First neutrino interaction recorded.in hydrogen Eué}ble chamber
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O Recap on neutrino properties, sources, interactions
O Neutrino Oscillation with a « historical » approach

O Produce, Detect and neutrino oscillations today & tomorrow
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4% In the Standard Model
.N _
t three generations of matter interactions [ force carriers
QU (fermions) (bosons)
Qo I |l 1]
E mass =2.2 MeV/c2 =1.28 GeV/c2 Y =173.1 GeVi/c? =124.97 GeV/c?
Q-| . charge 0
& | oNeutrinos are leptons spin » H
S higgs
w03 flavors linked to their "
QS_) corresponding charged X
=, counterpart %
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, © 4
o Can only interact through [
weak force (through W+ and 0 UZ)
Z0 bosons) ' O
Z boson 8 2
V) m e
Z | =80.39 GeV/c? 8
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Kev facts

2V

. . . " ALEPH
O Three flavors of light and active neutrinos named Ve, V,, Vt sof  DELPHI
— In 1989, LEP mesures the Z invisible decay width : e Ak

¢ average measurements,
error bars increased
by factor 10

N, = 2.984 + 0.008 2 20!

O Neutrinos are only left-handed 10|

— Cannot couple to the Higgs field, therefore the neutrinos are
considered massless in the Standard Model
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— But they in fact do have a mass: E_ [GeV]

cm

m, <1leV; Zmy > (0.06 eV

O Most abundant massive particule O Only interact through weak interaction
Dgun = 65%x10° Vo/cm?2/s on earth — Small cross section :

Dreactor = 2x1020 Vo/s/GW G ~ 1042 cm2 for IBD

Patmo = 4x102 Verp/m?/s/st 0 ~1038cm2at 1 GeV
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@ — 50% chance a V. from the sun interact in you in your lifetime
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Charged and neutral currents

Neutrino have no electric charge -> We cannot detect them directly

We have to :
- Wait for a neutrino to interact
- Detect the products of the interaction
- Retrieve the original neutrino flavor/direction/energy/sign
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Neutrinos can only interact by weak interaction
-> Through Z0 exchange = Neutral Currents
-> Through W+ exchange = Charged Currents
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<l Neutral currents interactions
~
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2
IS Vy Vy
S Elastic scattering
x
A
"S O Cannot identify the incoming neutrino flavor
g Z O All neutrino interact with same potential
e /q e /q
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Charged currents interactions

G. Zeller
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v cross section / FB“ 07°cm?/ GeV)

E, (GeV)
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< Charged currents interactions
E The Quasi-Elastic interaction
O The GO].den Channe]. G. Zeller
E %1 4
S Vy /. 9 .
~ “g1.2
I\| $° 1
g W 0.8
G -
t %0.6
5 20.4
= " P 20.2
-0

o V flavor & sign tagged
by the lepton

E, (GeV)

O Ey reconstructed with
the lepton kinematics :

m3 — (m; — By)? —mg, +2(m; — Ep) B,

B, =
2(m; — By — B, +p, cosb,)
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@ m;, ms : initial, final nucleon masses;

Ep : nucleon binding energy in the nucleus




< Charged currents interactions
E The Quasi-Elastic interaction
O The Golden Channel G. Zeller
S — %1 4
-IQ;)) Vy / 9 .
~ 'ELZ
g 31
8 W 0.8
t %0.6
5 50.4
= " P 20.2
O V flavor & sign tagged % o 1 10 10
by the lepton E, (GeV)

O Ey reconstructed with
the lepton kinematics :

The Resonant interaction

Nucleon is excited
/ -> Many final states
A++
-

m3 — (m; — By)? —mg, +2(m; — Ep) B,

B, =
2(m; — By — B, +p, cosb,)
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< Charged currents interactions
_I% The Quasi-Elastic interaction
O The Golden Channel o zetlr o .
S S The Deep-Inelastic interaction
N Uy /a 21.4
oF! ° , .
) 1.2 ‘ 0
e 2 Nucleon breaks
o .
@ = -> Interactions
W+ .8
= uf® with the quarks
A 50.6
o 5 F /' N o | aS
a 0.4
e
= ! P 80.2
O p
-0

o V flavor & sign tagged

by the lepton E, (GeV)

O Ey reconstructed with
the lepton kinematics :

The Resonant interaction

Nucleon is excited
/ -> Many final states
A++
-

m3 — (m; — By)? —mg, +2(m; — Ep) B,

B, =
2(m; — By — B, +p, cosb,)
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< Charged currents interactions
E The Quasi-Elastic interaction
O The Golden Channel 6. Zetler o .
S S The Deep-Inelastic interaction
S Uy /a 814
Q = _
) 1.2 Ve 0
,S' o Nucleon breaks
> 1 .
8 " 30 8 —>. Interactions
r— ~ with the quarks
S 50.6
) 5 F /' NN o | S
5 0.4
v
= ! P 80.2
o p
-0

o V flavor & sign tagged

by the lepton E, (GeV)

O Ey reconstructed with
the lepton kinematics :

The Resonant interaction

Nucleon is excited Cross section increase
/ -> Many final states with energy but the
A++
> final states are more

m?c — (m; — Ey)? — mi +2(m; — Ey) B,

B, =
2(m; — By — B, +p, cosb,)
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Ep : nucleon binding energy in the nucleus
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Charged currents interactions

Interaction threshold Ve low energy interaction

For CC interactions: v, +n — ¢~ +p inverse B-decay : Ve et

(mﬁ + mp)2 — My
2My,

Ethr(Vp) =110 MeV
Ethr(VT) = 3.45 GeV

E, >

Ewne(Ve) = 1.806 MeV W
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Using the Ionization potential

PEP-4 detector, gas mixture 80:20 of Ar:CHy4
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Principle : When a charged particle crosses a medium, 11
it looses energy through ionization. |
The mean amount of energy lost per cm through

ionization is parametrized by the Bethe Bloch formula
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Using the Ionization potential

PEP-4 detector, gas mixture 80:20 of Ar:CHy4
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Principle : When a charged particle crosses a medium,
it looses energy through ionization.

