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Sensitivity of MH enhanced by MSW & Parametric Resonances

sin 2θ̃ =
sin 2θ√

sin2 2θ + (cos 2θ − 2EV /δm2)2
.
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(Semi)-Analytical Way?
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S ′

12 ∼ S ′

23 ∼ δm2
s /δm

2
a ∼ 3%
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Neutrinos arriving @ PINGU 1309.3176 Results
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Enhancing the MH sensitivity by splitting the µ events
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Ability of Distinguishing ν & ν

HK 1109.3262

µ – NO
e (multi-GeV, non-QE) – YES



single-ring

{
νe → e− + (π+ → µ+ → e+, delayed signal)
ν̄e → e+ + (π−absorbed by water)

multi-ring

{
νe flat distribution of 1-y
ν̄e tend to have large 1-y

INO 1212.1305, 1303.2534, 1306.1423

µ – YES, by Magnetic Field
e – NO

Liquid Argon hep-ph/0510131

µ – YES, by Magnetic Field (?)
e – YES, like HK (?)

PINGU 1205.4965, 1303.0758

µ – YES, by estimating 1-y

{
νµ flat distribution of 1-y
ν̄µ tend to have large 1-y

e – NO
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Detector Resolution

Energy Reconstruction & Resolution

Evis =

{
Eµ + Ecas µ(Eµ > 1GeV & 1− y ≡ Eµ

Evis

> 0.2)
Eℓ

0.8 + Ecas µ(Eµ < 1GeV or 1− y < 0.2), e & NC

∆E = 0.2
√
E for Eℓ & Ecas(≡ Eν − Eℓ − Eν′).

Zenith Angle Reconstruction & Resolution

~Pvis =

{
~Pℓ, Eℓ > 1GeV
~Pν − ~Pν′ , Eℓ < 1GeV & NC

≡ |Pvis|



sin θℓ cosφℓ

sin θℓ sinφℓ

cos θℓ




∆θ =






1.0× 15◦E−0.6
µ , µ with Eµ > 1GeV , 1− y > 0.2

1.5× 15◦E−0.6
µ , µ with Eµ > 1GeV , 1− y < 0.2

2.0× 15◦E−0.6
e , e with Ee > 1GeV , 1− y > 0.4

3.0× 15◦E−0.6
e , e with Ee > 1GeV , 1− y < 0.4

P(θℓ)|Eℓ<1GeV , Eℓ < 1GeV & NC
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Events Rates with Scattering & Splitting µ Events
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Events Rates with Detector Resolution (full Smearing)
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MH Sensitivity Distribution with Scattering
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MH Sensitivity Distribution with Resolution
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MH Sensitivity with µ or µ+e (E > 4GeV & cos θz < −0.4) Rates

∆χ2
min

NH (true) IH (true)

xa (true) −0.2 0 +0.2 −0.2 0 +0.2

ν
166 175 142 105 110 102
257 215 169 144 141 120

Scattering
26.4 13.2 10.2 14.9 12.7 10.1
67.3 32.2 21.3 21.2 27.9 21.4

Split µ (1− y ≷ 0.67)
35.9 19.4 13.7 22.4 18.4 13.4
76.6 38.6 24.8 28.7 33.7 24.8

Resolution & µ mis-ID
29.4 14.6 10.0 15.8 13.3 9.7
54.7 23.5 12.7 16.0 20.2 13.7

∆E = (0.2 ± 0.03)
√
E

28.9 14.2 9.7 15.8 13.3 9.7
52.4 23.1 12.6 16.0 19.9 13.5

∆θ = (15◦ ± 3◦)E−0.6 29.2 14.5 9.9 15.8 13.1 9.6
54.4 23.4 12.7 16.0 20.2 13.7

µ mis-ID (10% ± 2%)
19.0 14.4 8.1 15.8 13.3 8.3
45.1 22.1 11.1 15.9 17.2 9.8

Normalization (1± 0.05)
16.8 10.4 7.6 14.6 10.9 7.9
54.6 23.5 12.7 16.0 19.8 13.7
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xa Uncertainty with µ or µ+e (E > 4GeV & cos θz < −0.4)

∆(xa) NH (true) IH (true)

xa (true) −0.2 0 +0.2 −0.2 0 +0.2

ν
0.014 0.036 0.011 0.014 0.034 0.011
0.012 0.025 0.010 0.012 0.033 0.011

Scattering
0.023 0.051 0.015 0.023 0.068 0.017
0.019 0.037 0.014 0.021 0.059 0.016

Split µ (1− y ≷ 0.67)
0.022 0.050 0.015 0.022 0.065 0.016
0.018 0.037 0.014 0.020 0.057 0.016

