is a bonafide ob-

servation. I will collect another sample in September—-we are ready now,
turn on the sun.

vESEE, Wil — o CONIEMENR
“‘|,l i | -.I\'t n—- - '. " A P 3 o L0 |:',(' LR o

| .
SATES FON EUTHCH S ELDNYG

WATER TER4T DO = £

o
MMLDNCE THYLINE. U

FUME oM BROCKHAEN SOLAR
WL ITRNG TS RNETOHY

mams v L rmmien bl

+
w

Gas mixture HV

Counting. The purified argon is loaded into a small Cathode — . Readout

proportional counter along with tritium-free Anoade wire\' electronics

methane, which serves as a counting gas. Signal: /

2.82 keV Auger electron from electron capture decay

of 37Ar. The counting of the gas typically continues T T~ ”—'>—“

for about one year (~10 half lives). iT T\ nsulation
L Gas outlet = = (as inlet

. A’ + e — CP7 + v+ 3 keV x-ray



Homestake results

At first, the scientific community thought the experiment must be wrong, but Davis insisted he
was right. “The solar neutrino problem caused great consternation among physicists and

® H OmeStake expe” ment run astrophysicists”, Davis wrote. “My opinion in the early years was that something was wrong with

the standard solar model; many physicists thought there was something wrong with my

for more than 20 years and experiment.”
found a flux of v from sun

1/3 of the expected flux
<6¢>37Cl — (255 +0.17 = 018) SNU

Chlorine
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Gallium experiments

Another target for radiochemical experiments are capture on

Gallium

v, +'1 Ga -1 Ge + e~ and then 'Ge =1 Ga + v, + y with

Ta~11.4 days

The threshold is much lower than 37CI| = 233 keV instead of 0.8 R e I

MeV — sensitive to pp-neutrinos

Lower threshold require particular care for the backgrounds!

SAGE: Soviet-American Gallium Experiment

e Baksan Neutrino Observatory, northern Caucasus
e 50 tons of metallic 71Ga

e 2000 m deep, 4700 m.w.e. => Ou ~ 2.6 m-2 day-!
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»
-

GALLEX / G.N.O. : GALLium EXperiment

e Gran Sasso Underground Laboratory, Italy,

e 30.3 tons of gallium in 101 tons of gallium
chloride (GaClz -HCl) solution

e 1400 m deep, 3300 m.w.e.=> Qu ~ 30 m-2 day-!
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e Measure neutrinos In real time

Neutrino . . :
3 2y * Angle information allow to separate solar neutrinos from backgrounds
ggft'; glzd * Direct demonstration that the Sun produce neutrinos!
in water * Recoll spectrum is reduced in amplitude but not distorted in shape
Photosensors
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Solar

Neutrino Anomaly

Chlorine Gallium

Water
V+e S V+e

Gallex/GNO

(Super-)
Kamiokande

» 3 different types of experiment
e Different energy threshold

* Observing different components of
the solar v flux

* They all observe a deficit with respect to
the Standard Solar Model

SuperkK, SNO

Neutrino Flux

] a ' - P - | - =
1053 03 1 3 10

20 Neutrino Energy (MeV)



Atmospheric Neutrinos

Viktor HESS (1912)

\| [/
AL

........

e beginning of
“High Energy Astrophysics”
the discovery of Cosmic Rays

Bruno Pontecorvo

* Cosmic ray showers in Earth Atmosphere

p+Air - p,at,n, 1K, . ..

M.Markov,1 960

We propose to install detectors
deep in a lake or in the sea and
to determine the direction of
charged particles with the help
of Cherenkov radiation

* These mesons will decay producing neutrinos — can we detect them?

o« 7t > pv,  u' — Ue"v, ~ Expected ratio of vu/ve ~ 2/1

et U
i Ly ‘é:'} L ! \
TR
e ;.‘.:, LT |

YT &
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Atmospheric neutrino fluxes

10°

'_A —FUHW‘—I"THW T vnl'l1 l'l"ﬂ'ﬂl:l
sm 10% Pas Kamioka —
s—i . ==== North America 1 _ A Subadratl O Zebe
R & s
7 ] ;
(Sign of the particles E }
are neglected in this > o
figure.) A
P 1 100 102 10°
E. (GeV)
~1 cm-2s-1
* Need to build a large detector.. is the physics case of atmospheric
neutrinos good enough? R = NT X ¢y X Uy
* Luckily theorists were claiming proton-decay was just around the 6+1022 kt ~40-38 cm?
corner = GUT theories predicted 1p~1032 y on
e Today limit is Tp>103%4y
» For that you need many protons — large detectors R ~130 interactions / yr / kton
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L Al Zenith angle
cosmic rays 5

Until 1998 confusing situation = many
experiments see deficit but no smoking gun
for neutrino oscillations

Number of Events

1.4

1.2

Some experiments saw ratio compatible with R” 1.0

expectations

Many possible reasons invoked to explain
the results = one of them was vy = v;

oscillation

All these reason except for vy = v will be
ruled out by Super-Kamiokande 1998 results!

Multi-GeV
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Atmospheric neutrino anomaly

| Evidence | Pre 1998 | From SK |
........................ I-------------- —

| R |pdk|[Vol | R | A, | A, |R(L/E)| A=Down/Up

| Hypothesis | E< |Frac|Frac | E> |~0 | >0 | ~0.5 |

| 1GeV] | 1GeV]| | | |

| Atm. Flux Calc.

| Cross Sections

| Entering Bkgrd.

|
|
|
Particle Ident. |
|
|
| Detector Asym. |

|

X-Ter. v, x | x

|
Proton Decay X x |
|

| v, Decay

| o |
| v, Abs. i ; i

V, -V, OSC

| Nonstandard Osc | | |

-

.

|
|
A
|

VvV, —V_0SC | |

| | |
v, - v, osc ol
i | |

11

|

But small violations ever allowed




Neutrino oscillations

First idea from B. Pontecorvo in 1958 — at that time only ¥ from reactors had been
observed
. Davis tried to detect from reactors v +°' Cl — e~ +>' Ar

* This would have violated the conservation of the lepton number but Pontecorvo
suggested this reaction could be seen if v = v oscillations

In 1962 Maki, Nakagawa and Sakata (MNS) proposed a mechanism for mixing of
different flavors

In 1967 (after the discovery of v, neutrinos) Pontecorvo proposed ve — v,
oscillations — could explain deficit seen by Homestake

Initially the oscillation probabillity was estimated in analogy with Kaon oscillations
Mixing can be introduced in analogy with the quark sector
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Quark and leptons

NLAWAIAWR /e, 9 (= =3 1 5 .
Quarks: (d,), (S')’ (b') Lrvarks = /3 (u, e, t) 7“5(1 — v’ )WekMml!| s | + h.c

Quark weak eigenstates are linear d B CAV L el (a
. I 1 S| = ] — e cs ¢
combinations of the mass eigenstates M ’ b

S+

b’ b th Vts th b
U v % g . _ _ 1 V1
LePt0n55 ( i)a ( /i)a ( z) ‘Clcejgtons — _E (67 22 T) 7#5(1 - ’YS)UPMNS V9 + h.c.
e H Vo

. . . v, Uy Uy Un Ugs) (v
Neutrino weak eigenstates in SM _ 1 1
- ~“PMNS
are massless (m, = m, =m, =0)
e J7 T

CKM is a unitary 3x3 matrix that describe the mixing in the quark sector

A similar matrix can be written in the leptonic sector

In the SM neutrinos are massless meaning that Up, ¢ = I = no distinction between weak and mass eigenstates

If neutrino are massive with 171, # m, # m, > 0 — weak eigenstates can be linear combination of mass eigenstates
e U T
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Neutrino masses

Lower Upper bound
bounds from from direct

oSci..atT messwements @ ) b

| Fo- w © ®
»—@—4

< @ ' @ @ @

-t v 1 4 1 1
meV eV keV MeV GeV TeV

* Neutrino masses are predicted to be zero in the SM — No vgr state means no mass through Yukawa
coupling mechanism

 Upper bound from end-point of the 3-decay spectrum
 But what happens if neutrinos have masses — they can be subject to mixing similarly to the quarks!
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Time evolution In vacuum

 Neutrinos are produced at t=0 as weak eigenstates via

charged current interaction and propagates as mass eigenstates |v.),1 = 1,2,3

Amp

/*(e.g. )

£q(e.g. 1)

>_WJ (\’( ’.)
Source
— / +

\'
-
(\'I.') w
Target
»
|.

Target

—

-

As in the case of the quark, the weak eigenstates can
be written as linear combination of mass eigenstates

V) = Z U:jPMNS|Dj>
J

UPMNS must be unitarity to conserve the probability

UtU=1- U"1=U"=(U*!

The time evolution in vacuum gives \y(t)) = Z U;’;e_iEft | I/j>

J

* |f masses are different then states with different energies have different phases that interfere each other

« The probability of observing a state a at time tis °, = P(v, — I/ﬁ) = | (v, | v(t)) \2

33



Time evolution In vacuum

v, . E, 0 O

Using the notation 7 = | ¥ | the time evolution is i— = U*HU'7 where the Hamiltonianis H=| 0 E, 0
dt

U, 0 0 E;

The eigenvalues are E; = \/p2 + mi2 ~ p+ ml.2/2p ~ D+ ml.z/ZE where we use the smallness of neutrino

masses giving & ~ | -
P p can be ignored because it is the same for all

the mass eigenstates and does not contribute

T 1 0 0 0 to the interference
v 0
av. Lo _
l dt 2E U (O Amy ! U Subtracting a constant phase ml.2
2
0 0 Amg
2 2 .2
Amlj =m; —m
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v production

neutron

proton

* At the production neutrinos are produced in flavour eigenstates defined by
their accompanying lepton = example v,

(e) (7)
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Y propagation in vacuum

L.

e-

proton

* During the evolution in time v is a superposition of mass states evolving In

time with different velocities e_iEf't due to the different masses
m, ¥ m, # m, — neutrino oscillations implies that neutrino have masses

v,) = U:le_iElt (v )+ U* e 5! 0, )+ Uk e 755 | 1)
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Y propagation in vacuum

L.

e-
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Y propagation in vacuum

L.

e-

neutron

proton

e At detection the neutrinos has a different fraction of v1, 2 and »3

* |tis detected in a flavour eigenstate — defined by the lepton emitted in the
neutrino interaction

P(vﬂ — 1/”) = |
P, —-v,)#0
Pv,—»v)#0
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Parametrization of the PMNS matrix

. _15 .
v, 1 0 0 coS 0,3 0 sinbe 7| [ cosb,, smmb, 0) (v,
il =]V cosbh; sinby 0 | 0 —sin6@,, cosf;, O]]|¥2
= 0 —sIn 923 COS 923 —s1n 913615CP 0 COS 913 0 0 1 U3
—i§
U, C12€13 512€13 513€ Uy
U | — 1 _ . 10 . 10
2N 51223 — €12513%23€ C12€23 — 5129139%23€ C13853 | | 12
T ) %) Vs

i i
512923 — C12313(n3€ —C12C23 — §12513(x3€ C13C23
CP-violation — all mixing angles and 6 different from 0

Y % T Tk _ 2 -
dm(UaanjU ﬁiUﬂj) = €12512023523C13513511O
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2-flavour approximation

We introduced Up,,n¢ @s a 3x3 unitary matrix but to start with a simpler case we can start
assuming only two massive neutrinos

This is useful because oscillation formula are much simpler
Many experimental data can be analyzed by using a simple effective model with two neutrinos
In this case the matrix is only given by one mixing angle

g cos sin0\ (Ve .
= , ., ] and one mass-squared difference Amzzl = m22 — m12
) —sin@ cosO z

Am’L
Pv, — v,) =1 —sin*26 sinz( ZE ) and

Am?L )

P(v. — v,) = sin? 26 sin?
( 104 ﬁ) ( 4E
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Phenomenology of 2-flavour approximation

e Oscillation probability for a fixed distance

Am? = 0.003 eV? and sin® 260 = (.8

— Vv, = V, at L = 400 km

0.8 ﬂ —v, = v, at L =400 km
>
= 06| | The mixing angle defines the
2 0, | amplitude of the oscillation
A

0.2 i Y The mass squared difference defines

N i the wavelength (the position of the

o 05 1 15 2 25 3 35 4 maxima of the oscillation)
< A2 > E (GeV)
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Phenomenology of 2-flavour approximation

* Oscillation probability for a fixed energy

1 1UUAULLILY

© © o o
[~ N = > B @ ¢

-
-

Am? = 0.003 eV? and sin® 20 = (.8

1/E or L

— v, = Ve at E =1 GeV
------ v, = Ve at £ =2 GeV
-~ v, = Ve at £ =0.5 GeV
— v, =y, at E=1 GeV

"""""""""

The mixing angle defines the
amplitude of the oscillation

The source-detector distance

200 400

600 860 - Tooo and the neutrino energy behave
L (km) similarly = P, . o sin(Am*L/E)
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Discovery of neutrino
oscillations



Atmospheric neutrino fluxes

10°

'_A —FUHW‘—I"THW T vnl'l1 l'l"ﬂ'ﬂl:l
sm 10% Pas Kamioka —
s—i . ==== North America 1 _ A Subadratl O Zebe
R & s
7 ] ;
(Sign of the particles E }
are neglected in this > o
figure.) A
P 1 100 102 10°
E. (GeV)
~1 cm-2s-1
* Need to build a large detector.. is the physics case of atmospheric
neutrinos good enough? R = NT X ¢y X Uy
* Luckily theorists were claiming proton-decay was just around the 6+1022 kt ~40-38 cm?
corner = GUT theories predicted 1p~1032 y on
e Today limit is Tp>103%4y
» For that you need many protons — large detectors R ~130 interactions / yr / kton
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Super-Kamiokande

e 50 kton Water Cherenov detector located in the Kamioka
mine

* In operation since 1996
 Two concentric optically separated detectors

* Inner detector instrumented with 11146 PMTs (40%
coverage)

e-like ring pu-like ring

Super-Kamiokande IV Super-Kamiokande IV
e 61564 Sub 32 Bvent 46230981 Kon 61555 &Sub 333 Event 56307

..............

