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MINOS NC-like Far Detector Data
Monte Carlo Prediction
Systematic Uncertainty

 CC Background!i

 BackgroundeiBeam 
 Appearanceei

 Appearanceoi

 Reconstructed Neutrino Energy (GeV)
0 10 20 30 40

Ev
en

ts
 / 

G
eV

0

100

200

300

400  running!i
 POT 2010.56x10 MINOS Preliminary

) o < 4523e) = 0.95 (23e(22 sin
 2 eV-3 = 2.41 x1032

2m6 

 o = 913e 
 2 eV-5 = 7.59 x1021

2m6 

MINOS CC-like Far Detector Data

Monte Carlo Prediction

Systematic Uncertainty

NC Background

 

=S

UV%44%*-\%94%K-#0J2%&D#510*
! N78A.#"$7/&2"%<&Q=O.>7#&A#10"9:7/&67#&&
6455&'()*+&572=1/1#H?&F1.8&/14%#"/7&
8701&$.8A51h&dWIRw8701&$.8A51h&dWIRw!!dWdWcW&`*;&
!

! +1519%10&\\]]=NN&./0&NN&9./0"0.%1$&"/&
F7%<&01%19%7#$&
! cPcd&\cPcd&\]]=NN=5"S1&1>1/%$&"/&!-&
! dccd&)N=5"S1&1>1/%$&"/&!-&

!
!
!

! )N&+1519:7/&
!

!R =
Ndata �

�
BCC

SNC

Predicted CC 
background 

from all flavors 

NC Predicted NC 
interaction signal 

CC background 
from all flavors 
background 

from all flavors 
background 

Predicted NC 
interaction signal 

Pred
icted

 C
C

 

b
a
ckground

 

from
 a

ll fla
vors 

! )7&1>"01/91&67#&7$9"55.:7/$&"/%7&$%1#"51&
/14%#"/7$&.%&o8o8cc

[Q[Q""WIR&1YWIR&1Yc&
!
!
!



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ A>

@TU"*/'0%!-*"2).)%&10*1#J2
! Z$$481&Q,d&$%1#"51&/14%#"/7&8"L"/H&$91/.#"7&

! ZAA5?&7$9"55.:7/$&%7&F7%<&)-&./0&!-&
! M$1&0"$%./91&%7&81$7/&019.?&A7"/%&&
! !"%&67#&xo8o8cc

QcxG&bxG&bcQcQG&xo8G&xo8cc
[QxG&bxG&bc[c[G&bG&bQ[&

! ;7&.9974/%&67#&)-&0"$%7#:7/$G&j%&7$9"55.%10&
!T)&#.:7&0"#19%5?&%7&!T)&0.%.&#.:7&&
! (/95401&97/$%#."/%&7/&)-&#.%1&

! 31=.$$1$$10&$?$%18.:9&4/91#%."/:1$&
.^19:/H&<"H<=1/1#H?&%."5&76&$A19%#48&
! 31=1>.54.%10&F1.8&O4L&4/91#%."/:1$&

! K7H=5"S15"<770&$4#6.91$&.#1&!1508./=N74$"/$&
97##19%10&

)14%#.5=N4##1/%&+1519:7/

N<.#H10=N4##1/%&+1519:7/

ID#133



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ A?

&2)1#H*65)

�

2 =

NX

i=1

NX

j=1

(oi � ei)
T [V �1]ij(oj � ej)

oi : Observed events in bin i

ei : Predicted events in bin i

V : Covariance matrix

�

2 =

NX

i=1

NX

j=1

(oi � ei)
T [V �1]ij(oj � ej)

oi : Observed events in bin i

ei : Predicted events in bin i

V : Covariance matrix

�

2 =

NX

i=1

NX

j=1

(oi � ei)
T [V �1]ij(oj � ej)

oi : Observed events in bin i

ei : Predicted events in bin i

V : Covariance matrix
Reconstructed Energy (GeV)

0 10 20 30 40

F/
N

 F
ra

ct
io

na
l E

rro
r

-0.2

-0.1

0

0.1

0.2
CC Total Systematic

MINOS Preliminary

 

Reconstructed Energy (GeV)
0 10 20 30 40

F/
N

 F
ra

ct
io

na
l E

rro
r

-0.2

-0.1

0

0.1

0.2
NC Total Systematic

MINOS Preliminary

 

! (/9540"/H&cw&$?$%18.:9&4/91#%."/:1$&"/&j%&>".&
97>.#"./91&8.%#"91$G&.9974/:/H&67#h&
! )7#8.5"a.:7/&
! -1%19%7#&.991A%./91&
! )N&$1519:7/&
! y.0#7/&A#7049:7/G&F1.8&7A:9$G&9#7$$&$19:7/$G&
1/1#H?&$9.51G&./0&F.9SH#74/0$&

!
!
!
!