Resolution & µ mis-ID
0.024 0.054 0.016 0.024 0.071 0.018
0.020 0.042 0.015 0.023 0.062 0.018

∆E = (0.2 ± 0.03)
√
E

0.025 0.054 0.016 0.025 0.071 0.018
0.020 0.042 0.016 0.023 0.063 0.018

∆θ = (15◦ ± 3◦)E−0.6 0.025 0.055 0.016 0.024 0.071 0.018
0.020 0.042 0.015 0.023 0.063 0.017

µ mis-ID (10% ± 2%)
0.025 0.064 0.018 0.026 0.075 0.018
0.021 0.047 0.017 0.024 0.072 0.018

Normalization (1± 0.05)
0.024 0.078 0.022 0.025 0.079 0.023
0.021 0.042 0.016 0.024 0.071 0.018
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Octant Sensitivity with µ or µ+e (E > 4GeV & cos θz < −0.4)

∆χ2
min

NH (true) IH (true)

xa (true) −0.2 −0.1 +0.1 +0.2 −0.2 −0.1 +0.1 +0.2

ν
25.3 5.2 9.4 29.7 5.4 1.4 2.0 6.3
63.3 9.2 18.9 94.7 16.7 3.8 6.2 23.5

Scattering
24.4 3.1 9.6 47.7 7.5 1.8 2.8 9.9
36.9 6.2 13.2 103.0 15.6 3.3 5.5 21.4

Split µ (1 − y ≷ 0.67)
25.9 3.4 10.2 49.5 8.9 2.1 3.3 11.3
38.7 6.4 13.8 105.4 16.9 3.3 6.0 22.9

Resolution & µ mis-ID
21.6 2.8 8.5 42.3 7.2 1.7 2.7 9.4
31.1 4.9 10.8 80.7 12.9 2.7 4.5 17.2

∆E = (0.2 ± 0.03)
√

E
21.6 2.8 8.3 41.6 7.2 1.7 2.6 9.3
31.1 4.9 10.4 77.3 12.8 2.7 4.4 16.7

∆θ = (15◦ ± 3◦)E−0.6
21.5 2.7 8.3 41.3 7.2 1.7 2.6 9.2
31.0 4.9 10.7 80.6 12.9 2.7 4.5 17.2

µ mis-ID (10% ± 2%)
21.6 2.8 5.8 42.3 5.1 1.7 1.8 9.4
31.1 4.9 9.9 80.7 10.2 2.7 1.6 17.2

Normalization (1 ± 0.05)
11.8 2.2 3.7 15.3 4.1 1.0 1.1 4.2
30.7 4.9 10.6 80.7 12.9 2.7 4.5 17.2
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Conclusions

Analytical decomposition in Propagation Basis is very useful;

Splitting µ-like events

effectively enhance the sensitivity to MH;
improve the sensitivity to θa & Octant.

Smearing comes from

mainly neutrino scattering;
moderate effect from resolution & mis-ID

small effect from systematics of energy & angular resolutions

e-like events are important:
increasing sensitivity to

MH

θa
Octant

reduce the systematics

µ mis-ID

normalization.
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Thank You!
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φ

ν

ℓ

δθ θν
z

θℓ
z

cos θℓ
z
= cos θν

z
cos δθ − sin θν

z
sin δθ cosφ ,

min(0, θνz − δθ) ≤ θℓz ≤ max(π, θνz + δθ) .
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4.3. χ
2

Function

The χ2 function receives contribution from each Eν and cos θz bin as

χ2
≡

∑

α

∫

dEνd cos θz













(

dNα

dEνd cos θz

)th

−

(

dNα

dEνd cos θz

)obs

√

(

dNα

dEνd cos θz

)obs













2

+ χ2

para , (4.5)

where χ2

para is the contribution from parameters,

χ2

para =

[

(δm2

a)fit
− δm2

a

∆δm2
a

]2

+

[

(δm2

s)
fit

− δm2

s

∆δm2
s

]2

+

[

(sin2 2θr)
fit

− sin2 2θr

∆ sin2 2θr

]2

+

[

(sin2 2θs)
fit

− sin2 2θs

∆ sin2 2θs

]2

+

[

(sin2 2θa)fit
− sin2 2θa

∆ sin2 2θa

]2

, (4.6)

with the current central values and expected uncertainties in the near future [41, 42, 43],

δm2

a = 2.35 ± 0.1 × 10−3eV2 , δm2

s = 7.50 ± 0.2 × 10−5eV2 , sin2 2θs = 0.857 ± 0.024 , (4.7a)

sin2 2θr = 0.098 ± 0.005 , sin2 2θa = 0.957± 0.030 , (4.7b)
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