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Lecture 2: Current picture and open questions

Aims
Apply neutrino oscillations formalism to exp and discuss the
current knowledge of neutrinos and the open questions

Outline
Neutrino oscillations in matter
constant density case
varying density
solar neutrino oscillations and the MSWV effect
Brief review of current and past neutrino oscillation experiments
Open questions
Nature of neutrinos
Neutrino masses
CP violation

@Silvia Pascoli



RECAP

Neutrino mixing

| Mixing is described by the Pontecorvo-Maki-Nakagawa-
" Sakata matrix: Vg, = Z U i Uy <
p ~ Mass field

Flavour field ?

which enters in the CC interactions

Loc = ——= (ULmylarW, + hec.)
\/§ ko

This implies that in an interaction with an electron, the
corresponding (anti-)neutrino will be produced, as a
superposition of different mass eigenstates.




Implications of the existence of neutrino oscillations

The oscillation probability is given by

2
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® neutrinos have mass (as the different components
of the initial state need to propagate with different
phases)

® neutrinos mix (as U needs not be the identity. If
they do not mix the flavour eigenstates are also
eigenstates of the propagation Hamiltonian and they
do not evolve)



3-neutrino oscillations

They depend on two mass squared-differences
Ams, < Am3,

In general the formula is quite complex
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2-neutrino limits relevant for experiments

- For a given L, the neutrino energy determines the
impact of a mass squared difference.Various limits are
of interest in concrete experimental situations. Using
the current values

Am2, =7.5x107%eV?  Am?, =2.5x 10 %eV?




Ams3 Am?3
n-gﬁlzl?ir?;s Average E (Typical) L 21 [ 31 [
4 F 45
Atmospheric (0.1-100 GeV) (10-12000 km) 0.06 19
neutrinos |0 GeV 6000 km ' '
Reactor 3 MeV | km 0.03 I
neutrinos |
Reactor 3 MeV 100 km 3.2 106
neutrinos Il
Accelerator
(T2K) 0.7 GeV 300 km 0.04 .36
Accelerator 3 v 1300 km 0.04 37
(DUNE) ' '
SBL 0.8 GeV 500 m 0.00006 0.001




Neutrinos oscillations in matter

® When neutrinos travel through a medium, they
interact with the background of electron, proton and
neutrons and acquire an effective mass.

® This modifies the mixing between flavour states and
propagation states and the eigenvalues of the
Hamiltonian, leading to a different oscillation probability
w.r.t. vacuum.

e Typically the background is CP and CPT violating, e.g.
the Earth and the Sun contain only electrons, protons
and neutrons, and the resulting oscillations are CP and
CPT violating.




Effective potentials

2
Inelastic scattering and absorption processes go as Gr
and are typically negligible. An order of magnitude
estimate for the interaction cross section is

o EM
GeV? '’

o, ~ GLEM ~ 107%° ¢cm

For the Earth density, the mean free path of a | GeV
neutrino is 10'"* cm. The Earth becomes opaque to
neutrinos only above 100 TeV.

Neutrinos undergo also forward elastic scattering, in

which they do not change momentum. [L Wolfenstein, Phys. Rev. D

17,2369 (1978); ibid. D 20, 2634 (1979), S. P Mikheyev, A. Yu Smirnov, Sov. |. Nucl. Phys. 42 (1986)
913.]




Electron neutrinos have CC and NC interactions, while
muon and tau neutrinos only the latter.

VAVAVAN
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For a useful discussion, see E. Akhmedov, hep-ph/0001264; A. de Gouvea, hep-ph/0411274.

The effective Hamiltonian density for CC interactions is

Hoo = 2V2G R €Y, Prve|[Uey! Pre| = V2GR UM Prue||ev, Prel

Fierz transformation




We treat the electrons as a background, averaging over
it and we take into account that neutrinos see only the
left-handed component of the electrons.
Ee ) ﬁe

5

(€v0e) = Ne | (eVe) = (Ue) (ev075€) = ( eyyse) = (Oe)

For an unpolarised at rest background, the only term is
the first one. Ne is the electron density.

