The best way to probe CP violation in the lepton sector is with long-baseline
accelerator neutrino experiments in the appearance mode: the appearance of v, in
predominantly v, beams. Here we show that it is possible to discover CP violation
with disappearance experiments only, by combining JUNO for electron neutrinos
and DUNE or Hyper-Kamiokande for muon neutrinos. While the maximum
sensitivity to discover CP is quite modest (1.60 with 6 years of JUNO and 13 years
of DUNE), some values of § may be disfavored by > 30 depending on the true
value of 4.
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Why is CPV interesting?
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0 and CP Violation

2 .
Jop = 812€12513C13523C23 8In §
C. Jarlskog PRL 55, 1039 (1985)
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0 and CP Violation

2 .
Jop = 512€12513€13523C23 Sin 0
C. Jarlskog PRL 55, 1039 (1985)

1. Strong interaction: no observed EDM = CP (nearly) conserved

0 _
— <1071
2w J. Pendlebury, et al. 1509.04411

2. Quark mass matrix: non-zero but small CP violation

JokMm _
Pewu] _ 3x 1074
Jmax CKMfitter 1501.05013
3. Lepton mass matrix: 7
JPMNS
ens| 44
Jmax
PBD, J. Gehrlein, R. Pestes 2008.01110
Jmax = 67\15 ~ 0.096
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Other Non-standard CPV Probes

1. Some information in solar due to loops in elastic scattering

V. Brdar, X-J. Xu 2306.03160

K. Kelly, et al. 2407.03174 requires 3k Borexinos
2. Sub-GeV — sub-100 MeV atmospherics

K. Kelly, et al. 1904.02751
See also e.g. A. Suliga, J. Beacom 2306.11090

Sub — GeV Atmospheric Neutrinos

— Joint fit
14 —— HK+DUNE ~ —— HK+DUNE+JUNO, + THEIA, — CC-1p0m
JUNO, - HK+DUNE+JUNO,+THEIA N — cC-2p07 |
" JUNO, — CC—0pOr
1 S % =
X ,' 4
0 \ / / \
04 N\ /
02 R
T T T 0 E [T
dep [7]

Solar (no systematics)

Atmospherics at DUNE
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Appearance, Disappearance, and CP
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Appearance and Disappearance, CP Even and CP Odd Terms
Disappearance:
P(vg = vg) = 1 — 4|Un1 |*|Uag|? sin® Aoy
— 4|Up1 |*|Uns* sin? Agy
— 4|Up2]?|Uas|? sin® Ago
— PgaP—l-

Aij = AmZL/AE
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Appearance and Disappearance, CP Even and CP Odd Terms
Disappearance:
P(vg = vg) = 1 — 4|Un1 |*|Uag|? sin® Aoy
— 4|Up1 |*|Uns* sin? Agy

— 4|Ua2|2|Ua3|2SiH2 A32
CP
= Paa *

Appearance:
P(va — vg) = — 4R[Ua1Uj, UjyUpgs) sin® Agy
— AR[Ua1 U}, Uz3Upgs] sin® Agy
— AR[UasUp3U%Ups] sin® Ay
+ 8Jcp sin Ag; sin Agq sin Aso
_ PfﬁPJr + Pacﬁp— Aij = AmiL/AE
Sign depends on «, §
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Conventional Wisdom

1. Appearance is sensitive to CPV [True]
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Conventional Wisdom

1. Appearance is sensitive to CPV [True]
2. Disappearance has no CPV sensitivity [False]
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Conventional Wisdom

1. Appearance is sensitive to CPV [True]
2. Disappearance has no CPV sensitivity [False]
3. Any ¢ dependence in disappearance is in v, not v, [Confusing/False]

C13C12 €13512 sige "

—Co3519 — $23513€12€™0  Co3c1a — S23813512€™  Sa3ci3

523512 — C23513€12€"0  —sa3c12 — Coss1zs12€™  cascry
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Correct Statements

» Appearance is the best way to measure § and CPV

...given known oscillation parameters, systematics, and realistic experiments

» Probes mostly sin d not cosd
» Don’t need both v and 7 (but systematics)
> Disappearance can measure §
» CPV can be discovered with only disappearance measurements
» Probes mostly cosd not sind
» Requires measurements of two flavors
» “Works through unitarity” (as do nearly all oscillation measurements)
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
2. Disappearance experiments of one flavor can measure up to three amplitudes

