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λ
· ETrue

EMIP

T PE λ

ETrue

EMIP

λ

EMIP



y = C +A

(
exp

(
W

X

)
+ exp

(
−L+W

X

))

C A X L X

[−750, 750] [−150, 150]

[−150, 50]

wi =

⎧
⎪⎪⎨

⎪⎪⎩

(
1−

∣∣∣W−Wi
σ

∣∣∣
3
)3

|W −Wi| < σ

0 |W −Wi| ≥ σ

W Wi i wi Wi

σ = 30 W W Wi

y = mW + c

W y

20





〈
−dE

dx

〉
= Kz2

Z

A

1

β2

[
1

2
ln

2mec2β2γ2Wmax

I2
− β2 − δ(βγ)

2

]
,

K ≡ 4πNAr2emec2 re mec2 z

Z A

β γ Wmax

I δ(βγ)

ν

2 4 2.079

0.8617

1.792

100 − 200 1.8%

100 200





100−200

ν

νe νµ

νe

νµ



ν

3

ϵ =

(
∆T − |∆r⃗/c|

Tres

)2

+

(
∆Z

Dpen

)2

+

(
∆XY

Dpen

)2

+

(
PEpen

PE

)5

,

Tres Dpen PE

PEpen

∆r⃗ ∆r⃗ ∆XY 0

Dpen Tres

5 PE−2.5



PEpen 0

ϵ 5.0 2.0
4 4

Dpen 75.0 100.0
8 4

PEpen 0 0

ν



ν
65 1
(500,−300, 1500)



νe

ν

(ρ, θ) ρ θ

w = exp

(
−(ρ− ρ0)2

2σ2
ρ

)
exp

(
−(θ − θ0)2

2σ2
θ

)

σρ =
3√
12

σθ =
3

d
√
6

d
√
15000

θ

√
15000/4

7 × 7 (ρ, θ)

6

15 ρ 0.02 θ
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ν

a

x(s) = x0 + s sin θa cosφa

y(s) = y0 + s sin θa sinφa

z(s) = z0 + s cos θa

(x0, y0, z0) s (θa,φa)

(x0, y0, z0, θ⃗, φ⃗)

E =
N∑

i=1

M∑

a=1

ViaMia + λ
N∑

i=1

(
M∑

a=1

Via − 1

)2

+
2

λv

M∑

a=1

Da,

N M Mia i a Via



i a Da a

λ λv Mia

Mia =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
dperpia
σi

)2

(
dvtxi
σi

)2 dvtxi
σi

≤ 1

(
dvtxi
σi

)4 dvtxi
σi

> 1

σi σi = 3/
√
12 Via

Via =
e−βMia

e−βλ +
∑M

b=1 e
−βMib

,

β β = 1/T

0 1 0 <
∑M

a=1 Via ≤ 1 1

λ

Mia 50%

ν Da

Da = dxza + dyza

d

e+e− exp(−d/λv) λv ≈ (7/9)X0 X0

ν X0 ≈ 39 6

χ2 = −2 lnL = 2
d

λv
,



z

β T

∆x ∆y ∆z

νe 0.04 4.11 −0.02 4.44 0.73 7.38 10.65 17.20
νµ 0.11 4.43 −0.24 4.61 −0.61 8.16 11.56 17.08

0.35 8.22 −0.77 7.84 0.47 9.50 28.72 30.80



3
π0

k

1

wk =
n∑

i=1

e
−
(

θk−θi
σi

)2



360 −π π σi

σi =
1.745

d
+ 0.0204 + 0.000173d, d < 5 ,

d

d = 5

dij =

(
θj − θi
σj

)2

,

j j i i

µij = e−
mdij

√
c

β ,

m c β

m β m = 0

ν m 2

β 4

θ′i = θi +

∑n
j=1

µm
ij

σ2
j
(θj − θi)

∑n
j=1

µm
ij

σ2
j



< 1%

1% 7

2 3

s

D+(s) = EXZ(s)− EY Z(s)

D−(s) = EY Z(s)− EXZ(s)

K = (D+(s)) + (D−(s))

2

νµ

x k z



u w

v w

v

ν x

w

θ0 =
13.6

βp
z
√

x/X0 (1 + 0.038 ln(x/X0)) ,

5.4 2

z

v ν



4

4

S =
∆ +∆

.

