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Neutrinos Do Oscillate!
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Reconstructed neutrino energy (MeV)
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Data from various types of neutrino experiments: (a) solar, (b) long-baseline
reactor, (c) atmospheric, (d) long-baseline accelerator, (e) short-baseline reactor,

(f,g) long baseline accelerator (and, in part, atmospheric).

(a) KamLAND [plot]; (b) Borexino [plot], Homestake, Super-K, SAGE, GALLEX/GNO,
SNO; (c) Super-K atmosph. [plot], DeepCore, MACRO, MINOS etc.; (d) T2K (plot),
MINOS, K2K; (e) Daya Bay [plot], RENO, Double Chooz; (f) T2K [plot], MINOS, NOVA;

(g) OPERA [plot], Super-K atmospheric.




Three Neutrino Paradigm

Standard Parameterization of Mixing Matrix
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> Absolute Mass Scale

» Two CPV Majorana Phases
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Global picture
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Inverted Ordering

2 2
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absolute scale is not determined by neutrino oscillation data
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CP vicﬁating

» The oscillation probabilities depend on the quartic rephasing invariants
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» CP violation depends on the Jarlskog invariant

* * 2 .
Jcp = 4+ Im[ s Uﬁk Uaj Uﬁj] — C€12512€23523C73513 SIN 513
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Open questions

> o3 ; 45° #
» T2K (Japan), NOvA (USA), ..

» CP violation ? 813 = 37w/2 7
» T2K (Japan), NOrA (USA), DUNE (USA), HyperK (Japan), ..

» Mass Ordering ?
» JUNO (China), PINGU (Antarctica), ORCA (EU), INO (India), ..

» Absolute Mass Scale 7
» 3 Decay, Neutrinoless Double-3 Decay, Cosmology, ..

» Dirac or Majorana ?
» Neutrinoless Double- Decay, ..

» Beyond Three-Neutrino Mixing 7 Sterile Neutrinos ?
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Three future experiments

Calibration

Top Tracker i | Filling +

Central detector
55 latticed shell
Acrylic sphere
(20Kt LS in it)

~17000 20” PMT
+~34000 3" PMT

Connec ting bars

~2000 20" VETO P

CD Support legs
Qty: ~100

AS Ac;yl.ic sbﬁe-re?. SSLS lstégr.llt;ss ;t'eei Iattlced sht;
JUNO: 2025 (running)
Reactor neutrinos for MO

Sanford Underground
Research Facility

Hyper-Kamiokande: 2028 —
Acc. & Atm. neutrinos, MO & CP % gt

DUNE: 2031
Acc. & Atm. neutrinos, MO & CP




interactions
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GeV neutrino interaction generators

Status overview A . GiBUU

A The Giessen Boltzmann-Uehling-Uhlenbeck Project
Ulrich Mosel and Kai Gallmeister @ NUINT24

m GiBUU is presently used to describe

o  Well established generator

Dilepton and pion production in heavy-ion collisions
(HADES experiment at GSI)

Inelastic electron scattering at |LAB (and SLAC, MAMI)
Neutrino-nucleus reactions at Fermilab, T2K and FASER

UNIVERSAL NEUTRING GENERATOR

m All with the same theory input and code!

= We provide the code for download from gibuu.hepforge.org,
The NEUT neutrino interaction simulation program library ) f ’-.

Yoshinari Hayato'*® and Luke Pickering’ The European Physical Journal Special Topics
volume 230, pages 44694481 (2021)

NuWro - general information (1y" T Sy« @ N

137 r . . . and Pion Nuclear Effect
%%02% (fﬁ,,f + MeV to TeV scale neutrino interaction for KAMIOKA Nucleon Decay Experimment
J » generator originally created in the 70s to : i
S . i . 4t 1
* Monte Carlo generator of neutrino interactions ‘ support neutrino backgrounds at Kamioka. | /,’T

+ Beginning ~ 2005 at the University of Wroctaw
* Optimized for ~1 GeV

T 10™em? ANUCLEQ

+ Long history of development driven by | [ .

evolving requirements of KamiokaNDE, T

il
, , , . . -KamiokaNDE, ¢ |/
+ Can handle all kind of targets, neutrino fluxes, equipped with detector interface Super-KamiokaNDE, and T2K. A ** R e ———
E, (GeV) Ey (Gev)
SWilEnCE + Currently the primary interaction A OGRAN LIBRARY NEUTF
« Output files in the ROOT format generator for SK and T2K, used in all Yosmau o 1] g Jam
L oscillation/cross-section analyses. I -

T 5 .
* PYTHIAG used for hadronization in DIS ¢ v % + See Laura, Stephen, Ulyesse, and Cesar’s

. . : . ; is N I
« Open source code, repository: https:/github.com/NuWro/nuwro . \/ : talks tHGHMENT!
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General components in generator

Brief summary of GeV neutrino interaction models

v-nucleus cross

section
[ s ]
[ cr‘c’);‘su::ai(:ir:on } [nuclear effectsJ
PR . Fermi motion: . . .
Uncertain: Binding energy: T T Final state interaction
(axial mass) off shell models (FSI)

