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Neutrino Physics in the past 20 years
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ﬁ\pparently not a great record (but have a look to the greatly increased precision). )

So why several thousands of physicists are joining next generation long baseline experiments,
which are among the priorities in hep in many countries (Italy included)?

KLet(‘)s have a cl oser | ook to the achievemey
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Major achievements in neutrino oscillations

-

Bef or edet¢idnf Solar Neutrinos (Homestake ) and detection
of SuperNova neutrinos (Kamiokande ), awarded with the 2002 Nobel
Prize to Ray Davis and Masatoshi Koshiba dfor pioneering contributions

Low energy neutrino astronomy remains a pilla
of the physics case of the far detectors of Lor|g
Baseline neutrino experiments

.

to astrophysics, in particular for the detection of cosmic neutrinos

S

At the same conferenc&hoozreported no
evidence of reactor [disappearance while
MACRQeported a ~2.5 signal of

\
1998: Super-Kamiokande discoveries neutrino oscillations by
studying atmospheric neutrinos. Awarded with the 2015 Nobel Prize

to Takaaki Kajita "for the discovery of neutrino oscillations, which shows

atmospheric neutrino oscillation that neutrinos have mass
WV
_ _ _ GalleXGNOat LNGS had provided a model
2002: SNO provides a model independent signature of solar dependent evidence of solar neutrino
neutrinos oscillations. Art McDonald shares the 2015 Nobel prize. disappearance

|
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T2Kand thenDoubleChoozreported early
indications of noreeroq,; values

|

- 2012: the reactor experiments Daya Bay and RENO provide the h

first observation of a non-zero value of q,5. Awarded with the EPS-
HEP prize in 2023. For a longer discussion of the ;5 saga you can
read the long citation of the prize. SK, SNO, Kamland, Daya Bay

\_ and T2K awarded with the Breakthrough prize 2016 -/



https://eps-hepp.web.cern.ch/eps-hepp/PrizeAnnouncements/hep2023/EPS_HEPP2023_long.pdf
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Ray Davis 1990

M. Koshiba 1988

T. Kajita was here in 2007 and 2009, but thi
picture is taken in 2016 when he received a
Laurea Honoris Causa by Padova Universit




Why neutrino oscillations matter

Neutrino oscillationsA, neutrinos are massivelm?r n v I

Intwo n generations {,b flavor, i,j mass eigenstates):
ay 0 Qa
0 "0Qw
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I In the Standard Model neutrinos ameassless |

A Absence of righhanded neutrinos no Dirac mass for
neutrinos

A Lepton number is an accidental symmetry at teaormalizable

level A given SM fields and gauge symmetry, lepton number

cannot be violated at dimensionAl no Majoranamass can be
generated

New physics is required to give mass to neutrinos I

A Neutrino masses are only parameter measurable
both by hep and cosmology
A A crucial test of consistency

Standard model of

Standard model of particle cosmology

physics

dzi X
Cosmology measures d
Double beta decay measures ‘ Y a

Direct searches measure

Tosingle outindividualneutrino masseyou needto
measureneutrino massordering




What do neutrino oscillations still have to say abouhasses?

Neutrino oscillations cannot measure absolute neutrino masses
but can determine their pattern by measurimgutrino mass
ordering (NMO) and theoctant of g,5 (which decides ih; is mostly
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Neutrino mass orderingnormal (NO) or inverted (10),
measurable by Long Baseline experiments (t 1

— ordering already decided by solar oscillations)

Theneutrino mixingis also very different from quarks
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From T. Schwetz talk at ERSP 2021
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Whyq,; matters

knowing theg,;value:

A fi s medvdlue (62) would have made
conventional neutrino superbeams (the same
neutrino beams of the '70s + brute force) useless:
need for new concepts as neutrino factories or beta
beams. Neutrino mass ordering searches would
have been almost impossible.