The mean amount of energy lost per cm through
ionization is parametrized by the Bethe Bloch formula

N
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N
N

-dE/dx (keV/cm)
N
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and depends on the particle energy ([3Yy)
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[f this energy lost can be seen, one can have a 2D (or even 3D) image of the interaction. Through
track topology, one can know the daughters identity.

Moreover, if this energy can be collected, one can reconstruct the energy of the daughters, and
hence fully reconstruct the interacting neutrino kinematics.
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First bubble chambers where equipped with cameras, the pictures were
scanned manually by the scanning ladies.

S Using the Ionization potential
ol BEBCat CERN Bubble Chambers
o PRy e Superheated fluid turns locally to gas (bubbles)

Q) £ [TITTT]1% . . -
Gl M= [l when energy is deposited by a charged tracks : T
o: 1
49

>
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rar ?,-':i.f,'f'fa.é’ﬁ.@ls‘?""ery ot

neutral &%

urrents c
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Using the Ionization potential

Liquid Scintillators

Organic liquid that scintillates when energy is deposited.

In neutrino physics, often used to tag inverse [3-decay interactions

_ey#ce > The positron is quickly captured by an electron
» The neutron is captured later by a catcher-atom

(@)

At

Positron scope

10 15 20
time [us]

Ve discovery !




Using the Ionization potential
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Cathode
Plane
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Liquid Argon TPC

Time Projection Chamber [TPC]

Uses a chamber filled with gas or liquid with an electric field applied across.

Free electrons from ionization are drifting towards the anode plane where they are
collected : that gives a 2D image. The e arrival time provides the 3rd coordinates. The

amount of e~ collected/cm is a handle to retrieve the particle identity/energy.

o el ICARUS experiment in Italy (now in USA)
1] - Vy Interaction -
b Collection view F iy '7P hi
S : 1 H‘ o s R At . WG s i ' _;M’I 5
1 o 0
I'|250 it
L o >
1‘»-«‘,..,,“ Collection view ‘_’ < Induction Il view
£ ,‘;#"/
S W s
o . -
r ol
. Y 3
L, 0.70m i

X wire plane waveforms
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Using the Cherenkov effect

Principle : When a charged particle travels at a speed v higher than the

speed of light in a medium ¢/n it radiates a cone of light :

Cherenkov
Radiation

......

=13

\‘, ', ~"/
L Electron

S |0
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Using the Cherenkov effect SN

~ ‘ Cherenkov

Radiation
Principle : When a charged particle travels at a speed v higher than the BN
o o o o o o : , ’ ". L ".' “|\' ~
speed of light in a medium ¢/n it radiates a cone of light : 3 —Ee
d . ‘e ectron
. . . . R N T C
Cherenkov detectors are widely used in neutrino physics : T cosh = —
ey | n

-> Can use cheap/free medium (ultra pure water, ice, sea) -
-> Use photomultipliers to detect the light, very well known device

-> Can have large volume : bigger volume = more chances to catch a neutrino

-> Ring shape allows particle identification ; ring characteristics (diameter, nb of photons) is

linked to the particle energy => Excellent e/u separation
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Using the Cherenkov effect RN
& ~ ‘ Cherenkov
. ) Radiation
Principle : When a charged particle travels at a speed v higher than the ARG
: y " ‘l “"“\\
speed of light in a medium ¢/n it radiates a cone of light : 3 RERNEES ol
; \ oo ectron
v gl
Cherenkov detectors are widely used in neutrino physics : o /: cos 6 = %
o
-> Can use cheap/free medium (ultra pure water, ice, sea) e

-> Use photomultipliers to detect the light, very well known device
-> Can have large volume : bigger volume = more chances to catch a neutrino
-> Ring shape allows particle identification ; ring characteristics (diameter, nb of photons) is

linked to the particle energy => Excellent e/u separation

Particle identification using ring shape :

From side Ring

muons: *e®nole % Sharp Outer
short track .o......O. Sha long track, W :.:. c.»'? :,';’.‘. Ring with
ol « e % Harp slows down 9,9, 25 o Fuzzy
no multiple ° ° Ring o P0q o 0%e°
scattering < S o2 0® Inner
o........' Region
@
.’:... '. :....:.. .
o @. o
electrons: ¢ e Fuzzy ' e 0.%00® ©
short track, « °o ® e Ring neutral pions: e oo ®  Two
mult. scat., ° . e 2 electron-like o B ‘.... 0® @ Fuzzy
brems. ® egg”e® ° tracks S e . Rings
¢ O ... [o] e® ..
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Solar neutrino flux

Most of 20tk century research focused on nuclear
reactions: radioactivity, fission and fusion.

Among all the consequences, it helped to understand
stellar nucleosynthesis that powers stars.

8!
o
P~
S
S
)
S
S
o
x
&
+J
=
QO
S
=

GRASPA’22
L. ZAMBELLI




8!
o
P~
S
S
)
S
S
o
x
&
+J
=
QO
S
=

GRASPA’22
L. ZAMBELLI

Solar neutrino flux

PP | p+p—*H+et +u,

Most of 20tk century research focused on nuclear

Proton-proton fusion chain in sun-like stars

p+e +p—*H+wv. |Pep

. . o o . . 99.6% 0.4%
reactions: radioactivity, fission and fusion. - lBH
+p — *He +
85% 2 x 107°%
Among all the consequences, it helped to understand He t He o He t 2 157 Hetp o He et i
- (pp-1) 3 e (hep)
stellar nucleosynthesis that powers stars. " Ho + tHe = TBe + 5 !
99.87%

Y

10.13%

"Be| 'Be+e~ — "Li+ 1.

