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Still to measure the CP value

Image from T2K collaboration
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NOνA [arXiv: 2108.08219 [hep-ex]]

T2K Phys. Rev. D 103, no.11, 112008 (2021)

∼ 1σ C. L. difference
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δD uncertainty still to be improved

Matter effect can fake CP

Pν̄αν̄β (δD, V ) = Pνανβ (−δD,−V )

where V =
√
2GFne

- To linear order,

δD → δD +∆δD and V → V +∆V

∼ cancel in both ν and ν transition

Larger ∆δ at maximal CP

2 / 17



δD uncertainty still to be improved

Matter effect can fake CP

S. F. King et. al.
Phys. Rev. D 101, 076019 (2020)

Larger ∆δ at maximal CP

K. J. Kelly and S. J. Parke
Phys. Rev. D 98, no.1, 015025 (2018)
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ρ
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]

T2HK
DUNE
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δD uncertainty still to be improved

Matter effect can fake CP

S. F. King et. al.
Phys. Rev. D 101, 076019 (2020)

Larger ∆δ at maximal CP

T2HK

Pν̄αν̄β − Pνανβ ∝ sin δD

∆δD ∝ 1/ cos δD
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δD uncertainty still to be improved

Matter effect can fake CP

S. F. King et. al.
Phys. Rev. D 101, 076019 (2020)

Larger ∆δ at maximal CP

T2HK

P. Ballett et. al.
Phys. Rev. D 96, no.3, 033003 (2017)
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https://www.doi.org/10.1103/PhysRevD.101.076019
https://www.doi.org/10.1103/PhysRevD.96.033003
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Improve by Accelerator + µDAR at T2HK

Solution:

Accelerator Eν ∼ O(1) GeV

+
And a µ decay-at-rest (DAR) Eν ∼ O(10) MeV

Improves the two issues:

(i) Matter Effect (small Eν)

(ii) ∆δD ∼ 1/ cos δD (two baselines, Eν)

TNT2HK idea:
J. Evslin et. al.JHEP 02, 137 (2016)

- Add new ν̄µ → ν̄e channel
- Run simultaneously w/ T2HK
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https://www.doi.org/10.1007/JHEP02(2016)137


use THEIA for DUNE

How to do it at DUNE?

Harder to do at DUNE: Hard to detect EµDAR
ν (low energy) at Liq. Ar detectors.
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→ New proposal: THEIA
THEIA Collab. Eur. Phys. J. C 80, no.5, 416 (2020)
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use THEIA for DUNE

How to do it at DUNE?

Harder to do at DUNE: Hard to detect EµDAR
ν (low energy) at Liq. Ar detectors.

25 kton WbLS

→ New proposal: THEIA
THEIA Collab. Eur. Phys. J. C 80, no.5, 416 (2020)

- No loss in δD sensitivity, but allow for
low energy channels (Supernova, atm,
µDAR...)

-Scin.+Cher. → Better Eν resolution and
bkg reduction (no more invisible muons!)
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http://dx.doi.org/10.1140/epjc/s10052-020-7977-8


Low atmospheric background

Low-energy mode (µDAR)
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Very low atm νµ/νµ!!
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WbLS many channels
High-energy mode
(LBNF@THEIA + DUNE - 3 modules)
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Optimal baselines: 30, 38 and 55 km
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Great improvement in sensitivity
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Takeaway

- Improvement of 50% for µTHEIA-25 at δD = 270◦

- Factor ×2 for µTHEIA-100

- Less impact from ∆ρ

- Below 8◦ for all µTHEIA-100
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µDAR + THEIA overperform others

−180◦ −135◦ −90◦ −45◦ 0◦ 45◦ 90◦ 135◦ 180◦

δD

DUNE + µTHEIA-100
(q = 1± 0.1)

DUNE + µTHEIA-25
(q = 1± 0.1)

TNT2HK
(q = 1)

MOMENT
(10% norm)

DUNE
(q = 1± 0.1)

DAEδALUS + JUNO
(10 MW)

DAEδALUS

T2HKK
(q = 1± 0.06)

T2HK
(q = 1± 0.06)

T2K
(2021)

NOνA
(2021)

±30◦ ±30◦

±22◦ ±22◦

±18◦ ±28◦

±18◦ ±21◦

±16◦ ±12◦

±15◦ ±15◦

±12◦ ±12◦

±11◦ ±10◦

±8◦ ±7◦

∆δD ∆δD

δNOνA
D = 148◦+49◦

−157◦δT2K
D = −108◦+40◦

−33◦

10 / 17



µDAR + THEIA overperform others

−180◦ −135◦ −90◦ −45◦ 0◦ 45◦ 90◦ 135◦ 180◦

δD

DUNE + µTHEIA-100
(q = 1± 0.1)

DUNE + µTHEIA-25
(q = 1± 0.1)

TNT2HK
(q = 1)

MOMENT
(10% norm)

DUNE
(q = 1± 0.1)

DAEδALUS + JUNO
(10 MW)

DAEδALUS

T2HKK
(q = 1± 0.06)

T2HK
(q = 1± 0.06)

T2K
(2021)

NOνA
(2021)

±30◦ ±30◦

±22◦ ±22◦

±18◦ ±28◦

±18◦ ±21◦

±16◦ ±12◦

±15◦ ±15◦

±12◦ ±12◦

±11◦ ±10◦

±8◦ ±7◦

∆δD ∆δD

δNOνA
D = 148◦+49◦

−157◦δT2K
D = −108◦+40◦

−33◦

10 / 17



Summary

- WbLS can reduce bkg from atm νµ for low Eν very well.

- The combination of µDAR and accelerator can greatly improve δD sensitivity

- Combining µDAR source with DUNE improve ∆δD by 50% (factor 2) for µTHEIA-
25(100) for maximal CP.

- µTHEIA-100 ∆δD < 8◦ for any δD.
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Any questions?

Thanks for your attention
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Backup
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Backup
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Backup
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Backup
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Backup
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