Courtesy of SK collaboration
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amiokande PMls

Dynodes
Photon Photo- 7
elec%\ ?'\
{ : Electre
N N
1 Secondary [:I Read-
'iﬁ : R R J R . electrons » .
e | J+{ 1+l J*1 JO— cecciciicns <)
: J
Pholocaﬂmde - + : 1
i Acceleration Voltage
: (Gain; 300 - 1500 V)
3405_ ....... =  S—— . — HA ZQ2905
& | e Ny e HA ZQ2906
‘© 351 e HA ZQ2909
= [ — ETE 218
w_F ETE 222
£ 30} ETE 223
2 F -+ ETE 224
& 25} |-~ ETE 226
8 . - ETE 227
- Cherenkov
15}
10F
51
00 300 400 500 600 700 800
Wavelength(nm)
Courtesy of SK collaboration T. Toyama et al. (CTA consort.) arXiv:1307.5463 [astro-ph.IM] (2013)
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1000 : ‘
N — FCV. §
800 — FCvp ] |
600 |- 27 Pe - TR Partially
o 400 ~ e contained
) - : . |
© 200 I - e
§ ) &=L L1 l'!““-!"‘v._- — E
- /160 Upward stopping p = povsnde
140 Upward through-going —
120 E
o 100 E
w 80 E
2 \\ —
2 N\ L
o 1 i en%\\ DA ,,
10 1 10 10 10

E, (GeV)
From the beginning, all these events were analyzed. -
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Nl(cos 0) = Nl( COS 6’)

Xen h‘h

ang(e dependence
(Sub-GeV)
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X*(shape)
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Number of events

Y. Ashie et al. Phys. Rev. D71, 2005
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600 |

400

200

150

100
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50

LA i 1

Sub-G 1-R p-like

Oscillations

o Clear deficit of v,

 No apperance of ve

Y. Ashie et al. Phys. Rev. Lett. 93, 101801, 2004

L/E behaviour observed!

—
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Discovery of neutrino oscillations

 The 1998 SK results marked a revolution in the history of neutrino physics
* Neutrino anomaly became the discovery of neutrino oscillations

* Neutrino oscillations implies that neutrino are massive particles!

* Physics beyond Standard Model!

 Many new foundamental parameters to measure with experiments!
 \What about the other long-standing problem of solar neutrinos??
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Solar neutrinos




Solar

Neutrino Anomaly

Chlorine Gallium

Water
V+e S V+e

3

S TR
A RN X 4
4

)

-

SaRkATTe.

AARAE Y AARE Y

R eSS T LSS
. .y B

ANEE L AARNE NS

A ARANNRES RN NS

A ....*‘..

Gallex/GNO

(Super-)
Kamiokande

» 3 different types of experiment
* Different energy threshold

* Observing different components of the
solar v flux

* They all observe a deficit with respect to the
Standard Solar Model

* |s it the solar model that is wrong? Or
neutrino mixing?

i SuperK, SNO

10

1o
10w
io*
0o+
107
10+

Neutrino Flux

10+
10+
109
10%

] a ' - P - | - =
1053 0.3 1 3 10

02 Neutrino Energy (MeV)



SNO experiment

* 1 kton of heavy water (D20)
12 m diameter acrylic vessel

« 9500 PMTs
* Unique feature: sensitive to Neutral Currents!
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SNO detection - Charged Current

An e- Is produced
thanks to the
interaction on n in the

_®
deuterium (not

O possible at SK)

~

Charged Current (CC)

o4



SNO detection - Elastic Scattering

Sensitive to ve (NC+CC) and to
(vu,v1) (only NC) ~ 6,ex0.15

(

V(x O Detected

Elastic Scattering (ES) (‘Q Probability to have
o, , this interaction is
. ¢ —> > smaller than CC
; z’ NC ; w* CC = a fewer neutrino
- — = e interactions
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SNO detection - Neutral Current

CC: v,+D(p,n) >p+p+e
ES: v.4+e - v . +e" Sensitive to the total v flux from
_>Va
- Va=VeVpuVr

n
n is detected

through neutron
capture in deuterium

Neutral Current (NC)

I)n+d —>t+6.25MeVy
2) n +3°Cl —> 3°Cl + 8.6 MeV }y
3)n+3He > p+t+0.76 MeV
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SNO results

CC: v,+D(p,n) >p+p+e Gcc = 1.76 £ 0.06(stat.) = 0.09(syst)
ES: v,+e - v, +e Ppe = 2.39 £ 0.24(stat.) £ 0.12(sysr)
NC: v,+D(p,n) > v,+p+n dne = 5.09 £ 0.44(stat.) £ 0.45(syst)

O (10" cm? s°!)

Total Rates: Standard Model vs. Experime
Bahecall-Serenelli 2005 [BSO5(0P)]
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P(Ue 7 I/e) — ‘(Ue‘y2> ‘2 — Sinze

Neutrino Flux

Solar neutrinos “oscillations”

MSW resonance

Homestake, SNO CC and SK
— 8B neutrinos = P . ~ 0.3

!Gallium

 Chlorine } Superk, SNE:)

1012

10"

1010

10°

108

107

10¢

10¢

104

103

102

lo| M 1 A A

0.1 0.3

1 3 10

Neutrino Energy (MeV)
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Vacuum oscillaltions
—sin%20 > 0.5

(P, »>v,))=1-—

2

Gallium Experiments

— pp-neutrinos, vacuum regime = P > 0.5

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]
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Takaaki Kajita Arthur B. McDonald
Super-Kamiokande Collaboration Sudbury Neutrino Observatory Collaboration
University of Tokyo, Kashiwa, Japan Queen’s University, Kingston, Canada

Prize motivation:
"for the discovery of neutrino oscillations,
which show that neutrinos have mass"
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KamLAND Experiment

Crane

 Unsegmented detector

e 1 kton ultrapure Liquid Scintillator s Rock lining
o Detect ve through IBD from nearby reactors D/ £ A\ €

|
+ 85 | \\ Outer water tank
" " " / / ‘ \ .
(55 reactors contributing to KamLAND signal) EREIE T
. b I R & i Lig.-scinti.
 Average distance 180 km LN (1 Container
0 R \
N, .| %' 8 Aluminum sheets
s RS
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84 lp— T 7 i > T | B ‘
Ionization excitation of base plastic , < 09 —p |7 ' PMT(H11934-200) QE 140000 & ~ o
b ]. ) o e —
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KamLAND results (2002)

Events / 0.425 MeV

1.4+
. short medium- long-baseline
* Very precise measurement of the ol &
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What else with reactors?

Can we observe neutrino oscillations close to the reactor source?

P, — v,) = 1 — sin* 20,5 sin

L (1.27

. Am?L

S1n

E

~1—>

2

1.27 - Am?L[km]

A2

ElGeV]
n/2 - E

m127-L

~ 3% 1073 eV? for E~0.003 GeV, L = 1 km

Same Am2 as the atmospheric neutrinos — no oscillation observed confirm that vy = v«
and not ve — sin”26,, < 0.2
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Mixing parameters

—1013

C12C13 $12€13 S13€

UP = | —s12¢23 — €12823513€™"®  ¢12Co3 — 512823813€013 $23C13 U U U

512823 — C12€23813€°°13  —C12823 — $12C23513€™13  Co3€13 - pl o Fpz 2 ps

\U’T’l U T2 U’r'i /
U 5 is the only element affecting both solar and atmospheric sectors f
Solar v depends on U, , U,,,, U ATM
Atmospheric neutrinos depends only on the third component because Am221 < < Am321
2
: | U,u3 | : )
S111 823 — and sin 613 — ‘ U€3 ‘

‘ VA= 1UsP)

1
Chooz measured Sin22(913 =4|U,; |2(1 — | U, \2) <02 = |U,; |2 = 5(1 + \/(1 — sin? 2913)) < 0.05

How can we measure sin” 26,, — reactor or long baseline experiments

We will discuss today reactor measurements
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Near/Far ratio

 Knowing Ues Is small we are looking for a small

%‘ 1 | AN mii signal of 7. disappearance

> 0.8 _ _ o _

z  Main systematics uncertainties is the flux of

= Vorh neutrinos from reactors

£0.4 _ o

'  Measure ve before the oscillations at a near
0.

of $in“20,3=10.1
|Am, 4| = 2.5x1(

detector and after the oscillations at a far
detector!

0
107 1

2011 reactor anomaly — sterile neutrinos?
Now ~solved and due to reactor fluxes
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813 at the reactors

3 experiments searching for 813 at the reactors — distance from reactor core ~ 1 km
 Double-Chooz (France), Daya Bay (China), Reno (Korea)

013 small = small disappearance — need a precise knowledge of the neutrino flux
from the reactor

Use Near detector(s) to constrain the reactor flux
Far detector(s) to measure the ve disappearance due to 613

"
etector  |je=A ¢ == | Far Detector
s [ L=1050m
‘ & || 10m3 target
= 1| 300m.we.
S | | April 2011 ~
! |

Far Detector




Reactor measurements in 2012

e First measurements in 2012
* O131s ~ large (close to Chooz limit)
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Daya Bay, March 2012 RENO, April 2012 Double Chooz far detector
Phys.Rev.Lett. 108 (2012) 171803 Phys.Rev.Lett. 108 (2012) 191802 Phys.Rev.Lett. 108 (2012) 134801
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New results from reactors

I.()6 b | . | b | b |

} EHI Y EH2 { EH3

p—
p——
p—
p—
—

Best fit (3-flavor osc. model)

1 l 1 l 1 l L

N?, '? 0.98 _
> =~ - -
=, & 096 —
o3 - .
E 0.94 - -
092 -
11111W 0.9 = I I " 1 : [
0.075 0.08 0.085 0.09 0.095 51015 0 200 400 600 800
sin*20, , Ay L. /(Ez,)[m/MeV]
 Daya Bay has several identical detector close
to nuclear reactors in China and at ~ 1 km 2. Daya Bay leads the precision measurement of sin?20,; and |Am?,,| in reactor side
distance — ideal place to detect oscillations 2.1 Reactor experiments average: sin?20,, = 0.083910.0021, 2.5% precision
driven by Am?2 and measure 013 - The most precisely measured mixing angle up to Nu-2024
2.2 Reactor experiments average: Am?;,=(2.51[-2.61] =0.05)*103 eV?, 2% precision
* 813 value was unknown until 2012 and it is now - Slightly prefer normal mass ordering by comparing with accelerator results

the most precisely measured mixing angle
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v fluxes and reactor anomaly

An analysis of earlier experiments with the updated antineutrino spectra reveal a ~6%
deficit at short distances.

) 1 1 L L 1 )
The term Reactor Antineutrino Anomaly (RAA) has been coined to refer to this deficit.
G. MENTION et al. PHYSICAL REVIEW D 83, 073006 (2011)
BT | ! RN ! ol
- 333 8 ¢ i
3 1.05 _. — %
PE T 4
Tl TT 1 _
Zﬁ 0.95 — .......................................
S % -
8 0'9 _.E. E;'J:JE.. . = __.‘SA..“ T .
z — T 5 -
0.85 |l -
HEE %égg R s R 2 3 R 5 6 7 8 9
0.75 _i. l I—LT. ,_CF._CZ_i..... i....ii..,i...iiT-T.......,l...l.....li....l.il.i.._
10 10 10° Antineutrino Energy (MeV)

Distance to Reactor (m)

 Reactor anomaly : deficit of » flux with respect to expectation — sterile neutrinos?

* Neutrino emitted from reactors come from a combination of fission from different isotopes
 The modeling is not simple = bump in the spectrum of neutrinos

« Measurements from STEREOQO (very close to the reactor so no sterile neutrinos) confirm the
deficit

* There are no exciting anomalies (new physics) = we just need more precise
measurements of neutrinos emitted from reactors
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Neutrino oscillations

| 0 0 cos 0,
= |0 cosfy; sinby, 0 1
0 —sin6,3 cosbys )| —sinf e 0
Atmospherics and Reactors
LBL 03~ 10°

D13~ 45°
|Am23;| ~ 2.5x10-3 eV2

Neutrinos come in 3 flavours but propagate as 3 mass eigenstate

3 mixing angles, 2 mass squared differences, 1 CPV phase

0 sin@, ;e "cr

0
cos 0,3

cos,, sind, 0
—sinf;, cos6;, O

0 0

Solar and reactors
B2 ~ 35°
Am?2y| ~ 7.5x10-> eV2

1

Neutrino oscillations observed in solar neutrinos, reactor (anti-)neutrinos, atmospheric neutrinos and long-baseline

experiments

We don’t know yet wether CP is violated in the leptonic sector and the mass ordering = Normal ordering v3 > v2 > v1 or

Inverted ordering v2 > v1 > v3
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Neutrino oscillations
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Summary

* Neutrinos oscillations have been definitely established by : !
* Super-Kamiokande (1998) : observation of neutrino oscillations in the 1 S
atmospheric neutrinos 4 Reconstructed V Energy (GeV) | |
* SNO (2002): observation of neutrino transitions in the Sun Onc>Pcc u->e (Am2,0,;,0,;)!
« KamLAND (2003): observation of neutrino oscillations from nuclear ; g ——— :
reactors at O(100 km) distance 1 o Bk componen
* More recently Daya Bay, Double Chooz and RENO measured 643 from ﬁ 4 | 1 o 4|1
reactors at O(1 km) distance 3 2§| l“ l [ || | i
* In this discussion we didn’t include (yet...) Long Baseline Neutrino LN

Oscillation experiments that will be the main subject of the next lecture L U>T (Am?,0,;)
* Confirmed disappearance of v, (K2K and MINOS)

 Observed ve apperance (12K and NOvVA) and v; appearance (OPERA)

» Looking for CP violation in the leptonic sector (T2ZK—+HK, DUNE)
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Artificial sources of neutrinos

Oscillations were discovered with solar and and atmospheric neutrinos

Great sources of neutrinos — they come for free, just need to build a detector

» |deal for discoveries (span several ranges of L/E -> Am2)

 Cannot be tuned — not the best sources for precision measurements

— reactor spectrum is fixed but the distance can be tuned (KamLAND for 612,
DB/DC/RENO for 613, Juno for mass ordering)

— can tune both energy and distance

* Well defined L/E — maximize oscillation probability knowing Am?