_ The neutrino dispersion relation can be found by solving
the Dirac eq with plane waves, in the ultrarelativistic limit

E~ph V2GrN. TV2GEN, /2




The Hamiltonian

Let’s start with the vacuum Hamiltonian for 2-neutrinos

i )= &) (i)

Recalling that  |v,) = ) UZ;|v:) , one can go
into the flavour basis ¢

ali) =008 ) (i)

_ ﬁﬂéz cos 20 Aﬁ% sin 26 < V) >
Sm- gin 20 AZL"E% cos 20 vg)

We have neglected common terms on the diagonal as
they amount to an overall phase in the evolution.




The full Hamiltonian in matter can then be obtained by
adding the potential terms, diagonal in the flavour basis.

H™ = H° + diag(Ve, V.., V;)

For electron and muon neutrinos

Am” 590 +v2Gr N,

4F

2 °
Aﬁ% sin 260

For antineutrinos the potential has the opposite sign.

In general the evolution is a complex problem but there
are few cases in which analytical or semi-analytical
results can be obtained.




2-neutrino case in constant density

Zi( ‘Ve> ) _ Alfg COSQH—I—\/_GFN A4E ( ’V€> )
dt \ |vu) Am’ AmZ 4590 v,)

4F 4E

If the electron density is constant (a good
approximation for oscillations in the Earth crust), it is
easy to solve.VVe need to diagonalise the Hamiltonian.

® Eigenvalues:

Am? : Am? :
Er— FEp = \/( Yo cos(20) — \/iGpNe) ( Yo 5111(29))

® The diagonal basis and the flavour basis are related by

Exercise

a unitary matrix with angle in matter Darie

Am? 20
tan(20,,) = 25 Sn(29)

Am” ¢05(26) — vV2GF N,

2F




Am?
o If 2G - N
V2GrN, < 7

case and 6~ 0

cos 260, We recover the vacuum

o If V2GpN. > cos(26), matter effects dominate
and oscillations are suppressed.




Matter effects modify the oscillation probability in LBL
experiments.

m
A13

) .
P, . = sin 2 Po5 Sin 2075 sin”

The probability enhancement happens for

. . 2
- neutrinos if Am~® > (0
- antineutrinos if 2

The impact of matter effects is stronger at
higher energies and at longer baselines.




2-neutrino oscillations with varying density

Let’s consider the case in which Ne depends on time.
This happens, e.g., if a beam of neutrinos is produced
and then propagates through a medium of varying
density (e.g. Sun, supernovae).

Al = (e g ) ()

4F 4E

8 At a given instant of time t, the Hamiltonian can be
diagonalised by a unitary transformation as before.We
find the instantaneous matter basis and the instantaneous
values of the energy.The expressions are exactly as

before but with the angle which depends on time, O(t).




We have
Vo) =U®)vr),  U'(t)Hpm,pU(t) = diag(Ea(t), Ep(t))

Starting from the Schroedinger equation, we can
express it in the instantaneous basis

Lu() - ( ~A con 20+ VAGENL(1) A sin20 )zfm(t)( )

L—Um
dit lvB) Aﬁ; sin 260 W cos 26

Sd o va)y N [ Ea(?) —i0(t) V)

di VB> Z@(t) EB(t) VB>
The evolution of va and Vs are not decoupled. In
general, it is very difficult to find an analytical solution

to this problem.




Adiabatic case

In the adiabatic case, each component evolves
independently. In the non adiabatic one, the state
can “jump”’ from one to the other.

If the evolution is sufficiently slow (adiabatic case):
0(t)| <| Ea — E5]

we can follow the evolution of each component
independently.

Adiabaticity condition

1 2\9\ B sin(20) = Am
~ |Ea— Ep \EA—EB\S
In the Sun, typically we have Y~

‘VCC| <1
Am? MeV
10_9€V2 El/

~




Solar neutrinos: MSVV effect

The oscillations in matter were first discussed by L.
Wolfenstein, S. P. Mikheyev, A. Yu Smirnowv.

® Production in the centre of the Sun: matter effects

dominate at high energy, negligible at low energy.
VA 1S cos® 0,

The probability of Ve to be

VB 1S sin? @,

If matter effects dominate, sin®#0,, ~ 1 corresponding
to the heavier state. If the evolution is adiabatic, the
state will continue to be the heavier one.

