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The present lecture will be about NEUTRINOS - the most amasing and interesting
particles in the zoo of elementary particles. Neutrino physics - vast field of research with
beautiful physics and many still unanswered fundamental questions.

We live in a sea of neutrinos.

Through an area of our body of 1 cm? orthogonal to the direction of the Sun, every
second, during our life, day and night, there pass ~ 6.5 x 1019 neutrinos emitted by the
Sun (i.e., solar neutrinos).

These neutrinos are very “timid” - most have a relatively low energy £, < 1 MeV
(max(E,,) ~ 18 MeV), exceedingly small cross section (i.e., probability of interacting
with neutrrons and protons), and thus they do not “bother” us when they traverse our
bodies. Actually, they do not “notice” us, and we do not notice them.

However, being produced in the central spherical region of the Sun having a radius of
~ 0.2 R, Ro = 6.96 x 10° km, where also the energy in the form of photons (i.e., light)
emitted by the Sun is being produced, they carry precious and unique information about
the physical conditions in the central part of the Sun, which are so important for the
existence of life on Earth.

It takes the ~s produced in the central part of the Sun between 40000 to 100000 y to
reach the surface of the Sun and to be emitted.

It takes solar neutrinos, emitted in the same central part of the Sun, just about 8 minutes
22 seconds to reach the Earth.
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The Sun seen at night with solar neutrinos by the Super-Kamiokande water Cerenkov

neutrino detector in Japan. Super-Kamikande: 50000 t utra-pure water observed by
11000 PMs, vo +e” = v+ e .
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Neutrinos: “born” on December 4, 1930, W. Pauli
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B—decay: (A, Z) — (A, Z+1)+e + ve

Pauli: vs have spin 1/2, neutral, very light, “sit” in (A,Z) (°Li (spin 1)); called vs “neu-
trons”; “the idea of vs is probably wrong, but only those who wager can win.”

The neutron was discovered in 1932 by J. Chadwick.
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Fermi, 1934, theory of f—decay.n — p+e~ + ve!

Ve— created. on the suggestion of E. Amaldi called vs “neutrinos’ .
v —mass: H—=3He4+e + 0 (KATRIN experiment)

Bethe, Peierls, 1934: E~ 1 MeV, vr— impossible to
detect (c(ve+n—p+e7))

E~1 MeV, Ly ~5x 10 km;  Rp=6371 km

E~1 GeV, Ly~ 5 x 10> km

Pontecorvo 1946: nuclear reactors, Sun - copious
sources of v's, v's can be detected using “sufficiently

large” detectors. Proposed the 37Cl - 3"Ar method of
solar ve detection (used by R. Davis et al.).

Reines, Cowan, 1956: v's from reactor detected
Ve +p — €+ +n

(F. Reines, Nobel Prize for Physics in 1995)
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Markov, Pontecorvo, Schwarz, 1959: fluxes of v's
at p accelerators can be used to study WI.

Pontecorvo (1959), Schwarz (1960): 77 — ut + vy, ve
from g—decay: ve = v,? Proposed: vy, +n — p—+pu- Or
p+e 7

BNL, 1962: ve = vy, J. SChwarz, L. Lederman, J. Stein-
berger - Nobel Prize for Physics in 1988.

T he studies of the v—properies - important role is estab-
lishing the (Lorentz) structure of the WI.

Starting from the 1970'ies v beams used to study the
(quark) structure of the p and n.

Experimental studies in 1970'ies and 1980’'ies - the In-
teraction of v's with other particles well understood: de-
scribed by the Standard T heory.

M. Pearl, 1975: 7% lepton discovered (Nobel Prize for
Physics in 1995); v, observed (much later).
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (Qquantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

matter constituents force carriers
FERMIONS spin = 1/2, 3/2, 5/2, BOSONS spin =0, 1, 2, ...
Leptons spin = 1/2 Quarks spin = 172 Structure within Unified Electroweak spin = 1 Strong (color) spin =1

Mass Electric Electric the Atom Name Mass Electric NaTae Mass Electric

2 2
GeV/c2 charge e charge Quark GeV/c charge GeV/c charge
size < 10719 m

Flavor

electron <1x10-8 u up
neutrino

electron [0.000511 d down Nucleus Electron Color Charge

. . 102 Size < 1018 m Each quark carries one of three types of
muon <0.0002 C charm e = ut “strong charge,” also called “color charge.”
neutrino These charges have nothing to do with the
e colors of visible light. There are eight possible
muon 0.106 S strange types of color charge for gluons. Just as electri-
Neutron cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
tau <0.02 t top ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
neutrino interactions and hence no color charge.

tau 1.7771 b bottom Size ~ 10-15 Quarks Confined in Mesons and Baryons
Atom One cannot isolate quarks and gluons; they are confined in color-neutral particles called

Size = 10-0m hadrons. This confinement (binding) results from multiple exchanges of gluons among the

Spin is the intrinsic angular momentum of particles. Spin is given in units of K, which is the color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-

quantum unit of angular momentum, where i = h/2r = 6.58x<10-25 GeV s = 1.05x10-34 J 5 If the protons and neutrons in this picture were 10 cm across, gy in the color-force field between them increases. This energy eventually is converted into addi-
;!'i";::&:ﬂ;‘;’rﬂ;:::;“";"Sl;“;:g’b:e"e‘;s;f:::-;s;“m in tional quark-antiquark pairs (see figure below). The quarks and antiquarks then combine into

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of b . s . y hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in

the proton is 1.60x10-19 coulombs. nature: mesons gg and baryons qqgq.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec- Residual Strong Interaction

tron in crossing a potential difference of one volt. Masses are given in GeV/c2 (remember. The strong binding of color-neutral protons and neutrons to form nuclei is due to residual

E = mc?), where 1 GeV = 109 eV = 1.60x10719 joule. The mass of the proton is 0.938 GeV/c2 strong interactions between their color-charged constituents. It is similar to the residual elec-
= 1.67x10727 kg. trical interaction that binds electrically neutral atoms to form molecules. It can also be

viewed as the exchange of mesons between the hadrons.
PROPERTIES OF THE INTERACTIONS
Baryons qqq and Antibaryons qqq . Mesons qq
Baryons are fermionic hadrons. Interaction o Str Mesons are bosonic hadrons.
There are about 120 types of baryons. Property Gravitational There are about 140 types of mesons.
Fundamental S —— S

Quark  Electric ~ Mass
content  charge GeV/c?

Quark Electric Mass Acts ol

Name  content  ch Mass — Energy Flavor Electric Charge Color Charge EesiResilstong

Interaction Note
Particles experiencing: All Quarks, Leptons Electrically charged Quarks, Gluons Hadrons

Particles mediating: Graviton w+ w- z0 v Gluons Mesons

(not yet observed)

Strength relative to electromag | 10~'8 m 1041 0.8 25
for two u quarks at:

Symbol  Name

Not applicable
331077 m 10-41 10-4 60 to quarks
Not applicable

for two protons in nucleus 10-36 1077 to hadrons 20

The Particle Adventure
Matter and Antimatter & 4 Visit the award-winning web feature The Particle Adventure at
For every particle type there is a corresponding antiparticle type, denot- / http://ParticleAdventure.org
ed by a bar over the particle symbol (unless + or — charge is shown)
Particle and antiparticle have identical mass and spin but opposite This chart has been made possible by the generous support of:
charges. Some electrically neutral bosons (e.g., Z°, v, and m, = cC, but not U.S. Department of Energy
KO = ds) are their own antiparticles.

& —
g U.S. National Science Foundation
w- < Lawrence Berkeley National Laboratory
Figures i' S Stanford Linear Accelerator Center

These diagrams are an artist’s conception of physical processes. They are é’“e”‘:_"EP"VS' al Society, Division of Particles and Fields
not exact and have no meaningful scale. Green shaded areas represent URI INDUSTRIES, INC
the cloud of gluons or the gluon field, and red lines the quark paths. . . N
9 9 q L Two protons colliding at high energy can 000 Contemporary Physics Education Project. CPEP is a non-profit organiza-
An electron and positron produce various hadrons plus very high mass tion of teachers, physicists, and educators. Send mail to: CPEP, MS 50-308, Lawrence
A neutron decays o a proton, an electron, (antielectron) colliding at high energy can particles such as Z bosons. Events such as this Berkeley National Laboratory, Berkeley, CA, 94720. For information on charts, text
and an antineutrino via a virtual (mediating) annihilate to produce B® and 8% mesons one are rare but can yield vital clues to the materials, hands-on classroom activities, and workshops, see:
W boson. This is neutron 5 decay. Via a virtual Z boson or a virtual photon structure of matter.
http://CPEPweb.org

SM: SU3). x SU2)r x U(L)yy,; m, = 0.
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3 Families of Fundamental Particles - Quarks and Leptons
Ve Y © vr L + their antiparticles
e d T T b
o |p>=|uud >, |n>=|ddu>, |77 >=|ud>,...
. Electromagnetic interaction: the photon ~ (g, [%)
« Strong interaction: 8 Gluons G (quarks)
. Weak interaction: W=, Z0 (all)
« Gravitational interaction: the graviton g (all)
Electromagnetic, Strong and Gravitational Interac-
tions have a symmetry: particle <+ antiparticle,
not respected by Weak Interactions.

Universe: there are no antiparticles.
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3 Families of Fundamental Particles

(Ve u) (V“ C) (VT t) + their antiparticles

e d i S T b

« 3 types (flavours) of active v/s and ¥'s

o The notion of “type” (“flavour”) - dynamical;

Ve. Ve +n — e —+ p; vy at _>:“++VM; etc.

e« [ he flavour of a given neutrino is Lorentz invariant.
vy F vy, U FEU, LE =eu, 1 vy E= 0y, LU =e, p, 7.
The states must be orthogonal (within the precision

of the corresponding data): (vj|v) = oy, (Vi|v) = oy,
(]lv) = 0.
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« Data (relativistic v's): v; () - predominantly LH ( RH).
Standard Theory: vy, V) - VZL(CIZ);

v (x) form SU(2); doublets with Iy (xz), | = eu, T:

VZL(CU) | =
, — €, U, T.
(ZL(SL‘)) :
« NO (compelling) evidence for existence of (relativistic)
v's (v's) which are predominantly RH (LH): vp (vr.)
If vp, v, exist, must have much weaker interaction than
v, UL vR, Ur - “sterile”, “inert”. o o

In the formalism of the ST, vp and vy - RH v fields
vp(x); can be introduced in the ST as SU(2); singlets.

No experimental indications (no absolute proofs) exist
at present that the SM should be minimally extended to
include vp(x), and if it should, how many vr(x) should
be introduced.
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vp(x) appear in many extensions of the ST, notably in
SO(10) GUT's.

The RH v's can play crucial role

i) in the generation of m(v) # 0,

ii) in understanding why m(v) < my, mq,

iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each v;; (x) there cor-
responds a vip(xz), I = e,u, 7, although models with two
or more than three v, p(x) are also beeing considered.

ST _|_ m(y) = 0: Ll = const., [ = €, U, T,
L =Le+ Ly + Ly = const.
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Natural Sources of Neutrinos

Neutrinos are produces in nuclear reactions of fusion, p+p — D +e™ + v,
B—decays of the neutron and many nucleai, n —»p+e~ + v,

26 Al 2% Mg+ e + 1., *OK =49 Ca+ e~ + ., 238U chain of decays 6 of which
are 3—decays, 238U —20% pPp 4 8a + 6e~ + 67,

decays of elementary particles, =+ — u™ +v,, p= = e + v, + 7., €tc. .

Natural sources of neutrinos are the Sun, the Earth atmosphere bombarded
by cosmic rays, the Earth itself, the supernovae, the Early Universe, and
some unidentified sources of extremely high energy neutrinos observed by
the IceCube and KM3NET experiments.

Artificial sources of neutrinos are nuclear reactors (e.g., of nuclear power
stations); meson (n*, K*) factories, particle accelerators, artificially pro-
duced unstable (5-decay) isotopes.
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The Sun (solar neutrinos): vy = v.; E, S 18 MeV. Detected first by R.
Davis et al. using the Pontecorvo 3'Cl - 3’Ar method (R. Davis: Nobel
Prize for Physics in 2002). Energies of detected v,: 029 < E, < 14.4 MeV.
In the Sun: 4p —* He + 2¢T + 2v., pp-chain (principal source of E; (95%)
and v..

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



[

- e

- e

Cosmic rays bombarding the Earth atmosphere produce atmospheric neu-

trinos: v, v, ve,ve.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Atmospheric neutrinos Zenith angle dist. of
Atmospheric v flux

103 .
F VitV
Zenith angle h ol 0505 ooV
p, He ... Downward 0, 8 102M
[=10~100 km) Y\ il F 0.9-1.5 GeV
. ! 7))
Tci, Ki '._I v—4b
. O
:"f Nm
E 10 b 3.0-5.0 GeV
; ) | e S 10 E
’@VM / N 2 ! Honda fl
; "L: [~ Honda flux
A% . U Sl o Bartol fl
J‘ ks Ve Flik: m:]:
Upward 1 1lIIIOII5III$IIIIOIE-l>Il|1
L=up to 13000 km) e

Ev > a few GeV
Up/Down Symmetry

The atmospheric v,,v,, v.,v. have a wide range of energies spanning the
interval from a few MeV to multi-GeV to multi-TeV.