* Can produce beam of v, and v,

— 5 oscillation parameters (623, 013, Am=223, dcp, and mass ordering )

Py, —»v,) =

sin?(

(2

L/E)

ratio

L fixed
| |

I — ‘ I I ‘ llllllll

T 15 2
Erec(GeV)




How to do a neutrino beam

Accelerate protons in a particle accelerator and

P
strike atargetp + N — ., 71'0, K,... =) -. ’_', w, T, K
N
A system of magnetic horns focus adn select In
charge the hadrons 7 or n~ #’Tﬁ

The pions enter a decay tunnel of ~100 m length I—_\'
in which they decay 7" — u™* + v,

TC V
—
 What happens if you focus 7~ 7

A beam dump stops all particles that are not
neutrinos!
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Vu beam

Most of neutrinos produced by 7" — u™ + v,

Some negative pions manage to enter the

decay tunnels producingz™ — u —+ 17”

Some Kaons are produced and decay into
K* - u*+y,butalso K* - z° + et +1,

The muons can also decay into

+ + >
p —e +U, T,

In the end we produce a beam with >90% of
vu but some contamination from v, and ve

4
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K2K experiment

1.27 - Ams3; - L[km]
ElGeV]

-

A L. (Kemioka cho) Ibaraki
. Prefecturef .»"

2

2 : J w&iper -I.(ia—miokande
P(v, — v,) =1 —sin"20,;s1n ,

o 127 - AmssL /2 o
Sin 3 ~1 = L/IE = ~ 500 km * GeV

1.27 - Amz,

K2K used Super-Kamiokande as far detector with beam

produced at KEK (250 Km distance) v, disappearance measurement
- 6r———T ——— y——r . 18 |
. s g1 f  [581ri ts
Measured spectrum at the near detector, compare with the ¢ °! S| ring vy events
one at the far detector to extract oscillation parameters 1 g1z |
3F wep
L \\\\ ,\: 8 | ‘,-_..,_::
Compatible with SK results and observe vy disappearance  *| - oo 3 8
1F----- K2K 99% - a
at ~[O5'1] GeV S SK L/E 90% | )
%2 04 06 08 1 0!

lgs



INOS experiment

Magnetized (1.3T) tracking sampling

calorimeter

® Muon energy (~1GeV) from
range or curvature

e Distinguish u™ from u~

® Plastic scintillator (C,H,) as
detection medium

1

« MINOS and MINOS+
were designed to
study neutrino
oscillations over long
baselines using two Duluth”
detectors that are: MN

\\ﬂi " Far Detector

* Underground in Soudan mine
I -~ ¢ 735 km from target
Soudan @ B F <A =4 °* 5.4 kton mass

Overview of the MINOS
detector in Minnesota.

Detectors are on-axis for

— lron-scintillator .
NuMI neutrino beam

tracking calorimeters . '\
- . ) Madison
to contain muons -

WLS FIBERS /

— Functionally identical Vi
. . SCINTILLATOR STRIPS
for systematic S
g . . ~¥ 1 STEEL PLATES
uncertainty reduction

— Magnetized for sign
selection and energy
estimation

NeriDetector 2000 L X | TV T prinipvinre [
e At Fermilab 1800 —4= MINOS, MINOS+ data Far Detector

— Prediction, no oscillations
1 600—— MINOS, MINOS+ combined fit

Loaa sy

 1km from target

* 1kton mass ) 9.69 x10°° POT v,-mode MINOS+ -

Wow 3 B e s

Observe v, disappearance at larger energies than K2K = | :
21000 MINOS+ Preliminary

(longer baseline!) S 800 .

L 3

S00F A :

. . . . . 400 —

* Data consistent with 3-flavour neutrino oscillation — rule 200!  ?f?i:?.-§f??i_§?§ijfiff}é:;j}ijj;- :

out many alternative scenarios b e

0 5 "0 15 20 30 50

26 Reconstructed v, Energy (GeV)



OPERA experiment

CNGS ( CERN Neutrino beam to Gran Sasso)

L= 732 km E,= 10-30 GeV

SK, K2K and MINOS experiments all

observed v, disappearance
400 GeV p from CERN-SPS on C-target horn + reflector : sign selected pions for WBB

decay tunnel : 992 m , near detector @ 1850 m from target

 No indication of ve appearance
RRARARASSSRASES Lasas nasas nass R Targé_t'orn reflector Decay pipe
c | vy ] S “"“:I:? ]
£ . Mo o, . . |
e Ina3-vframeworkr, — v, 5 0 energy | R S
H O : above tau
15 production | . »
PR, g threshold! | A™%M . "
 Why they didn’t observe v = - P
7)) 10 E Leas MORAINE
N Eg 400 - -
appearance? 3 R
10_12_ 350 - \
: 300 - \
0O 20 40 60 80 100 MOLASSE O
E, [GeV] 0  05km 1km 15km 2km 25km 3km

’r’



OPERA results

B bkg
- data

events/5 GeV
W

lllllllllll llllllllllllilll

0 10 20 30 40 50 60
Visible energy (GeV)

First candidate vy, > v: T>m+m

* 10 neutrino candidates observed with an expected background of 2.0+0.4

* ©6.10 significance of vt appearance

* As we will see tomorrow this is not the first observation of v appearance!

/3



Second generation of LBL experiments

design experiments optimized for the precise measurement of neutrino oscillations

. P(u, > v,) = sin’(20)sin*(1.27 - Am”[eV7|L[km]/E[GeV])

e Probability maximal for 1.27 - Am”[eV | L[km]/E[GeV] = n/2

1.27Am2L/E

~3 GeV 750 km
0.6 GeV 295 km ~1.5

2 GeV 810 km ~1.2
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Second generation experiments (T2K and NOvVA) use narrow band beam

220

v, CC Events / kton / GeV
> ® © o B o o S
(@] o o o o (] o o
III|III|III|III|III|III|III|III|III|III|III

NN
o

With the precise measurements of the “atmospheric” squared mass difference Am? ~ 2.5 x 107%eV? it was possible to

First generation experiments (K2K and MINOS) used wide-band beam to span large ranges of Am?

Simulated v Beam

— MINOS+
MINOS

— NOVA

For 6x10°° POT

6 8 10 12 14 16 18 20

Neutrino Energy (GeV)



12K experiment

e SMRD

UAT Magnet Yok

POD ECal Barrel ECal

Super-Kamiokande

Mt. Ikeno
1,360 m
Uy v,
. Tokai
205 km Kamioka

A

>.
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T2K Near/Far

Baby MIND
positioned here

Wagasci

WAGASCI/BabyMIND
Installed in 2019
Cross-sections on water

Side MRDs

INGRID: on-axis detector
Monitoring v beam profile

day-by-day
Cross-section measurements
In opberation since 2009

31

detector

Far Detector:




1.

NOVA experiment

Fermilab

!

N

Make a beam 2. Select v, and v. candidates
of v, at both detectors

E’

\

—_—

Facusng

Decay
Ppe L]
’H?Ims - . .-
. -...l'
n -=--.
..
-
-

3. Interpret E

c
2 o
=
BOE
=]

Far detector:
Ash River, MN

NOvA Preliminary

a2
-3
ﬁnh-
o

T T
<+ FD cata

|dentical near and far detector

. distributions
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Same principle A NOVA cell
NOvVA detectors 2s MINOS .
Extruded PVC cells filled with N
11M liters of scintillator _ Bl T

instrumented with
A-shifting fiber and APDs

=
U
1*))
o
o
Far detector: =
: 14-kton, fine-grained,
% low-Z, highly-active
tracking calorimeter
32-pixel APD — 344,000 channels
—————
Fiber pairs Near detector:
from 32 cells 0.3-kton version of 4cm x 6 cm
— the same
— 20,000 channels




NOVA neutrino interaction

1000

14 meters

Scintillator detectors are
o very fast down to less than
- . . . ”'
Too view | ns time resolution !!!

sJo)aW ¢

Beam direction

Color denotes
Side view h deposited charge

OO

ZIicm)
NOVA - FNAL E929

Run:. 18620/ 13
Event. 178402 /

UTCFnJan 9, 2015

00:13:53.087341608 { .
{ ISCC )




vy disappearance

Aml-]2-L
4E

P(I/a, —> I/a,) — P(Da —> I;a) — 1 — 42 ‘ Uaan]‘zslnz

i<j

P(v, = v,) = 1 — (c{5sin” 20,3+s55; sin” 20, 3)sin”

* |n order to measure precisely Am2 a good reconstruction of the neutrino energy is crucial —
good resolution and no biases!

60
: 0.0030 100} D.Carabadijac, T2K
T 100} D.Carabadjac, T2K ' A J
o L L S L L L L L T ! o8
o N 777777 o ' Avi
S _ | 2.5° Off-axis VM flux _ sot 0.0028 80} : ~Sin?(26,2) -
C% 1 m2v —— AmM2,=2.5x10° eV?, sin?0,,=0.5 — o X ° : 0
—~ 60r 10.0026> = 60F I 54 O
- Y 2 U =1 ! —
v =S - = o
- 7 1 aok NE(": T ! : "528
B 10.0024 5 2 4011, <
Q X : {50
20t i
0.0022 o b
|
oI 2 ams, | | : op* ! Am? 46
0.5 1.0 1.5 20  0-0020 | R 1 | |
E, GeV 0.25 050 0.75 1.00 125 1.50

E, GeV
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Events

CPT invariance

T2K runs 1-9 )
v-mode 1.49 x 10°' POT

—‘ - 4

: v-mode 1.64 x 10°" POT
160 | ._',—' 3 51' g) T 7 ] T 1T 17T 1 T 1717 71 T T T 1T ] T 7T T T T 17 7 I T 1T 1T T T 1T -
= T2K Run 1-10, 2022 Preliminary 0 E ] v ocramete | -
140 — r]\ 2 9 :__ —- V, parameters a— ()()(,( CL __:
120 : OSCi"ated % E ; ] \'. p.uullu‘f&'l\ 5
: . % 60 = —&@— Runl-10 Data : 2.8 - Joamt Vet V, .llLulyxlt e ()8(( ( 'L' _:
100— Unoscillated = — (oseo PO . '3 - .
> v, CC QE L -
[ c\:) [ V.+¥. CC non-QE l: 2.7 - .
80— § 40 E G <] - -
: £ et S 26F =
60— =2 o o - 3
- t=! — ' - -
40 — = >0 - = 2.5 :’— —‘:
: I - :
20— - M 241 3
[ - M_._.“_‘ E 5
0 ' — — e —— 00”l~ '10'00' 2000 3000 2.3 - el

0 0.5 1 1.5 2 2.5 3 Reconstructed Vv ener MeV)
Reconstructed E GeV B : .
econstructe nergy ( e ) 2 ') ce e Jdaed g4 40 JdagaaJdaagdJdaaaadaaaas

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

v-mode 1R p-like ‘

—&@— Runs5-9 Data
* POT)

* In disappearance channel v,
and v, have same oscillation
probabilities

(16.35x10°
Bl v, CC QE
] v.CCQE
[] vu.+¥, CC non-QE
[ v.+v. cC

BN ~c

MC wi T2K+DB bestfit
L I L L L
0 1000 2000 3000

Reconstructed v energy (MeV)

N
=
|

Am3 L
Pv, = v,) = 1 — (c}; sin? 20,452 sin’ 26’13)sin2< > >

4F

Number of events/100 MeV
>
T

 Small sensitivity to the octant from
disappearance alone (sin? 20,5 is small)

* A difference in the mixing angles
would mean CPT violation!

85



Global Picture Atmospheric sector

-beam NOVA Preliminary  v.peam NOVA Preliminary

Events/ 0.1 GeV

— -
-+ FD data

— 2024 Best-fit Pred.
1-0 syst. range

I ] 1 | ] I 1 ] 1§ '

T 1T 1] -~

1 14
-+ FD data -

— 2024 Best-fit Pred{ ,,
1-o syst. range

11111

.