» Electron neutrino row:

» KamLAND measured one

» Daya Bay/RENO measured a different one

» JUNO will measure all three
» Muon neutrino row:

» MINOS/T2K/NOvA measured one
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
2. Disappearance experiments of one flavor can measure up to three amplitudes

» Electron neutrino row:

» KamLAND measured one

» Daya Bay/RENO measured a different one

» JUNO will measure all three
» Muon neutrino row:

» MINOS/T2K/NOvA measured one

Plvg —ve)=1-— 420% sin? AVY

i>]
C’iaj = |Uozi‘2|Uaj|2
Ca o 1/4
’Uai| _ azk
ik
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
2. Disappearance experiments of one flavor can measure up to three amplitudes

» Electron neutrino row:

» KamLAND measured one

» Daya Bay/RENO measured a different one

» JUNO will measure all three
» Muon neutrino row:

» MINOS/T2K/NOvA measured one

TTT

0.95

UL B

Far/Near(Weighted)

0.9

2 ) 6 8
Eprompt[”'eV]
Daya Bay 1809.02261
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
2. Disappearance experiments of one flavor can measure up to three amplitudes

» Electron neutrino row:

» KamLAND measured one

» Daya Bay/RENO measured a different one

» JUNO will measure all three
» Muon neutrino row:

» MINOS/T2K/NOvA measured one

5 F x10°°
£ 06F ST e Non oscillation E
e ; . — 6, oscillation 30F Fourier power spectrum —NH
£ osf / Normal hierarchy E
g F ] K Inverted hierarchy 250 =IH
20f
15F
10F
F: A ¢ S naie e
o ) j S Fooz 0.0022 00024  0.0026  0.0028
10 15 20 25 30 2 2
L/E (kn/MeV) dm‘/eV
JUNO 1507.05613 L. Zhan, et al. 0807.3203
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Parameter Counting

1. Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
2. Disappearance experiments of one flavor can measure up to three amplitudes

» Electron neutrino row:

» KamLAND measured one

» Daya Bay/RENO measured a different one

» JUNO will measure all three
» Muon neutrino row:

» MINOS/T2K/NOvA measured one

3. Only two parameters for one flavor are independent

(BNL) 2309.03262 CERN Neutrino Platform: February 18, 2025 11/17


https://arxiv.org/abs/1809.02261
https://arxiv.org/abs/1507.05613
https://arxiv.org/abs/0807.3203
https://peterdenton.github.io
https://arxiv.org/abs/2309.03262

Parameter Counting

1.

Four parameters in the PMNS matrix

Majorana phases are irrelevant in oscillations
Disappearance experiments of one flavor can measure up to three amplitudes
» Electron neutrino row:
» KamLAND measured one
» Daya Bay/RENO measured a different one
» JUNO will measure all three
» Muon neutrino row:
> MINOS/T2K/NOvA measured one
Only two parameters for one flavor are independent
Given good measurements of the v, and v, disappearance, 4 independent
parameters will be measured
» Any row can be “simple” (e.g. ¢i2¢13, S12€13, ... ) = 1O one row is ever enough
» That is, CPV is physical and cannot depend on parameterization
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Parameter Counting

1.

Four parameters in the PMNS matrix
Majorana phases are irrelevant in oscillations
Disappearance experiments of one flavor can measure up to three amplitudes
» Electron neutrino row:
» KamLAND measured one
» Daya Bay/RENO measured a different one
» JUNO will measure all three
» Muon neutrino row:
> MINOS/T2K/NOvA measured one
Only two parameters for one flavor are independent
Given good measurements of the v, and v, disappearance, 4 independent
parameters will be measured
» Any row can be “simple” (e.g. ¢i2¢13, S12€13, ... ) = 1O one row is ever enough
» That is, CPV is physical and cannot depend on parameterization

This is sufficient to constrain cosd and three mixing angles
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Parameter Counting

1.