!
!

!
!

!

Sensitivity to sterile mixing



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ A=

789:&%V.)*DD#*0*-5#%M.H.1

'()*+&rWl&NIKI&1L954$"7/&5"8"%&#./H1$&7>1#&[&7#01#$&76&8.H/"%401&"/&o8c
[Qu&

+%#7/H1$%&97/$%#."/%&7/&\]&0"$.AA1.#./91&"/%7&\$&&67#&&o8c
[Q&z&d&1Yc

! K"8"%&"$&!1508./=N74$"/$&97##19%10&
! ID#121



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@

!
!
!

! Z$$48"/H&Q,d&87015G&978F"/1&'()*+&
0"$.AA1.#./91&rWl&NIKI&5"8"%&"/&bbc[&%7&f4H1?&
#1.9%7#&1LA1#"81/%&rWl&NIKI&0"$.AA1.#./91&
5"8"%&"/&b5"8"%&"/&bd[&
!
!
!

!
!

! W.1C%7.-.G''9K%9#(10.-'%7'\#%
!
!
!

!
!

!
!

!
! f4H1?&5"8"%&978A4%10&6#78&XK7fU+&cWdc&j%&4$"/H&
/12&#1.9%7#&O4L1$G&A#7>"010&F?&`.%#"9S&y4F1#&

!
!

!
!

!
!

AA

4'HD*0.)'-%1'%!DD#*0*-5#%]#)("1)

,-./#0).12%'3%4.-5.--*6

/12&#1.9%7#&O4L1$G&A#7>"010&F?&`.%#"9S&y4F1#
!
'()*+&0.%.&"/9#1.$1$&%1/$"7/&F1%211/&&&
/455&./0&$"H/.5&#1$45%$&67#&&o8c

[Q&z&d&1Yc&
!
!

'()*+&0.%.&"/9#1.$1$&%1/$"7/&F1%211/&&&
/455&./0&$"H/.5&#1$45%$&67#&&o8c

[Q&z&d&1Yc

= sin2 2✓14 sin
2 ✓24



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@

!
!

! Z$$48"/H&.&Q,d&87015&./0&N`;&97/$1#>.:7/&
$7&+fK&/14%#"/7&./0&./:/14%#"/7&7$9"55.:7/$&
.#1&"01/:9.5&
!
!
!

A@

4'HD*0.)'-%1'%!DD#*0*-5#%]#)("1)

!
! _7#S"/H&7/&$%1#"51&/14%#"/7&$1.#9<&"/&QI[_7#S"/H&7/&$%1#"51&/14%#"/7&$1.#9<&"/&QI[!!dWdWcW&`*;&
76&'()*+&./:/14%#"/7&#4//"/H&

!
!

!
!

!
!

!
!

! W.1C%7.-.G''9K%!-6-#(10.-'%7'\#%
!
!
!

!
!

!
!

,-./#0).12%'3%4.-5.--*6

76&'()*+&./:/14%#"/7&#4//"/H&76&'()*+&./:/14%#"/7&#4//"/H&
!
'()*+&0.%.&"/9#1.$1$&%1/$"7/&F1%211/&&&
/455&./0&$"H/.5&#1$45%$&67#&&o8c

[Q&z&d&1Yc&
!
!