TYIIIIIIII]II]IIIITIT

" Background 110 _ " Background
4 Il Wrong Sign:v,CC-{ | I Wrong Sign: v,CC -
T Cosmic bkgd. 1 8F + | 1 Cosmic bkgd. =
1°F “Z],fm*ml E NOVA Preliminary
1 &b 1 il - ——— ——
1 ] 3l—~NOVA NO 90% CL 26.6x10%° POT-equiv. v-beam —
]2 T i | With 1D Daya Bay Constraint 12.5x10*’ POT v-beam -
— ===
| 1 [ - NOVA i
0 e
1 2 3 4 5 0 1 2 3 4 5 < i 2024 T e i
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV) > ¥ Best-fit e
Q) - :_. -“’.: ----- st = LD =, |
384 v, data candidates 106 V, data candidates o 25 —
(11.3 background) (1.7 background) - | i
A - -
E | | .. _
* Long-Baseline experiments dominate precision for Am2 and 023 | ¢ Bayesian e ]
2f—------- lceCube 2024  ------- T2K 2022 = MINOS+ 2020 —
* Results in good agreement and fully consistent with an [ [ SK202 T NQANTT o ST
. . 0.4 0.5 0.6
interpretation in the 3v framework S Sin?(6..)
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Ve @ppearance

* At first order (neglecting matter effects and CP violation!)
Am3, L
4F

 Observation of ve appearance — 013 different from zero

2 2

. 2 .
. P(v, = v,) ~ s55810" 20,5 sin

e 2012: measurement of 813 from Daya Bay

S : < —4— Dalta < -
% . B Osc. v, CC —+— RUNI1-3 data 15 € —+— RUN1-4 ;l:.:;:
= 3| v+ ¥, CC 6 (3.010x10" POT) oo
[ | v, CC ' Osc.v, CC — :-)‘..'\-". :(((,('
g '  I— NS; | Bkg. v, +V, CC v +¥, CC
-~ (MC w/ 5in"28, .~ 0.1 . Bkg\' OV_: CC 10 - w |\( 350 013
.g o — 4l 4= | Bkg. NC '
< (MC w/ sin“28,.=0.1) significant
=2 =z reduction in
o 5 .
5 1 —— ¢ 2 : 2 ch BG
s | | _
0 6 | Lot 11 L, 28
= ‘ ey R0 PO S T —— W )
0 1000 2000 3000 00 1000 N 2000 3000 ©O 1000 2000 3000
Reconstructed v energy (MeV) Reconstructed v energy (MeV) Reconstructed v energy (MeV)
Year 2011 2012 : .
— ] p P - —
POT (10%9) 1.43 3.01 6.57 = 0,5=01s
ATobs. - e
Ny 6 11 28 excluded at
1\7;_5'}‘:) 1.5 +0.3 3.3 +0.4 4.92 = 0.55 7 30 level of
- 2 a7 7T - \ - = yo -+, ¢ . 0.038 -
sin? 20,3(T2K) 0.11 0.088 0 has  0.1407 095 N
Significance @ 3. 10 S|gn|flcance
Systematic Error (%) on N )V 17.5 9.9 8.8
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Ve @aNd Ve appearance

5 sin” 26 Amz /A 1/30
(-) (-) : 13 a = Am m ~
P(v, = v,) = sin“0,, T sin’[(A — 1)As; 217771
(A—=1) Jy = sin 20, sin 20,5 sin 20,; cos 0,5
JoSIN O p , .
(F)a sin Ay SIN(AA5)sin[(1 —A)A5]
A(l — A)
Jo COS Op , . ,
COS A31 SIH(AA31)SZFZ[(1 o A)A31] T+ 0(“ ) — Normal ordering Ocp
A(l — A) ... Inverted ordering
68% syst err. at best-fit —smG = 0. 050 0.55, 0.60 (.) N =zu/2
v Best-fit —Am32—249><10 eVz(NO) O 5=
—o— Data (68% stat err.) -- Am?, = —2.46x10" eV? (10) o 5 —

24
22

Sensitivity to dcp, to the
and to the octant of 623

20
18

16

14

12
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Antineutrino mode e-like candidates

10

_lllllIlllllll|lllllllllllllllll
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50 60 70 80 90 100 110 120

Neutrino mode e-like candidates
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Increasing baselines (and energy!

T2K almost no MH —>
~ clean measurement of CPV

Am3,| =2.4x107 eV’
sin’(26,,) = |
sin’(26,,) = 0.09
%:o 0.05
E;LD.O-'J,
S~ 0.03
0.02
0.01
0.00

001 002 003 004 005 006 007 008
P(v,—V,)

NOVA sensitive to MH and CPV
but with some degeneracies

0.08
Am,| =2.4x107 eV*
0.07 .o
{ sin“(26,,) = 1
0.06f sin’(28,,) = 0.09
0.05
AmZ,<(0
0.04
0.03
=
)
0.02 Am3,>0
0.01
0.00 -
0 001 002 003 004 005 006 007 008

P(v,—V,)

DUNE breaks the degeneracy
between MH and CPV

(1300 km) |

Am3,| =2.4x107 eV?
sin*(26,,) = 1
sin(26,,) = 0.09

L/E — increasing baseline and energy — larger matter effects
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0.1
0.09
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Asymmetry and CP violation

L=295km, sin"26,; = 0.089, sin"6,; = 0.5
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NH ey
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Steps towards oscillation
analyses



Fractional Error

12K oscillation analysis

FD: Neutrino mode, v,

| dxE,. Arb. Norm.
—=== Material Modelling
Number of Protons

= 2020 flux (replica target)

=== 2018 flux (thin target)

L1 | I L1 1 1 I L1

u
B Hadron Interactions
0.3 foaxi
| e Proton Beam Profile & Off-axis Angle
I — Horn Current & Field
[~ ~—===< Horn & Target Alignment
0.2
| ===
F -
0.1
T e NP ey
0 -
10

— CC Inclusive e

—— (CC Quasi-elastic

———  (CC Resonant 17

----- NC Inclusive
..... cC 2p2h
—  CC Multi-7 + DIS

—
|

v V,, =V
H " H
(pTZK X P(_)sc.

O
Sy

Ouwol(Ey)/E, 1073 cm~? / GeV / Nucleon

Flux prediction:
Proton beam measurement

Hadron production (NA61 2009
replica target data)

Prediction at the Far Detector:
Combine flux, cross section and

ND280 to predict the expected
events at SK

ND280 measurements:
vy and v, selections to constrain

flux and cross-sections

SK measurements:
Select CC v, 7y, Ve, Ve candidates

after the oscillations

Neutrino interactions:
Cross-section models
External data
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* |In order to collect statistics we need to produce enough

Neutrino beam

neutrinos
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Neutrino cross-sections

Model for v (and ») cross-sections — each type of
interaction has different models / processes

Vi H
CCDIS S W o
f n,p
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E - - .-0...-0.-..-----..---’
- -_—mee -
..-.

-

m. L -

J

1 2 3 4 S 6 7 8

from C. Wret

E. (GeV)

Compare with what we observe in the detector — not the
same, particle below thresholds, not reconstructed, not

emitted from nuclei, ...

Work to try to unfold from observed topology to the

underlying model!

CC-2p2h

(Two-Particle-Two-Hole)

CC-QE

(Quasi-elastic)
Elastic

Y ©
I/“ I
Charge Exchange o
w n
W p y
"..‘ \ ..'.'
T p P "y. - ‘
n
p

Scattering

CC-DIS

(Deep Inelastic Scattering)

CC-Resonant 1=

Absbrption

X Pion Production
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Off-axis ND280

UA1 Magnet Yok

\

!

POD

\
N
\ !
\ ’
\
\ ) am—
\\ I

HA-TPC

Measure beam spectrum and flavor composition before the oscillations

Detector installed inside the UAT/NOMAD magnet (0.2 T)

An electromagnetic calorimeter to distinguish tracks from showers
Upgraded in 2023 but for the analyses shown here the original tracker system is used:

2 Fine Grained Detectors (target for v interactions). FGD1 is pure scintillator, FGD2 has water layers
interleaved with scintillator

* 3 Time Projection Chambers: reconstruct momentum and charge of particles, PID based on measurement of

lonization 95



vu Selections at ND280

55 rr——— :

TPC 1 FGD 1 TPC 2 FGD 2 TPC 3
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Energy loss [keV/cm]

3.5

/ 3.0

N q =
\/ 25 v
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Electrons

Muons

- - = Pions

== Protons

5.5
Cx

5.0 :-:_ .
:l
"

45 1

_l_
4.0 F3°

0 500

ND280 is a magnetized detector

Select neutrino and anti-neutrinos interactions by reconstructing muon
charge

e wy+nh 2> U +pwhilevy+p = put+n
TPC PID (dE/dx vs P) is also used to select muons
Reconstruct momentum and angle of the leptons in the TPCs
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ND280 selections

GD1,  FGD2

e ————— .,
e

ND280 magnetized detector
Select interactions on CH (FGD1) and CH/Water (FGD2)
Precise measurement of P, and 0, with the TPCs

Distinguish v from » interactions thanks to the
reconstruction of the charge of the lepton

Separate samples based on number of reconstructed
pions (CCOm, CC1mrt, CCNm), protons, photons, etc —
22 samples in total are used in the fit
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Oscillation analyses

d U
Ry, = ¢”(EV)ND42 V HFD ~ GNP/ 2

U

FD has to be much larger than the ND
to compensate for the reduction in the flux!

Rpp = ¢I/(EI/

0SC ND280 ~ 2 ton active mass

L SK ~ 50 kton of active mass

Py (9” are the observables at the Near Detector

ND — ¢ (E ) dE F(Pﬂ, COS 9/4; D amOdel) Q\p are the syst. uncerta!nt!es on the detector
,/ a,..q.; are the syst. uncertainties on flux and x-sec

Distributions are the far detector are fitted with the model obtained by ND fit + P . to extract the
oscillation parametres
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230 fit

ND280 v-mode
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Flux - cross-section correlation

* Anti-correlation between flux and cross-section parameters

Nynp = @, - 0, - €xp

Flux and Xsec Prefit Correlation Matrix Flux and Xsec Postfit Correlation Matrix
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Impact on FD predictions

Pre-ND fit Post-ND fit
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Lepton angle [deg]

SK selections

%100 . - Runl-lO[il:Ina s g i m__._ - Runl-IOD;na
o ¢ | | -
* Single ring (mostly CCQE) s | T S T ) i
g Lo 2 20~ [ Beamv_/¥. CC
é : .-.." -': g : t T -T;I'CC wi T2K+DB bestfit
* PID to distinguish e from p and e from m° |
 Reconstruct momentum and angle of Z i‘i
the lepton — neutrino energy through 2 )
-1000 0 1000 -100 0 100 200 300

Q E fo Ffmu Ia PID parameter e/’ PID parameter

AN LR B B BB RN BN BN T T I [ B B
20 ~+ Data — i e -+ Data .
: J[ —Bestfit 20¢ _IJ—L —Best fit 1 i i oF
10F + T - 1—_\:— ] : S : + +Daa
o P AL . . I = = T T - ] 5_ g + —Bcsl['il—;
180y N B = 180 ' T 3 ] oblH T T L 1]
: - : : %) : : : . B : ?0 180"'] ?‘0 180""]"" R L DL DL L DL B
1501 —+ * Data - = 150 . *Data - 7|3 o i ] L | 1 f {550.6
- 11 [ Best fi i 4 %)L) i | | «* Best fi 1 ;‘ 150_— 10 * Data . 1.5 E‘ 150_— 1 * Data —_
1201~ 1 estit = 120 d . esthit o0 i I 1 Best fit f = - r Best fit F
- 1t i < I 1t . . S 1201 S S . S 120 S .
- = - - =2 s i - B i = i e ' 1 0.4
90 1 . S 90 . ] 5 =1 = [ :
i & i 2 B 2 [ N y |
i =2 Q - Q 1 0 I
DJ . B L) 7
60 1 r S 60 y — s — - : .
- . - -1 1 o5 ! it 1 702
30 1r R 1 30 1 - 1 ~ u . 1 n
i o o p i . BRI ] T —=] [ a ° ]
0_1““,““_ [, . l.l.&.',....l\"‘lﬁ 2o 0 YT, Jo B " o ., ] o 0.—.1.|.... I N T T T o
7100 50 00 25 3 20 200 400 600 800 1000 1200 > 2 25 3 5 00 200 400 600 800 1000 1200
Reconstructed v-energy [GeV] Lepton momentum [MeV/c] Reconstructed v-energy [GeV] Lepton momentum [MeV/c]
v-mode 1 Ry v-mode 1 Re v-mode 1 Ry v-mode 1 Re

103



Oscillation analysis results

T2K run 1-11 Preliminary

0 26
m -
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Mass ordering and 023 octant

o Slight preference for normal ordering and
upper octant but none of them is significant

218

sin? 0o3 < 0.5 sin? Oo3 > 0.5 | Sum
NH (Am2, > 0) 0.23 0.54 0.77
IH (Am2, < 0) 0.05 0.18 0.23
Sum 0.28 0.72 1.00
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NOVA experiment

Same principle A NOvVA cell
NOVA detectors 2s MINOS

To APD
Far detector: Extruded PVC cells filled with . N

Fermilab Ash River, MN 11M liters of scintillator
instrumented with
A-shifting fiber and APDs

]!