(strange axial
coupling constant)

Relativistic Fermi Gas (RFG)
Local Fermi Gas (LFG)
Spectral Function (SF)

different settings in
different models

do i M doglem ;
(]LU(IQ _ / ! I) (EE 1Dhole( E) E (]W(]Q ‘"th.(p 7- )

average over the initial nucleon state nucleon cross section final-state interactions
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Nuclear effects on oscillation search

4 Data Nature (2021) , , - - ' -
1ok — SuSAv2 (Total) :,' t“ 160+ An kOWSkl et al, 1507.08561
—QE = MEC y \ Calorimetric Method
—RES — DIS 140l
Realistic Resolution
Correct Result
120r
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80¢
60r
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> The energy is reconstructed within the calorimetric method.
» Missing neutrons (pions) may bias the energy and then result
in wrong oscillation parameters.
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New Methodology: adding deexcitation

Vatm Case-II
"X* nucleus "X nucleus
(excited) (g.s.)
P1/2 l'n..u.n.’ """""""" ........» .............
P32 anjap '.'.'\".'. FO-@--O-@
Si/22n/2p |--@--@: ‘Q '/-’;J_Q--
Simple Shell Model D L.
eexcitation

: \,l,,‘ FSI % t,‘:

-

-

= ® deexcited gamma, n,

- final-state particles p, alpha, ...

4 n, p, pion, ...

"X nucleus
(g.s.)
- = —>1. Vam - nucleon (bound) NC interaciion
.ﬂﬁ\ """"""" —>2. Final state interaction (FSI)
Fs. O<0--0-® —>3. Deexcitation
®  ®
of{‘{p-
> <
Case-I

A case studyfor C12 in JUNO
Cheng, YFL, et al., Phys. Rev. D 103, 05001 (2021)
Cheng, Li,YFL, et al, Eur.Phys.J.C 85, 295 (2025)
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TALYS-based Deexcitation

y— Simple shell model >
E Status of the residual nuclei

B All residual nuclei with A>5
Fsl have been considered

v

, — m Taking 11C*, 11B* 10C*, 10Be*
residual nuclsi and 1OB* for example

¢+ 1p* 10+ etc.|

120 Daughter Nuclei  Shell Hole Configuration Probability Excitation Energy
= N o R 51/2 1/3 E* =23 MeV
b 18.7 MeV P3j2 2/3 E* =0 MeV
isticshellmodel: | | ] N : 1/15 E* = 46 MeV
Statistic shell model: 444 MeV: o 100 81/2 / ’ ) e
nuclear state Py 4n/ip-- @ -@- @@ - C* or “Be P3/2 6/15 E* =0 MeV
s1/2 & pajo 8/15 E* =23 MeV
* .
41.7 MeV ) S1/2 1/9 E* =46 MeV
Sij2 2n/2pp--- @ --- Q- -1 - B* P32 4/9 E* =0 MeV
s172 & pajo 4/9 E* =23 MeV

re the disappeare
leons all from t

Triggered a variety of research interest in the

S neutrino interaction community:
one or more nucleons
from s shell (TALYS) Abe, PRD (2024), 2508.04040, etc.
‘ ground state EZEECIT Guo et al, PLB (2022), PLB (2025) etc.
np, d, t °He, a

Gardiner, MARLEY
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Impact on exclusive cross sections

Before deexcitation
, , . » 11C, 11B, 10B reduced, and

18 — 35 , , 09 ,

oGl 1 o lighter nuclei increased;

ol | 1, {9 o neutron multiplicity

Zu ng | g redistributed.

i 2 > Exclusive final-state
i , - information, such as the
e o g g g o T T T T T e neutron multiplicity, the

After deexcitation charge pion multiplicity,

1 " S the unstable nuclei, is

i {30F » | 0n .

M ’ xI,;g important for

5 i _ 2.0 25 o .ig

% 10f 1= 2§ 0.5 6 .5[-1 .

| ¥ | (a) Energy reconstruction
u>J 6 Lo 2§ 03 EE

) 0.5 ZS N ? Z’S e

: (b) Evaluate systematics
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from Reactors

From Bemporad. Gratta and Vogel

Observable V Spectrum
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2011: HM fluxes (conversion method)

[Mueller et al, arXiv:1101.2663], Huber, arXiv:1106.0687]
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= —£— Chooz —— (Gosgen —#—  Nucifer —#%— Rovno88 = STEREO R
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2.5 0 deficit = Anomaly!

Giunti, YFL,Ternes, Xin, arXiv: 2110.06820

» Original 2011 Reactor Antineutrino Anomaly: 2.50 [Mention et al, arxiv:1101.2755]
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Even worse for spectral measurement
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[RENO, arXiv:1511.05849] [Double Chooz, arXiv:1406.7763] [Daya Bay, arXiv:1508.04233]

(1) "5 MeV bump" (cannot be explained by oscillation) questioned
the theoretical reactor model (HM model).