3

2

ν



νµ

νe νµ

νe νµ

νe νµ νe

νµ

77

1000

y



k−

νµ

νµ



3

ν

f n×m g

(f ∗ g)p,q,r =
n∑

i=1

m∑

j=1

c∑

k=1

fi,j,k,rgp+i,q+j,k,



νµ

p q r k c

ν

8 256

r

n ×m



1

13 νµ νe

ντ ×

100 × 80





νe νµ

νµ

νe νµ



νµ νe



6

νe νµ

R16-03-03 S16-04-08

14

6× 1020 120

3



ρ 2.84
∆m2

21 7.53× 10−5

sin2 2θ12 0.846
∆m2

32 2.37× 10−3

θ23 π/4
sin2 2θ13 0.085

δ 0

3

νe

ν

500µs

25µ < t < 475µ



2.00× 1012

−202 −198
0.02 2.00
0.57 1.58

0.5

= 0
≤ 0.45
= 0
> 0.2

νµ νe

337.0 230.6 58.5 23.4× 106

(×103)
11930 82594 1011



νe νµ



> 0
> 0
< 8
> 2

< 100

νµ νe

337.0 230.6 58.5 23.4× 106

+ 210.6 112.0 54.5 0.340× 106

(×103)
11930 82594 1011

+ 7233 45251 592

> 20
< 200
> 10

< 500



10



−680 ≤ vtxX ≤ 650
−720 ≤ vtxY ≤ 500
50 ≤ vtxZ ≤ 5450

> 10

νµ νe
210.6 112.0 54.5 339600

+ 132.0 46.7 34.0 26210
+ 129.6 42.7 33.3 4324



25

−100 ≤ vtxX ≤ 100
−100 ≤ vtxY ≤ 100
200 ≤ vtxZ ≤ 1000

> 25
> 25

νµ νe
7233 45251 592

+ 570.7 1397.8 21.7
+ 328.0 379.4 11.0

×103



νe

νµ

0.2

≥ 0.2
≥ 20 < 200



νµ νe

129.6 42.7 33.3 4324
+ 123.4 11.5 6.0 643.8

(×103)
328.0 379.4 11.0

+ 263.9 124.4 3.5



νe

> 0.5
< 0.8

µ
> 18 > 9

≥ 480
> 0.5 < 4.0

νµ νe

123.4 11.5 6.0 643.8
+ 65.0 5.0 3.7 11.0

(×103)
263.9 124.4 3.5

+ 198.3 77.5 2.6



0.5

4



νµ νe
337.0 230.6 58.5 23.42× 106

+ 210.6 112.0 54.5 339600
+ 132.0 46.7 34.0 26210

+ 129.6 42.7 33.3 4324
+ 123.4 11.5 6.0 643.8

+ 65.0 5.0 3.7 11.0

νµ νe
11930 82594 1011

+ 7233 45251 592
+ 570.7 1397.8 21.7

+ 328.0 379.4 11.0
+ 263.9 124.4 3.5

+ 198.3 77.5 2.6

×103
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ν̄τ 5

νµ ν̄µ νe ν̄e

ν

νµ

Na
NC =

rνµN
a −N b +

(
rνe − rνµ

)
Na

νe

rνµ − rNC

Na
νµ =

rNCNa −N b + (rνe − rNC)Na
νe

rNC − rνµ

a b Nx



Na
νe νe rx ≡ N b

x/N
a
x

ν r

Pred = Data
MC

MC
= MC

Data

MC



να → νβ να

Pred
α→β(SNC ;ER

i , E
T
j ) Sx x

ER
i i ET

j j

Pred
α→β(SNC ;E

R
i , E

T
j ) =

MC
α→β(SNC ;E

R
i , E

T
j ),

MC

ν̄µ → ν̄τ ν̄e → ν̄µ ν̄e → ν̄τ ν̄µ → ν̄µ

ν̄e → ν̄e

Pred
α→β(SNC ;E

R
i , E

T
j ) =

MC
α→β(SNC ;ER

i , E
T
j ) · Data

α (SNC ;ER
i )

MC
α (SNC ;ER

i )

νµ νe

β = α



ν̄µ → ν̄e

νµ

kNumuND

Pred
α→β(SNC ;E

R
i , E

T
j ) =

MC
α→β(SNC ;ER

i , E
T
j ) · Pred

α (Sνµ ;E
T
j )