Bahcall made a prediction on the V. flux from the sun [1964] |

Be+p—°B+7y

Li+p— 2*He

Y

B > %Be* +et +1. | 3B

- 1012 — Ga = (] —» Kamiokande
7 T T T T 1171 T T T T T 1T 1 (pp—II)

o
o

P = 6.4 x 10'” v /s /cm”

| i S Ve
- - \‘ -

"
-
'f
-

-
o0

—_
-
'/

.......

happening inside sun’s core.

Flux at 1 AU (cm 2 s IMeV ]) [for lines, cm ’
=
(o

0.1 0.2 0.5 1 2 5 10 20
Neutrino energy (MeV)

Y

SBe* — 2%He

(pp-11I)

........ Neutrinos can escape the sun plasma unaffected.
Detecting those neutrino would prove the fusion chain



A Solar neutrino deficit
® )
—
g '7"— 1012 —a (A }—I* Cl i—’ll(amiokande
N | | 1 1 | | | 1 L L |
N
O 7 1010
~
QY : :
= 108 ':
O T ;
- Z
* ~ _]..2 10° i
& % '
+J T
D S 10t
Q =
~ 7 10
g H 1
Q = 0.1 0.2 0.5 1 2 5 10 20
ﬁ Neutrino energy (MeV)
Solar Neutrino Unit = 10-36 interaction/s/atom
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Solar neutrino deficit

= (] = Kamiokande

1[11]' | | ITIIIII |

Homestake Experiment designed to detect solar neutrinos =

1012
Underground detector observing
Cl to Ar conversion by: ve +°'Cl — *TAr" + e~

-
QO

—_
S
oo

Number of Ar atom in the
chamber was counted every
few weeks with filters

-
. ]

e-"
-
-
L 4
-

————————— -

P—
<

o
oo

Expected :8.2 + 1.8 SNU
Observed : 2.56 + 0.23 SNU ) I —— S
Neutrino energy (MeV)

60% Ve mISSlng Solar Neutrino Unit = 10-36 interaction/s/atom

Flux at 1 AU (cm 2 s IMeV ]) [for lines, cm ‘
=
(=)

2
o
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Solar neutrino deficit

= (] —»= Kamiokande

IIIIII | | IIIIIII |

Homestake Experiment designed to detect solar neutrinos =

n

Underground detector observing
Cl to Ar conversion by: ve +°'Cl — *TAr" + e~

-
o

- s N .

—_
S
oo

Number of Ar atom in the
chamber was counted every
few weeks with filters

-
h S '

|

| |

— e ”'--- i ‘\I
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fd’dfﬁ”'f !

Expected :8.2 + 1.8 SNU
Observed : 2.56 + 0.23 SNU o I —— .
Neutrino energy (MeV)

60% Ve mISSlng Solar Neutrino Unit = 10-36 interaction/s/atom

P
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-
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Flux at 1 AU (cm 2 s IMeV I) [for lines, cm ‘
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The GALLEX and SAGE experiments used
Ga to Ge conversion: v, + 1Ga — Ge+ e~

Expected :127 +12 SNU
GRASPA’22 Observed : 68.1 + 3.8 SNU
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50% V. missing




Solar neutrino deficit

Homestake Experiment designed to detect solar neutrinos

—= (Ga = (] = Kamiokande

Underground detector observing
Cl to Ar conversion by: ve +°'Cl — *TAr" + e~

Number of Ar atom in the
chamber was counted every
few weeks with filters

Expected :8.2 + 1.8 SNU
Observed : 2.56 + 0.23 SNU

Flux at 1 AU (cm 2 s IMeV ]) [for lines, cm 2 g ]]
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The GALLEX and SAGE experiments used observed solar
Ga to Ge conversion : v, + "Ga — "Ge+e” neutrino through
Expected :127 + 12 SNU elastic scattering :
GRASPA22 Observed : 68.1 + 3.8 SNU Ve + € — Ve + e~
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50% V. missing 45% Ve missing

III | | ITIIIII I

- = il
-
- -

- s e .

20

Neutrino energy (MeV)

60% Ve m1531ng Solar Neutrino Unit = 10-36interaction/s/atom

The Kamiokande experiment

Picture of the sun with V.
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8 Atmospheric neutrino deficit
—~
S
= [n parallel, interest in neutrinos from cosmic rays
S
2 — When cosmic rays hit earth, they interact with the
S atmosphere and produce pions and muons
S ¥
= ptatm—m"+... At ground, we expect:
S:J Tt =t Vi:Ve=2:1
QO
=
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Atmospheric neutrino deficit

[n parallel, interest in neutrinos from cosmic rays

— When cosmic rays hit earth, they interact with the
atmosphere and produce pions and muons

2
o5
—)
S
S
W)
~
S
o
S
&
+J
~
QO
~
=

_I_
ptatm—m" +... At ground, we expect:
- -
™ T Vp:Ve=2:1
E— ut—et + v+ 1y,
Kam.(sub-GeV) H-8—H |
Kam.(multi-GeV) H—e—H
IMB-3(sub-GeV) o+
IMB-3(multi-GeV) i .
Frejus ¢ . .
i About 50% VvV missing
Nusex Q
Soudan-2 H—e—H
Super-K(sub-GeV) e '
LA Super-K(multi-GeV) i :
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@ 0 0.5 1 1.5
‘ (/&) gata’ (/€)yc




Understanding the anomalies

o Several hypothesis to explain the anomalies:

- Problems with fluxes computations, experiments

- Neutrino behavior: V-decay, V-decoherence, flavor changing neutral currents, oscillations, ...

o In 1957, Pontecorvo suggested the V=V oscillations, in analogy with K0— K0 mixing

o Principle : Neutrino flavor and mass eigenstates are not superimposed but linked by a 3x3

2
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unitary mixing matrix (the PMNS matrix) :

a = (e, y, T) := Flavor states

|Va E |V@ i =(1, 2, 3) := Mass states
U = PMINS matrix

Where PMNS stands for Pontecorvo-Maki-Nakagawa-Sakata
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(21) — Neutrinos would be massive !




