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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino flavor transitions
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Neutrino (lepton) mixing in 3v-paradigm

Originally proposed by Bruno Pontecorvo (Sov.Phys.JETP 26 (1968) 984, Zh.Eksp. Teor.Fiz. 53 (1968) 1717)

Flavor Eigenstates Mass Eigenstates
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Neutrino oscillations

As a consequence of the mixing, neutrino flavor transition probability oscillates with L/E

Oscillation probabilities for an initial electron neutrino Oscillation probabilities for an initial muon neutrino
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Two oscillation frequencies corresponding to solar neutrino experiments
Am?, ~ 7.5 x 1075 eV2 and atmospheric neutrino experiments Am2,,, ~ 2.5 x 1073 eV? o)10
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The neutrino (oscillation) hunters
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Accelerator

Solar Atmospheric Reactor
Ve — Ve (17)“ — (17)“ R De — e Vp = Ve, Pp = Dy e
E 0.1-10.0 MeV 0.1-103 GeV 1.8-10.0 MeV 0.2-20.0 GeV
L ~15x10% km | 10-13000 km ~ 5-30 m ~ 1 km ~10'-102 km | 10*-102 m  10%-10% km
2
s 12 623, 013 beyond 613 612 beyond 92;, 013
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Neutrino oscillation parameters (excl. JUNO)

12 sector 23 sector 13+4CP sector

sin? 012 = 0.307 £ 0.012 sin? 0p3 = 05237553, (10) sin? 013 = (2.17 £ 0.07) x 1072
‘ : 0.533 4 0.018 (NO) ' )

(—2.52 £ 0.04) x 1073 &V2 (10)
(2.445 £0.023) x 1073 eVv2 (NO)

Am3; = (7.60£0.17) x 1075 &V2 | Am3, = Scp = 1.21791%7

Vaa Vs *Vip Uer Ue; . U
Voo Vs e, Ui Uz U,z

” © th Ur 7 UrZ Ur3

Ve Vi

(a) CKM quark flavor mixing (b) PMNS lepton flavor mixing

Rept.Prog.Phys. 86 (2023) 7, 076201
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https://doi.org/10.1088/1361-6633/acd8ce
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https://doi.org/10.1088/1361-6633/acd8ce

Open questions

Am2,, NO/IO

What is the ordering of the v masses?
Normal (NO) or inverted (10)?

- -y, Ve
Loon ), 1350

Vo 53 ) T fam2,
1l

NO 10

Is 23 mixing maximal?
uT symmetry?

Is 923 § 45°7

dcp

Is there significant CP violation

in the lepton sector?
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The “my-precious” channel v, — v,

P(vu = vei L E,A) = | Ackastyshsind Agy | dominant term-

+ 873512513523 (C12C23 COSSp — $12513523) €05 Az, sin Ay sin Ayy other CPC
2 2 (2 2 2 2 2 -2
+ 4sircis (C2a3 + 512593513 — 2€12C23512523513 €O Ocp ) Sin® Apy solar CPC

AmgL
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T T
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ij?

ED
s

—— Leading Osin’d,, —— Solar CPC Osin’8,,

P(v,—V,) Terms in %
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The “my-precious” channel v, — v, and T2K+NOvVA

Normal Ordering Inverted Ordering
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Nature 646 8086 s
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https://doi.org/10.1038/s41586-025-09599-3

Why this matters? ...and not anti-matters

e Jcp is a fundamental parameter (even if sindcp — 0)

e CPV is a Sacharov's condition for matter-antimatter
imbalance in the originally symmetrical universe

| observation

CMB

One of the Standard Model (SM) CPV sources
Quark CKM CPV is not strong enough

CPV in strong interactions not observed (too small?)
Extra CPV requires Majorana neutrinos

|
~

Baryon Asymmetry

e Relic and cosmogenic neutrinos would provide infor-
mation on the evolution of the universe

Baryon asymmetry
generated only from
the Dirac phase (5¢p)

assuming lightest
heavy neufrino mass

of 5.13x10'° GeV

J. High Energ. Phys., 2019, 34 |

50 100 150 200 250 300 350

é;CI’

11/19



Oh, who you gon’ call?
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Oh, who you gon’ call?
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JUNO with LBL+Atm friends

Combinations of high-statistics v, — v,
channels with JUNO enable higher sensitivity
to neutrino mass ordering.