No way to decidenext generation LBL strategy Wim

_

0i3 @s measured viaf
disappearance by reactor
experiments breaks amny ;-
dcp degeneracy in LBL
experiments and greatly
improves their sensitivity

———

+ Best fit [PDG 0,
e 68% — 90%
e —TKonly  — T2K+PDG 6,

L 40
sin‘

T2K:Eur.Phys.J.83 (2023) 9, my

TheJarlskognvariant in neutrino oscillations:
b LI CHP viR CHTRL viR fhePy o vios
has a maximum value about three orders of magnitude bigger

than the invariant in the quark sector
J(max)=08 tp T

. Granelli, Pascoli, Petcov,
Juark= 0 tp T Phys.Rev.D 108 (2023) 10, L 101302

Normal Ordering, § = 37/2

opening the possibility of e
a role of neutrino
oscillations in explaining
the matter-antimatter
asymmetryin the
Universe through Senslmo! FC@e

Leptogenesis o m e o 4, Uy
M; (GeV)

Parameter space of viable leptogenesis

with CP violation coming only from S¢p

=

010 (AM/M;)
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Three generations of Long Baseline Experiments

Long baseline experiments produce intemgg’ [) beams and detect them at the Subleadingn, appearanceformula
maximum of atmospheric oscillations. )
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Disappearancdéormula m2,L N
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Super-K
Detector

First GenerationK2Kin Japan, aimed toonfirm the Super
Kamiokandeesults with accelerator neutrinos by detecting
disappearance.

Second GeneratiorMinosin the Statest{,,disappearance) and
Operaat CNGS( appearance), aimed tnprove the Super P
Kamiokandeesults.

Third Generation T2Kin Japan andNOvAin the States. Sensitive to

sgblegdir_lgorocesses,_ aimed tmeasureq;; andconstrain CP A SN S S
violation in the leptonic sector. l 295 km —




$in*20,,= 1.0
sin’20,,=0.1
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T2 The T2K experiment

] + r: Il
T T

A T2K: Tokai t&kamioka(295 km baseline)

: : - — NH,8,=0 —-TH8,=0 -

A Running since 2010 : NHGSgea2  — Hbgem2 ]
A ~575 members, 75 Institutes, 14 countries P o
A -

A First indication ofy5r' 1
A Precise measurements of tl@@moshperic

parametersg,s and Di & goay
A Constrain the CP violation phadg- < ]
A Neutrino crosssection measurements T manmanta § s N
accelerator| (<] i
0 0
Far detector 0 1 2 3
: E, (GeV)
N (Super-K) v
— . A 280m 29|5km\ 26 te 3
sk e Off-Axis (OA)'O
181 MeV LINAC : :
e ’U':’:;ﬁ - N Electronics hut
. 3 e . Control room

LINAC for
calibration

41.4m

Water and air

purification system
1,000 m under the Ikenoyama-Mt.
50 kton of pure water

Pure water

target 22.5 kton of fiducial mass

forvand | W ~11,100 inner detector (ID) PMTs (20”)
p decay 1,885 outer detector (OD) PMTs (8”)

direction/particle ID based on pattern

39.3m
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The different contours correspond to the t\mhmensmnal aIIOVYeNuFIT 6. Q 2024 |
N.BEIAzy'a Fad w2 m: H X Az

Present status of neutrino oscillatio
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g:fsgr?‘l’r? f;‘sdei‘;‘?\l%resu'ts aboutcr /ANull CP violation disfavored at sllghtly\s> 24% ________________________________ =T
than Z (NO) or almost 3 (10) g B ;’[{) """""""""""""""""""" -
il ANormal Ordering slightly preferred w8, F

ATheq,; octant unstable in the global fits | <
AOscillation parameters measured with a p% #° £ Atmospheric parameters
\precision or better Y. o0

Atmospheric parameters as measured by different 270
long-baseline and atmospheric experiments.
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Main goals of next gen experiments: Dune, Hykeduno, atmospherics

CP violation : 5s sensitivity for the widest possible range (v 1  of dp values

Mass Ordering : decide between Normal and Inverted Ordering at 5s

Precision physics /Exotics: challenge the Standard Model (next slide)