At the Sun surface, the state will be a mass state vz .To

find the oscillation probability

P(ve = ve) = [{ve|va)]? = sin 6




1

®P(v, —v.)=1— =sin’(20) (averaged vacuum
oscillations), when matter effects are negligible (low
energies)

® P(v, — v,) =sin’f (dominant matter effects and
adiabaticity) (high energies)

1.0 ‘

0.8_—
_ 1 . 9

L P, =1— —sin“ 2045
0.6 F 2

0.4 _ -
_ \ P.. ~ sin ;5

02

P(ve — ve)

0.0
sub-MeV E [MeV] multi-MeV




Neutrino oscillations in Earth: Matter effects are
relevant also for atmospheric neutrinos. The profile of
the Earth induces interesting effects that can be
exploited to galn information on the neutrino mass
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Neutrino oscillations in supernovae: In a SN
explosion ~99% of energy is emitted in neutrinos in
~|0 s. These neutrinos undergo complex oscillations
and carry information about the dynamics of the

explosion. See G. Raffelt’s lectures




Neutrinos oscillations in experiments

Neutrino production

In CC (NC) SU(2) interactions, the W boson (Z boson)
will be exchanged leading to the production of neutrinos.

o p (u quark)
n (d quark)
\'A"
electron
Beta decay.
' electron
antineutrino
\'A"
pion
Pion decay

Decay into electrons is suppressed. antineutrino



Neutrino detection

Neutrino detection proceeds via CC (and NC) SU(2)
interactions. Example:

electron electron
neutrino

n p

Notice that the leptons have different masses:
me = 0.5 MeV < mmu = 105 MeV < mtu= 1700 MeV

A certain lepton will be produced in a CC only if the
neutrino has sufficient energy.

23



Neutrino sources
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Solar and KamLAND neutrinos
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N> L sin®(©,,)=0.31622% AmG,=(7.54:213) 10%eV* sin’(©,,)=0.0218+0.0007 I ;
[O)) 8in’(0,,)=0.306£0.013 Am;,=(6.10:%3%) 10%eV*
wn sin’(©,,)=0.307+0.012 Am;,=(7.50:%10) 10%eV*
.o . 2 . A
P -
(- 15 i
P -
NN
E J. Maneira, solar
10 | neutrino review

Neutrino 2024

MSWV for solar neutrinos,
SuperK and SNO+ data

0.1 0.2 0.3 0.4 ) 0.5
sin (912)

Am3)L
P(Ue — Uo;t) ~ cla (1 — sin*(26;5) sin” ) + 574

Solar experiments best constrain the “solar mixing”
angle of theta|, to be large (but non-maximal). The
mass squared difference is around 7x10- eV?2.




Atmospheric, reactor and accelerator neutrinos

The muon neutrino disappearance probability:

L
Pv, —v,) ~ Simn2

Sensitivity to thetazs and Delta m?3).
NOVA Preliminary
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The reactor electron anti-nu disappearance probability:

Am2, L
P(D, — Do;t) — 1—Sin281n2 o

a Am
P(v, — ve) ~ 555 sin® ;3 sin” 31 @er effect +®

Sensitivity to thetas and delta.
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Current Hints for CP violation?

M. C. Gonzalez-Garcia
et al., NuFit,
2007.14792
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Current Hints for CP violation?
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Some mild preference for CP-violation, but “tension”

between NOvVA and T2K remains. Puzzling.

T2K and NOvVA appearance data individually favor NO, but
together 1O. Disappearance data prefer NO. All together
there is no preference (unless one adds SK data).




Current knowledge

of neutrino
properties




Current status of neutrino parameters

| NuFIT 6.0 (2024) |

Normal Ordering (Ax? = 0.6)

Inverted Ordering (best fit)

bip 1o 30 range bip £1o 30 range
sin” 012 0.307 1001 0.275 — 0.345 0.308 10017 0.275 — 0.345
f12/° 33.68T0 73 31.63 — 35.95 33.680 73 31.63 — 35.95
sin® fa3 0.56170 017 0.430 — 0.596 0.5627 0 017 0.437 — 0.597
023 /° 48.5107 41.0 — 50.5 48.6107 41.4 — 50.6
sin? 613 0.0219512-999%%  0.02023 — 0.02376 | 0.0222475:99055  (.02053 — 0.02397
013/° 8.521 011 8.18 — 8.87 8.5810 11 8.24 — 8.91
dcp/° 17715, 96 — 422 285722 201 — 348
Am%l +0.19 +0.19
R 7.4979-19 6.92 — 8.05 7.4979-19 6.92 — 8.05
Am%e +0.025 40.024
vz | T20345003% 42463 - 4+2.606 | 25101575 —2.584 — —2.438