Detected: E, = (0.1 — 2 x 10%) GeV. The fluxes are much smaller than the
flux of solar neutrinos; fall-off as ~ E 27,
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Mantle

Outer
Core

The Earth emits geo neutrinos: 7. with E5; < 10 MeV from the decays
of naturally-occuring radioactive isotopes 232Th (T, = 1.40 x 10'° y), 238U
(T12 = 4.468 x 10° y), #°°U (Ty/» = 7.040 x 10% y), 9K (T}, = 1.248 x 10° y)
in the Earth crust. The study of geo vs provides and independent method
to get information about the matter composition of the Earth crust and
to assess the Earth heat budget. Erth’s age: 4.453 x 10° v.

The Earth is a planet shining essentially in a flux of r. with a luminosity
L ~ 102 s 1,
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Supernovae (SN): 99% of the gravitational energy of 10°3 ergs released in the exploision
of the dying star is in the form of a burst lasting tens of seconds of ~ 10’ neutrinos of
all flavours, v, v, | = e, u, 7, With E, ~ (10 — 20) MeV. Neutrinos from SN1987A (Large
Magelanic Cloud, 51 kpc away) were detected by the Kamiokande, IMB and Baksan
Observatory experiments: of the total of 10°” (!) neutrinos emitted, a total of 25
SN neutrino events in an interval of 13 sec were observed. For their detection the
Kamiokande leader Prof. M. Koshiba received the Nobel Prize for Physics in 2002.
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The Crab Nebula: remnant of a SN explosion in 1024.

Since SN vs originate deep inside the stellar core, they are a relatively reliable messenger
of the supernova explosion mechanism, which is still not fully understood. They can
provide information about v properties as well.

A cosmic background of (anti)neutrinos formed by the accumulation of vs emitted from
all past core-collapse supernovae - Diffuse Supernova Neutrino Background (DSNB) -
should also exist. The Super-Kamiokande experiment is aiming to detect it.
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The Early Universe. According to the Big Bang Theory, at iy ~ 1 sec, neutrinos in
the plasma decoupled from the other particles (p, n, ¢e7) forming the Cosmic (or Relic)

Neutrino Background (CvB).
Theoretical calculations: today, in every 1 cm?3 volume of space there should be approxi-

mately 336 vs (112 of each type). They have very low energy, E, ~ 1074 eV, temperature
T ~ 1.95 K, and so far no viable method of observing them has been found. If observed,
could provide information about the state of the Universe when it was 1 second old.
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T here have been remarkable discoveries In neutrino
physics in the last ~ 28 years.
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Proofs for v—QOscillations

—Vatm: SK UP-DOWN ASYMMETRY
0;—, L/E— dependences of p—like events (L ~ (15 — 12742) km)

Dominant vV, — UVr, confirmed by: K2K (L=250 km), MINOS
(L=735 km), T2K (L=295 km); OPERA (CERN—;LNGS, L=730 km)

—V»: Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

Dominant Ve — Vy 7, L~ 1.5 x 10° km

— Ve (from reactors): Daya Bay, RENO, Double Chooz (L~(1 - 2) km)

Dominant Ve — Uy, r
T2K, MINOS, NOvA (v, from accelerators): Vy — Ve

T2K, NOvA (7, from accelerators): Uy —> Ve
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The v—Oscillation Data: m, #= 0, v mixing

n
vy >= > Ujlvi>, vi: mj#0,; l=epu1; n>3,;
=1

mn
vy (x) = '21 Ujvi(x), vji(z): mj#0; l=ep,T.

]:

B. Pontecorvo, 1957; 1958; 1967,
Z. Maki, M. Nakagawa, S. Sakata, 1962;

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
neutrino Mmixing matrix.

Vi, My % 0: Dirac or Majorana particles.

Data: at least 3 vs are light: v1 23, m123 5 0.5 eV.
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The Charged Current Weak Interaction Lagrangian:

e —__J_ [(x — vy () W(x .C.
'C (CI?)— 2\/5 lzg:'uﬂ- l( )704 (1 75) lL( )W ( )_I_ hCa

mn
v (x) = '21 Ujvi(x), vji(z): mj#0; l=epn,T.
j:
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Dr. T. Kajita, Prof. A. McDonald, Nobel Prize for Physics winners, 2015
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FUNDAMENTAL PHYSICS BOARD TROPHY EVENTS NOMINATIONS NEWS CONTACTS  Search Q

EEFZI-}EKTHROUGH COMMITTEE PRIZES LAUREATES RULES

LAUREATES

Breakthrough Prize  Special Breakthrough Prize  New Horizons Prize  Physics Frontiers Prize

2016 2015 2014 2013 2012

Koichiro Nishikawa and
the K2K and T2K
Collaboration

\, Atsuto Suzuki and the
KamLAND Collaboration

Kam-Biu Luk and the
Daya Bay Collaboration

Yifang Wang_ and the
Daya Bay Collaboration

Arthur B. McDonald and
the SNO Collaboration

Yoichiro Suzuki and the
Super K Collaboration

Takaaki Kajita and the
Super K Collaboration
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Neutrino Oscillations
(Quantum Mechanics in Action)
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Pontecorvo, 1957, 1958:

X1+ Xx2 _ X1 — X2
V(ZU):T, V(ZU):T, mi1 #= mo > 0,m1cp = —N2cp

X1,2 - Majorana, maximal mixing; v <> v possible.

Pioneering ideas: existence of fermion mixing in £°“(z), m, # 0, and
exsitence of neutrino oscillations.

The idea of neutrino oscillations involving v. and v, - developed further in
1967, where Pontecorvo predicted that due to oscillations of the solar v.,
in R. Davis et al. experiment, which can detect only ». and was under
preparation, a deficit of solar v. will be observed (which was confirmed).

Maki, Nakagawa, Sakata, 1962 (specific model) with v, # v. (BNL):
Ver,(x) = W1, CcosOc + Wor sinbe,
V/JL($> = —W;Sin 90 + W5, Ccos Qc,

WV, - Dirac, 6c- the Cabbibo (Gell-Mann, Levy) angle.

Idea of "virtual transmutations’” of neutrinos.
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B. Pontecorvo (1913 - 1993) attending a seminar at JINR, Dubna, Russia.
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. Pontecorvo giving a talk at a seminar at JINR.
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S.M. Bilenky and B. Pontecorvo (JINR, Dubna).
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Solar Neutrinos v., F ~1 MeV: B. Pontecorvo 1946
ve +37C1 =37 Ar + e~

R. Davis et al., 1968 - 1996: 615 t (CyCly; 0.5 Ar

atoms/day, exposure 60 days (37 Ar: K-capture, 7 = 35
d).

v+e —v+4+e

Kamiokande (1986-1994), Super-Kamiokande (1996 -),
SNO (2000 - 2006), BOREXINO (2007 - 2020);

ve+D —e +p+p, P(e), SNO

v+D — vi+n+p, l=e pu, 17, ®PWetrvyt+rvr =rv5), SNO

Super-Kamiokande: 50000t ultra-pure water:;
SNO: 1000t heavy water (D>0O)
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Ve —I—71 Ga —"1 Ge + e

SOAOG?)E (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Atmospheric Neutrinos vy, vy, ve, Ve, £ ~1 GeV (0.20
Gev - 20 TeV)

v+ N—=>p +X, iy+N->pt+X

ve+ N —=e +X, e+ N—eT+X

K2K, MINOS, T2K, NOvA, v, (7,), E ~1 GeV

v+ N—=>p +X (ve+ N—=e + X)

Reactor ve: CHOOZ, KamLAND, Double Chooz,
RENO, Daya Bay, JUNO (after 1990) (FE = 2—-10 MeV)

De+p_>€+‘|‘n

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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{c) 2000 E

T2K, L = 295 km, active; dectector: SK.
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EOVA, active: Fermilab - site in Minnesota, 810
m

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026




T2K: Tokai - Super Kamiokande; off-axis v beam,

E = 0.6 GeV, L = 295 km, 50 kt water Cherenkov
detector.

NOvrA: Fermilab - site in Minnesota; off-axis v
beam, F =2 GeV, L =810 km, 14 kt liquid scintil-
lator detector.

SK experiment studying atmospheric v,, vy, ve, ve
(FE=0.1+-100 GeV), and solar v, (F =5 =14 MeV)
oscillations.

IceCube experiment at the South Pole, using cubic
km of deep pristine Antarctic ice to study very high
energy cosmic neutrinos and atmospheric vy, v, ve,

Ue (Fatm = 0.1 =20 x 103 GeV).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Day Bay: NPP (six 2.9 GW,, reactors) near Shen-
zhen, China, reactor v.; £ = (2 —10) MeV, 3 near
(two at 470 m and one at 576 m) + 2 far (1648 m)
liquid scintillator detectors; measured and obtained

high precision data on sin?6;s.

JUNO: 7. flux from two NPP (26.6 GW,,); £ = (2—

10) MeV; sphere with diameter of 35 m containing

20 kt of liquid scintillator observed by about 46000
PM; L =53 km. Started taking data on August 26,
2025; first results published on November 19, 2025

(only 59.1 days of data had already strong impact).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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Concept of JUNO for Mass Ordering

e Two-layer structure for simplicity and cost: stainless steel frame + Acrylic tank
e Water as VETO and Buffer =» radiopurity control of water

Calibration

VETO system
- Top Tracker
- Water VETO with 2400 20” PMT
- Earth Magnetic Field shielding coils

Central detector

- Steel structure (SSS)

- Acrylic sphere(AS) +

20kt Liquid scintillator /
- 17612 20” PMT @ CE el 44m
- 25600 3” PMT RN ' LG

13
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Neutrino Oscillations in Vacuum
Suppose at t = 0 in vacuum

Ve > = |v1 > CcOSO 4 |vo > sind,
Iz > = —|vy >Sinf 4 |vp >cosh; vio: mpo#*F0
w(7) ) ;

After time ¢t in vacuum

ve >1= e 1y > cosO+e 2 vy > sing, By o = \/p2 + m7 5
A(ve = vy t) =< vy|ve >= %sin 20 (e that _ g—ibal)

P(ve — vu;t) = 5sin?20 (1 — cos(Ep — Ep)t)

P(V@%V@,t)z eezl_P(V€_>V'u,,t)

V. Gribov, B. Pontecorvo, 1969
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Neutrinos are relativistic: t £ L, Ey — E1 = (m3 — m?%)/(2p)
(EQ — El)t = (m% — m%)L/(Qp) — Qﬂ-ngac, vac — iy o

0SC — AmQ

: — 1 in2 L — 4rnE
P(Ve —> l/lu, t) — §S|n 29 (1 — COSQT"@), ng’g — —Amz

~ E|{MeV
Lyse =25 m 4 ycrh

E =3 MeV, Am?[eV?] 28 x 107°: LY% = 100 km
E =1 GeV, Am?[eV?] 225 x 1073 : LY% = 1000 km

Effects of oscillations observable if

sin? 20 — suf ficiently large, 27wl L7ae

Two basic parameters: sin220, Am?2
SK, K2K, MINOS; CNGS (OPERA): dominant v, — v

KamLAND: Ve — Ue; Ve — (Uy + Ur) /V/2

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Ve — Ve

1.0

baseline = 180 Km |
P__=1-sin’20 sin’ (Am’L/4E ) 1

C

0.8 -

0.6 -

cC

04 r

0.2

EV in MeV
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Source Type of v  E[MeV] L[km] min(Am?)[eV?]

Reactor Ve ~ 1 1 ~ 1073
Reactor De ~1 100 ~ 107°

Accelerator Yy, Uy, ~ 103 1 ~ 1
Accelerator Uy, Uy, ~ 10° 1000 ~ 1073
Atmospheric v’'s v, Dy ~ 103 10% ~ 1074
Sun Ve ~ 1 1.5 x 108 ~ 101!

Correspond to: CHOOZ, Double Chooz, RENO, Daya
Bay (L ~1 km), KamLAND (L ~ 100 km);

ve disappearnce; £ = (1.8 - 8.0) MeV;

to accelerator experiments - past (L ~ 1 km);

past, current: K2K (L ~ 250 km), MINOS (L ~ 730
km), v, disappearnce; OPERA (L ~ 730 km), v, — vr;
T2K (L ~ 295 km), NOvA (L ~ 800 km), v, disap-
pearnce, v, — ve; B~ 1 GeV,

SK experiment studying atmospheric v, Uy, ve, Ve (E =
0.1 - 100 GeV), and solar ve (E = 5+ 14 MeV) oscil-

lations, and to the solar v experiments (EF = 0.29 - 14
MeV).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026




It I1s possible to show that, In general,

g

m? ot
Ay — vp) = > Ul’j exp (— iz—; L) LI =e p, 1

T hree neutrino mixing:

P(l/l —> Vl/) —

— mlL/(Qp) (Ul’l Ull i Ul’2 — AmzlL/(Qp) U2l

2
Ups ¢—i Am3; L/ (2p) U3l)| LU =eu,T

P(Ijl — Ijl/): Ul’j? UZ; —> l’]’ Ul]

The phase Amjz-kL/(Qp) is Lorentz invariant.
m? = E? — p?: 0,2 = \/(QEO'E)Q + (2pop)?