=
U
1))
&
1. Make a beam 2. Selectv, and ve candidates 3. Interpret E, distributions Far detector: =
of v, at both detectors } T A 14-kton, fine-grained,
— R 2y low-Z, highly-active
ot :, tracking calorimeter
ﬁ 4 32-pixel APD — 344,000 channels
F PP 1 al ; h
P o sy o : : Near detector:
Fiber pairs -
from 32 cells 0.3-kton version of 4cm % 6 cm
— the same
— 20,000 channels

* |dentical near (300 ton) and far detector (14 kTon)
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NOVA ND sampl

[Data events with candidate particle IDs]

CCp

-
. >
’ ."“. .-....'.....
.... -»
..:.
-

Y
»

CCp

NC
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V‘beam v ~
600 = ~6.5M data -+- ND Data B
: events
_ — Total MC -
200 1-0 syst. -

range

. Wrong Sign

200

10° Events / 0.1 GeV

0 1 2 3 4
Reconstructed v, energy (GeV)
v-beam NOVA Preliminary
5 . 1 | L] ‘I | L] A | l L ) | L) . I L] . I L} ' L) 1) L] 1 :
— 1o ~100K data events +4-ND Data Z
8 N . — Total MC -
o - .- 1-o syst. ]
P! 10F range -
g - —V, + V, N
Te) 8 - —V,+V, -
L = -
E —NC -
N | -
L -
qC) - -
S , -
w F — -
) - .- 1 ]
o 2 = =
- F | — -
» l 1 F 1 l A 1 A 2 —‘
00 l 1 ' 2 3 4 5

Reconstructed v. energy (GeV)



Extrapolation Near/Far

10° ND Events/1 GeV

— ND data . _ Base Simulation
Base Simulation HE80 CRFINSON ——— Data-Driven Prediction
2 1
Upwards = g %
v - £,
correction ’-‘ N D [:j &’=,, FD 0
5 —
Convert x % x 2 Convert cz‘:z:gi ?9,
Downwards to true E ¥ g to reco E A Downward S
correcuon 0O correction >
w = L
o 0
= ™
%9 1 2 3 4 5 O 2 3 4 1 : 23 4 0 6 1 2 3 4 5
Reconstructed energy (GeV) True energy (GeV) Reconstructed energy (GeV)
... via Far/Near transformation that results in constrained
Correcting ND simulation comprises well understood effects B
| . _ FD Ey prediction highly correlated
to agree with data in reco E.... (beam divergence, detector

g with ND correction
acceptance) + oscillations

v-beam NOVA Preliminary v-beam NOVA Preliminary )
Y u Y Y 1 Y Y Y Y Y Y Y Y Y ¥ Y Y < ¥ ¥ d v { . T T T ' T Y Y Y T Y 2 Y Y
. Not Extrapolated ' - B Not Extrapolated | ®
Lepton Reconstruction -
g | IR Extrapolated * B % | IR Extrapolated l N %
Neutron Uncertainty 8 !l 3
- = . N g.
Detector Response > ‘
- | = - ! _
Beam Flux o
-
o — g }— p—
Detector Calibration =
b— — m fpo— —
Neutrino Cross Sections
Near-Far Uncor.
Systematic Uncertainty
" M N N | " 2 T T 1 e T N | N M N N i i M i 2 " " ' 5 " 2 N | M N N N
-20 -10 0 10 20 20 -10 0 10 20

Total v, count uncertainty (%) Total ve count uncertainty (%)



Far Detector vy, and v, samples

v-heam NOVA Preliminary  v.peam NOVA Preliminary
S L e l L L L L B e
= 14 - —
- -+ FD data 1 [ -+ FD data :
40 - — 2024 Best-fit Pred—{ 5[ — 2024 Best-fit Pred.-
! 1-osyst.range ] [ 1-o syst. range
= [ I Background 1 10f I Background =
© 301 Bl Wrong Sign: v,CC{ | Il Wrong Sign: v,CC -
s W Cosmicbkgd.  { 8f + [ Cosmic bkgd. -
o 1 :
c 20 - 6 -
S 1 °F ]
oL 1t :
! | 1 4r T -
101~ - 1 ;
- e |
e = d oF
0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
384 v, data candidates 106 vV, data candidates
| (11.3 background) (1.7 background)
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Far Detector ve and

Ve SAMples

v-beam NOVA Preliminary = y.peam NOVA Preliminary
- LowPID . HighPID 1 [ LowPID High PID )
80 |~ Bealit Frad. 45|~ 4~ FDData —— Best-fit Pred. .
: 1-c syst : - . WS bg 1-0 syst. -
- > range — 1 - Beam range _ .
= O o B 110}- Cosmic o |2 -
o I LLJ o | . - bkg. Q |a .
> > s ’ ° s )
W 40 o o —~ o ]
) — ]
I + |5 T —
20— — )
0 ' 1, .
05115 1 2 3 4 1 2 3 4 ~ 3 4
Reconstructed v, energy (GeV) Reconstructed v, energy (GeV)
Best fit Range Best fit Range
u Total pred 304 28-38
181 V. data Wrong-sign 18 16-28 32 V. data Wrong-sign 21 1.0-32
o Beam bknd. 537 N Beam bknd. 9.0
candidates  cosmicbknd. 62 candidates  cnicoknd 1
Ot ]| U=l Total bknd 122] 11-13
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NOVA Preliminary

0.025F Bayesian Cred. Int. © Marginalized jointly

_-é" - With 1D Daya Bay constraint over orderings

® 0.02F E
& : =BothMO  —15
O 0.015F AR e = Inverted MO --2c
S - ==Normal MO -- 3o
§ 0.01

S 0.005
S 0.
Both MO |pr——~""=====~ :

Inverted i

NOI‘mal } ---.]--.F__’l_q---q. - .l. . c pm———

0 % T 3n 2n
2
6CP

 Mass Ordering and CP violation heavily

entangled

 Answer on 0cp change completelychange if the

ordering Is swapped
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- 2
sSin 923

0.4

o
SiN“6,,

0.6

Mass Ordering and CPV

NOVA Preliminary

[ Bayesian Créd. Int.
- 68% CI

' Niaréinélizéd lseriar':-'itel'y ]
over orderings, Normal MO -

— = NOVA 2024 — - NOvA+T2K (2020) B
- —— NOvA 2020 - T2K 2022 I
-= T2K (2020) + SK (IV)
l 1 l ' L L ' l 1 1 1 ] ~
0 % n 3n 2n
NOVA Preliminary
[ Bayesian Créd. Int. ' | Marginalized Separately = |
- 68% Cl over orderings, Inverted MO+
06 |- .
0.5 |- :
04 | —— NOVA 2024 — - NOVvA+T2K (2020) B
: —— NOvA 2020  ----- T2K 2022 '
| -- T2K (2020) + SK (IV)
- P PR I T TN SN SN NN T T S .
0 i n 3n 2n
2 2



32 \_/e data
candidates

Total events - antineutrino beam

60

o))
-

NOVA Preliminary

| ] L} 1 l

—NOVA FD
| 26.61x 10°° POT-equiv (V) |
- 12.50 x 10%° POT (V) .

}— —

B Inverted MO N
AmM2,=-2.47x10eV?

1 ] 1 1 I ] | || | I L} 1 I | I | ||

sin?26,,=0.085 -

! uo -
T sin%0,,,=0.54 -
N :
‘ N

30 T *\\\ \\ a
: ~ l

A
I Normal MO | _
20-_0 Ocp=0 ¢ d.p=7/2 \m2,=+2.43x107%eV?
0 8cp=7 ®Bcp=3w2 [ 2024bestit -

Total events - neutrino beam

|
181 V. data

candidates
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Antineutrino mode e-like candidates

NOVA and T2K

26T2K run 1-11 Preliminary

24—
22—
20—
18— ,
[~ — sin"0,, = 0.45, 0.50, 0.55, 0.60
g —Amy= 2.52x107 eV?
- - Amj, = -2.49x107 eV?
u 0 d.,=mn
14— w §.,=+1/2
n O 8=
12— ® O =-m/2
- 68% syst err. at best-fit
. -o— Data (68% stat err.)
8 a | | 1 I 1 | | l | 1 | I | | 1 I 1 | | l | 1 | I 1 | 1
0 20 40 60 80 100 120

14C

Neutrino mode e-like candidates



What’s next?



T2K Run 1-10 Preliminary
—r—r——r—r———r—r—

T T

1111t

E - -. Tot. Pred., § .= 5 0
l 30 =
Eoaeee.. Tot. Pred., 5_ =+3 -
25F- =
I —e— Data ' ]
£ 20 . - 3
© FE -t~ R
> - _Jd. .

D15k :

o
]1
lllllllv[lllll

- - -

* On-going experiments (T2K and NOvA) proved that systematic
uncertainties in LBL experiments can be reduced to <5%

 Unfortunately these experiments are still limited by statistics
(~300 appearance events in v+¥» mode combining T2K and

NOVA)

0.4 0.6 0.8
Reconstructed Neutrino Energy (GeV)

* Luckily two new experiments will come online soon

v-beam NOVA Preliminary = y.peam NOvVA Preliminary

* Hyper-Kamiokande — Water Cherenkov detector 8 times ; o E'[: e 11 J;O:D:Dt High PID |
larger than SK (will collect 4000 appearance events in v+7 o (mwoe | T mwese e ]
mode) using same beam and ND complex as T2K a80f g E“@’: - S 1ok E“g: o
 DUNE — 40 kton Liquid Argon detector with great tracking - H 1Ll 4 L
capabillities 20(- ﬁ 11 % @ 5

ol LA ﬁ ELD:;’*— et | |

, , 05115 1 2 3 4 1 2 3 4 ' - |
* These larger detectors require even better understanding of the Reconsiructed v, energy (GeV) Reconstructed v, energy (GeV)
systematic uncertainties ol pred 162 119- 250 _
181 V. data ;“e?r:g;ir?: 5;3 16-28 32 V. data Wrong-sign 21 1.0-32
candidates = cosmicbknd. 62 candidates ' oy o
Total bknd 61.7 m m
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ND280 Upgrade for 12K and HK

80 160:—"' ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _:
?: 180| — T — 2 m | 'i : — - QD‘D : LI I B T 1 T 1 LI B B R B R B : 05 1403_7 | : ‘ :7 %Prefif _f
- . — - ' - ‘ ; : — Postfit —
o 1600 F - = - - = 1601 = 120 | : 1 1 -
o . " B i ]
O £ & < -~ < ~ — ] 100 F— e ]
Leo ND280 acceptamce SK acceptance
- l . 140 . 2 | n
n — 7 80— I O 1 O R SO SRR SRR S ]
120 — 120— — .
. [ ] 60 —
100 m i — 15 -
mm 100: . 40 =
I P, _ > - 20 i LSRRl —]
'."F - 1R, -
601 — 3 —
— — 1_ 3 _;
40— —] 08E ™ -
B 1 —0.5 0‘60‘ : = =
20— _ 1400 Emvvvvrrbsec s -
0 [ i 1200 — —
0 200 400 600 800 1000 1200 1400 0_ AR I T T N I T T [N ST S [N T T T N SO SO SO B! i —0 IOOOf— ———————————————————————————————————————————————————————————————————— —f
P, [MeV/c] 0 200 400 600 800 1000 1200 1400 = =
Momentum P, (MeV) = =
600 — —
QOO v -
200 = : —
n[_ | | ]
LA O -
* |Improve angular acceptance v 4 S T S T W 3
1= E
08;_ .............................................................................................................................. _:
0.6 e s At R e =
-1000 -999.5 -999 -998.5 -998 -997.5 -997
p,[MeV]

e But also better reconstruction and usage of the hadronic part of the interactions!

CCOn-Np-0y FGD1

| Integral 5633.75 | Integral 4769

e Currently samples are selected according to their topology (Omt, 11T, 1p, N, ...) but the kinematic:
of the hadrons is not used in any way in the constraint on flux and x-sec systematics — plenty of
additional information to be exploited

o
o
o

lllllllllllllllllllllll

#events/100

800
600

400

* This is due to both, a low efficiency from ND280 to reconstruct hadrons and the diffucties in
modeling the x-sec systematics for the hadronic part

200

OO

* With the upgrade we plan to improve the efficiency to reconstruct hadronic part
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The Near Detector upgrade

Downstream - a:‘%';,';'%*': rsa s ‘
ECal W <
S Il BN * MM OSAAREY oo
‘ - e oo ee.e ololeol = oholioloholils
‘ Lo | ]] [ 11,._. o 111 | A:
' | ' i !‘ [l | 1} (| /§ I

> T
(] (e —— = :
SMRD I s '
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I//' // e ‘
Upstream ECal ( =i t
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' 1
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2 4 6 8 10 [mm]

« 2 millions plastic scintillator cubes
made of polystyrene and doped with
1.5% of paraterphenyl (PTP) and
0.01% of POPOP.

« Each cube is optically independent

e Cubes production was done at
UNIPLAST (Russia)

Super-FGD

\‘

1,978,368 scintillating cubes

‘\

L/

1

~ 2 meters
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Super-FGD

Produce cubes by Etched in a chemical 3 orthogonal
‘ injection molding  to deposit a reflective layer holes are d'"ed

=2 LE} 6 8 iO [mm]

« 2 millions plastic scintillator cubes
made of polystyrene and doped with
1.5% of paraterphenyl (PTP) and
0.01% of POPOP.

« Each cube is optically independent

« Cubes production was done at Assembled in 56 X-Y layers with fishing lines before shipment to Japan
UNIPLAST (Russia)
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SuperFGD assembly at J-PARC

First cube layer assembly —_—
-
Horizontal fibers assembly Vertical fibers assembly

Ny

:
;

o

.

