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THE T2K EXPERIMENT

No of 𝜈 events
function of energy

Neutrino flux
𝜈 flux model

Neutrino oscillation
PMNS model

Neutrino interactions
𝜈 cross-section models

Neutrino detection
SK detector model= ⊗ ⊗ ⊗

OSCILLATION PARAMETERS

NEUTRINO BEAM FAR DETECTORNEAR DETECTORS

𝝂𝝁 𝝂𝝁 𝝂𝝁
𝝂𝝁

𝝂𝝁 𝝂𝒆
𝝂𝒆 𝝂𝝁𝝂𝝁

𝝂𝝁
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NEUTRINO BEAM

Total flux up to now

Flux at 𝟏𝟎𝟐𝟐 POT 
with old flux config

Flux at 𝟏𝟎𝟐𝟐 POT 
with new flux config

+14.4% 𝝂𝝁

Mesons are focused by 3 EM horns
• Forward Current ↔ focus 𝜋/𝐾− ↔ 𝝂 mode
• Reversed Current ↔ focus 𝜋/𝐾+ ↔ ഥ𝝂 mode

UPGRADE: 250kA → 320kA

Better purity
• Better (de)focusing of right (wrong) sign mesons

Narrower energy range
• Flux increase around oscillation maximum & 

decrease at high energies

Better efficiency

→ 𝝂/ഥ𝝂 running can be tuned for physics goals!

+13.0% 𝝂𝒆
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STATISTICS EXTRAPOLATION

Analysed data: Runs 1-11
𝜈: 2.14 × 1021 POT
ҧ𝜈: 1.63 × 1021 POT

Acquired data: Runs 1-14
𝜈: 2.17 × 1021 POT
ҧ𝜈: 1.65 × 1021 POT

250 kA

𝜈: 0.64 × 1021 POT
ҧ𝜈: 0.12 × 1021 POT

320 kA

= 𝟒. 𝟔𝟐 × 𝟏𝟎𝟐𝟏 POT

250 kA

= 𝟑. 𝟕𝟖 × 𝟏𝟎𝟐𝟏 POT

This study
250 kA − FIXED

320 kA

→ 𝟏𝟎. 𝟎 × 𝟏𝟎𝟐𝟏 POT

INCREASED

Varying 𝜈/ ҧ𝜈 ratio

• Which goals can we reach with
the new flux?

• Which 𝜈/ ҧ𝜈 ratio should we
choose?

• What can T2K do on its own? 
(without reactor constraint)
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T2K DISAPPEARANCE & APPEARANCE CHANNELS

Leading term CP-odd term Matter effects𝑃 𝜈𝜇 → 𝜈𝑒 ≈ + +

∝ 𝐬𝐢𝐧𝟐𝜽𝟐𝟑𝐬𝐢𝐧
𝟐𝟐𝜽𝟏𝟑 ∝ 𝑱𝑪𝑷 ∝ 𝒏𝒆𝑬

𝑃 𝜈𝜇 → 𝜈𝜇 ≈ 1 − sin22𝜃23sin
2

Δ𝑚32
2 𝐿

4𝐸

DISAPPEARANCE CHANNEL

• Constrains very well 𝜽𝟐𝟑 and 𝚫𝒎𝟑𝟐
𝟐

• Not sensitive to the 𝜽𝟐𝟑 octant

APPEARANCE CHANNEL

• Able to constrain the 𝜽𝟐𝟑 octant
• Degeneracy between 𝜽𝟐𝟑 and 𝜽𝟏𝟑 → use Reactor Constraint
• Sensitivity to 𝜹𝑪𝑷
• Sensitivity to mass ordering (MO) 𝚫𝒎𝟑𝟐
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DEGENERACIES IN T2K APPEARANCE CHANNEL

Upper Octant

𝜹𝐂𝐏 ≈ −
𝝅

𝟐

Normal Ordering



ത𝝂𝝂
𝝂/ഥ𝝂 RATIO
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VARYING FUTURE RUNNING 𝜈/ ҧ𝜈 RATIO