T he condition for producing coherently vq,vo,...:
0,2 > \Amgk\

,

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



The equation used above corresponds to a plane wave description of the
propagation of neutrinos v;. It accounts only for the movement of the
center of the wave packet describing v;. In the wave packet treatment of
the problem, the interference between the states of v; and v, is subject
to a number of conditions, the localisation condition (in space and time)
and the condition of overlapping of the wave packets of v, and y; at
the detection point being the most important. For relativistic neutrinos,
the localisation condition in space reads: o,p,0,p < L;?k/(Qw), o.p(p) being
the spatial width of the production (detection) wave packet. Thus, the
interference will not be suppressed if the spatial width of the neutrino wave
packets detetermined by the neutrino production and detection processes
Is smaller than the corresponding oscillation length in vacuum. In order
for the interference to be nonzero, the wave packets describing »; and
v, should also overlap in the point of neutrino detection. This requires
that the spatial separation between the two wave packets at the point
of neutrinos detection, caused by the two wave packets having different
group velocities v; # v, satisfies |(v; — v;)T| < max(o,p,0.p). If the interval
of time T is not measured, 7T in the preceding condition must be replaced
by the distance L between the neutrino source and the detector.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Examples
o« Spatial localisation condition
AL - dimensions of the v- source (and/or detector):

e I IMe localisation condition
AFE - detector’s energy resolution:

2m(L/LY)(AE/E) $ 1.
If 27 AL/LY, > 1, and/or 27(L/LY)(AE/E) > 1,

P (v — vy) = P(9; — by) = 25 |Up;1? Uyl

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



3-v Oscillations Probabilities in Terms of
2-v Oscillation Probabilities

Suppose: Am3,L/(2p) < 1
— Am%lL/(Qp) — COS(AZL%L) — g Sin(AmglL) ~

P(l/l — l/l/) —
. 2 2
\(Ul,l UL, + UpoUl, + Upg et Am31L/(2p) U;)\

= | — Ups U3 (1 - e_mmglL/@p))‘? - bU=emT

=, ! =7: U U%M — %cos2 013 Sin 2053; accel. exp., SK
atm. nus.

l=¢, I'! =€ U U:Jge — sin? 613; CHOOZ, Double Chooz, Daya
Bay, RENO: L~ 1 km.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Suppose: Am3,L/(2p) >> 1

Localisation condition in space and/or time not ful-

filled for the oscillations due to Am%l, these oscilla-
tions are ’averaged out’’, I1.e., strongly suppressed.

_ - i A2 -
Terms involving e *4™31L/(2P) in P(v; — vy) are ~ 0.

. 2
Py, — vp) & |UpsUL 12 + U UL, + Upoe ™t Ama1L/P) 7}

|=¢, ! = e:
P(e = ve = [Ues|* + (1 — |Ues|?)? P2V (Pe — Te)
= sin® 013 + cos? 913P2V(912, Am%l), Siﬂ2 91320.022;

2
287211 KamLAND, L~180 km.

PZY = 1—sin? 2015 sin

P@(Ve — Ve) = sin® 013 + cos? 913P2V,
P2V = P2V(015, Am3,: NoC0s?613), solar neutrino exp.
© © \Y12 21 13

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Two-Neutrino Oscillations in Vacuum

SK ((100-12742) km), K2K (250 km): CNGS (OPERA),
MINOS (730 km); T2K (295 km); dominant v, — vr;

2
P(vy — vr; L) = P(y — r; L) 2 sin? 203 sin? 27317,

KamLAND (~ 180km): ve — e

2
P(7e — e; L) 2 1 — 1sin22015 (1 — cos 22215

CHOOZ, Double Chooz, Daya Bay, RENO (~ 1 km):
Ve — Ve

Am%l L).

P(De > Do L) =21 -2 5 sin 226013 (1 — cos 10

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



ODbserving the Oscillations of Neutrinos

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Super-Kamiokande Atmospheric Neutrino Data

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Atmospheric neutrinos

p, He ...

nt, K*

g ¥ \ ©
xﬁ- ' V“ vy Y Vg

Zenith angle

Upward
L=up to 13000 km)

Downward 0,
=10~100 km) \’":

Zenith angle dist. of
Atmospheric v flux

10 ° -
» L

~~ - D
T> | 0.3-0.5 GeV
(D] - =
(D 10 2 o
~— E 0.9-1.5 GeV
= "
!—1m -

O 2 .

O N

72 D pr =l
(\Il ....................
g 10 3.0-5.0 GeV
SN -

< -

'—:‘ S Honda flux

e [, mss Bartol flux

e Fluka flux
1 L 11 I L 11 I L1 1.1 l L1 11

-1 05 0 0.5 1
cosO

Ev > a few GeV
Up/Down Symmetry
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SK: L/E Dependence, u—Like Events

I J
1.6
1.4
1.2

B
0.8Ff
0.6 f
0.4f
0.2f

O ——— 5 sl 5 sl
1 10 10 10 10
L/E (km/GeV) (SK 1+2+3)

Data/Prediction (null oscillation
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L/E analysis

: ST P Am2L
Neutrino oscillation : P, =1-sin220sin2(1.27 = )
Neutrino decay : Puu = (COS?0 +sin%0 x exp(— 2%%))2

_ 1 . L
Neutrino decoherence :  Pu =1-7sin"20x (1 —exp(~r—=))

f | Use events w ith high resolutbn n L/E
3 o == | The first dip can be observed
2
°-65 - Direct evidence for oscillations
°-4E - Strong constraint to oscillation
02| parameters, especially Am? value
0 i L 1 AV

E— A 2' = . s 4
1 10 10 10° 10
L/IE (km/GeV)

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



SK: Atmospheric v Data

10 ; '
N/\ i
L i
ol
C\IE i —
_—
£ <
= — 990/0 C.L. <~N """""""""""""""
—— 90% C.L.
— 68% C.L.
-3
10 ' '
0.7 0.8 0.9 1
sin226

Am2,. = Am3; = 2.4 x 1073 eV?, sin?20,tm = sin® 2023 = 1.0 ;

Am3, = (1.9 -2.9) x 1073 eV?, sin®20,3 > 0.92, 99% C.L.

e sign of Am2,_ not determined. If 63 # Z: 623, (§ —623) ambiguity.

3-v mixing: Am3; > 0, m1 < mz <mz (NH); Am3; <0, mz < mi <mo (IH).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



MINOS: v,, Spectrum (v, “disappearance”)
MINOS Preliminary

n 1.5—————

C - i

O - y

-8 | -

E I + { Z
8 1 ] | D
o B —.—T e S‘
'®) = 1 =.
C - + 15
B 05__ —¢— Far detector data N O
'®) i Best oscillation fit _ l\)
..C—B. u Stats. only decay fit - 9
0 B o Stlatsl. orl1ly Idec?ohlerelnce fit - o

24 6 8 o0
Reconstructed neutrino energy (GeV)
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Ve — Ve

1.0

baseline = 180 Km |
P__=1-sin’20 sin’ (Am’L/4E ) 1
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Reference Model: 3-r mixing

vie= ) UjvjL l=epr
=1

The PMNS matrix U - 3 x 3 unitary matrix.
Vi, My % 0: Dirac or Majorana particles.
3-r mixing: 3-flavour neutrino oscillations possible.

v,, E; at distance L: P(v, — VT(G)) #* 0, P(vy =) <1

P(yy—vy) = P(y; — vy, E,L; U; m3 — m%,m3 m?)

2 2
ms5 — m1 Am21 m3 — ml Am31

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



T hree Neutrino Mixing

3
Vi — E UlejL .
=1

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,

Uel UeQ Ue3
U= | Uua Uwp U
U’Tl U7'2 U7'3
e U - n xXn unitary:
n 2 3 4
mixing angles: In(n—1) 1 3
CP-violating phases:
e vi— Dirac: f(n—1)(n—-2) 0 1 3
e v;— Majorana: in(n — 1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majorana phases

S.M. Bilenky, J. Hosek, S.T.P., 1980

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



PMNS Matrix: Standard Parametrization

1 0 0]
U=VP, = 0 &% 0 ,
0 0 €7
C12C13 $12C13 s13e” %
V = | —s12c03 — c12523513€ 12003 — S12523513¢”  s23C13
812823 — C12C23513€"  —c12823 — $12C23513€°  ca3ci3

® S = Sin Qij, c;; = COS Qij, ij — [O
e 0 - Dirac CPV phase, 6 = [0,27]; CP inv.: 6 =0, m, 2;

e an1, a31 - Majorana CPV phases; CP inv.: apyz1) = k(E)7, k(K') =0,1,2...
S.M. Bilenky et al., 1980

Am2 = Am3, = 7.34 x 107° eV? > 0, sin 612 = 0.305, cos261> & 0.306 (30),

o
o |Am31(32)| =~ 2448 (2.502) x 1073 eV?2, sin?6#,3 = 0.545 (0.551), NO (10) ,
e 013 - the CHOOZ angle: sin?6;3 = 0.0222 (0.0223)

F. Capozzi et al. (Bari Group), arXiv:2003.08511.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



e sgn(Am3,,) = sgn(Am§1(32)) not determined

Am?2., = Am3; >0, normal mass ordering (NO)

Am?2,, = Am3, < 0, inverted mass ordering (IO)
Convention: M1 < Mo < M3 - NO, m3 < mj < m»o-10

mi1 <K mo < ms, NH,
m3 < mip < mp, IH,

m1 = mg = m3, mi,3>> |[Am3yayl, QD; m; 2 0.10 eV.

Mo = \/m%—I—Amgl, m3 = \/m%—I—Amgl - NO;
omiy = \/mg)—l—Amg3 — Am%l, mo = \/mg)—l—Amg3 - 10;

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



m? m?
A . V 0 A
-V,
___JAVN
my Lo — —+-m,
solar~7x107eV?2
atmospheric T
~2x1073eV? ,
atmospheric
My’ R —— ~2x107%eV?
4+ solar~7x1075eV?2
m 2L - _ {-my
? ?
0 N N 0
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Neutrino Oscillations in Matter
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Neutrino Oscillations in Matter

When neutrinos propagate in matter, they inter-
act with the backgrpound of electrons, protons and
neutrnos, which generates an effective potential in
the neutrino Hamiltonian: H = Hyac + Veg -

This modifies the neutrino mixing since the eigen-
states and the eigenvalues of Hy,c and of H =
Hyac+ Ve r¢ are different, leading to a different oscil-

lation probability w.r.t to that in vacuum.

Typically the matter background is not CP and CPT
symmetric, e.d., the Earth and the Sun contain only
electrons, protons and neutrons, and the resulting
oscillations violate CP and CPT symmetries.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Matter Effects in Neutrino Oscillations (Supp. S.)
Matter can affect strongly v—oscillations:
Mean free path in matter with p = p(Farth) =
8 gcm™3 (N 2 4Nacm—3),
E~1 MeV, Ly~ 25x 10 km; Rp=6371 km
E~1 GeV, Ly~ 2.5 x 10% km

For p = p(center of the Sun): N =2 50 N4cem ™3,
E~1 MeV, L;~ 10 km; Rgy, = 6.96 x 10> km
Ve INCONerent scattering - no relevant.

Ve COherent scattering on e, p, n - effective potential
(index of refraction)

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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v coherent scattering on e, p, n - effective potential
(index of refraction)

Vep = V(ve) — V(vu) = V2GpNe

Ve,u = V(ve) — V(D,u) — \/§GFN€
Vir =V (vy) — V(vr) =0 (leading order)

L. Wolfenstein, 1978; V. Barger et al., 1980; P. Langacker et al., 1983

Ves = V(ve) — V(vs) = V2Gp(Ne — 5 Np)

es — V(Ve) — V(VS) — \/§GF(N€ — %Nn) = — Vs
Vs = V(Vu) —V(vs) = \/EGF(—%NTL)
Vis = V(Uu) — V(0s) = — V2Gp(—5 Np) = — Vs

Veu 7 Veu: CP, CPT violated

P. Langacker, S.T.P. et al., 1987

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



FE, 2 2 GeV, constant density, L > 10660 km (0, >
33.17°) Earth mantle crossing,

2
> AMz L
4E

ng(yﬂ — Ve) = Siﬂ2 0->3 Siﬂ2 29% Sin

sin? 207%, AMZ%, depend on the matter potential
Verr = V2Gp Ne (modified 613 and Am3;)

For antineutrinos V. ¢¢ has the opposite sign:
Verf = —V2Gp, Ne.

Amz; >0 (NO): v, () — ve(,) Matter enhanced,

V(e) —* Ve(y) ~ SUPPressed

Am%l <0 (IO) ljlu(e) — U

V(e) = Ve(u)—SUPPressed

e(y) Matter enhanced,
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Supporting Slides
(At 10) | _ [ —e(®) () ) (Aalt,to)
dt \ Ag(t,to) ) — \ €(t) e(t) |\ Ag(t,to)
where =V, 5=I/Iu(7_); Al/e(l/,u)(to’tO):l’ AVM(Ve)(tQ,tQ)ZO.

e(t) = l [ Amz c0S 20 — /2G pNe(1)],

€(t) = Am? gy 20, with Am?2 = m% - m%.

In matter, Hyn, = Ho + H;p:.

Hglv1 2 >= FE1 2|v1 2 >, not eigenstates of Hpy,.
Consider first Ne = const. (e.g., Earth mantle)
Hpm|v]y >= ET[v]" >
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Then at t = 0 in matter

Ve > = 17" > COSOm—+|v5" > sin Oy,

Vy(r) > = —|v1" > sinOm+[v3" > cos Om;
S|n 29772, — € - tan 20

Ve2+e? \/(1 Nms)2+tan229
COS 20, = 1—Ne/Ne™

\/(1 Nres)z‘l'ta n? 29

_ Am2cos20 ~ 6 Am?2[eV?] —3
NTes = T NGTeR = 06.56x10 EMev] C€OS 260 cm Na,
1

Eft — BT = AQ”E"’ ((1 )2 cos? 26 + sin 29)

N’I"GS

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



P2 (ve = v) = | Au(D)|? = %sinQ 26m [1 - cos Qﬁ |
1

__ EZ—FET >
4 res — Am COSs 260
T he resonance condition: Ne = N, = D EV20 -

At the resonance:

sin? 20, = 1, even if sin20 < 1; min(ES* — ETY), LT =
L/ sin 26.

