Neutrino Oscillation Results
from MINOS

Alexander Himmel
Caltech
for the MINOS Collaboration

IPMU Mini-workshop on Neutrinos, November 8% 2010




Introduction

 What is MINOS?
* Neutrino Physics

— Oscillation Basics

— MINOS Physics Goals
e The Experiment

— NuMI neutrino beam
— MINOS detectors

140 scientists

e The Ana|yses 31 institutions

- Atmospherlc-sector Argonne < Athens e Benedictine « Brookhaven « Caltech e
oscillations Cambridge ¢ Campinas * Fermilab « Harvard « Holy Cross < IIT
. . Indiana < lowa State e Lebedev < Livermore
— Sterile Neutrinos Minnesota-Twin Cities « Minnesota-Duluthe Otterbein « Oxford
- Pittsburgh < Rutherford  Sao Paulo < South Carolina
— Electron Neutrino Stanford ¢ Sussex ¢ Texas A&M e Texas-Austin « Tufts « UCL
Appearance Warsaw « William & Mary
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, }é&ﬁui{mﬁ \I : §
4 What is MINOS? rA
e Three components:

— NuMI high-intensity neutrino beam
— Near Detector at Fermilab measures Dututh “J
MN i

Soudan q

the initial beam composition and
spectrum

— Far Detector in Soudan, MN
measures the oscillated spectrum

Madison

Fermilab

* Detectors are magnetized — unique -
among oscillation experiments ‘

Fermilab
Soudan
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Neutrino Physics

— Oscillation basics
- MINOS Physics Goals
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Neutrino Oscillations A

 Interact in weak eigenstates (e, W, 7)
* Propagate in mass eigenstates (1, 2, 3)

« Because the neutrinos have different masses, as they propagate they
pick up relative phases, changing their relative amplitudes

« End up with a different weak eigenstates than we started with

Fermilab

Soudan

—r > | Vi
Vv, = / > Vo= V0,
/I Vi 1‘ > | v /j
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7 Neutrino Masses and Mixing | Z$

Solar, Reactor Mixed Sector Atmospheric, Accelerator

r Ve

/Ve\ ( Co S 0\( Ci3 0 S_Lse_ia \ ?1 0 0 \\ /Vl\
0 -S, C, O 0 | 1 0 0 Cx Syl|vs
v,) {0 0 1 \—S_Be'(S 0 ¢y J\0 -s5 cCy)lvy

<
[

* Analogous to the quarks, neutrino mixing V, 0
IS parameterized with 3 angles and 1
complex phase

« With three active neutrinos there are two
Independent mass differences:

1/2 | I | 2

- AM;, =~ Am’, = 8.0x 107 eV? v, | ui AMZ,
- AMZ,_~AmS, ~2.4x107° eV?
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A MINOS Oscillation Analysis | 74

1. Select a sample of events in the detectors

— Which events you select defines the physics you probe

08
longitudinal pos. (m)
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A MINOS Oscillation Analysis

1. Select a sample of events in the detectors

2. Measure the energy of those events to construct Near and Far
detector spectra

i R e ! i e | B B e B

_ 20 - MINOS Preliminary g
8 [ -*-Data _ I
® - &= MC Expectation -
o 15[~ Il Total Background g
X . -
< Near Detector -
S jok- 8.65x 10'° PoT -
= T Antineutrino Running 4
- :
& S g
% 5 10 15 20

Reconstructed v Energy (GeV)
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A MINOS Oscillation Analysis 7#