nufit.org, M. C. Gonzalez-Garcia et al., 2410.05380


http://nufit.org

http://www.nu-fit. NUFIT 6.0 (2024)
5 2ol Current
3 knowledge of
neutrino
properties:
® 2 mass
squared
ol differences
e 3 sizable
mixing angles,
: ® some mild
o L preference for
CPV
) 6; (1] ® mild
B 0T o e o Gl Gl se ot uies indications in

.2 . 2
sin 912 sin 913

favour of NO

33 http://www.nu-fit.org/ M. C. Gonzalez-Garcia et al., 2410.05380


http://www.nu-fit.org/

Neutrino masses

- Normal Inverted

: ordering ordering

(on

7))

¢ 3 I o ]
E 1 I
c

£ 2N

2| 1 I 3

Am?2 < Am?3 implies at least 3 massive neutrinos.

Fractional flavour content of massive neutrinos

4 Am%l

- \Amﬂ — Amgol/z

Using
my = \/m3 = \/m3 £ m? = \/m3
we can express the masses in terms of MO and mun:
M1 = Mmin M3 = Mmin
_ 2 2 _ 2
ma = \/mmin T Arrnsol mi = \/mmin !
_ 2 2 2 _ 2
m3 = \/mmin B Ar'nA + Ar'nsol/2 mi = \/mmin !

- |[AmA |+ AmZ /2



There are three limiting cases:
- normal hierarchical spectrum (NH): requires NO and
m~0.

mi << Mo \/Am%1 < m3 =~ \/Amgl

- inverted hierarchical spectrum (IH): requires 1O and
m3~0.

ms <K mq >~ Mo \/Am§2

- quasi-degenerate spectrum (QD):
for m|>0.1 eV.

mi1 >~ mo >~ Mg > \/A?’TL%Q

Measuring the masses requires:
® the mass scale:  mmnin

® the mass ordering. Currently there is a slight hint in favour
of NO based mainly on atmospheric data.




Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV? [1 0 0 °T A*’
0 co3  S23 ) ( )
—8136 —10 0

—S523 (€23 C13

€12
—s12 c12 0 0 610‘21/2
0 0 1 0 ’“"31/2

- 653 maximal or close to maximal

- 045 significantly different from maximal

- 013 quite large: challenge to flavour models

- Mixings very different from quark sector

- Possibly, large CPV. CPV is a fundamental question,
possibly related to the origin of the baryon
asymmetry and to the origin of the flavour structure




Open questions

e What is the nature of neutrinos? Dirac vs Majorana?
Neutrinoless dbeta decay

. What are the values of the masses? Absolute scale
(KATRIN, ...?) and the ordering. LBL: T2K, NOVA,

DUNE, T2HK,
ESSnuSB, Daedalus,
nuFACT..., PINGU,
ORCA, INGO, JUNO

Is there CP-violation? Its discovery
e in the next generation of LBL
depends on the value of delta.

What are the precise values

® of mixing angles? Do they suggest  reactor SBL and MBL,
an underlying pattern!? atm, LBL, ...

® Is the standard picture correct? Are there NSI? Sterile
neutrinos! Other effects! MINOS+, MicroBooNE, Solid, ...




What do we still need to know?

e What is the nature of neutrinos? Dirac vs Majorana?

. What are the values of the masses? Absolute scale
(KATRIN,; ...?) and the ordering.




Nature of neutrinos: Dirac vs Majorana

Neutrinos can be Majorana or Dirac particles. In the SM
only neutrinos can be Majorana because they are neutral.

Dirac neutrinos
are labelled by
the Jlepton
number.

Majorana particles
are indistinguishable
from antiparticles.

The nature of neutrinos is linked to the
conservation of the Lepton number (L). This
information is crucial in understanding the Physics
BSM: with or without L-conservation? and it can be
linked to the existence of matter in the Universe.