Limiting cases:
Ne > N[ Om = 5, ve — vy SUppressed.

In this case: |ve) v5Y), vu) = —|vTh).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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Antineutrinos: Ne — (—Ng)

Am?cos20 > 0: e — iy, suppressed by matter; ve — vy,
can be enhanced.

Am?cos20 < 0: ve — v, suppressed by matter; ve — i,
can be enhanced.

V. Barger et al., 1980; S.P. Mikheyev, A.Yu. Smirnov, 1985

Oscillations in matter (Earth, Sun) are neither CP- nor
CPT- invariant.

P. Langacker, S.T.P., S. Toshev, G. Steigman, 1987
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Earth: N7t 2.3 Ny em™3, NS¢~ 6.0 Ny em™3

PM(ve = vy t) = sm 20m (1 — cos 27er ), L.~ LY%C
sin2 20, — sin? 20 res — Am? cos?20
m (1— NTGS)Q cos220+4sin220 T ¢ T 2E2Gp

Ne = NI: MSW (Mikheyev, Smirnov, Wolfenstein) res-
onance

Am?cos20 > 0: ve — vy

Am?cos20 < 0: be — U,

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



< D m tan22913

sin< 20%, =

13 (1- Nres)2+tan22913
1 Ne/Nres

\/(1—W)2‘|‘tan 2913

Am3, Cos 2013
2FE\V2Gr

2 2
NZes 2 6.56 x 100 S0 cos 2013cm ™3 Na

m —
COS 2074

res —
N =

1
Spil = 31 ((1 — Nms)Q cos? 2013 + sin? 2913)

For v, — Ue: Ne — (— Ne).
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Mantle

Outer
Core

Ry = 6371 km; Ric = 1221.5 km; Rc = 3480 km; Dman = 2891 km;

Pman = 4.45 g/cm3; pc = 10.99 g/cm?3; pic = 12.89 g/cm3; poc = 10.90 g/cm3.
PREM: the density distribution in the Earth is spherically symmetric. The v
trajectory determined by the nadir (zenith) angle.

For L < 10660 km (6, > 33.17°), vs cross only the mantle.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Earth matter effect in v, — ve, vy — Ve in the mantle
(MSW)

0.50 —— ‘ ‘ e
neutrinos
———- vacuum
0.40 - antineutrinos -
L=7330km
. 2
sin "(26,,)=1.
== 0.30 r sin®(26,,)=.1
T
=
a 0.20 )
0.10 .
0.00 ——==

E[GeV]/ AmZ[eV?]

Am2, =25 x 1073 eV?, E™ = 6.25 GeV,; P3 =sin? 3 P2 = 0.5P2;
Nres 2 2.3 cm™3 Na; L' = LY/sin 2013 =& 6250/0.32 km; 2w L /Ly, = 0.757 (3 ).
I. Mocioiu, R. Shrock, 2000

Sentivity to pman along the v path in the mantle.
S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026




Resonance-like Amplification of Oscillations of
Neutrinos Crossing the Earth Core

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



The Earth (PREM)

0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

x=r/Rg

FIG. 1. Density profile of the Earth.

Ry = 6371 km; Ric = 1221.5 km; Rc =1§480 KM; Dman = 2891 km;
Pman = 4.45 g/cm3; pc = 10.99 g/cm3; pic = 12.89 g/cm3; poc = 10.90 g/cm3.
S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026




Earth matter effects in vy — ve, vy, = Ve (NOLR)

sin® 2 6, =0.010

g

——/

\\

v oo oV“)
L
o
A ——
———
\\‘\\\
S

A\

2

S~
S

>SS

S

. . .

o
(6)]
/
§
~

E /A m? (MeV/eV?)

Nadir Angle (deg.)
S.T.P., 1998;
M. Chizhov, M. Maris, S.T.P., 1998; M. Chizhov, S.T.P., 1999

P(l/e — VM) = Py, = (823)_2P3,/(V6(M) — Vu(e)); Oy = 013, Am? = Amgtm;
Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);
Local maxima: MSW effect in the Earth mantle or core.
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ﬂ.- — E*j SR TEEITE':"-. T RR
(823)_2P3V(V€(M) — V,u(e)) = P,; NOLR: “Dark Red Spots”’, P, = 1;
Vertical axis: Am?/E [10-7eV?/MeV]; horizontal axis: sin®26:3; 6, =0
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9903424)

Sensitivity to pman, pcore, @and to (pcore/pPman)mer @t mantle-core boundary.
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207

|:|-

0 02 04 0 08

The same for 6, = 23°.
Vertical axis: Am?/E [10~7eV?/MeV]; horizontal axis: sin® 20;s.
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9903424)
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e For Earth center crossing v's (6, = 0) and, e.g. sin?20;3 = 0.01, NOLR

occurs at E = 4 GeV (Am?(atm) = 2.5 x 1073 eV?).
S.T.P., hep-ph/9805262

e For the Earth core crossing v's: P, = 1 due to NOLR when

— cos 20"
cos(20" — 40’ )’

tan®™" /2 =tan¢ = i\/

cos 26/,
\/— cos(20") cos(20", — 40.)

tan ¢ /2 =tan¢”’ = &+

dman (pcore) - phase accumulated in the Earth mantle (core),
0 (0!) - the mixing angle (6,3) in the Earth mantle (core).

P>, =1 due to NOLR for 6, = 0 (Earth center crossing v’s) at,
e.g. sin®20;3 = 0.034; 0.154, E = 3.5; 5.2 GeV (Am2(atm) = 2.5 x 1073 eV?).

For E =3.5 GeV, the probability P,, 2 0.5 for the values of sin®26;3 from
the interval 0.02 < sin?26;3 < 0.10.
The current b.f.v. of sin®20;3 = 0.084.

M. Chizhov, S.T.P., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399); Phys. Rev. Lett. 85
(2000) 3979 (hep-ph/0504247); Phys. Rev. D63 (2001) 073003 (hep-ph/9903424).

e The first “oscillogram of the Earth” type figures appeared in M. Chizhov,
M. Maris, S.T.P., hep-ph/9810501.
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The Earth matter effects in v.,) — v,)s Ve(u) = Vute)r Ve — V7 @and v, — vy
oscillations are significant for £, ~ (2 —10) GeV.

MSW in the Mantle: E, ~ (6—7) GeV (|JAm3,| = Am?(atm) = 2.5x 1073 eV?).

The mantle-core (NOLR) enhancement of P2” (or P2"):
P>, =1 due to NOLR for 6, = 0 (Earth center crossing v’'s) at,
e.d. sin®20;3 = 0.034; 0.154, E £ 3.5; 5.2 GeV (|Am3,| = 2.5 x 1073 eV?).

For £ =3.5 GeV, the probability P, = 0.5 for the values of sin? 26013 from
the interval 0.02 < sin?26:5 < 0.10.
The current b.f.v. of sin®20;3 = 0.084.

The effects of Earth matter on the oscillations of atmospheric (and accel-
erator) neutrinos have not been observed so far; can be used for performing
v oscillation tomography of the Earth with neutrinos having E, ~ (2 — 10)
GeV (ORCA experiment withing the KM3Net project in the Mediterranean
sea in Europe, HK experiment (see, e.g., F. Capozzi, S.T.P., 2111.13048;
C. Jesus-Valis et al., 2411.12344); DUNE: E, ~ 0.2 GeV, K.J. Kelly et al.,
2110.00003).
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The fluxes of atmospheric v., of energy E which reach the detector after
crossing the Earth along a given trajectory specified by the value of 6,,
¢, (FE,0,), are given by the following expressions in the case of the 3-
neutrino oscillations under discussion and E, & 2 GeV:

D, (E,0,) =2 DY (1 + [s55r — 1] P2,

Py, (E,0,) = ®) (14 s53[(s53 7)1 — 1]P2" — 2c53s53 [1 — Re (e ™AL (vr — 17))])

where ®) = &) (FE,6,) is the v, flux in the absence of neutrino oscilla-
tions and
®O (E,6,)

r=r(E,0,) = B0 (L.0.)

r=2, s55=0.5: [s5;r —1] =0
s33: b.f.v. 0.455 (0.569) NO (I0); 30 CL: (0.416 (0.417)-0.599 (0.606) .

F. Capozzi et al., 2107.00532; M.C. Gonzalez-Garcia et al., 2111.03086

r(E,0,) £ (2.6 -4.5) for neutrinos giving the main contribution to the multi-

GeV samples, £ = (2 +-10) GeV.
M. Honda, 1995.

E,~ 0.2 GeV, r = 2:
P, (E,0,) = 0 (1 + [357 — 1] PZ) =2 &F

Ve ?

if ¢33 =0.5.
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Solar Neutrinos
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4p — “*He 4 2e™ + 2v..

e pp neutrinos, E < 0.420 MeV, E = 0.265 MeV,

e 'Be neutrinos, E=0.862 MeV (89.7% of the flux), 0.384 MeV (10.3%) ,
e 8B neutrinos, E < 14.40 MeV, E =6.71 MeV,

e pep neutrinos, E=1.442 MeV,

of 13N, E < 1.199 MeV, E = 0.707 MeV,

of 1°0, E < 1.732 MeV, E = 0.997 MeV.
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SuperK, SNO

Gallium =Chlorine
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Figure 2: Differential Standard Solar Model neutrino fluxes [l].
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Figure 3: Comparison of measurements to Standard Solar Model predictions.
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Experiment Observed rate/BP04 prediction

Predicted Rate
at global best-fit at solar best

Predicted R

Ga 0.52 4 0.029

Cl 0.301 + 0.027
SK(ES) 0.406 + 0.014
SNO(CCQC) 0.274 + 0.019
SNO(ES) 0.38 4 0.052
SNO(NC) 0.895 -+ 0.08

0.555
0.356
0.394
0.289
0.386
0.889

0.540
0.345
0.395
0.289
0.386
0.908

The observed rates w.r.t predictions from the Standard Solar Model

BP04. Shown are also the predicted rates for the best fit values of Am3,
and sin?61,, obtained in the analysis of the i) global solar neutrino data,

and ii) global solar neutrino +KamLAND data.
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Results from BOREXINO
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MSW Transitions of Solar Neutrinos in the Sun
and the Hydrogen Atom

d ( Aa(t, to) ) _ ( —e(t) €(t) ) ( Aa(t,to) )
dt \ Ag(t,to) e(t) e(t) )\ Ag(t, to)
where & =— Llg, 5 — I/’LL(T),

e(t) =2 [A—m2 c0s 260 — \/2G N ()],
€(t) = Am? g 20, with Am?2 = m% - m%.

o« Standard Solar Models

No(t) = Ne(to)exp{—t;CfO}, ro ~ 0.1Rs, Rg = 6.96 x
10°km

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



The region of vy production: » < 0.2Rq
20 Ng em™3 < Ne(zg) < 100 Ny em™3

Y

Suppose Ne(xg) > NI |ve)

v3t).

Possible evolution:

The system stays at this level; at the surface: [v5') = |vo)

P(ve — ve) = |(ve|vn)|? = sin?6, Adiabatic

At Ne = N[°°, where E5' — E7' is minimal, the system
jumps to lower level |v7?%); at the surface: |v]*) = |vy)

P(ve — ve) = |{ve|v1)|?2 = cos? @, Nonadiabatic

Type of transition: P’ = P(w3*(tg) — v1), Jjump proba-
bility

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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Introducing the dimensionless variable

t—tg

Z = 7:7&0\/56;']7]\[6’(tO)e_ o, ZO — Z(t — tO)?
and making the substitution

(Z—TZs)+i ft; e(t')dt’

Ae(t7t0) — (Z/Z())C_a € Aé(tatO)a

AlL(t,to) satisfies the confluent hypergeometric equation (CHE):

2
{ 28554 (c—2) ) — a} ALt,t0) =0,

where

2 . , 2
a =14 irg AQTE sin?9, c¢=14irg AQ%

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



The confluent hypergeometric equation describing the v, oscillations in the
Sun, coincides in form with the Schroedinger (energy eigenvalue) equation
obeyed by the radial part, ¢, (r), of the non-relativistic wave function of
the hydrogen atom,

W(r) = 29 (r)Yin (0, ¢,

r, 0 and ¢’ are the spherical coordinates of the electron in the proton’s rest
frame, [ and m are the orbital momentum quantum numbers (m = —1,...,1),
k is the quantum number labeling (together with ) the electron energy
(the principal quantum number is equal to (k+1)), En (E, < 0), and
Y. (0,¢") are the spherical harmonics. The function

Y1 (Z) = Z72 22 4py(r)

satisfies the confluent hypergeometric equation in which the variable Z and
the parameters a and c are in this case related to the physical quantities
characterizing the hydrogen atom:

r
4 =2 a—\/—Ekl/E], a = ap] — l—|—1—\/—E]/Ekl, C=C = 2(l—|—1)
0

ao = h/(mee?) is the Bohr radius and E; = m.e*/(2R°%) = 13.6 eV is the
ionization energy of the hydrogen atom.
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Quite remarkably, the behavior of such differ-
ent physical systems as solar neutrinos undergoing
MSW transitions in the Sun and the non-relativistic
hydrogen atom are governed by one and the same
differential equation.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Any solution - linear combination of two linearly independent solutions:
Pd(a,c;2), Zt1 ¢ dla—c+1,2—¢,2); ®(a',d;Z=0)=1,a,d #0,—-1,-2,....