Stop panels removed

embly

Box closure

Pﬂec. ZS‘L_

sl el oSl W

Light barrier/cables asse
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»
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T2/K

resistive anode MicroMegas

Mesh @ GND

Amplification gap: ~128um DLC @ ~ 360VT E
insulator ~50-200%

glue ~75um
] I I l pads

FR4 PCB

* Reconstruct leptons emitted at
high angle with respect to the
beam

« TPC instrumented with resistive
MicroMegas modules

e Chambers have been assembled
and tested at CERN before
shipment



HATPC performances

bulk MicroMegas resistive anode MicroMegas Nucl.Instrum.Meth.A 1052 (2023) 168248
\ wmoan £ T IR ——————— ] 11— e —
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T2/K

Time-Of-Flight

» Reconstruct track direction to reject tracks
entering the new tracker region

» All 6 TOF modules assembled and tested at
CERN and shipped to J-PARC

» Time resolution ~ 150 ps observed during tests
at CERN

» 8 bunches neutrino beam structure clearly visible

Beam spill

- — o
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Installation at J-PARC




une 2024: Full upagrade

Run number : 16910 | SubRun number :9 | Event number : 173844 | Spill : 30937 | Time : Thu 2024-06-13 05:44:39 JST | Partition : 61 |Trigger: Beam Spill




ND280 Upgrade event displays

v, CC w/ 1 neutron

un number ;11 | Event number : 220630 | Spill : 43358 | Time | Sun 2024-06-23 0222

v, CC 1-muon 1-protons

| SubRun number 9 | Event number © 172366 | Spil - 20376 | Time - Fa 2004.06.21 155007 JST | Parstion - 61 [Trgger
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Hyper-Kamiokande

* Extremely well established Water Cherenkov technology
190 kton FV (SK 22.5), instrumented with up to 40k PMTs

« HK will be the most sensitive observatory for rare events (proton
decay, SN neutrinos, ...)

« Search for CP violation in lepton sector
 Upgrade of J-PARC neutrino beam (1.3 MW)
 Near and Intermediate detector complex

* Construction started in April 2020 — start operation in 2027

L: \.‘\‘._&*\:‘ :; :_:_: _‘;‘%“‘; _ 23 202
, L VG 7L 1
A LAY ‘/\\\_»'
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Excavation reached center of cavern dome in July



Hyper-Kamiokande collaboration
IO BT L N ==YEC] s, o Lo =

18 countries, 82 institutes, ~390 people

\ As of June 2020

Iceland Swai /

W n ’
/
Russia 4
’ Norway / ZE ’

%o S e

Ukraine N

Kazakhstan -
9"“ \9) 9 Mongolia
o North N United States 9
Turkey China Souw;o Pacific 9 North
o : Atlantic

|
)
)
|
!
Afghani ' 9
R 99 \9 | Ocean . Ocean
Algeria  |jhva EQyP! Pakis :
| <0
|
)
)
)
)
)
)
]

Finland

Q)

Saudi Arabia ndia N
: . Thailand
Mali  Niger Sudan
Chad
Nigeria Ethiopia Venezuela
1=\ .
RN Colombia
———————————————— DR’C'—*Kenya‘——‘—-——-‘—-“-‘-—‘-"“I;;o;e—sfa“““—‘——‘——‘——‘—-—‘—r‘_—_—_—_—_—_—f—*\——-—————————————‘——‘-—‘-——“—————————“————‘——‘
: | Papua New \
Tanzania Guinea \ Brazil
Angola ///————\_I Peru
Namibi | Bolivia 9
am'B;atswana Madagascar Indian :
Sout h Ocean Australia : South Chile
Atlantic | Pacific
Ocean South Africa : Ocean
|
New | Argentina
Zealand :
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Physics case

Solar neutrinos /
Proton decay
Probe Grand Unified
Theories through p-decay . _
(world best sensitivity) Sensitivity to exclude CP conservation (Sin d.p # 0)
s r ’::\ 9:—J II{III{IILIIIIIIII]II.X]IJI}[II[I
R ol < F
b - < 8F 12K Hyper-K
S Ay () G ﬂ.\ \T:/ TE chorade - ND280 data taki
* MSW effect in the Sun ﬂ : S F of ND280 ata taxing
- 4 2 5 >
* Non-standard interactions V CP violation f G S i
serve CP violation for % OF
. D) -
in the Sun. O A
leptons at bo T F
. | PP -
* Precise measurement of S, 5 F -
. H h L % y | R—— —— e ) T — 3
igh sensitivity to v mass = F HyperK preliminary :
g y I | Now . Hyper_K """""""""" True normal ordering (known)|
\ Orderlng : L 1 L l 1 L 1 l 1 1 L l L /l l 1 L L l L L L l 1 ' L l 1 1 1 l L :
e — .\ 2020 2022 2024 2026 2028 2030 2032 2034 2036

Year

4 Vk‘n‘, % \
k. iuh -4 o Dlrect SNV : Constrains SN models.g

i e Relic SNv : Constrains cosmic star

.‘«

formation history ]PARC accelerator neyttinos
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HK construction status

Excavating world largest human-made cavern
| s e —— e Main cavern excavation
n complete ath ring
csol:\plege Somplete .
; Excavation
h
13™ bench
el . : i .
— Remaining 1570\ e N
A 12 | | ~2 SK tanks = | AN 2
L. | LS B = i | Vs (~30 m3/hr average) TC‘PI’Odi tLOI'I ongoit
" - R ‘Screening both at Hamdmatsu and)Kamioka

PR )J! e,

 EXxcavation on-going — expect to complete by the end of
the year

« 20” PMTs being produced by Hamamatsu

 Assembly of the electronics modules on-going at CERN
next slide

 Goal to start HK operation in 2027
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LBL physics at HK

e ~2000 ve and 2000 7e interactions selected at HK after 10 years of data taking — to be compared with ~100 ve and ~20 Ve in T2K

* Also ~20000 v, and vy interactions will be selected

* Plan to re-use ND280 to constraint flux and x-sec systematics

* Intermediate Water Cherenkov detector will be built for HK — only sensitive to lepton kinematics + off-axis spanning

e Do we need more from ND280? — ND280++

HK 10 years (2.7E22 POT 1:3 v:v)
L L B R R R R

70}
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Sanford

Facility

Wideband beam with >2 MW intensity

Underground
Research

4 modules of Liquid Argon (2 in the first phase) with more than 20 kton Fiducial mass

Brand new near detector complex to be built at Fermilab

Very long baseline and higher beam energy — no degeneracies between

DUNE Horizontal Drift
'simulated 3.0 GeV vV,

DUNE Horizontal Drift
simulated 2.5 GeV v,
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Liquid Argon TPC

ICARUS T600 in LNGS Hall
W AT : , " S |

* Cool argon down to 87 K to obtain liquid Argon 30 m* LAr Vessel
 High granularity in dense material N, Phase separator
* EXxcellent calorimetric properties A
* Particle ldentification through dE/dx vs range

e Scalable to kTon scale

P

BRBWME

‘

Y b .
i .

L

WL

N, liquefiers: 10 units,
40 kW cryo-power

m.i.p. ionization
\ . ~6000e/mm
X\ 3
\ Scintillation light yield

&Xy\ t\\\\‘- 5000 v /mm @ 128 nm

| Drift direction
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MicroBooNE example

pBOONQ;‘,

Beam d|rection nieracbon

— > Vertex

Run 3493 Event 41075, October 23", 2015 Run 1149 Event 158, August 6" 2015 17:52

» Detailed and precise tracking information to relatively low thresholds

* allows precise vertexing

» matching/separation of distinct objects (e.g. cosmic ray overlaid on neutrino interaction)

» Topological information such as showering

* track, electromagnetic shower, hadronic shower separation

» delta rays from tracks

» lonization pattern, such as Bragg peak from stopping track
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ProtoDUNE at CERN

e 2 prototypes built at CERN — each ~600 ton Liquid
Argon CC Ve (?) E~70 GeV

» 2 technologies: vertical and horizontal drifts

* Allow to prove the technologies need to built 10
kton detectors
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DUNE prospects

e The different unknown parameters (mass e o
-ooF- 12 years r NOSin’e, =050

ordering, 60CP and 023) affect the spectra
with different shapes

v +V, per 0.5 GeV

* This allow to solve the degeneracies
between these parameters

Reconstructed E, (GeV)

e Thanks to its high energy beam DUNE can S by veurs 1 s
quickly determine mass ordering o _
| | 150 i . ve
 Expect to have 2 Far Detectors installed in “ L LL_
2029 and start operations with beam in 2031 ]

Reconstructed E, (GeV)
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DUNE sensitivity

Mass Ordering

30, |
:UNE:;":"“;;}' "] 7 years (staged)
orm raer
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25 Py NuFit 2016 (90% C.L. range) -=-=-- sin'il,, = 0.441 + 0.042
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Beyond PMNS measurements

Proton decay searches (note: FV ~8 x Super-K)

Cherenkov ring image e no inSK¢ gro— —— 5 S :

:;;p—>e+n° —--»p—>vK

- e p2e'n® | Trmm.  pDVK*

SK+SKGd 27 kton

| eeeenn JUNO 20 kton
------ DUNE 40 kton, staged

/B [years

240618-Hyper-Kamiokande-Moriyama.pdf

Hyper-K 10 years opeationmgésurnipg 30 discover’y potentia|

Tproton=1.7%103% years (~Super-K limit)

. HK 10 years

‘g 9 0<p,, <100 MeV/c S 'n'alé e p2e'n? ~6x1034 yrs
|

D 7 / 9 * p2>VvK*: ~2x1034 yrs
S s tbackground 1 0 .
8 3 + e TE :i L
§ 2 / + o Hyper-K will play a leading role in

°600 500 1000 1200 the next-generation proton decay search

Invarlant Proton Mass (MeV/c?) g
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Prospects

 Long-Baseline experiments are the only proposed
experiments able to measure 6cp = HK and DUNE will
discover CPV in the leptonic sector for 80% of the values of

Ocp
o Of course if 6cp=0 there is no CPV!

 DUNE will be able to quickly measure mass ordering once it
starts data taking (say before 2035)

 HK will be able to quickly measure CPV for large values of
CPV if MO is known or not degenerate with CPV

* |[f MO is unknown and degenerate Hyper-K can still
measure CP by combining beam and atmospheric
neutrinos

 But can we measure MO before next generation LBL?
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Antineutrino mode e-like candidates

T2K Run1-10 Preliminary
1 1 1 ] 1 1 1 ] 1 | 1

—

24 =
»E Inverted Degenerate -
20 :— ., _:
18 :— Ny {
16 - -
14 -
12~ Normal -
10— =
: 1 I 1 1 l 1 1 1 I 1 1 l 1 1 1 l :
%O 40 60 80 100 120
Neutrino mode e-like candidates
g HK 10 years (2.70E22 POT 13 v)
Lo - Beam (Known MO)
< lep ... Beam (UnknownMO) 7
~— J4F Atmospherics (Unknown MO) .
o - Combined (Known MO)
2 12F eeeeeeeeeeen Combined (Unknown MO) ==
= 10f
83 L
o 8
L eE
Q-‘ —
g 2

0

-3
Hyper-K preliminary

True normal ordering, improved syst. (Vv./V, xsec. error 2.7%)
sin*(0,,)=0.0218 sin*(0,,)=0.528 |Am3,|= 2.509 x 10~ eV?/c*

True O.p
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'&\ SN

Jiangmen | . | .rongens
. AL ' : '

e 20 kTon Liquid Scintillator detector

 Detect ve from reactors at 53 km distance via inverse
High power nuclear power plants beta decay

MM M O aiL A

* Construction almost completed — start data taking in

Top Tracker (TT) 2025|
L
7 A O ER RO & Acrylic Sphere
N 20K -
> 2%Y RSN SS Structure
© [Io === s
i | T4l CDPMTs
11 1) i |
1 s ) VETO PMTs
N\ 2 “ Connecting Bars
3 . A
Supporting Legs
Y, ‘ : | —
I Check and repair the outer
surface of the acrylic sphere




Events per 1 MeV

100

60

40

20

x 107

JUNO physics potential

80

[ 6 years of data taking

b

- NO 0scillations

- Only solar term
- Normal ordering
- |nverted ordering

. )
i sin” 26,5
sin® 26,5
\
B ! A
A y - |A B
i LA ma
1 11 1 l 1 1 1 ll ll 1 L l 1.1 11 l 1 1.1 1 l 1 1 1 l 1 1 1 1
1 2 3 4 5 3) 7 8 9
Es, (MeV)
- . - v, Ve
2n
2
y S
2n 21
1
Ams3,
2 2
"2 o Am3,
Am32,
2 2
1 " oY

P, — v,) = 1 — cos* @, sin*20,, sin* A,

* Observe two oscillation modes : slow oscillations (like
KamLAND) driven by Am221 and a fast oscillation driven by

p)
Am31

. NO both Am? are positive while in IO they are both negative
| Amz, | = |Ams, | + | Amy, | ~ 2.5 X 107eV?

\Amgl\ \Am%z\ — \Amzzl\ ~ 2.4 % 107%eV?

* This difference allow to distinguish the two cases if the
oscillation can be measured with enough precision — critical
parameter for JUNO is the energy resolution
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Energy resolution in JUNO

| - — |
0.22—_ ......................................................................
- 10~ . . . - —
- : eoneutrinos - == Li He *
02 : | : a; : —2cciden:als - lg-C:-:Ln)w(:)‘ =
_otgff o AT R P — S Cee| |
= 0.16 P
g U
S 0.14 3 - .
2 o2 & Reactor V. signal IBD event number (x10°)
~N O) 0.0 0.5 1.0 1.5 2.0 2.5 3.0
O. 0.1 - ' L 1] ) 1 | 1 1 ] ' 1 1 | ] 1 ] 1 1 1 1] ) 1 L ] 1] ' 1 1 1 1]
% : : Y 1 1.5 V2bl %s 3M 3).5 4 45 > 6 1_ : ' ' I ' ' o ]
9 008 ' . isible nergy ( 'e i . . . T gt I
5 5 g ; § § o _ JUNO Simulation Preliminary ___-- ot
ﬁ 0‘06 ,, ..... ......... |BD Slgnal ................ (_,C\)) : SO ”""”‘,"”,
0.04F ......... N - IBD + residual BG - — ) SRRV FEEVEVEVEEYN KRS PERRRS WSPISPR SIS S "o —— R— il
0-02-. b seeseeee e e S a e e e e e e e e aeeeebereeaaaaaaaaaaaaaaaaaaaann TOS :
0 P i meaikin S ' . | . f\\) — "
2 4 6 8 10 12 T -
Visible Energy [MeV] > L
g
i

 Assuming energy resolution of

3% \/E

.
1'—11'1114111111v1|1-1 [ SR W S T NN S SN TN NN SN SN N

o _ _ _ 0 2 4 6 8 10 12 14 16 18 20
» Statistics is 100k interactions in 6 y JUNO exposure [yearsx26.6 GWi]

(60 evts/day)

----- NO: stat. only
—— NO: stat.+all syst.