Charge conjugation

This operation changes a field in its charge-conjugate
(opposite quantum numbers):

wc _ C@ET _ Z’}/Qw*

Properties: cyoTCct = —> . cCcf=1, ¢T=-C
In Weyl representation: C' = iy?~°
Let’s apply it to a left-handed field

0.2 ‘0.2*
(sz)C:inwi:i(_gg ) )(7?):(2 N )

We find that it behaves as a right-handed field!

Exercise

C __ C using the properties of C,
(wL ) — (w ) R show that this equation is true
independently of the gamma
representation.

@Silvia Pascoli



Majorana fields

A Majorana field satisfies the Majorana condition

="

Majorana fields satisfy the Dirac equation:

("0, —m)y =0
|t can be written as
w — wL + wz ?

It has 2 (and not 4) degrees of freedom.

They cannot carry any U(l) charge. In particular,
Majorana neutrinos break lepton nhumber




Neutrinoless double beta decay

Neutrinoless double beta decay, (A, Z) = (A, Z+2) + 2 e,
will test the nature of neutrinos.

SENSENEEGY

d U d ”

Massive Majorana neutrinos mediate this process.
It has a special role in the study of neutrino properties
as it probes lepton number violation and the nature of

neutrinos and can provide information on neutrino
masses and (possibly) on CP-violation.




The decay rate depends on 71/, =

via the effective Majorana mass parameter:

mgg| = |m1|Uct|” + ma|Ucl® €% 4+ mg|Ues|” ei(o‘?’l_%)‘

. The predictions for mp, depend on the neutrino masses

® NH (ml<<m2<<m3):

Mo ~ \/AmQ [Ue1| = cos 813 cos 012

‘Ueg‘ — COS (913 Sin (912
~ 2 .
m3 = \/Am31 ‘Ueg‘ — S1n (913




® NH (ml<<m2<<m3):|<m>| ~ |-5 meV

|<m>| ~ \/Amgl C082 913 SiIl2 (912 —+ \/Amgli(a32+25)

® |[H (m3<<ml~m2): I5 meV < |<m>| < 50 meV

\/Amglg ()| ~ \/(1 — sin? 204, sin? %)Am%l < \/Am§1

® QD (ml~m2~m3): 44 meV < |<m>| < ml

[(m)| >~ my ‘(COSQ 012 + sin® 12e"*21) cos? ;5 + sin® §;3€"*3 |




QD

0.001 F

1x10™ =
0.01 0.1

My [eV]

0.0001 0.001

that L is violated!

|

Present bounds:
GERDA-II
KamLAND-Zen

=" Sensitivity of current
generation: GERDA,
KamLAND-ZEN, EXO,
CUORE, SuperNEMO,

SNO+, Majorana,
COBRA...

Plans for next
generation
experiments

SP from Nakamura, Petcov review in PDG

Wide experimental program for the
future: a positive signhal would indicate



Other LNV mechanisms, possibly advocated for the
origin of neutrino masses and/or leptogenesis, would also
mediate neutrinoless double beta decay at some level.

o Light sterile neutrinos n - p
| | N

e Heavy sterile neutrinos Y

o R-parity violating SUSY W —

n > p

e Extra dimensional models

o Left-Right models

dp >

\ 8%
//(K‘ Deppisch, Hirsch, Pas, 1208.0727
d u




Experimental searches of betabeta decay

Neutrinoless double beta decayN(E)A 288 Mg
can be tested in nuclei in which
single beta decay is kinematically /
forbidden ("°Ge, %Mo, 3Te, VA
136Xe...). o

Q

It is a very rare process:

= Detector mass
M ¢ or mass
ThH, o .— < energy resolution
B.Ai_:backgrounds

Large detectors, in deep
underground labs, and with
precise control of backg.ds

! Roman ingots to shield particle
detector

Lead from ancient shipwreck will line Italian neutrino
experiment.




Qso, EXO-200, GERDA, MAJORANA

o

A l A
1,000

102 ==

@mLAND-Zen Loaded LSc with 380 kg '3¢Xe, x v R 3
Tin>l .O7X|026)'I‘S (90% C.L.), mpp< 61-165 meV L 10 , |
CUORE 39Te, ~206 kg, T12 >2.9x10%yrs 3 o | 3

: g
"
SOUDENE

CUORE Coll., Nature Apr 2022” "

EX®

s

OHoon
oo

ol

40 t liquid Xe TPC

(with 8.9% 13%Xe — 3.6 t of 13Xe) « e
IEGEND! @W* S 5 ton LSc Xe
YEGEND, e, HPXe: PANDAX-II
Bolometers: AMoRE

DARWIN
The ultimate goal of next generation is mps~15-20 meV.