'()*+&0.%.&"/9#1.$1$&%1/$"7/&F1%211/&&&
/455&./0&$"H/.5&#1$45%$&67#&&o8c

[Q&z&d&1Yc

= sin2 2✓14 sin
2 ✓24



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@

! `#7B19%10&'()*+,&$1/$":>"%?&%7&
$%1#"51&/14%#"/7&8"L"/H&67#&d&?1.#&76&
./:/14%#"/7&#4//"/H

AE

U(1(0#%L0')D#51)%F.1C%789:&<
!
! '()*+,&>$&'()*+&0"$.AA1.#./91&
5"8"%$&F?&cWdwG&978A.#10&%7&+fK&
0"$.AA1.#./91&1LA1#"81/%$

! Z5$7&"/>1$:H.:/H&'()*+,&$1/$":>"%?&%7&./78.574$&\\1&.AA1.#./91&.F7>1&
1/1#H?&76&\1/1#H?&76&\]&!&\&\1&7$9"55.:7/&8.L"848&.%&PQR&S8

ID#142

ID#132



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ AP

&(HH*02

! (8A#7>10&'()*+&&$%./0.#0&7$9"55.:7/&81.$4#181/%&2"%<&/12&$.8A51&76&&&&&&&&
'()*+,&.%87$A<1#"9&/14%#"/7$

! !"#$%&'()*+&97/$%#."/%$&7/&)+(&A.#.81%1#&{{1|&

! '()*+,&%.S"/H&H770&0.%.&2"%<&/12&)4'(&F1.8&
! `#19"$"7/&%1$%&76&7$9"55.:7/$&"/&4/1LA57#10&1/1#H?&#./H1&
! 31$45%$&76&7$9"55.:7/&./.5?$"$&76&F1.8&0.%.&"/&/1.#&64%4#1&
! &(0D0.)#)%*0'(-\%1C#%5'0-#0d%

! '()*+&978A51%10&.&$1.#9<&67#&$%1#"51&/14%#"/7$&"/&.&57/H=F.$15"/1&1LA1#"81/%&
! )7&1>"01/91&674/0&67#&$%1#"51&/14%#"/7&8"L"/H&
! +1%&$%#7/H&97/$%#."/%$&7/&$%1#"51&/14%#"/7&7$9"55.:7/$&7>1#&2"01&#./H1&76&o8c

[Q&
!



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ AQ

BC#%789:&<%4'""*['0*6'-

e.).1%1C#%?>%D')1#0)%[2%
%789:&<%)1(\#-1)%*-\%D')1\'5)O



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ AR

&(DD"#H#-1)



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ AS

!55(H("*1#\%G#*H%V*1*

Neutrino Running
Antineutrino Running
Special Runs

dRIwdRIw!!dWdWcW&A#7%7/$=7/=%.#H1%&015">1#10&F1%211/&cWWR&./0&cWdcA#7%7/$=7/=%.#H1%&015">1#10&F1%211/&cWWR&./0&cWdcu&

A
n
ti
n
e
u
tr
in
o
s
!

A
n
ti
n
e
u
tr
in
o
s
!

A
n
ti
n
e
u
tr
in
o
s
!

! 31$45%&6#78&)4'(&F1.8&#4/&04#"/H&'()*+&1#.&
! ?>XQ%$%?>?>XQ%$%?>=>%L:B%.-%-#(10.-'%0(--.-J%
! AX@%$%?>AX@%$%?>=>%L:B%.-%*-6-#(10.-'%0(--.-J%



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ @>

BC#%789:&%V#1#51'0)

5.4 kton, 2 supermodules!
Located 735 km away in Soudan mine, MN!
714 m depth!
Veto shield enables atmospheric neutrino studies

980 ton total mass!

Located 1 km downstream of the target at 
Fermilab!

100 m depth

 Beam spot

Coil3.8m 

 4.8m 

 8m

Coil

 Veto shield

Near Detector Far Detector
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Target!
 Hall

MINOS ND

NuMI Neutrino Beam at Fermilab
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DDependence on "13, "23 
octant, mass hierarchy, 
and ##CP
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G#*H%*-\%!1H')DC#0.5%K/#-1%f.#"\)
Simulation Events

Data Set No osc. With osc. Observed
⌫µ from ⌫µ beam 3201 2496 2579
⌫̄µ from ⌫µ beam 363 319 312
Non-fiducial ⌫ from ⌫µ beam 3197 2807 2911
Atm. contained-vertex ⌫µ + ⌫̄µ 1414 1024 1134
Atm. non-fiducial µ+ + µ� 732 575 590
Atm. showers 932 877 899