Four parameters in the PMNS matrix
Majorana phases are irrelevant in oscillations
Disappearance experiments of one flavor can measure up to three amplitudes
» Electron neutrino row:
» KamLAND measured one
» Daya Bay/RENO measured a different one
» JUNO will measure all three
» Muon neutrino row:
> MINOS/T2K/NOvA measured one
Only two parameters for one flavor are independent
Given good measurements of the v, and v, disappearance, 4 independent
parameters will be measured
» Any row can be “simple” (e.g. ¢i2¢13, S12€13, ... ) = 1O one row is ever enough
» That is, CPV is physical and cannot depend on parameterization
This is sufficient to constrain cosd and three mixing angles

If we determine cosd # £1 = CP is violated!
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Direct Analytic Calculation

Disappearance experiments measure various |Uy;|? terms
Suppose 4 are measured: |Uez|?, |Ues|?, |U,i2|?, |Ups|?

Actually this gives all 9 magnitudes by unitarity
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Direct Analytic Calculation

Disappearance experiments measure various |Uy;|? terms
Suppose 4 are measured: |Uez|?, |Ues|?, |U,i2|?, |Ups|?

Actually this gives all 9 magnitudes by unitarity

Jg'p = ’Ue2’2’Uy2‘2’Ue3’2|Uﬂ3’2
1

2
- Z (1 - |U62‘2 - |UM2|2 - |U€3|2 - ’Uu3|2 + |U62|2|U,u3|2 + |U63‘2|Uu2|2)

Can show that if any one |[Uy|? =0= J =0

Disappearance can tell us if CP is violated,
but not if Nature prefers v’s or v’s
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Where is |Uu2|2?
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Where is U, \27

Peter B. Denton (BNL)
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;
> Solar splitting modified by

So ~ \/(COS 2012 — C%ga/Am§1)2 + sin? 2015 ~ 3.4

at £ =1.3 GeV
, S. Parke 1902.07185
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;

> Solar splitting modified by

So ~ \/(COS 2012 — C%ga/Am§1)2 + sin? 2015 ~ 3.4

at £ =1.3 GeV
. . . , S. Parke 1902.07185
> Mixing angle is modified e

2019 — c2.a/Am?
o8 201 = 0.37 — 2712 ;13“/ M3~ —0.96 < 0
(O]

ax pE
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;

> Solar splitting modified by

So ~ \/(cos 2012 — c33a/Am3,)? + sin® 2019 ~ 3.4
at £ =1.3 GeV
> Mixing angle is modified » 5. Parke 1502.07185
2019 — c2aa/Am3
Cos 2015 = 0.37 — 2212 ;13“/ "1 & 096 <0
©

» So the sign is swapped ax pE
sin 2645 cos 2012 = 0.35 — —0.26
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;
> Solar splitting modified by

So ~ \/(cos 2012 — c33a/Am3,)? + sin® 2019 ~ 3.4
at £ =1.3 GeV
> Mixing angle is modified » 5. Parke 1502.07185
2019 — c2aa/Am3
Cos 2015 = 0.37 — 2212 ;13“/ "1 & 096 <0
©

» So the sign is swapped ax pE
sin 2645 cos 2012 = 0.35 — —0.26

> Also s13 increases in matter ~ 15%: total effect is 0.004 cos ¢
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Matter Effects Matter: (21) Sector
> Let’s start at

~ —4033 (3%20%2 + S93C23513 sin 2619 cos 2615 cos 5) sin? Ag;
P> Solar splitting modified by

So ~ \/(COS 2012 — C%ga/Amgl)z + sin? 2015 ~ 3.4
at £ = 1.3 GeV

.. . . , S. Parke 1902.07185
> Mixing angle is modified

2019 — c2.a/Am?
o8 201 = 0.37 — 2712 ;13“/ M3~ —0.96 < 0
(O]

» So the sign is swapped ax pE
sin 2645 cos 2012 = 0.35 — —0.26

> Also s13 increases in matter ~ 15%: total effect is 0.004 cos ¢
» This gets us half of the effect, and the correct sign
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Matter Effects Matter: (32) Sector

AmZ L . . .
> in matter at the maximum is ~ 7

4F
H. Nunokawa, S. Parke, R. Funchal hep-ph/0503283
PBD, S. Parke 2401.10326
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Matter Effects Matter: (32) Sector

