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Neutrino oscillation in 3 generation
Full three flavour vacuum probability formula:

Pαβ = δαβ − 4
∑
i<j

Re[U∗
αi U

∗
βj Uβi Uαj ]sin2 ∆ij L

4E
+ 2
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j

Parameters of neutrino oscillation:

• Elements of U: Three mixing angles and one Dirac phase
θ12, θ23, θ13, δCP

• Two mass squared differences: Appears in Pαβ
∆21 = m2

2 −m2
1, ∆31 = m2

3 −m2
1

• L and E

Comment
Neutrino oscillation can’t probe absolute neutrino mass



Unknowns

• The sign of ∆m2
31 i.e.,

∆m2
31 > 0 ⇒ Normal Hierarchy (NH)

or
∆m2

31 < 0 ⇒ Inverted Hierarchy (IH).

• The octant of θ23 i.e.,
θ23 > 45◦ ⇒ Higher Octant (HO) or
θ23 < 45◦ ⇒ Lower Octant (LO).

• δCP (violation and precision)



Present Experiments

Ongoing experiments to discover the unknowns
T2K in Japan

NOνA in Fermilab

Capability is limited due to:
• Less matter effect
• Low beam power
• Small detector volume



Future Experiments

Ongoing experiments to discover the unknowns
T2HK/T2HKK in Japan/Korea

DUNE in Fermilab

Advantage:
• Large matter effect
• High beam power
• Huge detector volume

Problem: Affected by systematics
• High statistics experiments
• Sensitive to systematic uncertainties
• A small change in the systematics → large change in

sensitivity



Specification

T2HK/T2HKK

• Detector type: water Cerenkov
• 187 kt in Kamioka and 187 kt in Korea for T2HKK and

(187× 2) kt in Kamioka for T2HK
• 1.3 MW beam, 27× 1021 pot: 10 years of running
• 3 off-axis configuration of T2HKK: 2.5◦, 2.0◦ and 1.5◦

• ν : ν̄ = 1 : 3

DUNE

• 1.2 MW beam, 10× 1021 pot: 10 years of running
• 35 kt Liquid Argon detector
• ν : ν̄ = 1 : 1



Treatment of Systematics

4 pull variables
• signal normalization (affect the scaling of the events)
• background normalization
• signal tilt (affect the energy dependence of the events)
• background tilt

a systematic error of x% implies: a normalization error of x% for
• both signal and background
• both appearance and disappearance channel
• both ν and ν̄

Tilt error is fixed at 10% and never varied



Objective 1

Sensitivity in standard 3 flavour case
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• Curves of T2HK is steeper than T2HKK because of greater
number of event sample at T2HK

• If hierarchy is known then sensitivity of T2HK is better than
any of T2HKK if systematics is 1%



Hierarchy

 0

 3

 6

 9

 12

 15

 18

 21

 24

 1  2  3  4  5  6  7

True NH 
 δCP=-90

o
S

ig
n
if
ic

a
n
c
e
(σ

)

Systematics(%)

Hierarchy

T2HK
OA 2.5
OA 2.0
OA 1.5
DUNE

 0

 3

 6

 9

 12

 1  2  3  4  5  6  7

True NH 
 δCP=90

o

S
ig

n
if
ic

a
n
c
e
(σ

)

Systematics(%)

Hierarchy

T2HK
OA 2.5
OA 2.0
OA 1.5
DUNE

 0

 3

 6

 9

 12

 1  2  3  4  5  6  7

True IH 
 δCP=-90

o

S
ig

n
if
ic

a
n
c
e
(σ

)

Systematics(%)

Hierarchy

T2HK
OA 2.5
OA 2.0
OA 1.5
DUNE

 0

 3

 6

 9

 12

 15

 18

 21

 24

 1  2  3  4  5  6  7

True IH 
 δCP=90

o

S
ig

n
if
ic

a
n
c
e
(σ

)

Systematics(%)

Hierarchy

T2HK
OA 2.5
OA 2.0
OA 1.5
DUNE



Octant
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Objective 2

Effect of systematics for Non-standard Interactions



What is non-standard interaction ?

Neutrino propagating in matter

• Standard NC interaction:

να + f → να + f

• Non-standard NC interaction

να + f → νβ + f

can arise from the following four-fermion interaction

L = −GF ε
f
αβ ν̄αγ

µνβ f̄ γµf

with εαβ =
∑

f =e,u,d
Nf
Ne
εfαβ



NSI in neutrino oscillation

• Evolution equation with standard oscillation

i
d
dt

(
νe

µµ

ντ

)
=
[

Udiag(E1, E2, E3)U−1 +

(
A 0 0
0 0 0
0 0 0

)]( νe

µµ

ντ

)

• Evolution equation with non-standard oscillation

i
d
dt

(
νe

µµ

ντ

)
=
[

Udiag(E1, E2, E3)U−1 + A

(
1 + εee εeµ εeτ

ε∗
eµ εµµ εµτ

ε∗
eτ ε∗

µτ εττ

)]( νe

µµ

ντ

)

with A =
√

2GF Ne



Analysis

Bounds

|εee | < 4, |εeµ| < 3× 10−1, |εeτ | < 3× 100 , |εµµ| < 7× 10−2

|εµτ | < 3× 10−1, |εττ | < 2× 101 , εττ '
|εeτ |2

1 + εee
.

Ansatz

A =
√

2GF Ne

 1 + εee 0 εeτ
0 0 0
ε∗eτ 0 |εeτ |2/(1 + εee)


Free Parameters: εee , |εeτ |, φ31 = arg(εeτ )



Bounds on NSI parameters
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Constraining the phases
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Summary

• Future generation high statistics experiments are extremely
sensitive to the systematic errors

• Depending on the systematic errors sensitivity of one setup
can be better/worse than other

• Planning of the T2HKK/T2HK will depend on how much
systematics are improved

Thank you
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Applying systematics



T2HKK systematics