MC
α (Sνµ ;E

T
j )

Pred
α (Sνµ ;E

T
j ) =

∑

k

MC
α (Sνµ ;E

R
k , E

T
j ) · Data

α (Sνµ ;E
R
k )

MC
α (Sνµ ;E

R
k )

Pred

MC 0

0



6× 1020

ν̄µ ν̄e

Pred
NC,α(SNC ;E

R
i , E

T
j ) =

Pred
NC (SNC ;E

R
i , E

T
j )

MC
NC,α(SNC ;ER

i )
MC
NC (SNC ;ER

i )



Pred
α→β(SNC ;E

R
i ) =

∑

j

Pred
α→β(SNC ;E

R
i , E

T
j ) · P (να → νβ , E

T
j )

Pred
NC,α(SNC ;E

R
i ) =

∑

j

Pred
NC,α(SNC ;E

R
i , E

T
j ) · P (να → νActive, E

T
j )

P (να → νActive) ≡
∑

ℓ∈{e,µ,τ}

P (να → νℓ) = 1− P (να → νs)

Pred(SNC ;E
R
i ) =

∑

{Comp}

Pred
Comp(SNC ;E

R
i )



65.19 60.61
νµ → νµ 4.98 4.47
νµ → νe 2.88 2.83
νµ → ντ 0.32 0.32
ν̄µ → ν̄µ 0.10 0.10
ν̄µ → ν̄e 0.043 0.044
ν̄µ → ν̄τ 0.046 0.046
νe → νµ 0.010 0.010
νe → νe 0.77 0.72
νe → ντ 0.0010 0.0010
ν̄e → ν̄µ 0.0002 0.0002
ν̄e → ν̄e 0.036 0.036
ν̄e → ν̄τ 0.0001 0.0001

6.69× 1020

13



8
ν

14 6 × 1020



ν

ν

±0.5mm

±0.5mm

±0.2mm

+2mm

±1 kA

1 ±2mm

2 ±2mm



4

49

3.4% 3.6%

0.5 0.4
0.2 0.2
0.2 0.3
0.04 0.1
0.1 0.1

1 0.6 0.8
2 0.2 0.2

0.05 0.05
0.4 1.2
0.04 0.4

4 0.4 1.2
49 3.0 2.6

3.4 3.6



|+ 1σ| |− 1σ|

ν kB = 0.04

kC = −0.0005 2

kB = 0.01

kB = 0.02 kC = 0

2.4% 1.8%



0.5 1.2
2.4 1.8

5%



5.8% 6.0%

0.5 0.5
1.6 1.1
1.6 1.2
3.5 2.3

2.2 3.8
4.3 5.5
0.6 5.6
0.6 2.4

ν





1.6% 4.8%

±25% 0.4 0.00
η ±30% 0.02 0.00

+25%
−15% 0.00 1.3
+25%
−15% 0.0 0.4

kF ±35% 0.00 0.6

↔
0.00 0.3

±20% 0.00 2.2
±10% 0.00 1.1

±20% 0.7 0.00
±10% 0.2 0.00
±50% 0.4 0.3

π ±10% 0.4 0.3

νp 1π ±50% 0.00 0.4
νp 2π ±50% 0.00 0.9
νn 1π ±50% 0.00 1.9
νn 2π ±50% 0.00 0.9
νp 1π ±50% 0.2 0.00
νp 2π ±50% 0.2 0.00
νn 1π ±50% 0.2 0.00
νn 2π ±50% 0.1 0.00
ν̄p 1π ±50% 0.00 0.1
ν̄p 2π ±50% 0.00 0.02
ν̄n 1π ±50% 0.00 0.01
ν̄n 2π ±50% 0.00 0.02



ν̄p 1π ±50% 0.02 0.00
ν̄p 2π ±50% 0.02 0.00
ν̄n 1π ±50% 0.02 0.00
ν̄n 2π ±50% 0.02 0.00