Expect about 30 for combined measurements.

JUNO reports %-level constraints on Am3, from e — e l/e — I/e
T2K4NOVA report %-level constraints on Am3, from v, — v, 2
R Ax
and U, — U,
The best fit values shift depending on the assumed mass ordering '
(by a factor of Am3;) '
The shift is in the opposite direction for electron and muon neu- : > | Am?|
trino disappearance !
The right mass ordering is the one in which JUNO agrees with U — U : Hlusiration from L. Berns
long-baseline and atm. measurements H H . NO
Ay?

> | Am?|

|Am?| = (Am%z + Arn%l)/Z
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DUNE in the landscape

DUNE TDR Volumes: JINST 15 (2020) 08, T08008, T08009, T08010, arXiv:2002.03005,

2312.03130
Sanford

Underground .
Research e oo mies
Facility 2 (1300 kilometers

Fermilab

International collaboration of >1400 members, 38 countries + CERN
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Mass Ordering Sensitivity (o)
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N.B.: Does noT mclude expenmenT comblnomons

P European é.tralegg 7 DUNE Sy -'
: arXiv:2511.03883
- DUNE 3y 1
] ORCA . ® JUNO 20y 1
e b TR .: ......
- . -
L - i Hyper-K 10y ]
L m o | ¢* JUNO 7y

-\Jull‘[34 Hyper-K 4y "
- B Upper Octant 1

[ IceCube Upgrade ® Lower O ctant

2025 2030 2035 2040 2045
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GEITY
fﬁg\& IPNP Hyper-K team:

i il T. Dohnal, R. Leitner, M. Malinsky,
@K T. Nosek, B. Roskovec High-stats
yper- . .
e International multipurpose experiment, under construction e HK'is > 5x the size of SK
e Successor of T2K and Super-K experiments e J-PARC upgrades for higher beam

e Hyper-K (HK) will be the largest neutrino and nucleon intensity up to ~1.3 MW

decay detector with ~ 260 kt of pure water

e Accelerator, atmospheric, solar, and supernova neutrinos

) R ) UPGRADED
Hyper-Kamiokande (2.5° off-axis) Near detector

Intermediate water ., g, Materials and Life Science
Cherenkov detector UPGRADED Experimantal Fackity (MLF)
1 1000m J-PARC &5

— Neutrino beam / \ Tanemutaton B X

§ 73 M 295 km

]

Japan

Better v int. systematics
e Upgraded ND280
e IWCD off-axis detecor

Hyper-Kamiokande

250 kilometers
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——  Slatistics only

weeneennenn IMmproved syst. (v /V, Xsec. error 2.7%)
CCERTERRIVINE TR T2K 2020 Syst. (Ve/ve XSeC error 4_90‘f°)

e Internationa &"\12 T T T T T T T T T T T T T T T T T T T

e Successor of
e Hyper-K (H \__,10

Vax?
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29 . ematics
Hyper-K preliminary HK years (2.7x10°" POT/year 1.3 v¥) ,,
True normal ordering (known) fetecor

sin%6,,=0.0218:0.0007, sin6,,=0.528, AmZ,=2.509x10eV?/c*
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A possible 2030s timeline by Stephen Dolan (ed. by TN)

e 2029-30: Combinations of experiments with JUNO provide 30 determination of
neutrino mass ordering ® & e

e 2031-32: Hyper-K provides 50 evidence for leptonic CP-violation 4

e 2034-35: DUNE provides 50 verification of the neutrino mass ordering y

e 2036-37: DUNE and Hyper-K PMNS measurements show significant tensions &
e 2038: Turns out to be an issue with the neutrino interaction modelling &

e 2039-40: Oh, it is actually beyond 3v-PMNS effect... @
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