Understanding the anomalies

Simplified 2 flavors case * O is the mixing angle

. . .. . o 0 in 6 . : SRR
The mixing matrix is written as: (V ) = ( o - ) (Vl) Am? is the mass splitting :
V3 —sinf cos@ Vo

Am* = m? — m3
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Understanding the anomalies

Simplified 2 flavors case * O is the mixing angle

. . .. . o 0 in 6 . : SRR
The mixing matrix is written as: (V ) = ( o - ) <V1> Am? is the mass splitting :
V3 —sinf cos@ Vo

Am?* = m7j — m3

With a source Vq at an energy E, the probability to detect a Vg at a distance L is:

8!
o
P~
S
S
)
S
S
o
x
&
+J
=
QO
S
=

: : Am?L * I : source — detector distance
P(vq — vg) = sin®(20) sin” | .
1F - E : neutrino energy
L 1 L _ 1 L 1
E < Am? E  Am?Z E > m?
S [ o \ MM”MMM
Of 2 — L, E can be tuned
£ 0.6- =) .
T 00 3 by experiments to
= 0'4—4 Mass Splitting ‘g measure e, Am?2
0.2 - ®
GRASPA’22 v \/ U u u “
L. ZAMBELLI 0.0+ R ———— .

10! 102 - 103
@ L/E [km/GeV]



Proofs of neutrino oscillations - Solar

SNO (1kton of heavy water) was designed to detect solar
neutrinos through:

O CC interactionsVe+d ? p+p + e
Ve only (V, & Vr don’t have enough energy)

O ES interactions Vx + e = Vy + e-
all flavors

O NC interactions Vx +d = p + n + Vx
all flavors
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8 Proofs of neutrino oscillations - Solar
Fufl ol only detect ve through CC SNO - SNO (1kton of heavy water) was designed to detect solar
= | e B Lo neutrinos through:
@) | o ,0.88io.065 . .
S §f O CCinteractionsVe+d 2 p+p+e
S 007 o s Ve only (V, & Vr don’t have enough energy)
Q 2.5623220 0.30+0.02 o .
c = > - O ES interactions Vx + e = Vi + e
‘r— SAGE GALLEX
R o I =« all flavors
L o o e Go | 00 Do
3 W "Be W PP, pPEpP EXper‘imentS [ | O NC lnteraCthnS VX + d _’ P + n + VX
Q') Theory 58 WM CNO Uncertainties
N all flavors
VL
P . b
ﬁ 5 SNO measured the ratio: —<< = (.34 + 0.023(stat.) 05
S (I)N C .
=

And showed that the total flux of solar neutrino is
compatible with the solar standard model

S = N W B, U N Jd OO
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GRASPA’22
L. ZAMBELLI

0. (106 cmZsh

-)
-
9
-
N
)
@)

SNO proved that neutrino change flavors




Proofs of neutrino oscillations - Atmospheric

Super-Kamiokande measured the atmospheric

Ve and V, energy as a function of cosf < L
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Proofs of neutrino oscillations - Atmospheric

Super-Kamiokande measured the atmospheric

Ve and V, energy as a function of cosf < L

T Sub-GeV e-like l T Sub-GeV u-like l

47, .
Afo&p&@ ~~~~
Rpy e

For v.:
As predicted for all directions
and energy

- - - Prediction
=
Z 150 ® Data

8!
o
P~
S
S
)
S
S
o
x
&
+J
=
QO
S
=

 Multi-GeV u-like + PC For Vi e

Loss of upwards v, (L ~ 104 km)

++EF1+._+ As expected for downwards vV,
"1 (L~10km)
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L. ZAMBELLI

)




Proofs of neutrino oscillations - Atmospheric

Super-Kamiokande measured the atmospheric

Ve and V, energy as a function of cosf < L

1'8_ L - — Oscillation fit
1.6F Super-Kamiokande I-1V 4 |® Data(vy)

[ 290 kt y 1 |---Vdecay prediction
1.4 - e « « V decoherence

2
o
P~
S
S
W)
S
S
o
x
&
+J
S
QO
S
=

Data/Prediction (null oscillation)

1 10 10 10 10
L/E (km/GeV)
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Super-Kamiokande proved that v, disappear as a function of L/E (possibly into v




Proofs of neutrino oscillations - Reactors

0 I 2 3 4 5 6 7 8 9 10
Ve Energy (MeV ]

2
Q
- N
{ ~
< gf_fm_f‘f> Kamland experiment in Japan measured the V.
g JA flux from 53 nuclear reactors (Lmean ~ 180 km)
o) /;,
: ol g e
- - fgmwgfi%;’ 2 N 1 Reactor Ve spectrum
‘e~ ~‘:'¢-.-‘Gv — B i
'~ y < 2 7 up to ~10 MeV
) - — Flux -
> o — Cross Section}  -> Cannot measure
Q) 13_ — Measured §
. : | appearance of new
Q 03 7 flavors
. S *
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Proofs of neutrino oscillations - Reactors
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0.8

Ratio

0.6

0.4

GRASPA22
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A

— F) : .

n 2.6 M?V prompt ¢  KamLAND data
5 analysis threshold - ___ .0 ¢ oscillation
- . .

n P best-it decay

m ; best-fit decoherence
. P ¢ T :

s R G f ;

| T
— e .
N :

il | A EPETETE I PE |

40 50

60 70 80

L/E; (km/MeV)