Data Expectation (�m2
32 = 2.10⇥ 10

�3, sin2 ✓23 = 0.5)
cosmic atmos ⌫e/⌫̄e & ⌫µ/⌫̄µ CC ⌫⌧/⌫̄⌧ CC NC ⌫-induced µ Total

CVµ 1134 44 ± 4 1023 ± 150 3 ± 1 32 ± 8 7 ± 2 1109 ± 158

NIM 590 0 ± 0 20 ± 3 0 ± 0 0 ± 0 571 ± 143 591 ± 143

CVe 899 110 ± 11 636 ± 79 5 ± 1 159 ± 40 1 ± 0 911 ± 120

Total 2623 2611± 244

Data Expectation (no oscillations)

cosmic atmos ⌫e/⌫̄e & ⌫µ/⌫̄µ CC ⌫⌧/⌫̄⌧ CC NC ⌫-induced µ Total

CVµ 1134 44 ± 4 1327 ± 196 0 ± 0 32 ± 8 11 ± 3 1414 ± 204

NIM 590 0 ± 0 33 ± 5 0 ± 0 0 ± 0 699 ± 175 732 ± 175

CVe 899 110 ± 11 661 ± 83 0 ± 0 159 ± 40 1 ± 0 932 ± 124

Total 2623 3078± 296

1
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Normal Hierarchy���m2
32

�� = 2.34+0.09
�0.09 ⇥ 10�3eV2

sin2 ✓23 = 0.43+0.16
�0.04

0.37 < sin2 ✓23 < 0.64 (90%C.L.)

Inverted Hierarchy���m2
32

�� = 2.37+0.11
�0.07 ⇥ 10�3eV2

sin2 ✓23 = 0.43+0.19
�0.05

0.36 < sin2 ✓23 < 0.65 (90%C.L.)



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ @R

K"#510'-%9#(10.-'%!DD#*0*-5#

Probability depends on "13 and ##CP!

� � �m2
21

�m2
31

⇥ 1
30

• Probability for $$e appearance in a $$% beam is given by: 

6－7 6－7

6+7

P (⌫µ ! ⌫e) ⇡ sin

2
2✓13 sin

2 ✓23
sin

2
(A� 1)�

(A� 1)

2
+ ↵2

sin

2
2✓12 cos

2 ✓23
sin

2 A�

A2

+2↵ sin ✓13 cos �CP sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

(A� 1)

cos�

�2↵ sin ✓13 sin �CP sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

(A� 1)

sin�

• Interference term:!

• - for neutrinos!

• + for antineutrinos

if �CP 6= 0,

P (⌫̄µ ! ⌫̄e) 6= P (⌫µ ! ⌫e)
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Matter effects => dependence on mass hierarchy 
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P (⌫µ ! ⌫e) ⇡ sin

2
2✓13 sin

2 ✓23
sin

2
(A� 1)�

(A� 1)

2
+ ↵2

sin

2
2✓12 cos

2 ✓23
sin

2 A�

A2

+2↵ sin ✓13 cos �CP sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

(A� 1)

cos�

�2↵ sin ✓13 sin �CP sin 2✓12 sin 2✓23
sinA�

A

sin(A� 1)�

(A� 1)

sin�

In matter, $$ee+e CC scattering modifies 
oscillation probability by ~30% for MINOS
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• Steel thickness ~ 1.4 radiation lengths, strip width 4.1 cm > Molière radius

Irreducible 
Background

CC !µ  Event 

µ-

NC Event 
! 

NC Event + !0

!0

e-

CC !e  Event 

Reducible 
Background

Signal

Monte Carlo

Monte Carlo
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• FD event yields for normal mass 
hierarchy, ##CPCP=0, ""2323==&&/4 
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• Solar mixing parameters fixed!
• "13 fit as nuisance parameter, constrained by reactor results!
• ""CP , ""2323, ''mm2 unconstrained!
• MMajor systematic uncertainties included as nuisance parameters

!:;<8$"5=8$#5>8$!!"%$&'&()&$*+)&,-



!"#$%&'()*+%,-./#0).12%'3%4.-5.--*6789:&;789:&<+%9#(10.-'%=>?@ AK

C#E#-I#-5#%'-%L4F

• Adding disappearance data (beam+atmospherics) further disfavors normal 
hierarchy and upper octant

Appearance Only! Disappearance + Appearance!