1 : Am?
A(Ve = vyr)) = 5 sin 260 {CD(CL —c,2 —c, Zy) — TTGE d(a—1,¢; Zo) } :

X

Sun: N.(x) = N.(zg)e =, 10 = 0.1Rs, Ro =7 x 10°> km
The region of v, production:
20 Ngo em™ S Ne(zo) S 100 Ng em™3: |Zp| > 500 (1)

The solar v, survival probability:

P(ve = ve) = 2 + (3 — P') cos 260 cos 20, 0 = 612, Am? = Am3,,

S.T.P.,, 1988
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Averaged Survival Probability in the Sun
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The solar v, survival probability:

P(ve — ve) = 2 + (5 — P') cos 269, cos 26,

Am2 2 Am2
P/ L e—QWTOW Sin G_G—QWTOT
- 2
_QWOAL
1—e 2F

Case 1: cos209, = —1, P'=0, P = 3(1 — cos20).
Case 2: 09, =0, P/ =0, P(ve = ve) =1 — 5sin?20

Case 1: SNO, Super Kamiokande: P = 0.3: cos20 > 0!

Case 2: pp neutrinos.
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Results from BOREXINO
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""'solar'' parameters
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T. Schwetz, arXiv:0710.5027[hep-ph]

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



NUFIT 5.0 (2020)
14_||||||||||||||||||_ 12_|||‘||||||||||||_
" sin‘0,, = 0.0222 1 ¢ GS98 (NUFIT4.1) /-
12 1 wF GS98 -
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I. Esteban et al., arXiv:2007.14792 [hep-ph]
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Figure 1: Global solutions including all available solar neutrino data. The input
data include the total rates from the Chlorine [2], Gallium (averaged) [3, 5, 4], Super-
Kamiokande [6], and SNO [1] experiments, as well as the recoil electron energy spectrum
measured by Super-Kamiokande during the day and separately the energy spectruin mea-
sured at night. The C.L. contours shown in the figure are 90%, 95%, 99%, and 99.73% (30).
The allowed regions are cutoff below 10%eV2 by the Chooz reactor measurements [22)].
The local best-fit points are marked by dark circles. The theoretical errors for the BP2000

nentrino fluxes are included in the analvsic
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T hree Neutrino Mixing

3
Vi — E UlejL .
=1

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing matrix,

Uel UeQ Ue3
U= | Uua Uwp U
U’Tl U7'2 U7'3
e U - n xXn unitary:
n 2 3 4
mixing angles: In(n—1) 1 3
CP-violating phases:
e vi— Dirac: f(n—1)(n—-2) 0 1 3
e v;— Majorana: in(n — 1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majorana phases

S.M. Bilenky, J. Hosek, S.T.P., 1980
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Majorana versus Dirac Massive Neutrinos
Majorana Neutrinos (Fermions)

Can be defined in QFT using fields or states.
Fields: xi(z) - 4 component (spin 1/2), complex, my
Majorana condition:

C (@) = &xn(x), &7 =1, CTC = —~, (C"'=-0C)

— Invariant under proper Lorentz transformations.
— Reduces by 2 the number of components in x.(z).

Implications:

U(1) : xe(x) = e¥yp(z) — impossible

— xx(z) cannot absorb phases.

—Qua)y=0: Qe=0, Ly =0, L=0,...

— xx(x): 2 spin states of a spin 1/2 absolutely neutral particle
— Xk = Xk
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Propagators: W (x)—Dirac, y(x)—Majorana
< OIT(Wa(z)Ws(y))|0 >= Sky(z —y) |
<OT(Wa(2)Wp(y))[0 >=0, <O[T(Wal(z)Ws(y))[0>=0 .
< 0|7 (xa(2)X5(¥))|0 >= Sys(z —y) ,
< O|T(xa(z)xs(¥))|0 >= —€"S;,.(z — y)Cs

< O|T(Xa(x)Xs(W))|0 >= ¢ CLIS 3 (z —y)

Ucp x(z) U&i =ncp v x(z'), nep==+i .
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Special Properties of the Currents of y(z)—Majorana:
X(@)vax(x) =0 Quuy=0 (Qumu)(W)#0);

Has imortant implications, e.g. for SUSY DM (neutralino) abundance
determination (calculation).

X(x)oapx(z) =01 py =0 (uy#0)
)2(37)0-0457596(33) =0: d,=0 (dyg #0, if CP is not conserved)

x(xz) cannot couple to a real photon (field) .

x(z) couples to a virtual photon through an anapole moment :

(9o ©© — 40ap)V5Ys Fu(q?).
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Properties of Currents Formed by xi1(z), x2(z): x2 = x1+ 7, X2 = X1X1X1 >
etc.

x1(x)va(v —ays)x2(x) (x1(x)y*(1 —ys5)x1(x),...) :

e CP is conserved: v =0 (a=0) If nicp = n2cpr (N1cp = —M20pP)

e CP is not conserved: v #0, a# 0

(Has imortant implications also, e.g. for SUSY neutralino phenomenology:
et +e = x1+x2, xo = x1+IT+17, etc.)

X1(2)oas(p12 — di2ys)x2(z) (F°(x)) :

e CP is conserved: 12 =0 (di2 = 0) if nicp = nocr (Mmcop = —n2cp)

e CP is not conserved: (120 #=0, dio #0
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PMNS Matrix: CPV Phases

£C%x) = _7 S 1(@)ya (1 — v5) Upjvi(z) Wz) + h.c..

Assume n families.
v;: Dirac particles (fields); phases of i(z), v;(x) - unphysical.

1 — 1) (n—2
CPV phases: ”(”T"H n_1 =" )2(” ). ho CPV if n=1,2;

n = 3: 1 physical CPV phases, Dirac phase (similar to the quark case).

v;: Majorana particles (fields); phases of [(z) - unphysical; v;(z) cannot
" absorb” phases.

1 —1
CPV phases: n(nT—l_) —n = n(nT): no CPV if n=1;

n = 2: 1 physical CPV phase, Majorana phase (used, e.g., in LG);
n = 3: 3 physical CPV phases, 1 Dirac 4+ 2 Majorana.
S.M. Bilenky, J. Hosek, S.T.P., 1980
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CP Invariance
Ucp (@) Ulp =m0 C [(zp) T,

Ucp Wa(x) U(T;p = nwnaWi(zp),

m, nw - unphysical phases, |5u»|? =1, 7o = diag(—1,1,1,1).

Ucpvi(z) UL p = nivo C (7(zp)) T, Dirac v,

P - . CP -
Ucpvi(x) ng = 77]2: Yovi(zp), Majorana vy .77]2: = 41 .

n; - unphysical phase, |n;|? = 1;
nP = +i = ip, - CP parity of Majorana neutrino v; .
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CP Invariance: Ugp LCC(2)ULp = £€ (zp)

(Upmns)ii = nwny m; (Upmns)ii» Dirac v,

Convenient choice n,n/n; = 1: (Upmns)j; = (Upmns)ii -

(Upmns)ik = ipknw 1 (Upmns)ik, Majorana vy, .

Convenient choice: n, =1, ;=1 (Upmns)j, = pr(Upmns)iks pr = £1.
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PMNS Matrix: Standard Parametrization

1 0 0]
U=VP, = 0 &% 0 ,
0 0 €7
C12C13 $12C13 s13e” %
V = | —s12c03 — c12523513€ 12003 — S12523513¢”  s23C13
812823 — C12C23513€"  —c12823 — $12C23513€°  ca3ci3

® S = Sin Qij, c;; = COS Qij, ij — [O
e 0 - Dirac CPV phase, 6 = [0,27]; CP inv.: 6 =0, m, 2;

e an1, a31 - Majorana CPV phases; CP inv.: apyz1) = k(E)7, k(K') =0,1,2...
S.M. Bilenky et al., 1980

Am2 = Am3, = 7.34 x 107° eV? > 0, sin 612 = 0.305, cos261> & 0.306 (30),

o
o |Am31(32)| =~ 2448 (2.502) x 1073 eV?2, sin?6#,3 = 0.545 (0.551), NO (10) ,
e 013 - the CHOOZ angle: sin?6;3 = 0.0222 (0.0223)

F. Capozzi et al. (Bari Group), arXiv:2003.08511.
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e sgn(Am3,,) = sgn(Am§1(32)) not determined

Am?2., = Am3; >0, normal mass ordering (NO)

Am?2,, = Am3, < 0, inverted mass ordering (IO)
Convention: M1 < Mo < M3 - NO, m3 < mj < m»o-10

mi1 <K mo < ms, NH,
m3 < mip < mp, IH,

m1 = mg = m3, mi,3>> |[Am3yayl, QD; m; 2 0.10 eV.

Mo = \/m%—I—Amgl, m3 = \/m%—I—Amgl - NO;
omiy = \/mg)—l—Amg3 — Am%l, mo = \/mg)—l—Amg3 - 10;
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m? m?
A . V 0 A
-V,
___JAVN
my Lo — —+-m,
solar~7x107eV?2
atmospheric T
~2x1073eV? ,
atmospheric
My’ R —— ~2x107%eV?
4+ solar~7x1075eV?2
m 2L - _ {-my
? ?
0 N N 0
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« Dirac phase /: V| < vy, ljl <> Dl/, [ # l/, Agg) x Jcp o< Sinf13sind:
3/ —mixing: P.I. Krastev, S.T.P., 1988
Agi:,l/) = P(I/l — I/l/) — P(Ijl — Ijl/) , 1 # ' = e, u, T
Aglé’l/) = P(Vl — l/l/) — P(Vl/ — I/l), [ #= U

(e) __— A7)  __ (e,7)
ACPM(T) - ACMP(T) - _ACP(T)
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. (67 ) J— vac (69 ) J— ( 97_) J— 67—)
In vacuum:  Acgy = 4Jeplol (Acpimy = Adpimy = — Ach(my)

1
Jop =IM{UaUpUhU; } = s sin 2615 sin 263 sin 2013 cos H13sin &

A 2
FY%¢ — gin 21L sin 32L sin(2"13 )
( > ) + ( ) + ( 5E )

osc

i P.I. Krastev, S.T.P., 1988
In matter: Matter effects (Earth, Sun) violate

CP: P(Vl — I/l/) 74: P(ﬁl — 171/)

CPT : P(l/l — l/l/) # P(Dl/ — Ijl)

P. Langacker et al., 1987
Can conserve the T-invariance (constant density or density profile sym-
metric relative to the middle point, e.g., Earth)

P(Vl — I/l/) = P(Vl/ — Vl), [ 74: !
In matter with constant density (T2K, NOvA, T2HK, DUNE):

J@St — J\(/:apc Rcp, A(ea/"“) — Jmath]Sit
Rcp- real, does not depend on 623 and d; |Rep| S 2.5
P.I. Krastev, S.T.P., 1988
2018: Rgp > 0, Rep < 1.2; numerically Rcp=Naumov-HS factor (from
1991).
S.T.P., Y.-L. Zhou, 1806.09112
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Current data: |Jop| < 0.040 (can be relatively large!); b.f.v. with § = 37 /2:
Jop = —0.035.

« Majorana phases aoi, a3q:
-V <> V1, Dl < Dl’ not sensitive;
S.M. Bilenky, J. Hosek, S.T.P.,1980;
P. Langacker, S.T.P., G. Steigman, S. Toshev, 1987
- \<m>\ in (88)o,—decay depends on x21, (X31;
— Mg — e+ ) etc. in SUSY theories depend on ao1 31;

— BAU, leptogenesis scenario: 5, 21 31"
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Parameter Ordering Best fit lo range 20 range 30 range “1o" (%)
Am3,/107%> eV? NO, IO 7.497910 — - 6.92 — 8.05 2.5
sin%612/10° 1 NO, IO 3.0817 912 — — 2.75 — 3.45 4.5
AmZ,/1073 eVv? NO 2.513779% — - 2.451 — 2.578 1.1
Am=/107 eV’ (@) —2.484 + 0.020 - - -2.547 — (- 2.421) 1.1
sin?6013/1072 NO 2.21510020 — - 2.0300 — 2.388 3.0

10 2.231 + 0.056 — — 2.060 — 2.409 3.1
sin6,3/1071 NO 4.707) 514 = — 4.35 — 5.85 5.5

10 5.507 912 - - 4.40 — 5.84 4.4
5 NO 212179 — - 124 — 364 19

10 2747132 — - 201 — 335 8
AXIQO—NO IO—NO  +6.1 (2.450)

Global 3r analysis of oscillation parameters:
ranges at N, = 3 for either NO or 10, including all data (also the SK

atmospheric neutrino data).

The

latter column shows the formal

best-fit values and allowed

“]_O-

fractional accuracy” for each parameter, defined as 1/6 of the 30 range,
divided by the best-fit value and expressed in percent. The last row reports
the difference between the x? minima in IO and NO. The results on the

NO and CPV due to § are inconclusive.
I. Esteban et al., arXiv:2410.05380 (NuFit-6.0 results).

sin? 6,3 - relatively large uncertainty.