JUNO + TAO -=-=- |0: stat. only

— |0: stat.+all syst.

—1
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lceCUBE

Neutrino telescope installed in the
ice In Antarctica

Huge volumes (km3 size) optimized
for astrophysics

But if the telescope is dense
enough one can also detect
atmospheric neutrinos and
measure them well enough to
measure oscillations!

Separate ve from v, from the shape
of the Cherenkov track/shower

* Ice Cherenkov v detector
* 1.5-2.5km under ice

* 5,160 DOMs on 86 strings
* 1 km3 volume

* High energy array spacing

e Az=17m
* A(x,y)=125m

* LE extension: DeepCore

e Az=7m
* A(x,y)=40-70m

GeV events in DeepCore for v oscillations

22222

_-..—.-...—-: S .,-—. —————

gé?N\ % 1

O

Color indicates time (red=early, blue=late).

)

2|2
¢ WJ
o O
1 s QP
; . ]
°§ : 3o
= i
F i :
‘i EE $
“
*¥LY 9
e ‘
4 g
’ 3

Sphere size is proportional to number of photons observed.
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TeV event in IceCube for sterile v searches




@ube, PRL 111, 081801 (2013)

700 events

10 low-energy sample
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(e(ﬁube, PRD 91, 072004 (2015)
~5k events, “golden events”
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IceCube, PRL 120, 071801 (2018)

~35k events, inclusive sample
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Atmospheric neutrinos

lceCube, PRD 108, 012014 (2023)
~22k events, golden events”

10 5
1 v, +0,, CC background
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Most recent results

Atm. Osc. - Newest result

* CNN-based classification and reco
* Uses inputs that our MC describes well
* Recovers events that are hard to handle
e 150,000 v candidates in 9 years of data

e Best fit

Sinz 623 — 054i

0.04
0.03

Am3, = 2.4019-92 x 1073 eVv2

GoF p-value: 19%

%103
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Super-K 2018 (this result)
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arXiv:2405.02163
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Earth is transparent to v’s
with a “refractive index”

/

Can we do more? MSW!

—> Effective mass states and mixing

—> Modified oscillation probabilities

In @ 2-neutrino scheme:

//N

2 2
- sin®(20) . o &£ Am“L
P, s(L, E sin [ ]
¢<‘J X 2
. . E - N.(x
j l' \ N ¢ = 1/sin? 26 + ( cos 20 + 2v/2G R (2)
I Am?
- NH ’ E — for v| | >0 for NH
+ forv| | <0 for IH
MSW resonant enhancement
E Efiectivombing angle 1 = of the oscillation
- ----v/vinvacuum V
- :\_un matter E::; for nEUtrinos in NH
- T N and antineutrinos in |H
1 2 3456 10 20 30 10° 2x102

p x E_[g.cm®.GeV]
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Mantle

Mantle-core-mantle

Density (g/cm®)

MSW effect in the Earth

Disappearance

Appearance
—————— I/e % V“l’

cos(6,) =- 0.6

Pmax = 7g/cm’

5 10

' Pmax ~ 13g/cm®

E [GeV]

15

S~
«
“
0
»
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“* KM3NeT/ORCA

~6 Mt instrumented volume

ORCA experiment

Water-Cherenkov
Neutrino telescope
In the deep sea

Bottom view
of a DOM

— 17" —

Digital Optical Module:
uniform angular coverage
+ digital photon counting

Depth = 2435 m
Light absorption length ~ 60 m

Expected signal in the E-zenith

True neutrino cose,

True neutrino coss,
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The sterile
neutrino saga



Sterile neutrinos

 Number of light active neutrinos is 3

- " ALEPH
* nght means M, < Mz/2 30 | :?;l‘-jl.l'lll /\\
OPAL

20

 And what about non-active (sterile) Neutrinos’ £

L4 average measurements,
O error bars Increased

e \What is a sterile neutrino: neutrino that do not .

10
couple with Z so do not interact via weak |
Interactions

PO I —

86 88 90 92 94
E_ [GeV]

o But affect the v mixing through their coupling

Final LEP average N, = 2.984 + 0.008
with active neutrinos
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3+1 phenomenology

3
A
S

=
&3

&3

S

NS
/'\/'\/E:s\/'\
N S S S

$ TS (S
F e Y e W e <
&=
S N N S’
|
e

&3

L L

In the simpler scenario we can add one sterile neutrino family : 3+1 model

Uey = S145 Uﬂ4 = C14824> Uy = €14C4834

One additional mass eigenstate.

U., V()
Upa 219
U‘r/l VB(:E)
Uss vy(z) ),

In the simplest scenario m, > m; , ; and we can use a 2-v framework approach

2 _ 2 2 2 2
o Amgy, = Amy, ~ Amj, ~ Amg; > | Amj; |
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Sterile Neutrinos oscillations

Amz L
P(v, - v,) = 1 —sin*20°5" sinz( 421 )

Amz L
: : 41
P(v, = vp) = sin® 260°5L sin”

4F
sin?205BL = 4| U, |*(1 — | U,,|*) = sin®>20,,

sin? 2055 = 4| U, |2 (1 = | U,y %) = cos? 6, sin® 26, + sin* 6, sin? 26, * A sterile neutrino means

that one should observe 2
disappearance signals when
pe 4 ee i

appearance signal v, = U,
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2018 MiniIBooNE results

Observation of a Significant Excess of Electron-Like Events in the MiniBooNE
Short-Baseline Neutrino Experiment

A. A. Aguilar-Arevalo'®, B. C. Brown®, L. Bugel'?, G. Cheng®, J. M. Conrad'?, R. L. Cooper'%°,
R. Dharmapalan®?, A. Diaz'?, Z. Djurcic?, D. A. Finley®, R. Ford®, F. G. Garcia®, G. T. Garvey'’,
J. Grange’, E.-C. Huang'®, W. Huelsnitz!’, C. Ignarra'?, R. A. Johnson®, G. Karagiorgi®, T. Katori'%:1¢,
T. Kobilarcik®, W. C. Louis!?, C. Mariani'?, W. Marsh®, G. B. Mills!®:", J. Mirabal'®, J. Monroe!®,
C. D. Moore®, J. Mousseau'4, P. Nienaber'?, J. Nowak®, B. Osmanov’, Z. Pavlovic®, D. Perevalov®, H. Ray’,
B. P. Roe'4, A. D. Russell®, M. H. Shaevitz®, J. Spitz'4, I. Stancu', R. Tayloe®, R. T. Thornton'?,
M. Tzanov*!!, R. G. Van de Water'?, D. H. White!°, D. A. Wickremasinghe®, E. D. Zimmerman*

(The MiniBooNE Collaboration)
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Observation of a Significant Excess of Electron-Like Events in the MiniBooNE
Short-Baseline Neutrino Experiment

13 B. C. Brown®, L. Bugel*?, G. Ch 412 R L. Cooper'?:1?

Diaz'?, Z. Djurcic?, D. A. Finley®, l""id(_. T T Garvey'?,
Huolenit»10 M Tanarral?2 R I)' ('(. l" 12,16
v q‘u’ ("tﬁ’, c#,:p‘o : d 4\’0' " Y
o ‘6‘0‘ PARTICLES AND INTERACTIONS | RESEARCH UPDATE Iv
_‘:ﬁ«» PRuss Evidence for sterile neutrinos claimed by Fermilab oe®, K. .. din
. R. G. V: experiment co b B D, Zimmerin...
04 Jun 2018 .
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Science

Boffins quietly cheering possible
discovery of new fundamental particle:
Sterile neutrino

A Major Physics eExperiment Just
Detected a Particle That
Shouldn't Exist

l',;(|',a' !

Champagne on ice, but MiniBooNE's 15-year hunt
has produced promising results
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Observation of a Significant Excess of Electron-Like Events in the MiniBooNE
Short-Baseline Neutrino Experiment
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Anomalies can be everywhere

 Atmospheric anomaly — Neutrino oscillations

 Solar Anomaly — Neutrino flavor transition

2011 reactor anomaly — sterile neutrinos?
R T e ——— * All experiments close to reactors observed a deficit of ve
4L T 2011 :

o L ] neutrinos

g "

§ 0.9+ T

£ osf } | i » This would be compatible with P(v, — v,) on a very

20.7:f ~ N 7 | - A 2 > 1 2

faoll short baseline = Am~ > leV
0.5 |-~ With oscillations (3 active v's + 1 sterile v)

lo ,Mﬁ?‘s (S S 1 N WU — 111111 - .
e o e * Or with some systematics effects

Reactor To Detector Distance (m)
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v fluxes and reactor anomaly

An analysis of earlier experiments with the updated antineutrino spectra reveal a ~6%
deficit at short distances.

) 1 1 L L 1 )
The term Reactor Antineutrino Anomaly (RAA) has been coined to refer to this deficit.
G. MENTION et al. PHYSICAL REVIEW D 83, 073006 (2011)
BT | ! RN ! ol
- 333 8 ¢ i
3 1.05 _. — %
PE T 4
Tl TT 1 _
Zﬁ 0.95 — .......................................
S % -
8 0'9 _.E. E;'J:JE.. . = __.‘SA..“ T .
z — T 5 -
0.85 |l -
HEE %égg R s R 2 3 R 5 6 7 8 9
0.75 _i. l I—LT. ,_CF._CZ_i..... i....ii..,i...iiT-T.......,l...l.....li....l.il.i.._
10 10 10° Antineutrino Energy (MeV)

Distance to Reactor (m)

 Reactor anomaly : deficit of » flux with respect to expectation — sterile neutrinos?

* Neutrino emitted from reactors come from a combination of fission from different isotopes
 The modeling is not simple = bump in the spectrum of neutrinos

« Measurements from STEREOQO (very close to the reactor so no sterile neutrinos) confirm the
deficit

* There are no exciting anomalies (new physics) = we just need more precise
measurements of neutrinos emitted from reactors
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The LSND results (1995)

* Beam of protons on water PRD 64 (2001) 112007
- _y : . ‘oduces n* mainly
The Liquid Scintillator Neutrino Detector Experiment: Pl (.)‘ ikl ‘mam ) -
/T _) ‘11 l’“ 5 ® Bearr Ercoss
L» L" l'l_' 15 sl el ol § A Accidental ys
¢ u o o) W 403 B Correlated s
L’ F '2 5 ® Beam Excess
- | 10 _¢_1: 102
« Search for V', through =
| | Lo FH«P Ll o s IR By
e S o| T
s ﬁT: {w—{b‘w
detect prompt e track, _ - R Y D . i
20< E,<60 MeV €5 ot A e . ||
. . . ) S . 1 e
(+ scintillation) 0 E | “ 1 2
$“" 10 1 10 103{
* neutron capture: 04 06 08 : 1 2 ' 4
,’/) _)‘/;/ IF\ (WPISM@V’
2.2 MeV scintillation _ _
signal, 186 ys later e EXxcess of signal induced by ve 7

e Short baseline and small v energy (v, produced by

. » Excess is quite significant 87.9 = 22.4 + 6.0
pion decay at rest)

. Search for Inverse Beta Decay only possible for 5eso  * But events are selected after removing huge
need 7, to oscillate to Ve accidental backgrounds
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M

INIBOONE

target and horn decay region absorber | | dirt detector

e Distance L =500 m

 Neutrino energy Ev = 600 MeV

*- fr'_

primary beam secondary beam . tertiary beam .

(protons) (mesons) (neutrinos)

e L/E same as LSND

* Possibility of producing vy and v

e Test LSND anomaly with different
baseline, neutrino energy and v vs »

 One limitation.. no near detector!
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First MiniBooNe results (2007)

: 2v oscillat -
1 Sdekiaos  + MinBooNE data .
2'5F — -+ expected background |
> 20y background |
- | : — v, backgroun |
= * 5 - MiniBOONE 90% C.L.
- : v, background
@ 1.5 E 10}
€ 4
e 1|
© 1.0/ +- .;";
0.5 : M —
| _\__\_" ..... : l ~N_ 1
f E
=

300 600 900 12A00 1500 3000
reconstructed E, (MeV)

Blind analysis 107}
Energy range from 475 MeV to 3 GeV (where LSND | LSND90% C.L.
signal is expected) - ) LsND9g% CL.
10° ‘ ,
No excess observed — set limit that exclude LSND 10° 10 10"

sin®(26)

But low energy excess...
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MiniBooNE 2013 results

Added data in antineutrino .., B svo won .
mode % + | ' Antineutrino ] = Dﬁ:ﬂ?@f& oL
§ | datueam S
- by Soms
Also In this channel they os g N ~;
observed an excess below Sorer
475 MeV

—
. s s
:

'

Include In the fit all data
from 200 MeV

25| an .
+_+_ Neutrino

EventsMeV

Excess at the level of 2.80
for vy and 3.4¢ for v!