Astrophysics : the gigantic far detectors are excellent observatories for rare decays and astrophysical
measurements
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For instance by studying namitary leptonicmixing matrixes (LMM)
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lo Current: Joint Fit uture: Joint Fit
Er— Future: Disappearance, Appearance
90% ne N L
3n /2 99%
g oF £ op
T
ok Ml _gfzgi;; prs + s = gjﬂgd Anotherway tovisualize
8 ! l " S | (27 possiblechecks with
Clurcent A —% =4 0 = 8. =10 =5 0 5 10 future sensitivities
- i P23 _ ‘
0 Future 1 , | FromPhys.Rev.002 (2020) 11, 115027. Ellis, Kelly, Li, [HEP 12 (2020) 068
0.3 0.4 0.5 0.6 0.7 Data are simulated Withanemnitary LMM, bt 1 T T T TTI17 UL R T
) B (== see—r. Fu
sin® o3 analyzed assuming it is. RIS T | Iy N B ) S ture
Current and future fit to atmospheric and CP _1_)_11121::_1_3,1 _\X
oscillation variables, assuming as true value the 0.7 ~IceCube P, =
best fit of present data. | T2K/NOvA__| T
FromPhys.Rev.[02 (2020) 11, 115027.. Other exotic searches B P, TN £
. ; ~ 0.5 — -
A Non Standard neutrino Interactions & [
A Neutrino decays Dy oy '
A Heavy neutrino decays 025—Current = o smmmmmee -
A Lorentz and CPT violations 3_3%_%_8@?35? """""""""" DUNE/T2HK P,
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Jiangmen Underground Neutrino Observatory, China, dete¢f{idgsappearance at reactors.
Liquid Scintillator Detectors

Target Energy = ' .'
mass resolution (o)  Photo coverage: 78%

1600 p.e./
&V - ~".{;'\( o

Daya Bay 20 ton 8%:/JE
Borexino 300 ton 5%/JE
KamLAND 1000 ton 6%/E

JUNO 20 000 ton 3%/|E

74 institutes (8 INFN)
17 countries/regions
~700 collaborators

Signalrates

Neutrino source Expected signal
Reactor 45 evts / day
Supernova burst 104 evts at 10 kpc
Diffuse supernova background 2-4 evts/ year
Sun 8B ("Be) 16 (490) / day
Cosmic rays 100+ / year
Earth crust & mantle 400 / year




Arbitrary units, [MeV~']

Oscillation probability
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Detect for the first time solar and atmospheric oscillation modes simultaneously
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Sensitivitto NMO vs DAQ time

Reactor V, signal IBD event number (x103)
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-- NO: stat. only 1 F
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SE%

[ Parameter shift: ]
+30 of PDG2020
I —30 of PDG2020
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JUNO and TAO DAQ time [years] <EJ

5in2 912 :—
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Neutrino energy [MeV]

TomeasureNMO: decideif the
oscillationpattern corresponddo the
blue or to the red curveRequiresigh
statisticsandextremecontrol of the
energy scale.

Expecteds sensitivityin 7.1years

Relative Precision [%]
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From thedetectedspectrumis possibleto
extractseveraloscillationparameter<

€ whose accuracy will exceed
present values
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102 103 104

JUNO data taking time [days]

Chin. Phys. C, 123001 (2022)



2016 and 2020 ESFRI Roadmap

KM3NeT4RR: KM3NeT for Next Generation EU (PNRR)

14 countries, 47 institutions, ~ 3@@llaborators

Status:
ARCA: 33 Dteployed
ORCA: 24 DUeployed

. - 0 A .

(@

Optical Sensor ,
(DOM): :
31PMTY3") -

FFFFFF
Romania

Italy - Bulgaria

AR CA (Astroparticle Research with Cosmics in the
ADbyss) %om

Depth D3500 m

Two blocks of 115 DU each (130 func
Average distance between DUD90
Vertical distance between DOMs D36 m

w

ORCA (Oscillation Research with Cosmics in the
Abyss) AP

23m

Depth D2500 m

One block of 115 DU (50 funded)
Average distance between DU D20 m
Average vertical distance b tw DOMs D9 m

o R A - 1/ & 1 ) 115

JSGm
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Neutrino mass ordering

Orca sensitivity to oscillation parameters
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An example about the many different ways to look for ne

nhysics with oscillations at Neutrino Telescopes

Q.Liuet al., arXiv:2312.07649
Thisrepresentationwasfirst introducedby Fogli, Lisi et
al.,Phys.Rev.B2 (1995) 5334

A Cosmic sources produce neutrinos with a well
defined flavor composition

A Oscillations randomize the flavor composition
in their travel, but not completely.

Alf something_hapPens different from
oscillations, it will modify the composition at
earth:signaturgor new physics

A Present precision is far from enough for these
studies, but in the future, also combining
several experiments, it will be possible to look
for new physics signatures in this plane.

A The role of KM3NeT/ARCA could be crucial