𝟏: 𝟎 𝟏: 𝟏 𝟎: 𝟏

𝟏
𝟎
𝟐
𝟐

P
O

T

• Different 𝜈/ ҧ𝜈 ratios provide different error bars in 𝜈 and ҧ𝜈 event counts
• Full 𝝂 mode would provide a nearly 1D constraint
• A mix of 𝝂 and ഥ𝝂 allows to get a 2D constraint on the (observable) biprobability space

→ A 2D 𝝂/ഥ𝝂 constraint typically allows a better discrimination between different parameter points
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SCOPE AND APPROXIMATIONS OF THIS SENSITIVITY STUDY

✓ Scaling with stat. and of ND fiducial mass
✘ No variation of scaling with 𝜈/ ҧ𝜈 ratio (only 1: 1)
✘ No modelisation of the new physics capabilities
of the ND upgrade

✓ Scaling with stat. and 𝜈/ ҧ𝜈 ratio
✘ Fixed Δ𝜒2 method

THIS STUDY: NEAR DETECTOR

THIS STUDY: FAR DETECTOR

No of 𝜈 events
function of energy

Neutrino flux
𝜈 flux model

Neutrino oscillation
PMNS model

Neutrino interactions
𝜈 cross-section models

Neutrino detection
SK detector model= ⊗⊗ ⊗

NEAR DETECTOR FIT FAR DETECTOR FIT

OSCILLATION PARAMETERS

𝜹𝐂𝐏𝜽𝟐𝟑

𝜽𝟏𝟑

𝜟𝒎𝟑𝟐
𝟐

𝐌𝐎

*more details in backup slide
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SENSITIVITY TO 𝛿CP − ASIMOV A22 − WITH REACTOR CONSTRAINT

NORMAL ORDERING HYPOTHESIS INVERTED ORDERING HYPOTHESIS

• Large variability depending on 𝝂/ഥ𝝂 ratio: preference for 𝜈 mode!
• 𝜈 cross-section on matter is 3 times larger than ҧ𝜈: 𝜈 mode naturally brings more statistics

• Large excluding power in the sin𝛿𝐶𝑃 > 0 region
• Discriminating power is gained for overall MO and CPV independently
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SENSITIVITY TO CPV: IMPORTANCE OF REACTOR CONSTRAINTS

• When Reactor Constraint is not used, 𝜽𝟏𝟑 is free to move
• Similar effect as moving 𝜽𝟐𝟑 on the event rates in the appearance channel: degeneracy!

• Impact on the expected results:
• Freeness of 𝜽𝟏𝟑: overall loss of sensitivity in the whole appearance channel (smearing)
• Degeneracy: Needs both 𝜈 and ҧ𝜈 statistics to re-gain resolution in the parameter space

WITH REACTOR

CONSTRAINT

WITHOUT REACTOR

CONSTRAINT
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE 𝛿CP
NORMAL ORDERING HYPOTHESIS

• The NO hypothesis testing is affected by a semi-degeneracy
• Interference between sin𝛿CP > 0 points and points in Lower Octant that produce similar 𝜈𝑒 event rates
• The sensitivity gets lower and more ҧ𝜈 statistics is needed → reversed dependence on 𝝂/ഥ𝝂 ratio!
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE 𝛿CP

• The NO hypothesis testing is affected by a semi-degeneracy
• Interference between sin𝛿CP > 0 points and points in Lower Octant that produce similar 𝜈𝑒 event rates
• The sensitivity gets lower and more ҧ𝜈 statistics is needed → reversed dependence on 𝝂/ഥ𝝂 ratio!