Am3,/|Amz| = 1/30.
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Absolute Neutrino Mass Scale

The Absolute Scale
of Neutrino Mass

A v,
} v Oscillation
(Mass)? v,
. " ?f } Cosmology, p Decay,

How far above zero
is the whole pattern?

Oscillation Data = VAm?,,, < Mass[Heaviest v;]

Due to B. Kayser
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Absolute Neutrino Mass Measurements

Experiments on e -spectrum in 3H =3 He 4+ e~ + e

(super-allowed 3H —3 He transition, NME - constant, Ey ~ 18574.3+1.7 eV,
half-life 12.3 years)

my, < 2.2 eV (95% C.L.) Troitzk, Mainz.

We have mj = m1 2 3 In the case of QD spectrum.

The KATRIN experiment (11/06/2018) is planned
to reach sensitivity

KATRIN: m; ~ 0.2 eV
I.e., it will probe the region of the QD spectrum.
KATRIN data (2022):

my, < 0.81 eV (90% C.L.)
Latest KATRIN data (2024):
my, < 0.45 eV (90% C.L.)

E. Lokhov et al., talk at Neutrino 2024 (June 17-22, 2024, Milano)
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dT(®H =3 He+e + e Z U ‘2 dI‘(ml)
dEe — ei ’

% = Cpe (Ee + me) (Eg — E¢) \/(EO o E€)2 o mZQ F(Ee) 6(Eo — Ee —mj) .

Here E. < Ey — m; IS the Kinetic energy of the electron, Ejy is the energy
released in the decay, p. is the electron momentum, m. iIs the mass of the
electron, F(E.) is the Fermi function which takes into account the Coulomb
interaction of the final state particles, and C is a constant. (Ey;— E.) is the
neutrino energy and p; = /(Eo — E.)? —m? is the momentum of neutrino

with mass m;.

Usually

mg = my, = Z |U€Z|2 (N m;23, QD spectrum)

IS considered as the neutrino mass related observable in g-decay experi-
ments.
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Improved f energy resolution requires a BIG f spectrometer.

.. KATRIN

.\ 5osignal if m; > 035 eV

Le pold ILafen 5.1 06 “f
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Future plans ( & 2027): KATRIN , 50 g of

3H (use of atomic 3H); goal: reach sensitivity to
mg < 0.04 eV.

In development: PROJECT 8 (CRES technique, B. Monreal,
J. A. Formaggio, Phys.Rev.D 80(2009) 051301):

B AFE A
27 f(Eg) = c : Energy resolution: —— = —f
B
Eg + me Me f

CRES technique demonstrated by Project 8 for e~ magnetically trapped
inside a wave guide; best E-resolution AErywyy = 1.7 eV at 18 keV.

Limit obtained mg < 152 eV, goal.: mg < 0.04 eV.
In development: HOLMES and ECHO ¢ capture calori-

metric experiments,

163, 4163 Dy[Hz] + v, 163Dy[Hi] —163 Dy—I-Ec.

H;, =M1, M2, N1, N2, O1, O2, P1; EC from shell > M1.

Q = 2863.2+ 0.6 eV; 715 = 4570 years; 2 x 10'! '°3Ho nuclei + 1 Bq.
End-point rate and mg sensitivity depend on Q — E,(M1).

Current limits m,, < 28 eV (HOLMES), 19 eV
(ECHo) (90% C.L.)

A. Nicciotti, talk at Neutrino 2024
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Mass and Hierarchy from Cosmology
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Cosmological and astrophysical data on Zj m; - the current most stringent
constraints (Planck CMB 4+ BAO data + lensing data + the Hubble
constant datum [HO(R19)] + ANCDM (6 parameter) model 4+ assuming 3
light massive neutrinos):

Y mj=x<012eV  (95% C.L.)

J
The upper limit depends on the data set and assumptions used. According
to F. Capozzi et al., arXiv:2503.07752, it reads:

Y m; =% <0.064-0.616 eV (95% C.L.)
J
where 0.616 eV corresponds to the data set used which leads to one of the
most conservative result (A CDM+4-X>X+ A,.,..+Planck+lensing data; A, -
empirical parameter added to marginalise over the excess amount of gravi-
tational lensing emerging in the fits of the Planck data (arXiv:1807.06209);
see also arXiv:1903.07603).

A.G. Adama et al. (DESI Collaboration), arXiv:2411.12022:

Y m;=% <0.071 (0.196) eV (95% C.L.)
J
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Data on weak lensing of galaxies by large scale structure, combined with
data from the WMAP, Planck and currently taking data EUCLID experi-
ments might allow to determine

> my § = (0.01 — 0.04) eV.
j
Similar sensitivity (6 = 0.03 eV) is planned to be reached in CMB-S4 and

DESI experiments; combining data from DESI and CMB-S4 experiments
(0 = 0.012 — 0.020 eV).

Talks by M. Archidiacono and W. Elbers at Neutrino 2024, June 17-22, Milano
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Mass and Hierarchy from Cosmology

1.50
1.00F _
0.70} Planck+WP I |
0.50F ¢ -
> ! ]
2L, 0.30 Planck+WP+BAO |
S 0.20} ¢ i :
N |
0.15F | _
z
0.10} £ :
IH E v
NH
1074 0.001 0.01 0.1 1
mmin[eV]

NH (mi1 £ 0): ijj = mo 4+ m3 = \/Ams, + \/Amgl = 0.061 eV (30 max);

IH (m3 = 0): ) . m; = mi+mo =2 Am3; £ 0.098 eV (30 min); >_;m; £ 0.098
eV.
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Determining the Nature of Massive Neutrinos.

Determining the status of lepton charge conserva-
tion and the nature - Dirac or Majorana - of mas-
sive neutrinos is one of the most challenging and
pressing problems in present day elementary parti-
cle physics.

Establishing that the total lepton charge L = L. +
L, + L+ 1s not conserved In particle interactions by

observing the (53)g,—decay would be a fundamen-
tal discovery (similar to establishing baryon number
nonconservation (e.dg., by observing proton decay)).

Establishing that v; are Majorana particles would be

of fundamental importance, as important as the dis-
covery of v— oscillations, and would have far reach-
iIng implications.
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v, oscillations are not sensitive to the nature of v;.

The Majorana nature of l/j can manifest itself in the existence of AL = +2
processes:

Kt > a +put+put
p+ (AZ) s pt+ (A, Z-2)

The process most sensitive to the possible Majorana nature of l/j - (B8)ov-
decay

(A,Z) - (A, Z4+2)+e + e
of even-even nuclei, “3Ca, °Ge, 82Se, 1Mo, 11°Cd, 13%9Te, 13°Xe, 1°9Nd.

21 from (A,Z) exchange a virtual Majorana Vj (via the CC weak inter-

action) and transform into 2p of (A,Z+42) and two free € .
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Nuclear Ovpp-decay

strong in-medium modification of the basic process
dd — uue” e (V,v,)

continuum

virtual excitation
of states of all multipolarities
in (A,Z+1) nucleus

(A, Z+1)

(A, Z+2)

Figure due to V. Rodin
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(88)o,—Decay Experiments:
- L—nonconservation, Majorana nature of v;.
- Type of v—mass spectrum (NH, IH, QD)
- Absolute neutrino mass scale

3H pB-decay, cosmology: min(m;) (QD, IH)
- CPV due to Majorana CPV phases
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A(BB)oy ~ G,2:<m> M(A,Z), M(A,Z) - NME,

|[<m>| = [3,U02 mil = [ma|Uei|? + mo|Uel® e + ma|Ues|? e

2 2 2 2

ar1, @31 ((ag1 — 26) — «@31) - the two Majorana CPVP of the
PMNS matrix.

|<m>‘ — ‘<m>‘ (min(mj)7a21,3l7 MO)
CP-invariance: as; = 0, £m, az; = 0, £;
M1 = €% = £1, n3 = ==+1

relative CP-parities of /1 and VD, and of /1 and V'3 .

L. Wolfenstein, 1981;
S.M. Bilenky, N. Nedelcheva, S. T.P., 1984;
B. Kayser, 1984.
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A(BB)oy ~ G,2:<m> M(A,Z), M(A,Z) - NME,

<m>| = ‘\/Amgl sin2010e 4 \/Am2, sin?f13e® | | my < ma < mz (NH),

|<m >|

VM3 + Am3, |cos? 012 + e sin® 012

, m3 < (K)m1 < mo (IH),

|<m >|

~
mi23 =m

m |cos? 612 4 €2 sin® 012 + sin®H13 e
0.10 eV (QD).

)

VIR

CP-invariance: ooy = 0, £m, agy = 0, £,

1.2x1073 < |<m>| <$4.1x103eV, NH (30):

JAm35c0s2015 =2 0.016 eV 5 |<m>| £ JAm3s =
0.049 eV IH (30);

J.Penedo, S. T.P., 2603.07787; S.-F. Ge et al., 2511.15391

mcos20i> S |<m>] < m, m< 0.03eV, QD (30).
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[<m>| [eV]

0.001

0.0001 0.001 0.01 0.1 1

Figure by S. Pascoli, 2020
The figure is obtained using the b.f.v. and the 10 ranges of allowed values of Amgl,

sin? 12, sin®6i3 and |Am§1(32)| from F. Capozzi et al., arXiv:2003.08511, propagated to
<m> and then taking a 20 uncertainty. a,; and (a3; —24) are varied in the interval [0,27].
The predictions for the NH, IH and QD spectra as well as the CUORE, GERDA-II and
KamLAND-Zen limits are indicated. The black lines determine the ranges of values of
|<m>| for the CP conserving values (az1,a31 —26) = (0,0), (0,7), (w,0) and (w,7). The
red regions correspond to az; and/or (asz; — 26) having a CP violating value. (Update by
S. Pascoli of a figure from S.Pascoli, STP, Phys. Rev. D77 (2008) 113003.)
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NMEs for Light v Exchange

OvBp NMEs -status 2016

Tg R VRN VIR VRN (N (S A— ]
6F =
S5E =
g >
=3 = 3
2 4
: =—= QRPA -
= BE—a IBM -
E B—W EDF B
g +—® REDF e
0 E | I | | I | | I | | | I 3
C ?()Gc 82 2o Z[’ ]t)-t)M ll(lPd Cd Sl HUTL Xe hﬂNd
mean field meth. ISM IBM QRPA
Large model space yes no yes yes
Constr. Interm. States no yes no yes
Nucl. Correlations limited all restricted restricted

F. Simkovic, 2017

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Table 1: Compilation of .-‘l:!rl::“g values for light Majorana neutrino exchange caleulated
with different muclear models from [2]. These results have been obtained by assuming the
bare value of the axial coupling constant gf_{"‘“ = 1.27. Each model is identified through an
index, given in the second colhwmn.

Nuclear Model Index [Ref] "Ge #2°85e "N e ViXe

N1 [25] 2.80 2.73 = 2.76  2.28

N2 [25] 3.07  2.90 3 2.96 2.45

NSM N3 [26] 3.37 3.19 = 1.79  1.63
N4 [26] 3.57 3.3 £ 1.93 1.76

N5 [27, 28] 266 2.72 224 316 2.39

Q1 [29] 5.00 - - 1.37 1.55

Q2 [30] 5.26 3.73  3.90 400 291

QRPA Q3 [31] 485 4.61 587  4.67 2.72
Q4 [32] 3.12 2.86 - 2.90 1.11

Q5 [32] 3.40 3.13 - 3.22  1.18

Q6 [33] . = £ 1.05 3.38

E1 [34] 460 4.22 508 513  4.20

EDF E2 [35] 5.55 4.67 659  6.41 477
E3 |36] 6.04 5.30 648 4.8  4.24

— 11 [37] 514 419  3.84  3.96  3.25
12 [13) 6.34 5.21 508 415 3.40

M. Agostini et al., arXiv:2202.01787
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The searches for (33)o,— decay have a long history.
See, e.g., S.T.P., arXiv:1910.09331 and A. Barabash, arXiv:1104.2714

Results from IGEX (°Ge), NEMO3 (1°°“Mo), CUORICINO+CUORE-0
(13°Te):

IGEX "5Ge: |<m>| < (0.33—1.35) eV (90% C.L.).
Data from NEMO3 (1°°Mo):

T(1%%Mo) > 1.1 x 10%* yr, |<m>| <(0.3—0.6) eV;

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Best Sensitivity Results
T(136Xe) > 1.6 x 10%°yr at90% C.L., EXO

T (130Xe) > 3.8 x 102y at90% C.L., KamLAND — Zen

l<m>| < (0.028 —0.122) eV.

H. Shimizu, talk at Neutrino 2024, June 17-22, Milano

T(’°Ge) > 1.8 x 10%%yrat90% C.L., GERDA 1II.
l<m>| < (0.079 —0.182) eV.

S. Calgora, Talk at NuTel, October 2023

T(’°Ge) > 1.9 x 10%%yrat90% C.L., LEGEND — 200.