(2) New development in theoretical models
» New summation model
> Kl (Kurchatov Institute) beta spectrum measurements

(3) New development in experimental measurements
> Fission evolution data from Daya Bay & RENO
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New reactor flux models

Phys. Rev. Lett. 123, no. 2, 022502 (2019)

~ | Summation EF model

Modern method: Take more Pandemonium-free data

Theoretical Phys. Rev. D 104 (2021) L071301
A: Rate corrections from Kl
Kl model HKSS-KI 235U B spectra
- Conversion I A I A
B B: Shape corrections from
HM model HKSS model part of forbidden transitions

Phys. Rev. C 85, 029901 (2012)  Phys. Rev. C 100, no.5, 054323 (2019)
Phys. Rev. C 83, 054615 (2011)

Diagram Courtesy: XIN Zhao

Many efforts from nuclear physics community!




2019: EF fluxes (summation method)

[Estienne, Fallot, et al, arXiv:1904.09358]
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1.2 o deficit = No Anomaly!

[See also: Berryman, Huber, arXiv:1909.09267, arXiv:2005.01756]

» UNKNOWN UNCERTAINTIES!

» Rough estimation used in our calculations: 5% for 23°U, 23°Pu, ?41Pu

and ]_O% fOI’ 238U . [Hayes, Jungman, McCutchan, Sonzogni, Garvey, Wang, arXiv:1707.07728]
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2021: Kl fluxes (conversion method)

[Kurchatov Institute: Kopeikin, Skorokhvatov, Titov, arXiv:2103.01684]
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Giunti, YFL,Ternes, Xin, arXiv: 2110.06820

1.1 o deficit = No Anomaly!

Approximate agreement with ab initio EF fluxes!

» HM 4+ KI uncertainties.
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2019: HKSS fluxes (conversion method)

[Hayen, Kostensalo, Severijns, Suhonen, arXiv:1908.08302]

12.5 & " e ;BL:gey-B + Day;a Bay Aa@ 'ILLI B —— I;'a\o Verrde . Rl:vnoé1. '
- —&— Bugey-4 —<— Double Chooz —#— Krasnoyarsk —&— RENQ —=— SRP
10.0 —&— Chooz —&— Gosgen —#— Nucifer ~%#- Rovno88 = STEREO
—~ g 2
R 7.51 T
v s 8
= 5.01 85 =
© n
< ﬁ &
G 23 2 3
g 0.0 tumcu -
9 = = 10.025
L&;. —-2.51 Rukss =0.9257 23
_50’ e 1 1 2 103
H-M lo ¢ 0.67% ¢ 2.4% 0 0
—-7.5—= : : ; . L [m]
2 3 4 5 6 7
Prompt energy [MeV] Giunti, YFL,Ternes, Xin, arXiv: 2110.06820

2.9 o deficit = Anomaly larger than the 2.50 HM anomaly!

[See also: Berryman, Huber, arXiv:1909.09267, arXiv:2005.01756]

» HM 4+ HKSS uncertainties.
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Limits on Sterile Neutrinos

10° F——— e
| Feacter (2ol 1 » The favored Kl and EF

—— HM
| S — models are compatible with

— - the absence of SBL
0F E oscillations and give only 20
upper bounds on the effective

mixing parameter
5 sin® 20ee = sin? 29%14.

[eV?]

2
41

Am
I

» Independently from the
reactor neutrino flux model,
we have

1 sin® 20ee < 0.25 at 20.




JUNO-TAO

Taishan Antineutrino Observatory (TAO), a ton- e o
level, high energy resolution LS detector at 30 m 2005.08745
from the 4.6 GW,; core, a satellite exp. of JUNO.

m  Measure reactor neutrino spectrum w/ high E (h"...) | s
resolution.
* Model-independent reference spectrum for JUNO Bt
* A benchmark for testing the nuclear database L Bes T strategy:

Y HDPE , heat insulation layer Y 2 2 04 032 5 6

m Detector Features

« 2.8ton Gd-LS, 10 m? SiPM (84.6%
photocathode coverage) w/ PDE > 50% :

*  Operate at -50 °C (SiPM dark noise) 095

* 4500 p.e./MeV, <2% resolution @ 1MeV  solig: Summation/Daya-Bay (True spec.)
o Oty
Blue: JUNO/Daya Bay

Constrain the
fine structure
in[2.5, 6]

MeVto< 1%

B 2025 (Commissioning now) 2111.10112

2 3 4 5 6 7. 8 9
Neutrino energy (MeV)
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Conclusion and Outlook

Nuclear physics effects play crucial roles in new physics search of
neutrino physics:

> GeV neutrino-nucleus interactions
- Strong effects in energy reconstruction and systematics
- CP violation from long-baseline neutrino experiments
» MeV neutrino production from reactors
- important inputs for mass ordering measurement at JUNO
- Also affects other new physics search (sterile neutrinos)

» Nuclear Matrix Element of Neutrinoless Double Beta Decay
» Coherent Elastic Neutrino-Nucleus Scattering

=> Opportunities for interdisciplinary research between particle,
nuclear, (astro- physics) community!
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