Neutri

In

-
O
ahd
O
O
>
all
O

et

- i ————

-;--llm.c 1[i-;nalnlI:-llv

6% xua &h& _

w«%@ | mtwm i

s ?
1 5

.:.. TRIAYS 2,@%

W
Eﬁ
....”s.n.‘ :x

vt

,@ h

sy 3
‘



Outline

Introduction: how to measure CPV in neutrinos?

Current experiments:

e NOVA d -~
. T2K 9 I—ZJIZ\

NSO~ o\

Next generation experiments:

« DUNE - C\
 Hyper-Kamiokande

Novel ideas

""""""

Summary
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The unknown neutrino mass ordering (MO) also contribute to P(v, — yﬁ) =P, — Dﬁ) with matter effects.
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Accelerator-based Neutrino Oscillation Experiments

J-PARC Target Beam
accelerator

\ _—

Near detectors

: SRS
'2 5°
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Muon
N Decay volume  monitor, INGR{‘D Far detector
| Neutrino beamline N (SUpelr-K)
Om 118m 280m 295km

« Accelerators are capable of producing 1/”/ 17” beams.

 U,/U, appearance measurements offer sensitivity to 0p

1/”/ DM disappearance measurements help constraining 05,



Accelerator-based Neutrino Oscillation Experiments
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J-PARC Target Beam

(Near detectors;
accelerator N e

IMuon :vl

S Decay volume _ monitor, Far detector
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Om 118m 295km

Accelerators are capable of producing 1/”/ Dﬂ beams.

v,/U, appearance measurements offer sensitivity to Op

1/”/ DM disappearance measurements help constraining 05,

Detector requirements

Near detectors to control flux/xsec systematics etc.
Large-mass far detector for statistics

Capability of flavor identification.



Accelerator-based Neutrino Oscillation Experiments
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Accelerators are capable of producing 1/”/ Dﬂ beams.

v,/U, appearance measurements offer sensitivity to Op

1/”/ DM disappearance measurements help constraining 05,

Detector requirements

Near detectors to control flux/xsec systematics etc.
Large-mass far detector for statistics

Capability of flavor identification.
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Accelerator-based Neutrino Oscillation Experiments
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» Shape measurements help breaking the degenracy between 0,p, MO and 0,.
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Atmospheric Neutrino Experiments

lceCube Lab

Bedrock

lceTop

/ 81 Stations

324 optical sensors

IceCube Array

A

Atmospheric neutrino experiments have limited CP

sensitivity:

« Both v/ in the flux with large uncertainties;

» Difficult to identify /U in massive water detectors.

ncluding 8 DeepCore strings

86 strings
[
/ 5160 optical sensors
bl gl
i §

Eiffel Tower
324 m

IceCube

But offers MO measurement that is helpful to break the
degeneracy between MO and CP.

« T2K + Super-K; Hyper-K accelerator + atmospheric
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Both 1,/v, appearance and v, /U,
disappearance channels

Similar far/near detectors allows for
near-to-far extrapolation.

Systematic uncertainties largely
reduced by near detector
constraints.
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All v, candidates
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PHYSICAL REVIEW LETTERS 136, 011802 (2026)

'~ — 1o posterior range Both MO ]
. § FDData -
' — Normal MO
] — Inverted MO

- 0 6,,=0,2m

All v, candidates

10 years of data published in 2026.
Degeneracy between CP and MO:

0.025F Bayesian Cred. Int. f
With 1D Daya Bay constraint

NI

Marginalized jointly
over orderings
== Both MO — 1o

L Inverted MO --20
_Normal MO -- 3o

o Best fit values: 0,p = & in NO, no exclusion of /2 or 3x/2, but 3z/2in IO
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flux pa rameters T2K Runl-10, 2022 Preliminury
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, 7 ” | : BN i Nature volume 580, pages 339-344 (2020)
:.ILIILH’.IIJIHUUI’HI c‘u 1'77!"."-.. . b R L
':.l,_lzf';’:,” Ijél?a?f ——— 065 B 68.27% confidence level -
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0.60 B
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C 0.50
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0.45 5
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Normal order
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CRACKD

Inverted order

Anindication of matter- antlmatter

symmetry.violation in neutrinos _ %) vt 2 S
. ‘ T | > . CP

3 .

e Prefer near-maximum CP violation in NO.

Coronavirus

Fhe models diving
the global response
tothepandemic. -

Hot source
Remmnants of
pripordial nitrogen
inEarth’'s mantle

-~

-~

Origin of aspecies i
Revised age for Broken - f}
Hill skull adds twist to :
human evol utmn

 (CP conservation excluded by ~30 in NO.
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12K

PHYSICAL REVIEW LETTERS 135, 261801 (2025)

R L o e e B B L

5 f_ — Normal ordering _f

E Inverted ordering -

202_ 7 1o CL B

R 153_ N 90% CL E
< N 26 CL :
56 N

0—3 —2 —1 0 1 2 3

6CP

o 2025 update with additional event sample (vﬂCC17z+) and improved systematics.
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NOVA+T2K

Neutrino flux

CP effect* ~x30% -~ +25%

*calculated at beam peak energy

NOVA and T2K are complimentary:
 NOVA: higher energy, longer baseline, larger matter effects: more sensitive to MO;

 T2K: lower energy, shorter baseline, smaller matter effects: more focus on CP.

* Different interaction channels, final-state topologies etc.