<J\J

Fomut |

(O8]

§
2
Fe
Arb. Units
(\®)

2F it

- — Flux :
L5 - — Cross Section |
13_ — Measured §
0.5 —
0:' N e ’

0 1 2 3 4 5 6 7 8 9 10
Ve Energy (MeV ]

- First results -

&“-—J/} Kamland experiment in Japan measured the V.
8 flux from 53 nuclear reactors (Lmean ~ 180 km)

Reactor V. spectrum
up to ~10 MeV

-> Cannot measure
appearance of new
flavors

O Rejection of the V-decay and V-decoherence hypotheses

O V-oscillation preferred



Proofs of neutrino oscillations

D

{é\fy Kamland experiment in Japan measured the V.
;5\ flux from 53 nuclear reactors (Lmean ~ 180 km)

ndai & 3_ ........................................ ]
= -
,:7} 2 2R 71 Reactor V. spectrum
— = Bl
< 2 1 up to ~10 MeV
: — Flux -
L3 — Cross Section i -> Cannot measure
e — Measured [
: | appearance of new
0SE 1 flavors
Ol L L T i .

: 0 1 2 3 4 5 6 7 8 9 10
15 Ve Energy [MeV ]
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(0.8

- Final results -

0.6

o - O Very clear L/E pattern

047 , , _
; O Can see the disappearance dip, and re-appearance of V. !

GRASPA’22 | —— 3-v best-fit oscillation ®- Data - BG - Geo ¥,
- — {
tre N T TN TN TNV TR T NP KAMLAND proved that V. oscillates !
20 30 40 50 60 70 80 90 100

Ly/E_ (km/MeV)

Survival Probability
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Oscillations with 3 flavors

The PMNS 3x3 unitary mixing matrix can be written as :

Atmospheric  Reactor/Accelerator Solar
Ve 1 0 0 C13 0 8136_7’5 C19 s1o 0 %1 Sij = sin b;;
Vy | = 0 C93 S93 0 | 1 0 —S19 cC12 0O %) Ci; — COS eij
U+ 0 —S93 o3 —813625 0 C13 0 0 1 V3 Am?j = m7 — m?

There are 3 mass splittings : Ams,, Amz,, Amz,

~
o~
4
S
—
QO
2
O
O
G
A
45
~
=

But only two are relevant, since : Amj, + Amszs 4+ Ams; =0

[n the 3 v-flavor case, the oscillation phenomena is described by:

O 3 mixing angles: B12, 023 and 013

o 2 mass splittings: Am?271 = Am?1and Am?231 = Am?,m,

O 1 CP violation phase O

GRASPA’22
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S Oscillations with 3 flavors in vacuum
=
S 2
':. . ?L
O The oscillation probability is written as:  P(vy — v5) = |(v5(L)|va)|? = Z Ugje '35
72!
)
o~
e As we have 2 mass splittings, we have 2 oscillation frequencies interfering :
~
=
1.0 - Current Oscillation Parameters
Normal Hierarchy assumed
0.8 - 1/Amsol
g’ 0.64 —— 1n vacuum
2
T 0.4-
0.2
GRASPA’22 OO : : ' e :
L. ZAMBELLI 1 01 1 02 1 03

D

L/E [km/GeV]



Oscillations with 3 flavors in matter

When neutrinos propagates in matter, the oscillations probabilities are modified

All neutrinos Ve only

The e-type neutrinos have an extra § | ; .
interaction potential with electrons
through charged current i "
e /q e /q e~ Ve

Even earth crust has an impact on neutrino oscillation (denser matter -> stronger effect)

~
o~
4
S
—
QO
2
O
O
G
A
45
~
=

1.0 - Current Oscillation Parameters
Normal Hierarchy assumed
0.8 - |
— — 111 vacuuin
) .
? 0.64 —— 1n matter
=
T 0.4
2
0.2 1/ Ainatm
GRASPA’22 0 0 : ' , . ' , I
L. ZAMBELLI ' 101 102 103
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S Oscillations parameters
g Values of the oscillation parameters as of July 2022 :
S Tloee
=~ 1o = 33.4510-77 o Oscillations in vacuum are not
. Ory = 421741 sensitive to the sign of Am?
S _ +0.12 o Matter effects helps to determine
013 = 8.6210-12 ot
m? sign:
S Am2, = Amd, = TA2H)2 X 1075 oV 5
' * my > mj from solar v
S A2, | = |Am2,| = 251070927 x 1073 eV? 27 ‘
"S » Not yet resolved for m3
=
Ve survival in vacuum Ve survival in matter Solar V. flux measurement
1 W 1 1E
E) Be E’ VBe % 0..6%— | o
T os |- / 0 05_\ 4 FosE e i
- - el E >/ Y E o mmmy e
| / \ - 0.25— : %DBEP_ -SI?(()) r:;;:-: o+ Borexino
GRASPA’22 U | | | \ 2 °-1§_ . M]::W-Lﬁo P-::‘esdlflction
L. ZAMBELLI 0.1 1 10 01 10 501 L1 | ! L]

|
. 1 1 10
@ E, (MeV) E, (MeV) E, [MeV]



Oscillations parameters

Normal Ordering Inverted Ordering

~
o~
4
S
—
QO
2
O
O
G
A
45
~
=

Am?2, . = Am?2, = +2.5107005¢ x 1073 eV?2 | -2.49075028 x 1073 eV?
. Ve - Yy . Vr
Three unknowns of neutrino oscillations :
m3 L — . ms
~7.5X10 PeV?2 . .
Atmospheric T L » Mass Hierarchy : Normal or inverted ?
~2.5X10 " 3eV?2
Atmospheric
2 ~2.5X10 " 3eV?2 o °
moT - __5 ] e 023 octant : B6y5< 45° or B3> 45°?
m% iiN’T.SXlO e\; I:: m%
? ? —
crsi2: (N | | ) « Ocp : Do V behaves as vV ?
L. ZAMBELLI

Normal Inverted
Ordering Ordering






Principle for precision measurement

v source |—---—-—Ho-—-o—v———| Detector

Requirements :
- At L/E for oscillation

- Able to distinguish e/p/T
- Energy reconstruction
- Big and/or dense

Requirements :

- Powerful source

- Initial location known

- Initial flavor content known

- Initial energy spectrum known
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Experiments Using Reactors

Continuous powerful emission of V.