• The IO hypothesis testing is affected by a total degeneracy
• IO CP-conserving points barely distinguishable from NO sin𝛿CP > 0 points → no sensitivity to CP violation

NORM. ORD. HYP

INVERTED ORDERING HYPOTHESIS
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE 𝛿CP

• The NO hypothesis testing is affected by a semi-degeneracy
• Interference between sin𝛿CP > 0 points and points in Lower Octant that produce similar 𝜈𝑒 event rates
• The sensitivity gets lower and more ҧ𝜈 statistics is needed → reversed dependence on 𝝂/ഥ𝝂 ratio!

• The IO hypothesis testing is affected by a total degeneracy
• IO CP-conserving points barely distinguishable from NO sin𝛿CP > 0 points → no sensitivity to CP violation

AGNOSTIC TO MASS ORDERING
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SENSITIVITY TO CPV: SUMMARY

NO – UP. OCT.
𝜹𝐂𝐏 = −𝝅/𝟐

• A22 (NH, Upper Octant, 𝜹𝐂𝐏 = −𝝅/𝟐): Best sensitivity!
• 𝜹𝐂𝐏 = −𝝅/𝟒: Closer to CPC values, less exclusive
• True IH: Fully degenerate region, very poor sensitivity
• True Lower Octant: Degenerate in 𝜈 channel: RHC preferred

Compatible with current
data at 𝟐𝝈 level

NO – LOW. OCT.
𝜹𝐂𝐏 = −𝝅/𝟐

NO – UP. OCT.
𝜹𝐂𝐏 = −𝝅/4 

IO – UP. OCT.
𝜹𝐂𝐏 = −𝝅/𝟐
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SENSITIVITY TO 𝜃23 AND Δ𝑚2

• Mostly constrained by disapp. channel
• App. channel adds sensitivity to octant

𝐬𝐢𝐧𝟐𝜽𝟐𝟑 𝜟𝐦𝟑𝟐
𝟐 [NO] / 𝜟𝒎𝟑𝟏

𝟐 [IO]

• Only constrained by disapp. channel
• Correlated with MO (∼ 3 × 10−5eV2 shift)
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T2K FUTURE PROSPECTS

Super-FGD

High Angle TPC

Installation of the T2K Near Detector upgrade finalized in 2024!
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CONCLUSION

Recent upgrades significantly improve T2K 
sensitivity:
• Beam: more stat. + better control of the flux
• Near Detector: correcting xsec ⊗ flux models

Far from degeneracies, full 𝝂 mode is prefered
• Higer 𝜈 cross-section on matter

Degenerate cases require special attention
• No RC: ҧ𝜈 needed to resolve 𝜃13 & 𝛿CP
• True LO: ҧ𝜈 needed to resolve 𝜃23 octant & 𝛿CP
• True NO + sin𝛿CP > 0: Need constraint on MO

→ New data taking starting in November
with both 𝛎 and ത𝛎 runs!

Results presented in this talk use a simplified Near 
Detector treatment and do not model the new 

physics capabilities of the ND upgrade
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BACKUP
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE 𝜃23 OCTANT

• True lower octant & 𝐬𝐢𝐧𝜹𝐂𝐏 < 𝟎 is also subject to a semi-degeneracy
• Interference with points in Upper Octant that produce similar 𝜈𝑒 event rates
• The sensitivity gets lower and more ҧ𝜈 statistics is needed → reversed dependence on 𝝂/ഥ𝝂 ratio!

TRUE UPPER OCTANT

sin2𝜃23 = 0.561

TRUE LOWER OCTANT

sin2𝜃23 = 0.450
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T2K DISAPPEARANCE CHANNEL

Similar to 2-flavour oscillation with effective parameters

• Poor sensitivity to 𝜃13 (only the cos appears)
• Good sensitivity to 𝜃23, up to the octant!! (two solutions for 𝑠23)

• Good sensitivity to Δ𝑚LBL
2 (= Δ𝑚32

2 NO / Δ𝑚31
2 IO )

• Mass-ordering induced shift coming from changing sign of Δ𝑚31
2 !