0.0 . S bt _
02 0.4 0.6 08 1.0 1.2 14 15 3.0 .
E“ (GeV) NQUtrino: \

102 | - | "t - |
10° 10% 10" 1

Compatible with LSND
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MiniBooNE 2018 results

Double stat in v mode

Excess in the low energy region confirmed — but this region is dominated by
background!

To explain it with sterile neutrino a very large mixing angle is needed (and still
the oscillation do not fit the excess even at the best fit

6.1 0 excess ... Is it a discovery of sterile neutrinos?? No!!

N"102 [ i T TTTT]
C10°F
s 3, —68% CL
Ng - _%% CL > [ | L 1 4 I T T | ] 1 T L | ] 1 4 L1 L4 I T 1 T I L | L | L | ‘I 4 T 1 4 l' | N
- ——95% CL 2 1.8 g
> T — - * —99% CL 2 .F —— v, 12.84x10° POT -
5 S v o = 10} —3oCL - e F - 0 .
‘ S v, from K’ : —— 40 CL e 14l T Ve 11.27x10%°° POT E
- DL B R S R O S— KARMEN2 g ETT .
” < mec 90% CL 8 . .
4 +- ) & - My OPERA w 12 B
- 90% CL ] - .
. EE over : " SR e
. »—+— Constr. Syst Emer L 1 .
' Best F 1 1 0.8 -
. . L -
. LE \ 3 06 . =
. 3 TS € .
0.4 S | =
. .
1011 . ‘ o .
' E - . 0.2—.. + s (L =
- | |LsND 9o% cL - o E i R = . i . ]
- SO L S P— » t ‘ l -
-4 - OL— 1 - + | i N
82 04 08 08 i 12 14 30 ! LSND 99% CL . . .
E’»‘» (GeV’) —0 2’_4 P R T T | - P | o o 1 l —
10—2 | llllll | 1 lllllll 1 L lllllI 1 | 0'2 04 06 0'8 1 12 14 m 3~0
107 1072 10~ 1 E.- (GeV)
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New MicroBooNE results (2024)

40 - Runs 1-5, 1eNpOn selection
MicroBooNE preliminary, 1.11 x 10?* POT
I |
301 1 l-o 1eNpOxn
[ |
l = - p-value 10.4%
20
10 -
0 L 1 L 1 | L 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Reconstructed shower energy (GeV)
20 - Runs 1-5, 1e0p0nm selection
MicroBooNE preliminary, 1.11 x 10! POT
15 1 le()pOTt
J
L] p-value 62.5%
10 - |
5 7 = A
0 L 1 L 1 I | 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Reconstructed shower energy (GeV)

BooNF
g 8 Beam

e

&

b

A

%

BNB Data Run 22298 Subrun 74 Event 3723

Shower kinematics-based model:
combined Np & Op channels:

exclude model at > 99.9% CL

18

Events

Events

70
60 -
50
40 A
30 A
20 1

10 -+

Runs 1-5, 1eNpOmr selection

leNp()ﬂ MicroBooNE preliminary, 1.11 x 10?* POT
p-value 15.3%

v, CC EZ) Cosmics 4+ Dats

v other Tolal predicted w— == LEE signal

v with n® constrained b mode! 2 == -
Uncertainty

0+

-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

Reconstructed shower cos(8)

25 A

20 A

15 -

Runs 1-5, 1e0p0m selection

MicroBooNE preliminary, 1.11 x 10%* POT
1e0p0rn =

p-value 77.6%

-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

Reconstructed shower cos(8)
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Liquid Argon detector

Same baseline and beam as
MiniBooNE

Better performances to distinguish

electron from gamma

ICARUS and SBND currently
taking data at FNAL

S
10 7
; " MicroBooNE 6.369x10™ POT
. ‘ 95% CL,
10 \ s Data, profiling
Z ) -« «« Sensitivity, profiling
PR - l/ — = Sensitivity, v, App. only
| \
—~  1F
™~ -
= s
< "
107"
- I LSND 90% CL (allowed)
i LSND 99% CL. (allowed)
l()—2 lllll 1 A lllllll L 1 lllllll
107 107 107 107! 1
sin*26,,



Sterile neutrinos — ve disappearance

Vv, disappearance: the gallium anomaly 11 [38]
« Ga —» "'Ge v capture cross-section was calibrated ] I'OET }
with intense *'Cr and 3’Ar sources by GALLEX & \OgT
. SAGE (20 years ago) as well as BEST (2022); 0’85 % % {
0.7
* 2 Sou rces Of pOSSI ble Ve « these measurements show a significant deficit with re- 0.61 ,,,,,, N N e
] spect to the predicted values [38]: %v&’d %Véf &4;‘}\ V@u‘“% {53&,@\ {é&o&é
d|Sappearance CALLEX: R,(Cr) = 0.953 £ 0.11 ) ot C : T
'{Rz((:r) =0.812 £ 0.11 S o %% -
{R3(Cr) = 0.95 + 0.12 1 B | bty
SAGE: > = | 0.80 £ 0.047 - s‘ |
R,(Ar) = 0.79 £ 0.095 o6 | ) )
59 s V.
) R 't Iy —_) | d by { Rs(I) = 0.791 + 0.05 5.
eactor anoma solve sesr.| o0 =07 o0 1 NN __
: R |
more recent C alcu I atlons Of « such deficit can be interpreted in terms of oscillations; (1)-_ | \1 IIIIIIIII [3|§]_

- data suggest Am? > 1 eV* but require very large 6,,. 00 01 02 03 04 05 06 07 08 09,10

reaCtO r fI uxes an d by th e [38] V.V. Barinov et al. [BEST], Phys. Rev. C 105 (2022) no.6, 065502 [arXiv:2201.07364]

STEREO measurement j 1 f |
 Gallium anomaly — new B U P —— )
measurements from BEST = , H .

O 5-0 evidence for vg 2109.14654

confirm this anomaly

confirmation of Gallium anomaly
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Pick your f

Sterile v: review of positive hints

| Milky Way Galaxy

‘ ~
, XXXl International Conference

/A ~on Neutrino Physics and Astrophysics

Unlversny 81 rlan - E ,,;.;., 5

\Mrlan ; Italy®, ,,,,/47‘ % T‘
- 17-22.06.202 z‘;;.;;-- A g" % %ﬁ 1‘3?

Dmitry Gorbunov Sterile v: review of posmve hlnts 21 06 2024 Neutrino 2024 1/45
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Sterlle neutrlnos review of negatlve hints
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The mass of neutrinos



How to measure neutrino mass?

* Neutrino oscillations provides measurement of mass differences between mass eigenstates

e | ower limit on the neutrino masses:

. Normal Ordering: m; =0 = m, = 8 X 107> eV(\/Amzzl) — my = 0.058 eV? (\/Am322 + my)

» Inverted Ordering: m; =0 = m, = 0.05 eV = m; = 0.058 eV

e The sum of the neutrino masses is different in the two cases — total mass content of neutrinos in the
Universe change

neutrinos de se he
T
Uu+-e C® [®
e ® Le Te

AdW
A®
A\
AN
o
A31



Cosmology

m.. =0.5 eV

I/

* Background effects

— > _m, =0(eV)
0.06f — — 0.06 (eV i
%7711/ = g(;fz (i\)) * Perturbation effects
— e m, = 0.3 (eV
| 0.04F|--- > - m, = 0.06 (eV), AHy = —0.45 km/s/Mpc

—== Y m, = 0.3(eV), AH, = —2.63km/s/Mpc L Varying the Hubble constant H, compensates for
the variation of the neutrino mass.

o j— Iéuturecr\'/IB ' Degeheracy
Cosmic variance %66.4
10 12160 1000 565.6
Villaescusa Navarro et al. (2013) 64500 U ——
. . 'ﬂ[,, [e\"]' ‘ S
* Neutrinos masses have impact on the structure . In ACDM!
formation in the Universe (TT,TE,EE+lensing) | '
CMB-SO -
* Experiments measuring cosmological properties are .
sensitive to neutrino masses
Planck+BAO ¥
* Their limits are valid in the Acom model e BAG S <79 eV 95% CL
[DESI Collaboration (2024)]
. .. . . Talk by Willem Elbers
* No detection yet but limits start to be in mild contrast
with the Inverted Ordering scenario R VB 1o
: Still no evidence/detection!

0 50 100 150 200 250 300
Y. my, (meV)
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Direct measurements of ¥y mass

* [wo possible methods of measuring neutrino masses “in laboratory”

0vBB — can only happen if

Neutrinos are Majorana particles
MPBP~100 meV

kinematics of the 3 spectrum —
Me~50-200 meV

|
e NEMO -3 -
= UORIKC l\(;K.mJ NS =70 - —E CD 106
l(ol;.\ ' \ :_; — - O
O - > -,
by Q
0.1} — 5 =
® g W %
® E 5
> INVERTED - = 400 . -
-~ o 0 >
£ - @ -
—_ 001 - U O
> = - I
S - o 10 =
B NORMAL 2 = quasi-degenerate masses ©
N - T
0.001 § e 102
S 10"
« 1950 1960 1970 1980 1990 2000 2010 2020
I“ ' - — —

104 0.00] 0.0} 0.1 calendar year

lightest neutrino mass in eV 168



End-point of the B decay spectrum

» Measurement of the mass based on kinematic parameters and energy conservation

« Look for Tritium decay *H(n, n, p) —> He(n,p,p) + e~ + v,

Rg(E)  (Eo — E)+/(Eo — E)? — m2

3

def 712 . m2 10
—~ | ‘ cz'| x —_
S 6 =1 £°
-’ \(P/ i
'9 [ 6 5
© © i
N’ 4 — 4 -
- c |
© S _|
- ’ Q2¢f
= O i
3 2 d
-




KATRIN
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The KATRIN experiment

Analyzing plane

Ui(r) -
Electron
Usrc(r, 2) A . ¢ T
Electrostatic high pass filter ¢ 3HeT*
Tj out
T_\ out Tz -

— e

- e
3 “‘ ““““

1\
il
|

Segmented
detector

Transport and
pumping

-~
P
& Pl
P

Tritium source

Rear wall and

Main spectrometer
electron gun

Full system description & commissioning: KATRIN, JINST 16 (2021) T08015
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Spectrometer with high
resolution (1 eV)
2-3 hour scan for each
enerqay
101- : Background
| region
§ 109+ E
 E,
N — 1
™ |
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Coherent elastic scattering
'~

Interactions with

nuclei and
electrons,
Coherent elastic  minimally
neutrino-nucleus  disruptive of the Deep Inelastic
scattering nucleus Scattering
keV MeV

e 0 x N?

Interactions with
nucleons inside
nuclei, often
disruptive,
hadroproduction
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A neutrino smacks a nucleus
via exchange of a Z, and the

nucleus recoils as a whole; /\
coherent up to E ~ 50 MeV A A
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The only 0 scattered
experimental » neutrino
signature: o

nuclear

tiny energy COSON'\ recoll _
deposited Q
by nuclear q >
The cross section recoils in the -@ i
[ .--- "8G5 CEVNS is large target 7 ol &y
127) GEVNS (by neutrino standards) material / ’ secondary
ve 127| CC deposited energy

- |BD

L VG-e
(per target atom in Csl)

i Illllll

Nuclear recoil energy spectrum in Ge for 30 MeV v

—

1 IIIHII

(N — (1 — 4sin® Oy ) 2)?

o ox N?

do _ GLM Q%
dIT 2w 4
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o
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(25 keV for Ge)
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Neutrinos from Spallation Neutron Source

7 Fragments ~99% Capture E
\ I ‘ L nergy
@\ =
7 5 f TV
6|
Decays at Rest (T = 26 ns) g 10 % Vu
[ ! Decays at Rest (t = 2.2 pus) - :

Fragments @ @ 10* i_ ’ Ve

10° ;

* Proton Beam: E T

T
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=
S
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=
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=
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Rp— _nl:[:””””
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-\\\\Q“{v
ey 007
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Monochromatic: 29.9MeV v,
« Total v flux: ~4.3 x 107 cm2 s-1 at 20m

. . 3-body p--decay: gkzzéa,
Beam timing & duty cycle (60Hz, 380ns ut o et _|_ e e M Ml | WI
FWHM) allow for powerful reduction of 0-53MeV ¥y , Ve ] ] 1 - § R EHH (D BT
50 100 1 50 200 250 300

steady-state backgrounds (~10-4) Energy (MeV)

— 0.9-1.3GeV n n 102
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Several small-scale experiments

Hg TARGET

SHIELDING MONOLITH A

w 30| Beam OFF ' ' R | ' " Beam ON -
& 1,
B 15 ¢ + 41
c
3 + b
: o,{.TH1H+++HL++L{++.
o
’| - 15 25 35 45 5 15 25 35 45
B i Number of photoelectrons (PE)

c Be'am OFI; ' ' ' ' ' ' Vu' v, .-Ve 'Beam 6N
g 45t Il .

NIN cubes, < 30}

Nal185kg S5 15} .
@ Lt ST Y ¢
I AL AMAARLAN AL MARAAAN Y ADUNLA A AMS IR AN 1
—157 3 5 7 9 11 1 3 5 7 9 11

Arrival time (us)

Neutrino Alley
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Recoil Energy (keV )
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counts (2us) !

counts (keVee)™?
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e fit residuals
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Coherent scattering in DM experiments

B CEvNS [l AC Neutron MM ER ¢ Data
100 200 300 400 500 The XENONNT Experiment
20 F ! ! ! SRO
{ « Dark matter direct detection experiment
0 « Atthe INFN Laboratori Nazionali del Gran Sasso (LNGS) in Italy
* Underground ultra-low background experiment
00 00 300 100 5050R1 Dual Phase Time Projection Chamber
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