!:;<8$"5=8$#5>8$!!"%$&'&()&$*+)&,-
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C*1*;74%4'GE*0.)'-
! 3197/$%#49:7/&.5H7#"%<8$&<.>1&F11/&
7A:8"a10&67#&<"H<1#="/%1/$"%?&"/&'()*+,G&
%7&8":H.%1&A"51=4A&1^19%$&"/&%<1&)-&

! )12&))12&)~>Z&%.#H1%&<.$&0"^1#1/%&<.0#7/&
A#7049:7/&6#78&'()*+&%.#H1%&
! (/97#A7#.%10&/12&��,,G&�G&�==G&ÄG&Ä,,G&ÄG&Ä=&A#7049:7/&
"/&A"/&A;;G&AG&AÅ&j%$&

! f7%<&810"48=1/1#H?&./0&<7#/=7^&0.%.&
4$10&"/&%<1&j%$&

! !"%$&97/$%#."/10&F?&)Z[r&0.%.&
! !"%&#1$45%$&4$10&%7&%4/1&'()*+,&'N&

! _7#S"/H&7/&"8A#7>"/H&'()*+,&0.%.T'N&
.H#1181/%&
! *A:8"a"/H&NN&$1519:7/&9#"%1#".&&
! 31>"$":/H&F1.8&7A:9$&$"845.:7/&
! M$1&1L%1#/.5&0.%.&6#78&)*M$1&1L%1#/.5&0.%.&6#78&)*\\Z&)-&./0&
)Zwd&)4'(G&2<1/&.>."5.F51G&%7&97/$%#."/&
F1.8&j%$

ID#133
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Track Vertex Z Position

Track Vertex X Position Track Vertex Y Position
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!
!
! !7#&oooo88cc

[Q&p&WIR&1Yp&WIR&1Yp&WIR&1Yccch&
bbc[&z&dQs&.%&rWl&NIKI&⇒&&

bbQ[&z&[[s&.%&rWl&NIKI&⇒&

!
!
!
!

|Uµ4|2 ⇡ sin2 ✓24 < 0.050 (90% C.L.)

! N7/$%#."/%&7/&bbQ[Q[G&2<"9<&H7>1#/$&\\||G&\G&\$&8"L"/HG&"$&"/.991$$"F51&%7&+fK&\&8"L"/HG&"$&"/.991$$"F51&%7&+fK&\]&F1.8&1LA1#"81/%$&
!

|U⌧4|2 ⇡ cos

2 ✓24 sin
2 ✓34 < 0.024 (90% C.L.)
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• Input sterile signal at MiniBooNE best fit for antineutrino sample!
• ''mm224343=0.043 eV=0.043 eV22, sin, sin22""2424=0.44!
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U(T#2%S.G.1

ILL fluxes

new fluxes

Bugey 3
2 parameter fit
90% CL 2dof
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m
2
@eV

2 D

GLoBES 2012

! f4H1?&5"8"%&978A4%10&6#78&
XK7fU+&cWdc&j%&4$"/H&/12&#1.9%7#&
O4L1$G&A#7>"010&F?&`.%#"9S&y4F1#&
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Full MINOS Systs. Half MINOS Systs.

Statistics-only
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! ;<#11&.9:>1&/14%#"/7$&5">1&"/&[=0"81/$"7/.5&
$A.91=:81G&F4%&9./&8"L&2"%<&$%1#"51&
/14%#"/7$&%<.%&A#7A.H.%1&"/&87#1&%<./&[=
0"81/$"7/$&&

!
! `1#%4#F.:7/$&%7&$%./0.#0&7$9"55.:7/$&
01A1/0&7/&%<1&5"H<%1$%&/14%#"/7&8.$$&!!WWG&
./0&%<1&1L%#.=0"81/$"7/&$"a1&"#

!
!
! '()*+&./0&'()*+,&0.%.&9./&1L95401&
1L%#.=0"81/$"7/$&5.#H1#&%<./&WI[&$$!&2"%<&
ww!!dWdWcW&`*;&76&'()*+,&1LA7$4#1&
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