AHT

ξw

±25% 0.01 0.2

BHT

ξw

±25% 0.02 0.3

CV 1u 98 ±30% 0.02 0.1

CV 2u 98 ±40% 0.01 0.1

pT Nπ 0.01 0.02

xF Nπ 0.01 0.02
∆ → πN

↔
0.1 0.3

±50% 0.02 0.01
η ±50% 0.1 0.2

±20% 0.2 0.4

±50% 0.1 0.2
±30% 0.1 0.4
±40% 0.1 0.2
±20% 0.05 0.2

π ±20% 0.04 0.1
π ±20% 0.4 0.7
π ±50% 0.1 0.2
π ±10% 0.1 0.1
π ±40% 0.6 0.3
π ±20% 0.6 0.4
π π ±20% 0.03 0.1

+50% 0.00 1.6
0.00 1.1
1.6 4.8



|+ 1σ| |− 1σ|

ν

1.0%

0.6%



0.3 0.01
0.2 0.1
0.3 0.01
0.3 0.01
0.1 0.3
0.1 0.4

| | | | 0.8 0.02
| | | | 1.0 0.6

4.1% 1.7%



νµ νe

ν νµ νe

νµ

100% νe

νe

±100%



νµ

νe

νe

νµ

νµ

νe |100%| 7.0% 10.4%



νe +100% 0.00 8.2
νe −100% 0.00 8.2

5.2 7.7

7.0 6.4
νµ

7.0 10.4

√
4 = 2 2.0%

4.8%



0.9% 0.7%

0.5%

ν

0.7%

2.9%

3.7%

4.9%

4.9%

12.2% 15.3%



3.4 3.6
2.4 1.8
5.8 6.0
1.6 4.8
1.0 0.6
4.1 1.7
7.0 10.4
2.0 4.8
4.9 4.9
12.2 15.3
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ν

ν

3 RNC

RNC ≡
NObs −NBkg

Pred

NNC
Pred

θ24 θ34 |Uµ4|2

|Uτ4|2

2014 2016

6.69×1020 6.05×1020 3.72×1020



ν

250

0 θ24 θ34

0◦ 45◦

θ23

45.8◦ 3.2◦

∆m2
21 7.53× 10−5

∆m2
32 2.37× 10−3

sin2 2θ12 0.846
sin2 2θ13 0.085

θ14 0
δ13 0
δ24 0
δ14 0

χ2



χ2 = 2

(
NPred −NObs +NObs ln

NObs

NPred

)
+

(
θ23 − µ23

σ23

)2

+
N∑

i=1

(
σBF
i

σi

)2

,

µ23 σ23

θ23 σBF
i i σi

i χ2

χ2

θ23

χ2

δ24









1

1.39 /1.33 ≈ 4.5%

10%

νµ νe
83.5 60.6 4.6 3.6 14.3 6.633

4.5% 84.6 61.0 4.7 3.7 14.9 6.634
10% 86.2 61.4 4.9 3.7 15.8 6.612

4.5% 85.1 61.8 4.8 3.7 14.3 6.702
10% 87.2 63.4 5.2 3.8 14.3 6.792

θ24 θ34

δ24

δ24 θ34 = 35◦ θ24 = 10◦ δ24 0

8%



2− 3◦ 90%

3

0

δ24

3 δ24 0

δ24

δ24 νµ νe
0 64.3 41.7 4.8 3.1 14.3

π/2 59.5 37.4 4.5 2.9 14.3
π 64.5 42.4 4.3 3.0 14.3

3π/2 69.4 46.7 4.5 3.1 14.3

δ24
θ23 = 45◦ θ34 = 35◦ θ24 = 10◦

θ34 δ24 0
3 θ24



νµ νe
15 8.2 6.5 0.8 0.5 0.1
35 32.7 3.7 5.5 19.3 4.0
17 14.5 6.0 0.5 0.4 7.5

4 6

8.2 15±4

2σ

0.2



32.7 35 ± 6

0.42 0.5

14.5 17± 4

83.5± 0.8 +10.9
−7.2

95± 9.7 RNC = 1.19± 0.16 +0.10
−0.14

RNC RNC



χ2

23.31 14 1.665

68% 90%

θ24 θ34

0◦

θ34 < 35◦ θ24 < 21◦ 90% θ34

2011









θ34 θ24 68% 90%
90% 2011

θ34 θ24
θ34 θ24



∆χ2

R

Ri = P
(
xi|xe

(
θ⃗
))

/P
(
xi|xe

(
θ⃗BF

))
,

P xi xe xe

θ⃗ θ⃗ Ri

c θ⃗

c =

i|Ri=RData∑

i|Ri=RMax

P
(
xi|xe

(
θ⃗
))

.