-*§ T2K  NOVA
- L (baseline) 295km 810 km
2 Energy 0.6 GeV 2 GeV
Py (beam peak)
Matter ~ 9% ~+19%
effect’
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NOVA+T2K

T2K: L=295 km, E=0.6 GeV NOvVA: L=810 km, E=2.0 GeV
8 sin"20,.=0.085 sin229|3=0.085
: [Am3,[=2.5x10"eV? |Am2,|=2.5%107eV?
o I §in°0,,=0.5 Inverted sin°0, =0.5
X 6H6F - ordering -
o |
rat
T 4f
S
>
Q-‘ -
2__— Normal
Lo o0=0 e O=1/2 6CP phase 0d=0 e d=1/2 ordering
"00=Tt mO=-T/2 00=n md=-1/2
Ol— L 1 | |
0 2 -4 6 8
P(v,—V,) Yo

* Different experimental configurations help breaking the degeneracy.
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NOVA+T2K
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Systematic Uncertainty

_20. —

* NOVA and T2K are share systematic uncertainty sources:

* Flux uncertainties from hadron production modeling etc.

* Neutrino cross sections (v-CH, v-H20).

A joint analysis is more powerful than global fit.

Signal Uncertainty (%)
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NOVA+T2K

) Flux
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ND Fit .\ Data ! A Model
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@ bined into a single ! ranstor
ND comt ngie mations
Constrained simultaneous fit .
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b 4 ¥ : v v - /
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|
| . 1
- - I - -
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Parameters Parameters

* NOVA and T2K have very different detector technologies, and as a result, very different analysis

approaches
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+ Data
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—
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Ocp =T

60 80
v, candidates

« NOVA and T2K data show different preferences in 0.p
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sin 023

Fig.3|Constraints onsin’6,;and 6.,. Marginalized posterior probabilities
and 1D or 2D Bayesian credible regions of sin®6,; and 6, in the case of the
normal (blue, left side) and inverted (orange, right side) neutrino mass ordering
withthereactor constraintapplied.Shaded areas correspondtolo,2cand 3o
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Next Generation Experiments



DUNE

Sanford Underground

Research Facility Fermilab
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LArTPC Event Display o | — DUNE (1.2 MW) -

RS - — MINERVA

3 3 —— NOVA ~

> i —
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. . 0 £, (GeV)
* Designed with 40kton LArTPC for  Wide band neutrino flux covering 1st

accurate reconstruction and PID. and 2nd oscillation maxima.



DUNE

Selected neutrino-mode v_ eventis

The DUNE flux covers two oscillation

degeneracy.
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maximums, allowing shape measurement to break the
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DUNE

Sanford Underground
Research Facility

Fermilab

—
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Phased construction:
 Phase |: 2 LArTPC modules (17 kton each), 1.2 MW beam, LArTPC + SAND ND, finish by 2031;
 Phase ll: 2 additional modules, > 2 MW beam, ND upgrade.
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DUNE

Sanford Underground
Research Facility

Fermilab
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Phased construction: -

 Phase |: 2 LArTPC modules (17 kton each), 1.2 MW beam, LArTPC + SAND ND, finish by 2031;
 Phase ll: 2 additional modules, > 2 MW beam, ND upgrade.
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DUNE
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Charlie Nasty, Nufact 2023

Hyper-Kamiokande

258 kton water-Cherenkov detector (8 X Super-K)
295 km baseline length.

1.3 MW neutrino beam.

Small matter effect and large CPV effect.

Aiming for operation in 2028.

New intermediate
Hyper-Kamiokande detector (IWCD) J-PARC

A.“. a4 L Near detectors

(ND280 upgrade, INGRID)

Neutrino beam
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Hyper-K preliminary
True normal ordering (known)
5in°0,,=0.0218+0.0007, sin0,,=0.528, Am3,=2.509x10eV?/c”

 Assuming MO is known, 50 in 3 years with maximum CPV, exclude 50%

CP with 50 in 5 years.
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Hyper-K preliminary
True normal ordering, improved syst. (v./V, xsec. error 2.7%)

HK 10 years (2.70E22 POT 1:3 viV)
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Hyper-K preliminary

True inverted ordering, improved syst. (v./V, xsec. error 2.7%)

sin’(0,,)=0.0218 sin’(0,,)=0.528 AmZ,l=2.509 x 10~ eV’/c*

 Atmospheric neutrinos can help if MO is not known.

True o
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Possible Accelerator Neutrino Experiments in China
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Possible Accelerator Neutrino Experiments in China
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HIAF + JUNO

e :U :; 3
=P’ oL
5]
& Beam Beam Flux Freauenc Dut
Power Energy Intensity ?Hz) y Factt)),r POTlyear
N (MW) (GeV) (PpP)
® = EO"H T2HK 1.3 30 3.2*10%* 0.86 0.32 2.7*10%
Py
3 — - DUNE 1.2 120 7.5¥10' 0.83 0.56 1.1*10%
o R o
o
mom - HIAF_U 4.8 25 4*10 3 1 3.8*10%
- ;
l > )

m—n i L

K112 e o g

. 7

BET = --- 3.15 x 10" s/year, convert eff.*3, peak @525 MeV DUNE (13 years)
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25 T T T T T T T T T T T T T T T T T T T T T T T
Baseline ~ 260 km o0l i

Idea by Shaofeng Ge

* Neutrino beam can be optimized to 5
reduce uncertainty at maximum CPV. | '
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Muon Decay at Rest (UDAR)

Shaofeng Ge, Nuovo Cim.C 47 (2024) 6, 365

T2KV+UDAR (5%)
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» Combine traditional accelerator v/, with &/, from muon decay at rest wut - e+1/ﬂ17€)

* Accelerator remains in neutrino mode with higher efficiency

« Well-predicted Eﬂ flux from pDAR

* Very different energy/baseline break degeneracy.

* Could improve precision for DUNE and Hyper-K.
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Summary

 Current data is still not sufficient to claim neutrino CPV.
« DUNE/Hyper-K have very good opportunities to solve neutrino CPV is nature is kind.

* New ideas keep emerging.
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