L. Pertoldi, talk at Neutrino 2024, June 17-22, Milano

(GERDA + MAJORANA — LEGEND)

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



T(139Te) > 4.4 x 10%°yr at90% C.L.,

l<m>| < (0.070 —0.240) eV, CUORE

C. Bucci, talk at Neutrino 2024, June 17-22, Milano
Constraints on min(m;)

T (13°Xe) > 3.8 x 10%%yr at 90% C.L., KamLAND — Zen

<m>| < (0.028 —0.122) eV.
l<m>| < 0.122 eV, QD region:

0l V2~ 0384 ev (cos2015 = 0.318, 30)
m — . laV, ° ’ O-
1,23 cos 261 12

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Large number of experiments: |[<m>| ~ (0.01-0.05) eV

CUORE - 130T7%€;

*CUPID - 19°Mo (250 kg; CUPID-IT: 1000 kg (8 x 1027 yr);
LEGEND - "°Ge (LEGEND-200; LEGEND-1000);
KamLAND-ZEN - 3°Xe (750 kg, 4.6 x 10°° yr);

NEXT-100 - 136Xe (NEXT-HD (1027 yr); NEXT-BOLD (1028 yr));
SNO+ - 139Te (800 tons of LS loaded with (0.5%) Te, 33.8% 139Te);
AMORE - 1Mo (200 kg of XMoO4 crystals);

PANDAX-III - 13°Xe (200 kg of Xe enriched at 90% in '3°Xe);
CANDLES - 48Ca;

*SuperNEMO - 82Se (100 kg of 8°S, 20 modules);

DCBA - 82Se, 1°9Nd;

XMASS - 136Xe;

ZICOS - °°Zr;

MOON - '%OMo;

See, e.g., A. Giuliani et al., 1910.04688; M. Agostini et al., 2202.01787
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And many more ideas

Experiment Isotope | Mass Technique Present Status | Location
CANDLES-III [124] *Ca [305 kg "i‘Can scint. crystals Operating | Kamioka
CDEX-1 [125] “Ge | lkg “""Ge semicond. det. Prototype CJPL
CDEX-300v [125] Ge |225kg “""Ge semicond. det. Construction | CJPL
LEGEND-200 [16] Ge | 200 kg °""Ge semicond. det. Commissioning| LNGS
LEGEND-1000 [16] | ™Ge | 1 ton “""Ge semicond. det. Proposal
CUPID-0 [19] 88 | 10 kg Zn“""Se scint. bolometers Prototype LNGS
SuperNEMO-Dem [126] | *2Se | 7kg ""Se foils/tracking Operation | Modane
SuperNEMO [126] $28e 1100 kg e Se foils /tracking Proposal | Modane
Selena [127] 8250 “""Se. CM Development
IFC [128] g'!Se ion drift SeFg TPC Development
CUPID-Mo [17] Mo | 4kg Li®""MoQ4,scint. bolom. Prototype LNGS
AMOoRE-T [129] 10Mo | 6kg 100atMo0O4 bolometers Operation | YangYang
AMOoRE-II [129] 10Mo | 200 kg 0Ca'"Mo0; bolometers Construction | Yemilab
CROSS [130] 1Mo | 5kg | Li2'®MoOy, surf. coat bolom. | Prototype | Canfranc
BINGO [131] 1000Mo Li*"MoOy4 Development | LNGS
CUPID (28] 1900Mo | 450 kg Li*""MoO4,scint. bolom. Proposal LNGS
China-Europe [132 0 Cd “"TCdWO, scint. crystals Development | CJPL
- —(d _10.32 k; MO CZT semicond. det. eration LNGS
ano- [racking |1 - e. det. eve opgent
TIN.TIN [135] TS0 Tin bolometers Development | INO
CUORE [10] ™Te | 1 ton TeO, bolometers Operating LNGS
SNO+- [136] 0Te | 39¢ | 0.5-3% "*Te loaded liq. scint. |Commissioning| SNOLab
nEXO [29] 136%e | 5t Lig. “*"Xe TPC/scint. Proposal
NEXT-100 [137] 195Xe | 100 kg gas TPC Construction | Canfranc
NEXT-HD [137] 136%e | 1ton gas TPC Proposal | Canfranc
AXEL [138 1568 L gas TPC Prototype
KamLAND-Zen-800 [13] ™Xe | 745 kg| " Xe disolved in liq. scint. Operating | Kamioka
KamLAND2-Zen [41] | '3Xe “""Xe disolved in lig. scint. Development_| Kamioka
LZ [139] 136Xe | 600 kg | Dual phase Xe TPC, nat./enr. Xe| Operation | SURF
PandaX-4T [119] 136Xe [3.7ton|  Dual phase nat. Xe TPC Operation | CJPL
XENONnT [140] 136%e (5.9 ton Dual phase Xe TPC Operating | LNGS
] DARWIN |141| 136Xe |50 ton Dual phase Xe TPC Proposal LNGS
R2D2 [142 T0Xe Spherical Xe TPC Development
LAr TPC [143] ™Xe | kton Xe-doped LR TPC Development
NuDot [144 Various Cherenkov and scint. 1n [iq. scint.| Development
THEIA [12D Xe or 1e Cherenkov and scint. 1 11q. Scint. | Development
JUNO [146] Xe or Te Doped lig. scint. Development
Slow-Fluor (147 Xe or Te Slow Fluor Scint. Development

| did not have time to discuss these,
but they all have unique features....

Opportunistic searches with Dark Matter
experiments: L. Baudis’ talk on Friday

arXivi2212.11099 37

R. Guinette, talk at Neutrino 2024
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Conquering the inverted ordering

Next generation will cover the inverted ordering
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Next next step: Attempt the Normal Ordering

sensitive exposure [mol yr]
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If |<m>| < 0.01 eV, the next frontier will be |[<m>| ~(1.0 - 5.0)x10-3 eV

Experiments: LEGEND-1000 (6000), CUPID (CUPID-1T), NEXT-
BOLD, KamLAND-2ZEN,...

[<m>| [eV]

0.001

0.0001 0.001

0.1 1

Under what conditions |[<m>| > 1.0 (5.0) x 1073 eV,
or how not to "fall” in the " well of non-obsevability”.

S. Pascoli, STP, arXiv:0711.4993; J. Penedo, STP, PL B786 (2018) 410
S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026




If it is experimentally established that

»;m; 2 0.10 (0.08) eV,

this would imply for NO v mass spectrum that
l<m>| >5x1073 (1073) ev (30 C.L.)

J. T. Penedo, STP, arxiv:1806.03203; 2603.08787

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Predictions of modular invariant theories of lepton flavour
I

0.1

il R PSS A SRR SN AL

mﬁﬂ [EV]

0.001

104 B e = — ==
10-* 0,001 0.01 0.1 1
M jighgest [eV]

F. Feruglio, talk at Bethe Colloquium, 18/06/2020

New approach to neutrino and charged lepton masses, lepton (neutrino) mixing
and leptonic CP violation (for a review see, e.g., F. Feruglio and A. Romanino,
arXiv:1912.06028). Has been intensively developed in the last two years. Models typically
predict m; > 0.01 eV for NO spectrum (see, e.g., J. Penedo, STP, arXiv:1806.1040, P.
Novichkov et al., arXiv:1811.04933).
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The existing data imply that

my, <<< Me,u,m, Mgy, ¢ = U,C,t, d,s,b

For m,; < 1eV: my;/m, S 107°

For a given family: 1072 < my,/my, < 102

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



T his suggests that

e ; get their masses from a mechanism which differs from that generating
the masses of m., ., m,; in the SM;

e the smallness of m,, is related to the existence of a new fundamental
mass scale in particle physics, i.e., to the existence of New Physics beyond
the SM.

Natural to assume v; " differ” from m.,., m; because they are Majorana
particles (e, u, 7, quarks are Dirac particles).

The observation of, e.g., (53)o,— decay would be a proof.

These ideas are realised in many theoretical models which predict massive
Majorana v;: seesaw (N;, H, T), HTP (H~—, H™), models of lepton flavour.

The observed patterns of v—mixing and of Am2,_ and AmZ can be related

to Majorana l/j and a new fundamental (approximate flavour) symmetry,
e.d.,

Ay (~T3), Sa (~Ta),ey Uy (L'=Le— L, — Ly), ...

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



These discoveries suggest the existence of
New Physics beyond that of the ST.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



The New Physics can manifest itself (can have a
variety of different “flavours’):

o INn the existence of more than 3 massive neutrinos: n > 3
(n=4,0orn=>5, 0orn=26,...).

o In the observed pattern of neutrino mixing and in the
values of the CPV phases in the PMNS matrix.

e In the Majorana nature of massive neutrinos.

e In the existence of LFV processes: u — e+ v, u — 3e,
u — e conversion, etc., which proceed with rates close to
the existing upper limits.

e In the existence of new particles, e.g., at the TeV scale:
heavy Majorana Neutrinos Nj, doubly charged scalars,...

« In the existence of new (FChNC, FCENSNC) neutrino
interactions.

e IN the existence of “unknown unknowns'’ ...

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



vand BSM

Fundamental Fundamental = ' v
symmetries )/ Fundamental) =~ symmetries new Dirtlcles i
symmetries l -
Loréntz | B violation millicharged DMJ) %
| CPT violation
oscillations— |

nass, BcHIatln

non-Unitarity
l | l
EWPO, flavoyry new\ ixed target,
f hteractions Qliders™. 7
v properties— | /
| NSI interactions
v decay l . !
| oscillations, \ | | \ oscillations
oscillations CEWNS..»”" \  oscillations / '

/

B 7
“‘m._ -

See posters by Natsumi Taniuchi, Joshua Bai:l:t_:ﬁ,_ﬁa]sy Kalra, Roxanne Guenette, Cailian Jiang

E. Fernandez-Martinez, talk at Neutrino 2024, June 17-22, Milano
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We can haven >3 (n =4, orn =05, or n = 6,...) if,
e.g., sterile (SU(2);, singlet states) vp, v;, exist and they
mix with the active flavour neutrinos v; (7)), l = e, u, .
Two (extreme) possibilities:

1) mas. .. ~1eV,

in this case v,y — vg oscillations are possible (hints

from LSND and MiniBooNE experiments, re-analises of
SBL reactor v oscillation data with “new’” fluxes of v,

(“RAA"), data of radioactive source callibration of the
solar neutrino SAGE and GALLEX experiments (“Gal-
lium anomaly” ); Neutrino-4 claim; tests (SBNP (Fermi-
lab, ICARUS + 2 detectors), JSNS2 (at KEK), DANSS,
NEOS, PROSPECT, STEREO,...).

i) Mas .~ (1— 103) GeV, low-scale seesaw models:

Mys . ~ (10° — 101%) GeV, high-scale seesaw models.

We can also have, in principle:
mg ~ 3 keV (DM), Mgg ~ (1 —103) GeV (seesaw).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Of fundamental importance are:

e determining the status of CP symmetry in the lepton sector and high
precision measurement of § (T2K, NOvA T2HK, DUNE); leptonic CPV
might be at the origin of matter-antimatter (or baryon) asymmetry of the
Universe; critical test of symmetry origin of the vr-mixing pattern.

e the determination of the status of lepton charge conservation and the
nature - Dirac or Majorana - of massive neutrinos (which is one of the
most challenging and pressing problems in present day elementary particle
physics) (LEGEND (GERDA, MJORANA), KamLAND-Zen II, CUORE
(CUPID), NEXO (EXO), SNO+, NEXT, ...);

e determination of the type of spectrum neutrinOo masses possess,
or the “neutrino mass ordering” (T2K 4 NOvA; JUNO; ORCA;
T2HK+HK(atm.data); DUNE; INO);

e determination of the absolute neutrino mass scale, or min(m;) (KATRIN,
new ideas; cosmology).

e High precision determination of sin?#,; (T2HK+HK (atm.data); DUNE)
- relevant, e.g., for v-osc. tomography of the Earth (ORCA), and sin?6:»
(JUNO); both crucial for tests of ideas on origin of the v-mixing pattern.

The program of research extends beyond 2035.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



e Understanding at fundamental level the mechanism giving rise to the v—
masses and mixing and to the L;—non-conservation. Includes understand-

ing

— the origin of the observed patterns of v-mixing and v-masses ;
— the physical origin of C'PV phases in Uppyns

— Are the observed patterns of v-mixing and of Amgm related to the
existence of a new symmetry?

— Is there any relations between ¢—mixing and vr— mixing? Is 01> +
Oo=m/4 ?

— IS 023 = n/4, or 023 > /4 or else O3 < w/47

— Is there any correlation between the values of CPV phases and of
mixing angles in Uppns?

e Progress in the theory of r-mixing might lead to a better understanding
of the origin of the BAU.

— Can the Majorana and/or Dirac CPVP in Upyns be the leptogenesis
CPV parameters at the origin of BAU?

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



BS3vRM: eV scale sterile v's; NSIs; ChLFV pro-
cesses (u > e+ ~, u — 3e, u~ — e~ conversion on
(A,Z)); v—related BSM physics at the TeV scale
(Njgr, H——, H™, etc.).

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Future Developments
Three major new detectors (experiments):

JUNO, DUNE, Hyper-Kamiokande

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



JUNO

20 kt LS detector of reactor v, via IBD

l/eip /n=€+ Efreg—3%/\/— L—53 km
thermal power of the used reactors: 26. 6 GW;
Sphere with a diameter of 35 m.

Cost: 300 x 10° US Dollars.

Built in China by international collaboration of more
than 700 scientists from 74 Institutions in 17 coun-
tries/regions. Expected to start data-taking in the

second half of 2025.
After 6 years of operation: NMO at 3¢ (using reac-

tor v data only). Adding v,:, data can improve the
sensitivity by (0.8 - 1.4)c.

The idea put forward in S.T.P., M. Piai, PLB 553 (2002) 94 (hep-
ph/0112074).