𝚫𝒎𝐞𝐟𝐟
𝟐

𝚫𝒎𝐞𝐟𝐟
𝟐

si
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𝟐
𝜽
𝐞
𝐟𝐟

si
n
𝟐
𝟐
𝜽
𝐞
𝐟𝐟



T2K APPEARANCE CHANNEL

Leading term
• Almost full degeneracy between 𝜃13 and 𝜃23
• But if 𝜃13 is known, ability to resolve the 𝜃23 octant!

CP-odd term
• Sensitive to Jarlskog invariant 𝐽CP = 𝑠13𝑐13

2 𝑠12𝑐12𝑠23𝑐23sin𝛿CP
• Opposite effect for 𝜈 and ҧ𝜈

Matter effects
• Sensitive to the sign of Δ𝑚31

2 , i.e. mass hierarchy!
• Opposite effect for 𝜈 and ҧ𝜈

Leading term

CP-odd term

Matter effects

𝚫𝒎𝟑𝟐
𝟐

𝒔 𝟐
𝟑
𝒔 𝟏

𝟑
𝟐
𝒄
𝟏
𝟑

𝟐
𝒔 𝟐

𝟑
𝒔 𝟏

𝟑
𝟐
𝒄
𝟏
𝟑

𝟐

𝑱 𝐂
𝐏

𝑱 𝐂
𝐏

𝒂
𝒂

𝑎 = 2 2𝐺𝐹𝑛𝑒𝐸

Δ𝑖𝑗 =
Δ𝑚2𝐿

4𝐸

THOMAS LEPLUMEY T2K FUTURE SENSITIVITY 21



THOMAS LEPLUMEY T2K FUTURE SENSITIVITY 22

UPGRADED BEAM

𝝂
m

o
d

e
ഥ 𝝂

m
o

d
e

𝒆-like 𝝁-like

Total flux up to now

Flux at 𝟏𝟎𝟐𝟐 POT 
with old flux config

Flux at 𝟏𝟎𝟐𝟐 POT 
with new flux config

+13.0%
Oscilated

events

+14.4%
Unoscilated

events

Mesons are focused by 3 EM horns
• Forward Horn Current ↔ 𝝂 mode
• Reversed Horn Current ↔ ഥ𝝂 mode

UPGRADE: 250kA → 320kA

Better purity
• Better (de)focusing of right (wrong) sign mesons

Narrower energy range
• Flux increase around oscillation maximum & 

decrease at high energies

Better efficiency

To be tuned for physics goals!
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T2K TIMELINE

Analysed data: Runs 1-11
𝜈: 2.14 × 1021 POT
ҧ𝜈: 1.63 × 1021 POT

250 kA

= 𝟑. 𝟕𝟖 × 𝟏𝟎𝟐𝟏 POT
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SCOPE AND APPROXIMATIONS OF THIS SENSITIVITY STUDY

✓ ND syst. scaled with total stat. and new ND280 target mass
✓ Comprehensive prior correlations between 2 flux models, x-sec and ND det. syst.
✓ The ND constraining power is assumed to be the same in 320kA as in 250kA
✘ No ratio dependence in the saling (fixed at ∼ 1: 1)
✘ All syst. are scaled with SFGD mass (including Oxygen cross-section)
✘ New physics capabilities of ND upgrade not taken into account
✘ Simplified treatment of boundary effects

✓ Scaling with stat. and 𝜈/ ҧ𝜈 ratio
✓ Comprehensive model of the new 320kA flux
✘ Fixed Δ𝜒2 method (no Feldman-Cousins)

NO FAKE DATA STUDIES IN

THIS SENSITIVITY STUDY

In the main T2K analysis:

• Sequential ND and FD fits 
with frequentist methods*

(Feldman-Cousins)
• Fake Data Studies evaluate 

the impact of model 
changes on the results

*A nearly independent joint ND+FD 
Bayesian analysis is also performed

THIS STUDY: NEAR DETECTOR THIS STUDY: FAR DETECTOR