What do we still need to know?

. What are the values of the masses? Absolute scale
(KATRIN,; ...?) and the ordering.




to relatively large 01 5.
4 Atm neutrinos )

- Y ';.‘. ' . -
L3 DOM/strieg
11520 DOV

Exploit matter
effects in large

Cetecto rs.

Long baseline neutrino
oscillation experiments

® Mass ordering via neutrino oscillation in matter or in
vacuum (JUNO). Discovery expected within 6-7 years thanks

Yangjiang NPP
JUNO Coll., 2104.02565

JUNO uses a 20kton LSc
detector to detect reactor
nus at a baseline of ~60 km.
Excellent energy resolution is
needed. Started.

\_

<11 Shen Zhen @..
JUNO = _Hong Kong
= @ 20 &
7N S3km
53 k <
g ® JUNO-TAO
@] Taishan NPP
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Long baseline oscillations and the ordering

Long baseline neutrino oscillation experiments (T2K,
NOvVA, DUNE, T2HK) study the subdominant channels

A. Cervera et al., hep-ph/0002108;

P ~4p2 @ L <in2 (L= 74)A31L " Raano, H. Minakata, 11034387
pe 2 1 2 AR S.K.Agarwalla et al., 1302.6773...
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—+ S1n 2019 sin 2023813 o F S1n w w
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0.12; _
0_105- L = 1300 km




Present/Future LBL exp pune: 300
_ km on-axis

“" ~1.2 Mwo",,b.tsn Qammﬁ'!%
‘ ._Upgradeable to 224MW

gmgle-phase LAr TPC
NOVA: 810 km off-axis #Depth: /43’00 mipler ke
~14 kton plastic scintillator detector 7 W e
T2K: 295 km off-axis
~22.5 kton WC detector

Magnetized, low-density,
“/fine-grained tracker

T2HK: 295 km off-axis 25 L DUNE Sensitivity CDR Reference Design
~ - Normal Hierarchy
- | Mton WC detector G — optimized Design
20p | sin%e, 13_ 0.45

-—h
Ol
) I LI | )

e |°':
10_—
st
M. Shiozawa, for [
T2HK coll., NuPhys e DUNECDR

) 00 500i e:oons o -1 = = - 4 - 2 2 4 1
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e Absolute mass scale.

Beta-decay spectrum

Beta decay A

Measuring neutrino masses

-~

1.2

Cosmology

1
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10°

4

107

107
k (h/Mpc)

10"

QLesgourgues and S. Pastor, Phys. Rep. 429J




Direct mass measurement

The electron spectrum in beta decays depends on

neutrino masses as 4 _ el with
-~ Ul md

dl’;

dF.

(&

= C|M[*pe(E. + me)(Ee — Bo)\/(E. — Eo)? — m?F(E.)

for QD: mg ~ \/‘Uei‘Qm? ~ My

Beta-decay spectrum

for NH: dl” . dI'(m; =0)
2 x10°13 d E. d E,
events
in the
fal 1 v | for IH: AT (/|AmZ))
dE,
\‘ for 10, NO with partial hierarchy:
_ dl’ , dI'(m;)
: Eo dE T Z ‘Uez| dE

Bilenky, Petcov, PLB 639



KATRIN
(Tritium)

Ptolemy Holmes
f Electrostatic } (Tritium) (Holmium)
Project-8

_filter (MAC-E) At pre
3
(Tritium) .

AT~
& ECHo
4 (Holmium)

[
[ Cyclotron Phonons }

Radiation

S. Mertens, Granada Open Symposium ESPP

IKATRIN has
started data
taking.

Latest results:
m<0.45 eV.
The ultimate

sensitivity Is to
mp < 0.2 eV.

D. Parno, NuPhys 2019



Neutrinos in cosmology

Neutrinos contribute to the radiation density early on and to
the matter density when they become non relativistic.

Ny 8GT4 /OOX\/ +612 2/T2

Q, (a
— oo Cosmology favours
1.5 —— WoWa — . .
Mirage DE NOT negative neutrino
| oo oot | masses but a

P /Pmax

component that has an
| effect opposite to that
of neutrinos.