Ri xi 0

Ri < RData Ri xMax

θ23

Ri = P
(
xi|xe

(
θ⃗, λ⃗BF (Data)

))
/P
(
xi|xe

(
θ⃗BF , λ⃗BF

))
,

λ⃗BF (Data) λ⃗BF

xi

λ⃗BF (Data) = λ⃗|χ2
(
xData, θ⃗, λ⃗

)
= χ2

Min

(
xData, θ⃗

)
,

(
θ⃗BF , λ⃗BF

)
=
(
θ⃗, λ⃗
)
|χ2
(
xi, θ⃗, λ⃗

)
= χ2

Min(xi).



c =

i|Ri=RData∑

i|Ri=RMax

P
(
xi|xe

(
θ⃗, λ⃗BF (Data)

))
,

Ri

δ24

δ24 = 0 π/2 3π/2

δ24 = π/2

68% 90%

θ34 θ24 ∆χ2

2 68%

∆χ2 = 2.30 90% ∆χ2 = 4.61

2

(θ34, θ24) c%
≤ c 68% 90%



θ34 θ24
θ34 θ24

θ34 < 32◦ θ24 < 20◦

90%

|Uµ4|2 = sin2 θ24

|Uτ4|2 = cos2 θ24 sin
2 θ34

θ14 = 0 |Uµ4|2 < 0.12

|Uτ4|2 < 0.27 90%



10

20%

θ34

18× 1020 50%

ν

θ34 < 25◦(90% )



θ34
18 × 1020 50%

90% 25◦

θ34

δ24

0

50%

13%



19%

∆m2
41

3 + 1 6.69 × 1020 6.05 × 1020

θ34 < 32◦ θ24 < 20◦

|Uµ4|2 < 0.12 |Uτ4|2 < 0.27

ν θ34 |Uτ4|2

ν



1930

192 312 1932

β 88 161 177 1934

92 830 831 1953

124 103 104 1956

9 36 44 1962

81 280 1982

504 218 224 2001

6 429 1957

20 1205 1209 1968

37 20 1209 1212 1968

28 493 496 1969

8

63 16 19 1989

71 νe e− 71

67 3332 3335 1991

285 376 389 1992



νµ νe

280 146 152 1992

81 1562 1567 1998

89 011301 2002

3

427 218 224 2006

75 2650 2653 1995

∆m2 ∼ 1

98 231801 2007

ν̄µ → ν̄e

110 161801 2013

ν̄µ → ν̄e

65 112001 2002

νµ → νe

570 19 31 2003

685 47 54 2010

37 73 045805 2006

15 40 95

434 503 532 1995

108 191802 2012

113 141802 2014

91 052019 2015



107 011802 2011

28 870 880 1962

48 4318 4325 1993

24 110 116 1981

38 090001 2014

69 117301 2004

ν

2015

17 2369 2374 1978

42 913 917 1985

60 338 402 2008

108 171803 2012

2013

89 093018 2014

116 151806 2016

93 051104 2016

2015 1502 01589

2013 050 2013

http://arxiv.org/abs/1502.01589


θ14

85 077301 2012

https://arxiv.org/abs/hep-ph/0606054

ν

2007

2004

ν ν 15688

2016 ν 15489

ν 15654

ν 4088

ν 8172

ν 4371

ν 4662

ν 9671

ν 15831

ν ν 11906

120 211 214 2014

2005

4

506 250 303 2003

4 53 270 278

2006

39

9070

https://arxiv.org/abs/hep-ph/0606054
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15688
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15489
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15654
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=4088
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=8172
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=4371
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=4662
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=9671
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15831
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=11906
http://numix-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=39
http://minos-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=9070


ν ν 6941

ν ν 13577

ν 15338

614 87 104 2010

http://arxiv.org/abs/1510.05494

116 071802 2016

ν

15214

ν 15481

ν 13247

87 904 905 1952

ν 13158

https:
//cdcvs.fnal.gov/redmine/attachments/download/19714/FluxReader_TN.pdf

ν 15296

ν 13164

ν 13451

ν 13523

ν 12556

ν

12263

ν 14740

ν 13579

http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=6941
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=13577
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15338
http://arxiv.org/abs/1510.05494
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15214
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15214
http://nova-docdb.fnal.gov:8080/cgi-bin/ShowDocument?docid=15481
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