1. Select a sample of events in the detectors

2. Measure the energy of those events to construct Near and Far
detector spectra

3. Use the Near Detector to predict the Far Detector independent of
oscillations

o
%)
I

Fermilab

N
o
o

Soudan

100

Events/Kfon/1x10" POT
p Qo
) 5

Events/Kton/1x10'"® POT

5
True E_ (GeV)
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A MINOS Oscillation Analysis | Z$

1. Select a sample of events in the detectors

2. Measure the energy of those events to construct Near and Far
detector spectra

3. Use the Near Detector to predict the Far Detector independent of
oscillations

4. Compare the unoscillated prediction to the Data

£ v, spectrum R
(= ] :
%200l H | % 1.2} spectrum ratio
w Unoscillated FR:
S | SO .
© I Characteristic H++
200 Oscillated 508F Shape ++++
f 05# ++*
8 ¥ +
100 =041 \4 ++
SN TeeeE So02- |\ +
oL eeeeu Mot Carlo gi_5=”,  Monte Carlo
0 2 4 6 8 10 0 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
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A MINOS Oscillation Analysis | 7$

1. Select a sample of events in the detectors

2. Measure the energy of those events to construct Near and Far
detector spectra

3. Use the Near Detector to predict the Far Detector independent of
oscillations

4. Compare the unoscillated prediction to the Data

2 1.4
v, spectrum °

§300_ ig 1_25_ spectrum ratio
w Unoscillated B4
S | SO .
o ¢ sin?(26 HH»
200 Oscillated 508F ( )++++
f: 05# ++*
L C +
100 5 04 4 ++
ey 8 0.2F \ Al
. Monte Carl QS MonteCaro
0 2 4 6 8 10 0 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
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A MINOS Oscillation Analysis | Z$

1. Select a sample of events in the detectors

2. Measure the energy of those events to construct Near and Far
detector spectra

3. Use the Near Detector to predict the Far Detector independent of
oscillations

4. Compare the unoscillated prediction to the Data

£ v, spectrum o 14
(= ) .
%200l H | % 1.2} spectrum ratio
w Unoscillated T ]:
7)) sttt il Ll RULLIL LU UL UL L LU DULL L UL U L '
0 [e=—p! 2 H,
200 Oscillated 508F Am ++++H
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L ¥ +
100 5 04F 4 ++
e AR oz [+
oL, Monte Carjo o S MonteCalo
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Visible energy (GeV) Visible energy (GeV)
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MINOS Physics Goals A

* Measure v, disappearance

V., [ | | — Use charged currents so we
3 A
/ can know the flavor
— Am?_ and sin?(26,,)
— Test oscillations against
alternatives like decay and
\, Y decoherence
1/2 | | | | Amz
VvV, Y %« MINOS has the world’s
/1 best sensitivity to the mass
splitting
1/e V,U Vr
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MINOS Physics Goals A

* Measure v, disappearance

— AmM2,._and sin2(20,.)

atm

« Compare with v’s

o Differences from

neutrinos may imply new

v, C—mmmmml __,  physics in the neutrino
1—/1 | I v ArnSOI sector
1/e V,U Vr

Alex Himmel
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MINOS Physics Goals A

 Search for v, disappearance

V., [ [ — Neutral currents measure the

3 A . )
combined rate of active
species

2 . . .

Am — A deficit would imply
mixing with a light sterile
neutrino species

V., o

2 2
, | Amg,
v, o |

1/e V,U Vr Vs
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MINOS Physics Goals A

 Search for v, appearance

— Measure 0y,

A

Ame Measuring 6,5 Is the goal
am  of the next generation of
oscillation experiments

Alex Himmel

14

u

e 2 — Measuring 6 is a
O v Amsol prerequisite for measuring
CP-violation and the sign
of Am?,
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£y MINOS Physics Goals pA

* More physics | won’t have
V, [ N time to dISCU-SS. |
— Atmospheric neutrinos
— Neutrino cross-sections
Amz : :
atm — Lorentz invariance
— Cosmic ray physics

V. | e X
2 AmZ |
V., | R 4 SO
1
1/e V,U Vr
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The Experiment

— NuMI neutrino beam
- MINOS detectors

18



The NuM| Beam

. 120 GeV protons incident on a thick, 14 A%

segmented graphite target Beam MC Low Energy
Medium Energy

High Energy

3

73
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« Magnetic horns can focus either sign

o
o
®

o
)
>

* Enhance the v, flux by focusing z*, K*

Q
o
4

CC Events/GeV/3.8x10°POT/kt

« Adjustable peak energy

Qo
(=]
o
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Neutrino Mode

—
v, Spectrum

Monte Carlo v, Spectrum
Neutrino mode

Horns focus z*, K*
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Antineutrino Mode
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Ratio ="/ o