AmZ L . . .
> in matter at the maximum is ~ 7

4F
H. Nunokawa, S. Parke, R. Funchal hep-ph/0503283
PBD, S. Parke 2401.10326

» The Am3, component is a bit off 7 at max
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Matter Effects Matter: (32) Sector

AmZ L . . .
> in matter at the maximum is ~ 7

4F
H. Nunokawa, S. Parke, R. Funchal hep-ph/0503283
, S. Parke 2401.10326

» The Am3, component is a bit off 7 at max
» Leading order in s13:

—4553(cToC3 —2513512C12523C23 €0s §) sin® Ay
-2 (0.0094 —0.023 cos4)0.1 (matter)

Q
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Matter Effects Matter: (32) Sector

AmZ L . . .
> in matter at the maximum is ~ 7

4F
H. Nunokawa, S. Parke, R. Funchal hep-ph/0503283
, S. Parke 2401.10326

» The Am3, component is a bit off 7 at max

» Leading order in s13:

—43%3(0%2033 —2513512€12523C23 COS J) sin® Asy

-2 (0.0094 —0.023 cos 6)0.1 (matter)
» Adds in another ~ 0.004 cos § effect

Q
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Matter Effects Matter: (32) Sector

AmZ L . . .
> in matter at the maximum is ~ 7

4F
H. Nunokawa, S. Parke, R. Funchal hep-ph/0503283
, S. Parke 2401.10326

» The Am3, component is a bit off 7 at max

» Leading order in s13:

—43%3(0%2033 —2513512€12523C23 COS J) sin® Asy

-2 (0.0094 —0.023 cos 6)0.1 (matter)
» Adds in another = 0.004 cos ¢ effect

» Total is =~ 0.008 cos § which agrees with numerical calculation

Q
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JUNO and DUNE Disappearance Sensitivities

T T T
Channels External priors

Both =—— Perfect
1.0 Perfect 5 . JUNO

—— -10 === JUNO , s eeees
""" Current

8 -
. . . DUNE
4o rooRE, Vo + 7, Dis v

€OS Btrue

External priors
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Discussion and Conclusions

Disappearance can discover CPV

Requires two good measurements: JUNO and DUNE/HK

Can rule out some values of § at > 30

Works in vacuum or matter; matter slightly minimizes HK’s effect
Subject to BSM degeneracies, as are most other oscillation measurements

Analyses already exist but. ..

LBL Experiments should break down ¢ analyses into app vs. dis

Since systematics are different, provides a good cross check
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Backups
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conserving

0, J: Current Status
Maximal CP violation is already ruled out:
1. 912 75 45° at ~ 150
2. 613 # tan™! \/Li ~ 35° at many (100) o
3. o3 = 45° allowed at ~ lo
4. |sind] = 1 allowed
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When 6 and When J?

If the goal is CP violation the Jarlskog invariant should be used
however

If the goal is measuring the parameters one must use §

Given #12, 013, 023, and J, I can’t determine the sign of cosd which is physical

e.g. P(vy — v,) depends on cosd
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Appearance vs. Disappearance

Oscillation experiments can do
appearance or disappearance experiments:

Disappearance Appearance

K2K, MINOS, T2K, NOvA T2K, NOvA

KamLAND, Daya Bay, RENO, Double CHOOZ OPERA

(Sort of ) SNO, Borexino, SK-solar Atm v, hints @ SK & IceCube
JUNO, DUNE, HK DUNE, HK

Neither appearance nor disappearance
SK-atm, IceCube
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CP, T: Disappearance

- CP = D=0,
hV I
CPT T

hY 1

Disappearance measurements are even eigenstates of C' P

CP[P(ve — ve)] = P(e — 1) ‘2" P(ve — 1e)

Assume that CPT is a good symmetry
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CP, T: Appearance

vy —ve| — CP —= U, =71,

p }
CPT T

hY 1

Appearance measurements are not eigenstates of C'P
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Approximate Size of |U,;2|? Signal: (21) Sector

» There is no § information in Uy, |* + |Ue|? (sum of Ag; and Agg terms)
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Approximate Size of |U,;2|? Signal: (21) Sector