LT
INIERRERRRINRIR s

Energy spectrum from 2 to 8 MeV

o Cannot tag new flavor appearance (V, or V1)
o Only the disappearance measurement is possible

L ~ 1 km to be at atmospheric oscillation
o Considered to be in vacuum, the 2 flavor approximation

is valid. No sensitivity to Ocp or MH

L ~ 50 km to be at solar oscillation
o Study of the interference between the 2 oscillations gives
sensitivity to MH [JUNO experiment]

—— Flux I
:'é ---- (Cross section
- —— Spectrum
Q
<
1.00 -
\ L =1.5km S
— \ T
2 0.95- \ e
N \ e
&, \\,,/ ——— Normal Hierarchy
0.90 - ---- Inverted Hierarchy
0.8 - , ,‘\"/
‘ L = 50 km ) N/ <
"0 0.6 - \ N
l? “ ,\\jN
S 0.4 - \ /
= U | ~
a " !
- \ .«,ﬁ‘
0.2 \%Mﬂ’
0 2 4 6 8 10



Experiments Using Accelerators

Deaay_puoe Dump Near Detector Far Detector
v R
Beam _Larget ' I
....................................................... 22 22
— O( ——— O(100m) —— O(5bm) — at £ << 75 —— at £ = 1> —

Principle :

» Accelerated proton collides into a target, produces mostly 11+.

» Pions main decay channel (99%) : @ — u + v,

A. Schukraft, G. Zeller
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* Focussing horns to select ni+ (v, flux) or n- (v, flux)

—
N
I LI

—
LI LI

« A near detector to measure the flux before oscillations

© o o
H O O
rjprrrjprrirji

« A far detector at the L/E to observe oscillations

GRASPA’22

28 -V beamline parameters tuned for optimal E

O
o_N
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v cross section / E, (1 0% cm?/ GeV)




Experiments Using Accelerators

Three Channels possible (same for Vv,):

O V™V

- No CP violation : P(wu = vu) = P(v, — 1)

- Negligible matter effects

O Vu Ve : The Golden Channel
- Very sensitive to CP
- Very sensitive to MH with matter
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- Very sensitive to 623 octant

- Similar discovery potential as V. appearance but:

GRASPA’22

L ZaviseLs mr = 1.7 GeV, cTr = 87 ym and T* have hundreds of complicated decay channels




Experiments Using Accelerators

L/E =1/Am?, in vacuum

—— Normal Hierarchy
—— Inverted Hierarchy

Ocp= —90°

Ocp=90°
bcp=180°

Yo
<
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® )
4
Q)
)
P—
* r~
O
Vo
O 0.07 -
®)
'S 0.00 -
o :
S |
Q:J . 0.05 -
Ny >
=\ =20.04-
h@ &
S
0.03 -
N
=+
0.02 - O
&3
0.01 -
GRASPA’22 O.bl

L. ZAMBELLI

0.02 0.03 0.04 0.05
P(v,—Ve)

0.06

0.07




10NS

[lat

1N0 0SCl

_
+J
>
QU
N
=\

By
>
+J

N

GRASPA’22
L. ZAMBELLI

Experiments Using Accelerators

0.07 1

0.06 -

0.05-
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|33' 004: |
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0.01 -

L/E = 1/Am?, in vacuum

& O ar

—— Normal Hierarchy -
—— Inverted Hierarchy ——-

Ocp=90°
GCP =180°

0.01

0.02 0.03 0.04 0.05 0.06
P(v,—Ve)

0.07




Experiments Using Accelerators
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L = 250 km, E = 0.6 GeV, in matter

& O ar

—— Normal Hierarchy s
—— Inverted Hierarchy

Ocp=90°
5CP =180°
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0.04 0.05 0.06
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<P Experiments Using Accelerators
@
® )
+J
Q)
M—) ]
oo LL=1000 km, E = 2.5 GeV in matter
O
W —— Normal Hierarchy - 0<45°
O 0.07- — Inverted Hierarchy ——- 6>45°
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Current V accelerator experiments

Ash River

& T2K in Japan

Kamiokaa; } Since 2010, L = 295 km. E = 0.6 GeV ‘A
Z@ fokai Equa]. V a].’ld \_/ Yumns ermﬂab