Based on: Pyno(Ve — ve) = Pro(Ve — ve)

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



- — . 2 . Am?2 L
PNO(p, - D)= 1— % sin? 2613 (1 — COS M) — %cos4 613 Sin? 201 (1 — COs == )

2F,

1 w1 n?2 ) Am?, L Am2 L Am?2, L 2 __ 2
-+ 5 sin 2013 Sin“ 012 (cos( R~ 2E®V ) —cosz—éu) ,  AmE = Amsy,
— — _ 1 ... 2 Am?, L 1 ) Am?2 L
PO(p, 5> v,)=1-— 5 Sin“ 2013 (1 — COS T) — §cos4 013 sin“ 201> (1 — Cos 2 )

1 .2 2 Am2 L  AmZLY\ Am?, L
+ 5 sin 2013 COS~<61o (cos( ¥oh ¥ COS —5 4 .

2
Amaim

De+p_>€++n

Spectrum of eT - sensitive to the difference between PY°(y, — 7.) and
P9(p, — 7,) - can be used to determine neutrino mass ordering. Optimal
L exists; E,..; ~ 3%/VE required.

= Am§1(32)(NO), Amgtm = Am§2(31)(10),

S.T.P., M. Piai, 2001

JUNO (China, International collaboration)
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S. Choubey, S.T.P., M. Piai, PRD 68 (2003) 113006 ((hep-ph/0306017):
can measure sin?60;5, Am3; and Am3; with excep-
tionally high precision.

After 6 years of dataking:

sin?615: 0.5%; Am3,: 0.3%; Am3,: 0.2% (1o0)

(Y. Wang, talk given at CERN on March 20, 2024).

Wide program of research: atmospheric v oscilla-
tions, solar neutrinos, SN neutrinos, geo-neutrinos,

nucleon decay; distant future: (33)g, decay.

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026
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Concept of JUNO for Mass Ordering

e Two-layer structure for simplicity and cost: stainless steel frame + Acrylic tank
e Water as VETO and Buffer = radiopurity control of water

Calibration

VETO system

- Top Tracker

- Water VETO with 2400 20” PMT

- Earth Magnetic Field shielding coils

Central detector

- Steel structure (SSS) e, ...

- Acrylic sphere(AS) + ¢,; g} »‘3’2?
20kt Liquid scintillator ;

- 17612 20” PMT

- 25600 3” PMT

13
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DUNE
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DUNE (LBNE): Fermilab-DUSEL, L = 1290 km, 1.2
MW (2.3 MW) proton beam, wide band v beam (first

and second osc. maxima at £ = 2.4 GeV and 0.8 GeV);

34 kt fiducial volume LAr detecors; plans to run 5 years
with v, and 5 years with v,; 2028-2029

DUNE could have very dgood sensitivity to CP-
violation with a 75% coverage at 30 in the allowed

range of values of sin? 013 (assuming it will run for
5 years in neutrinos and 5 years in antineutrinos),
with §(5) = 6° — 16° depending on b.f.v. of /.

DUNE could achieve the determination of the NMO
at 50 in 1 year (3 years) in the best-case (worst-

case) oscillation scenario (value of sin2653).

The next slides on DUNE are from the talk by Ch.
Marshall at Neutrino 2024.
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DUNE construction: Phase |

 Full Near and Far Site facility

* Two LArTPC modules (VD & HD), each 17 kt Ar

* 1.2 MW upgradeable neutrino beamline

* Movable LArTPC ND+muon catcher, SAND
Completing Phase | is highest priority in P5 report:

Recommendation 1: As the highest priority independent of the budget sce-

narios, complete construction projects and support operations of ongoing

experiments and research to enable maximum science.

b. The first phase of DUNE and PIP-il to open an era of precision neutrino measurements
thal include the determination of the mass ordering among nautrinos

22 DUNE - Neutrino24 - Chris Marshall @Rﬁ%ﬁﬁﬁf& &K\E
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DUNE construction: Phase |

* Two additional FD modules
* Beamline upgrade to >2MW (ACE-MIRT)
* More capable Near Detector (ND-GAr)

P5 report endorses FD3, ACE-MIRT, and MCND in
the next decade, and R&D toward FD4

Recommendation 2: Construct a portfolio of major projects that collectively

study nearly all fundamental constituents of our universe and their interactions,

as well as how those interactions determine both the cosmic past and future.

b. Are-envisioned second phase of DUNE with an early implementation of an enhanced
2.1 MW beam—ACE-MIRT—a third far detector, and an upgraded near-detector
complex as the definitive long-baseline neutrino oscillation experiment of its kind

Recommendation 4; Invest in a comprehensive initiative to develop the resourc-

es—theoretical, computational, and technological—essential to realizing our

20-year strategic vision. This includes an aggressive R&D program that, while

a.  Conduct R&D efforts to define and enable new projects in the next decade, including
detactors for an e e~ Higgs factory and 10 TeV pCM collider, Spec-85, DUNE FD4,
Mu2e-1l, Advanced Muon Facility, and line intensity mapping .

UNIVERSITY of

23 DUNE - Neutrino24 - Chris Marshall @ROCHESTER ¥
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Buﬂdlng DUNE constructlon schedule

* Far site excavation is COIT]p|EtE

Next: Building & Site Infrastructure work
until mid-2025

* Cryostat warm structure is on its way to
US from CERN to be installed in 2025-
26

 Far Detector installation in 2026-27

* Purge and fill with argon in 2028

* Physics in 2028 or early 2029

* Beam physics with Near Detector 2031

Tranupart ioA Corulia harbour Apr|

24 DUNE - Neutrino24 - Chris Marshall @Rﬁﬁﬁf@ﬁl{ M’E

S.T. Petcov, PPP16, Hsinchu, Taiwan, 15-18/06/2026



Hyper-Kamiokande and T2HK
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Hyper-Kamiokande: water-Cherenkov, ~ 025 Mton,
fiducial ~ 0.2 Mton; 2027; T2HK.

{c} 2000 E
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Construction Schedule

e We are here e Aiming at operation

June 2024 start in 2027.
_l l

FY2020 FY2'I21 FY2022 FY2023 FY2024 FY2025 F'2026 FY2027 FY2028

Ac"-e,a ‘ _ _ ‘ PMT
Geo, Cavemn Tank

C e |
a'\' tﬂ\\at\onml c;d excavation Const rr‘r:talla
fane L i

so“S PMT production
053“ e [ [
?\'\0" PMT cases. Electronics ete.
o>

Power-upgrade of J-PARC and Neutrino Beam-line
I N N =]

Near Detector Facility, R&D, production ND construction
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Summary

Hyper-K will play a central role in exploring the future of particle physics
and contribute to the future of astronomy. Expectations in 10 yrs HK:

« Mass ordering: 3.8-6.2c depending on sin?0,;

» CP violation: 5c discovery, > 60%

« Proton decay: p2>e*n% ~6x103* yrs etc.

« > 30 sensitivity for the solar v spectrum up-turn

« ~70k events @10 kpc supernova

« ~4 events/yr diffuse supernova neutrino background

® The highlight of the civil construction, the dome excavation, was completed.
Detailed design of tank lining and photosensor support structure completed.

® 50 cm PMT delivery is ongoing and on schedule.
® Beam intensity increase/IWCD construction is on the way.

Data-taking is expected to start in 2027!

23

Data-taking is planned to start in 2028.
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Research in Neutrino Physics: we strive to under-
stand at deepest level what are the origins of neu-
trino masses and mixing and what determines the
pattern of neutrino mixing and of neutrino mass
squared differences that emerged from the neutrino
oscillation data In the recent years. ANnd we try
to understand what are the implications of the re-
markable discovery that neutrinos have mass, mix
and oscillate for elementary particle physics, cos-
mology and for better understanding of the Earth,
the Sun, the stars, formation of Galaxies, the Early
Universe, i.e., for better deeper understanding of
Nature in general.
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Conclusions

We are heading to a period in which some of the fundamental questions in
neutrino physics, and more genereally, in particle and astroparticle physics -
the status of CP symmetry in the lepton sector and its possible implications
for the generation of BAU, the type of spectrum neutrino masses obey,
the origin of the patterns of neutrino masses and mixing (symmetry?),
the value of the absolute neutrino mass scale, and possibly the nature -
Dirac or Majorana - of massive neutrinos, will be answered. This will have
profound implications not only for particle and astroparticle physics, for
astrophysics and cosmology, but also for our quest for understanding the
origins of the patterns of neutrino and charged lepton masses, neutrino
mixing and leptonic CP violation.

The program of research in neutrino physics extends beyond 2040.

T he future of neutrino physics is bright.
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Neutrini: 1 Protagonisti...
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Abschrift/15.12.5%6 M

Offener Brief an die Qrunpe der Radiosktiven bel der
Gauvereins-Tagung zu Tibingen.

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, L. Des. 1930
Airich Cloriastrasse

Liebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ilmen des nZheren auseinandersetszen wird, bin ich
angesichts der "falschen" Statistik der N und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats" (1) der Statistik und den Energlesats
su retten. Nhimlich die Moglichkeit, es k¥nnten elektrisch neutrale
Teilchen, die ich Neutronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘sheh von Lichtquanten wusserdem noch dadurch unterscheiden, dass sie
mnit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmasse sein und

s nicht grosser als 0,00 Protonenmasse.- Das kontimuierliche

Spektrum wire denn verstandlich unter der Annahme, dass beim
Seba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
aixd, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

Nun handelt es sich weiter dearum, welche Krifte auf die
Neutronen wirken. Das wahrscheinlichste Modell flir das Neutron scheint
mir sus wellenmechanischen Orlinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magmetischer Dipol von einem gewissen Moment u ist. Die Experimente
verlincen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, els die eines gnﬂn-smhls und darf denn
A wohl nicht grosser sein als e ¢ (10°%° om),

Ich traue mich vorliufig aber nicht, etwas iber diese Ides
su publizleren und wende mich erst vertrauensvoll an Euch, liebe
Radioakt‘ve, mit der Frage, vie es um den experimentellen Nachweis
eines solchen Neutrons stdnde, wenn dieses ein ebensolches oder etaa
2mal grosseres Durchdringungsvermogen besitsen wirde, wie ein
guem-Strahl.

Ich gedbe zu, dass mein Ausweg vielleicht von vornhersin
waaig wahrscheinlich erscheinen wird, weil man die Neutronen, wenn
she existieren, wohl schon IFngst gesehen hatte. Aber nur wer wagt,

amtomt und der Ernst der Situation beim kmtmin‘lichl beta-Spektru
wird durch einen Ausspruch meines verehrten Vorgs im Jmte, .
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats

"0, daran soll man am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man Jedm \iog gur Rettung ernstlich diskutieren.~
Alsg, liebe Radioaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in T8bingen erscheinen, da sch infoln eines in der Nacht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkmmlich
bin.- Mit vielen Griissen an Euch, sowie an Herm Baek, Buer
nntmnipt-ar mm

ges, W, Pamli
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[This is a translation of a machine-typed copy of a letter that Wolfgang Pauli sent to a group of physicists
meeting in Tiibingen in December 1930. Pauli asked a colleague to take the letter to the meeting, and the
bearer was to provide more information as needed.]

Copy/Dec. 15, 1956 PM
Open letter to the group of radioactive people at the
Gauverein meeting in Tiibingen.

Copy

Physics Institute Ziirich, Dec. 4, 1930
of the ETH Gloriastrasse

Ziirich

Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will explain to you in more
detail, because of the "wrong" statistics of the N- and Li-6 nuclei and the continuous beta spectrum, I
have hit upon a desperate remedy to save the "exchange theorem" (1) of statistics and the law of
conservation of energy. Namely, the possibility that in the nuclei there could exist electrically neutral
particles, which I will call neutrons, that have spin 1/2 and obey the exclusion principle and that further
differ from light quanta in that they do not travel with the velocity of light. The mass of the neutrons
should be of the same order of magnitude as the electron mass and in any event not larger than 0.01
proton mass. - The continuous beta spectrum would then make sense with the assumption that in beta
decay, in addition to the electron, a neutron is emitted such that the sum of the energies of neutron and
electron is constant.

Now it is also a question of which forces act upon neutrons. For me, the most likely model for the
neutron seems to be, for wave-mechanical reasons (the bearer of these lines knows more), that the neutron
at rest is a magnetic dipole with a certain moment p. The experiments seem to require that the ionizing
effect of such a neutron can not be bigger than the one of a gamma-ray, and then p is probably not

-13
allowed to be larger than e * (10 cm).

But so far I do not dare to publish anything about this idea, and trustfully turn first to you, dear
radioactive people, with the question of how likely it is to find experimental evidence for such a neutron
if it would have the same or perhaps a 10 times larger ability to get through [material] than a gamma-ray.

I admit that my remedy may seem almost improbable because one probably would have seen
those neutrons, if they exist, for a long time. But nothing ventured, nothing gained, and the seriousness of
the situation, due to the continuous structure of the beta spectrum, is illuminated by a remark of my
honored predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's better not to think about this
at all, like new taxes." Therefore one should seriously discuss every way of rescue. Thus, dear radioactive
people, scrutinize and judge. - Unfortunately, I cannot personally appear in Tiibingen since I am
indispensable here in Ziirich because of a ball on the night from December 6 to 7. With my best regards to
you, and also to Mr. Back, your humble servant

signed W. Pauli

[Translation: Kurt Riesselmann]
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I neutrini sono messaggeri.. Viaggiano nell’Universo
senza sosta e portano con loro preziosi informazioni sugli
eventi cosmici...Non hanno una destinazione precisa..
Quando attraversano la Terra POSSONO cambiare la loro
identita...Non si fermano mai... E solo chi riesce a ‘“cat-
turarli’” potra leggere i segreti che loro portano...
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