» There is no § information in Uy, |* + |Ue|? (sum of Ag; and Agg terms)
» There is § information in |U,1[*|U,2/?
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Approximate Size of |U,;2|? Signal: (21) Sector

» There is no § information in Uy, |* + |Ue|? (sum of Ag; and Agg terms)
» There is § information in |U,1[*|U,2/?
» This comes from the Am3; term

DUNE and HK can measure Am%l somewhat
PBD, J. Gehrlein 2302.08513
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Approximate Size of |U,;2|? Signal: (21) Sector

» There is no § information in Uy, |* + |Ue|? (sum of Agy and Asy terms)
» There is § information in |U,1[*|U,2/?
» This comes from the Am3; term

DUNE and HK can measure Am%l somewhat
, J. Gehrlein 2302.08513

» This term is

~ —4033 (8%26%2 + S93C93513 sin 2615 cos 26015 cos 5) sin? Ag;

2
~-2 (021 + 0.03 cos §) (%)

Am3, /|Am3, | ~ 33
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Approximate Size of |U,;2|? Signal: (21) Sector

» There is no § information in Uy, |* + |Ue|? (sum of Agy and Asy terms)
» There is § information in |U,1[*|U,2/?
» This comes from the Am3; term

DUNE and HK can measure Am%l somewhat
, J. Gehrlein 2302.08513

» This term is

~ —4033 (8%26%2 + S93C93513 sin 2615 cos 26015 cos 5) sin? Ag;

2
~-2 (021 + 0.03 cos §) (%)

Am3, /|Am3, | ~ 33
> So the probability is large for cosd = —17
» So the effect is ~ —0.0005 cos §7
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Approximate Size of |U,;2|? Signal: (21) Sector BEHE -

3. Denton (BNL) 2309.03262

1.00 7
;
0.99 —

0.98 ‘

Vy = V)

5 0.97

P

» There is no § information in Uy, |* + |U2|?
» There is § information in |U,1[*|U,2/?

0.96

0.95
0.25 0.50 0.75 1.00 1.25

E, [GeV]
DUNE and HK can measure Am%l somewhat
PBD, J. Gehrlein 2302.08513

» This comes from the Am3; term

» This term is

~ —4033 (3%20%2 + S93C93513 sin 2615 cos 2015 cos (5) sin? Ag;

T2
~-2 (021 + 0.03 cos §) (§>
Am3, /|Am3, | ~ 33
» So the probability is large for cosd = —17
» So the effect is ~ —0.0005 cos §7
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Approximate Size of |U,;2|? Signal: (21) Sector -

1.00

0.99 —

0.98 ‘

Vy = V)

5 0.97

P

» There is no § information in Uy, |* + |U2|?
» There is § information in |U,1[*|U,2/?

0.96

0.95
0.25 0.50 0.75 1.00 1.25

E, [GeV]
DUNE and HK can measure Am%l somewhat
PBD, J. Gehrlein 2302.08513

» This comes from the Am3; term

» This term is

~ —4033 (8%26%2 + S93C93513 sin 2615 cos 2015 cos (5) sin? Ag;

N2
~-2 (021 + 0.03 cos §) (§>
Am2, /|Am3,| ~ 33
» So the probability is large for cosd = —17 Sign is wrong
» So the effect is ~ —0.0005 cos §7 Magnitude is ~ 16 too small
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Numerical Studies

Inputs are only:

> Daya Bay data for 63 1809.02261
» KamLAND data for 612 and Am3, 1303.4667
» JUNO 6 yrs precision sensitivity on 612, Am3;, Am3; 2204.13249
» DUNE 6.546.5 yrs disappearance channels sensitivity only 2103.04797
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JUNO and HK Disappearance Sensitivities
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Varying Runtime/Power

Significance to disfavor | cosd| =1 at cosd = 0

20

—_
i

Years of JUNO
=

t

CPV sensitivity at § = 3m/2 ) .
0 5 10 15 20
Years of DUNE

0

Improvement requires both experiments!
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The Importance of cos ¢

» If only sin ¢ is measured = sign degeneracy: cosd = /1 —sin?§

» Most flavor models predict cos ¢
J. Gehrlein, et al. 2203.06219

ot

'S

Probability density

cosd

L. Everett, et al. 1912.10139
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0: What is
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