” Near detector is a gaseous TPC
Far detector is Super-Kamiokande

NOVA in the US

Since 2013, L =810 km, E = 2 GeV

Equal v and V runs
Near and Far detectors are plastic
scintillators

INGRID

(on-axis) ﬁ\
/\%
Magne 295 km

vV Source |-

15.5 M

Super
Kamiokande
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<@ Current V accelerator experiments
@)
.E .
= T2K in Japan NOVA in the US
|
P—
®
O
= NOVA Preliminary
1 1 1 | | | I 1 | | I | 1 1 I 1 | | I |
60 — —
O T2K Runl-10 Preliminary NOVA FD20 :
: 8 T rfrrrryjrrrryrrrryrrrryrrrr|rr1ror T[T E 5 13.60)(10 POT_eqL"v (V) )
Nl § 24— . 68% syst err. at best-fit — S | 12.50x10% POT V) )
S = - v Best-fit - Q )
+J g 22— .‘tgzzu —o—- Data (68% staterr.) — — O 50 — —
= K | : o} ~
S ERR T E E | :
: T') 18 :_ _: 8 - }
O . - £ 401 -
>\ "8 - - "E - .
h@ g 16 - © I .
~ = - n (;, - ]
4c73’ £ M E € 30| :
= - O 8.,=m - — o
o - —sin’8,;= 045,050,055, 0.60 CP - - @t N -
§ 12 - — Am3223- 2.49x10 eV2 ; gcp B (-)m/2 - Q>> - A9
- _ 2 = - — - -
< 1o Am?, = -2.46x10" eV S 6§:= ) - S| ]
I [ T T TN N T U TN TN TN NN W N U SO NN N TN HO R M N SN RN B AN A B B BN O 20 - &0‘ —
50 60 70 80 90 100 110 120 = S50 8gp=0  ® dpp=n/2 ]
Neutrino mode e-like candidates :Dl Ocp= T | " Ocp= ?“/2 1* 202(,) best fit | ]
GRASPA’22 20 40 60 80 100 120
L, ZAMBELLI Total events - neutrino beam
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<@ Current V accelerator experiments

s
= T2K in Japan NOVA in the US

—

E . T2k Run 1-10 Freliiminary NOVA FD  13.6x10%° POT equiv v + 12.5x10%° POT ¥
g < 25 C ___ Normal ordering E E | " ___NH Lower octant E
@) 205_ Inverted ordering _f ’6 4 :— SO . f :\I|-IHLUPPGI' octant —:
= - oL - —~ [ . \ ower octant :

T o o0% oL - 3 af." — IH Upper octant -
45 - [ N % I ' 1
QL 10 '— - HC__J 2—_ S 7
= ; : 'c T \ -

- - m - -
sk D PP . -

%\ N N 1 ' IR S
: O‘ | | : P ;
‘lh) -3 -2 -1 0 1 2 3 O === ol | |, "

9 8cp 0 T T 3 21

2 5 2
CP
oSlight preference for Normal Hierarchy oPrefers Normal Hierarchy at 1.00
o 00cpr = (0, m) excluded at 95% C.L. for both MH oExclude Ocp = /2 + IH at >30

L. ZAMBELLI

oLarge range around Ocp = +71/2 excluded at 30 OExclude Ocp = 3n1/2 + NH at 20




Future V accelerator experiments

T2HK in Japan DUNE in the US
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e 1.=300km_ E ~ 0.6 GeV « L=1300 km, E ~ 1-3 GeV

» 260 kt water Cherenkov detector + 40 kt liquid argon TPC detector

+ Proven and scalable technology » 3D imaging with high granularity for precise
» Excellent e-p ring separation tracking

. Little R&D foreseen » Low energy threshold (~10s MeV)

» Only low energy beam possible (< 1 GeV) + Important R&D efforts ongoing :

Scalability, Engineering
GRASPA’22
L. ZAMBELLI

Both planning of starting data taking in ~2026
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DUNE in the US

4 modules of 60x12x12 m3 each

Inside DUNE prototype (6x6x6 m3) at CERN

-> Future

' 3
VR

; <
.ﬂ...u. e i "
4 ¥
i ! &
| | ) N
i ) B e
3 b RN )
, ‘ B ). A i 2
g .‘ 7 ey > S i
Rt - .16 g , X
| i 2
X
L . 4
i y o'
« = L 4 s '
! » . 4 » \
5 " e
% ? :
, -~
»

ﬁq.ﬁawiﬁwm . PR AL

Diafneter.74rii ;

T2HK in Japan

\.
1% :
S e W g
g
. o .-4 v ’v _
.-& g b
..c.. $ N .Mn.(, u
o ey
R

Future V accelerator experiments
Notre-Dame will fit inside Hyper-Kamiokande !
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Future V accelerator experiments

T2HK in Japan

g Atm + Beam (True Normal) sllfe”-o.ﬂ

»
1

—@— Atm + Beam (True Normal) sirf6,,=0.5

—— Atm + Beam (True Normal) sirf6,,=0.6

g Atmi + Beam (True Inverted) sln'e”-o.ll
5 —@— Atm + Beam (True Inverted) sirfo_,=0.5
—— Atm + Beam (True Inverted) dl?en-o.ﬁ

T

\/Ax? Wrong Hierarchy Rejection
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detector
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Density (g/cm’

Ll
1

6 F § 8 9
Running Time (Years)

In the ideal case of Ocp = -11/2
O DUNE will resolve the MH at 50 in ~1.5y

DUNE in the US

-~ DUNE Sensitivity

- All Systematics

_ Normal Ordering

- sin?26,, = 0.088 + 0.003

- sin0,,: NuFIT 4.0 90% C.L.

. Ocp = -1/2

. 100% of 5, values

— — N
(=) N (=
1 T 111 T 1 11 11

0N
U L

Wrong Hierarchy rejection (1/ Ay?)

° —

0 50 100 150 200 250 300 350 400 450 500
Exposure (kt-MW-years)

[3y to exclude the wrong MH for any Ocp value]
o T2HK itself do not have a lot of sensitivity

[can reach 50 in 10y with beam + atmospheric V]

DUNE default operation :
40 kton of LAr staged
Beam power at 1.2 ~ 2.4 MW

ktesMW.yr Staged years
30 1.2
100 3.1
200 5.2
336 7
624 10
1104 15



Future V accelerator experiments

T2HK in Japan DUNE in the US

10 rrrr———————————————————————————————————— _ DUNE Sensitivity 7 years (staged)
‘ i - All Systematics 10 years (staged)
~
: Normal hierarchy . Q 10}—Normal Ordering e Medlian of Throws
CG; 10 y at 1.3MW KnOwn maSS Ordenng ‘ %ﬁ - sin22613 = 0.088 + 0.003 1o: Variations of
- 2018 T2K i - | - 2 statistics, systematics,
4 : [ e systematics (CXtemal ConStral nt) ' — 0.4 <sin 923 <0.6 and oscillation parameters
’ p— : < ~ -
N’ i g 8 _
o | o [
6 | .
S Atm 5 F
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~ ” : I Y I, 5L | S——
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@ e R e