-0.4 -0.2 0 0.2 0.4 see Elbers et al., 2407.10695
va,eff [eV]

Most precise determination of masses in future. Problem of
underlying cosmological model and systematic errors.

@sSilvia Pascoli



What do we still need to know?

Is there CP-violation? Its discovery

e in the next generation of LBL
depends on the value of delta.

What are the precise values
® of mixing angles? Do they suggest
an underlying pattern!?




A. Cervera et al., hep-ph/0002108;
P 46 82 1 . (1 - TA)A?’lL K.Asano, H. Minakata, 1103.4387;
pe /=213 ) S.K.Agarwalla et al., 1302.6773...
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P 0
® Degeneracies with the mass
. 21072+ 0,3=10° CP\ Interference

hierarchy and theta23.
—4.107%¢
 CPV effects are more

O1070 T S0 1000 1500 2000

pronounced at low energy.

L/E (km/GeV)
P. Coloma, E. Fernandez-Martinez, |HEP 1204




o|f delta is not too close to 0 or pi, CP violation
can be discovered in the next decade.

True Normal Ordering

- DUNE Sensitivity w7 yoars (staged)

12}~ Al Systematics 10 yoars (staged) sin 6CP=O exclusion
" Normal Ordering === Mocian of Throws 10 ,
; sin?26,, = 0.088 + 0.003 10: Variations of - Normal mass hierarchy HK 1tank 10years -
10 0.4 <sin®0.. <0.6 statistics, systematics, |N>< - S|n2281 3=O.1
f 3 and oscillation parameters < - sin%0,3=0.5
i I 8 -
- O -
8- -
Sk 6 i
i -/ \._ 50 [ \
o } N
PSS . T B ' R RN AR VRPN AN W
B 21 _
2 N

_||||||||||||||||| |||||||||||||||||.
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01 0.8-06-04 4)'2500,,/7: 0.2 04 06 08 1 Ocp [degree]
M. Mooney, for DUNE, Neutrino 2020 M. Shiozawa, for HK, Neutrino 2018

®Majorana CPV is even more challenging and would
require an exceedingly good measurement in neutrino
less double beta decay and neutrino masses.



Precision measurements of the oscillation
parameters in LBL experiments

The precision measurement of the oscillation parameters is
a primary physics goal of future LBL and reactor exp.

® The values of the mixing angles seem to indicate an
underlying symmetry: 9, ~ 45°, ;5 not too far from O.

' ® Predictions for the CPV phase delta and relations among
parameters in flavour models (e.g. sum rules). Example:

a = OT COoS 0 oc=1,—-1/2

with sinf:z = 1%3, sin 613 = % sin B3 = 1%“ King, 0710.0530

Crucial information in order to discriminate between
different flavour modaels.




Measurement of oscillation parameters

Atmospheric neutrinos
SK (MINQOS, IceCube

Reactor
neutrinos:

JUNO

Also: Tests of standard neutrino paradigm



What do we still need to know?

® Is the standard picture correct? Are there NSI? Sterile
neutrinos?! Other effects!?




Tests of the standard 3-neutrino paradigm

e Sterile neutrinos (as suggested or not by current
hints). Synergy with SBN.

® New interactions: NSI, light mediators, trident...

® Decoherence, Lorentz violation... McroBooNE Coll, Neutrino 2024

'’ 0 1 Runs 1-5, 1eNpOm selection
- MicroBooNE preliminary, 1.11 x 102! POT
> = T T T T | T T T | T T T | T T T T — f——
o | e Data (staterr.) - |
% 5 _2{—' 1 v, from u* ] 304 1 e 13Np0ﬂ
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Reconstructed shower energy (GeV)
20 - Runs 1-5, 1e0p0mr selection
MicroBooNE preliminary, 1.11 x 102! POT
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EV (GeV) 15 - eOpOx
MiniBooNE Coll.,, PRL 121 (2018) \
2 N p-value 62.5%
210 I
w

A deviation from the

standard picture would have N7 s |
a grOundbreaklng |mPaCt. 02 04 06 08 1.0 12 1.4

Reconstructed shower energy (GeV)




The ultimate goal is to
understand
- where do neutrino
masses come from?

- why there is leptonic
mixing? and what is at the
origin of the observed
structure?