-10r 087 -05n -0.2« 0.07 0.27 0.57 0.87 1.07 0

dcp -1 -0.8-0.6 -0.4-0.2 0.2 04 06 08 1
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Ocp/Tt

[n 10 years of operation, if the MH is known:

O DUNE can exclude O¢cp = (0, 1) for 50% of Ocp values
0 T2HK can reach 50 for 60% of Ocp values

GRASPA’22
L. ZAMBELLI




WA

»

G
5

A

i I
»

CEEE




s
~
=
2
~
P
O
~
@)
O

GRASPA’22
L. ZAMBELLI

&

Neutrinos oscillates :

O Ve, VIJ_, VT * V]_, V2, V3

CKM PMNS
o Two oscillation frequencies: d s b Vi,
fast (solar) and slow (atmospheric) u = .

o Neutrinos mix a lot more than quarks c

o In the next decade(s), all parameters measured:

- matter/anti-matter asymmetry in the leptonic sector
- neutrino mass ordering
o Neutrinos are massive - and it raises many other questions !
» What mass ?

» Mass mechanism ?
» Could there be other neutrinos ?



Neutrino absolute mass ? KATRIN experiment in Germany

Look at the end-point of the B spectrum

b rare cases were the e- takes most of the available energy

1.10° ~ *M\I:stallation of KATRIN experiment
Last eV has only 2x10-13 sy

fraction of events
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Intensity (count rate, arbitrary units)

108 AE=1.0 eV — T T
210 |- &) } KATRIN data with 1 o errorbars x 50 |
\ ~ — Fit result
0-10° . 1 %10 ;
18.598 18.599 N~
s | KATRIN - Sept. 2019
0-10 ° ! 1 . 1 1 1 . | 1 : s ) . R
0 2 4 6 8 10 12 14 16 18 £ ol ] Cur}’ent Zlmlt .
Energy [keV] 8 107
— i mye £ 1.1 eV at 90% CL
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cé How neutrinos get massive ? BB0V experiments (SuperNEMO, CUORE, SNO+)
a O The Dirac way 0 The Majorana way
NS Through Higgs coupling No distinction betweenVandV vy = Crpi =1v¢
§ Need a sterile right handed v Mass given. by seesaw mechanism - M3 « Dirac term
& LD — _mp(DryL + DLvR) Need massive neutrinos MR« Verybig
mp = —Y, « ~ 1012 (why?)

V2

[Double beta decay]

— Only one way to prove that neutrino are Majorana particles :

Double 3 decay with no neutrino emission

o B2V is very rare (half life ~1018 - 1024 y)
o 3ROV is forbidden in SM

w— Two Neutrino Spectrum
w— Zero Neutrino Spectrum
1% resolution
M2v)=100* 1(0V)

b Jepton number violated by 2 units

: Very clean

experimental
signature

Double beta decay
which emits anti-neutrinos

GRASPA’22

L. ZAMBELLI

Neutrinoless e . . . ,
double beta decay 0.0 0.5 1.0 1.5 20

Sum Energy for the Two Electrons (MeV)




Only 3 Neutrinos ? STEREO, SOLID, PROSPECT,...
:':i”l o1 PhysRev.D83(2011) 073006 | A yevised reactor Ve flux analysis showed

- =

that all past vV experiments had a ~6%
deficit at small distances (30)
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-> Problem with reactor flux ?
-> Existence of a sterile neutrinos ?

e
N
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Observed/Predicted Ratio
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(@)] (o o)

— ~ — -No oscillation
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0.5 With oscillations (3 active v's + 1 sterile v) [,atest results from STEREO
B T Experiments | | | |
0.41111 L 1L s = EEE | S A L i L L L L 101 | L=‘
10’ 10’ 10° 10° 10° 10° 10° |
Reactor To Detector Distance (m) '
. . . . . | NBEL )
- Sterile because this neutrino cannot interact with weak force: 5 n <
. . .. | =l L x
it would be invisible < R =S~
. . . . ) | |
- But all 4 neutrinos could oscillate within each others R =
=
— New mass splitting and new mixing angle R ‘E
*  RAA Best-fit {
| STEREO (179 days reactor-on): \\
. = Exclusion Sensitivity: 95% C.L. \
100 Best fit parameters of reactor anomaly: |sin2(20) ~ 0.15 .| == Exclusion: 95% C.L. - N
L. ZAMBELLI 10 1 ~ ]
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On February 23rd 87, as

Neutrino Astronomy: ICECUBE, KM3NET

SRR O Unlike protons & gammas, neutrinos points to their
P . '// o 2
sources
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ﬁpéoa exploded in the large magellan cloud (170 000 1.y.)

3h before the light signal, three neutrino detectors observed a

large number of events in a very short time (24 events in 13s) e
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0 99% of the SN energy is released as

neutrinos

O 1st case of neutrino astronomy and

z 904; ua -

g e : .

5 o | = multi-messenger

I oA | ::

: 1 o all v experiments waiting for next
-20

(UTO7 35352/23'87)
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Neutrino Astronomy: ICECUBE, KM3NET
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IR B O Unlike protons & gammas, neutrinos points to their
i 7 r
sources
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2 0 No GZK threshold : can probe far away objects

VERITAS

On September 22712017 : Simultaneous light & neutrino
detection from the TXS 0506+056 blazar (30, Ey = 290 TeV)

(blazar = Active Galactic Nucleus with one jet pointing to earth)

st =
O 1st case of planned multi-messenger astronomy g [CECURE

o Confirmed that blazar emits neutrinos
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