Antineutrino Cross-section

73
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e Xx2.3 lower Interaction cross-section
Alex Himmel 22



74

NuM|l Beam Performance

Total NuMI protons to 00:00 Monday 31 May 2010
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NuM|l Beam Performance

Total NuMI protons to 00:00 Monday 31 May 2010

§ 10 — T T T T T T T — :Q\,.\
= ) = |
£ [ Run | > Run i Run Il Run V 10 g
2 L > g
3 B (b) n.
= | LI(_: | w WS I
s | _ | S
2 6 |- -
R =y
- L ")y
C I'L\

0
200545/02 2005/12/19  2006/08/08 70()7/03/28 2007/11/15 2008/07/04 2009/02/21 g 200%10/11 010/ 5/31
ate

7.24 x10%° POT v, mode 1.71x 10” POT
Current v, Analysis v, mode

Alex Himmel 24



MINOS Detectors

1 cm thick, 4.1 cm wide
Plastic Scintillator

1 In thick Steel

1.3 T toroidal

magnetic field can

distinguish neutrinos
and antineutrinos

Strips in alternating
directions allow 3D
event reconstruction

Read out on
wavelength-shifting
fibre to multi-anode

PMTs

25

. B oh 3 D oy
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Far Detector _
5,400 tons
700 m.ify zﬁpth




MINOS Events

v, CC Event NC Event
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Muon Antineutrinos

Measure Am?2_,, sin2(2€23)
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Why stu

dy v, and v,?

P(vu —> vu) z P(\_/u — Y

« Antineutrino parameters

are less precisely known.

— No direct precision
measurements

— MINOS is the only oscill

experiment that can do event-

by-event separation

u

e l J ! 1 T ] ] T T T
— 8 _ 90% Confidence
c:--., _ --- Global Fit¥,
[ob) - — MINOS v, 3.2x10%° POT v,-mode
® @B |-— Super-Kamiokande v, e
o -~ — Super-Kamiokande L/E v,
b s
S
g4 :
. & 2 —
ation £ | el —
< S L L DET
e S SE PR ,
0.7 0.8 0.9 1

sin®(20) & sin“(20)

 Differences may imply new physics In the neutrino sector

manifested as a difference

Alex Himmel

In the effective mass-splitting.

P. Adamson, et. al, Phys. Rev. Lett. 101:131802 (2008)

Y. Ashieg, et. al., Phys. Rev. D 71:112005 (2005

Y. Ashieg, et. al., Phys. Rev. D 71:112005 (2005

M.C. Gonzalez-Garcia & M. Maltoni, Phys. Rept. 460:1-129 (2008)
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Selecting CC Antineutrinos

Step 1

e Preselection
— In-time with the spill

e e o
40 Monte Carlo

35 Antineutrino mode
Horns focus 7, K

45 v, Spectrum

— In the fiducial volume
— At least 1 reconstructed track

» Accept only positive
reconstructed charge

— Kalman filter measures g/p
(~curvature) for each track

— Eliminates the majority of the v
component of the beam

H

Alex Himmel

v, Spectrum
v, = 39.9%
v, =98.1%
v, +v, =2.0%

40 ~
| MNear Detector

[ 8.65x 10" PoT
30[~ Antineutrino Running

1D_—

MINOS Preliminary
—=-Data

— MC Expectation

N 1 I 1 1 1
0™ —05

L 1 1 1 1 ] 1 1 1
0 0.5 1

Track Charge Sign / Momentum (c/GeV) 0



Selecting CC An

tineutrinos

i};

e CC/NC separation

— kNN algorithm

o Compare to Monte Carlo events

* 4-parameter comparison

— Track length

— Energy deposited per strip
— Energy fluctuations along the

track

— Transverse energy profile

Alex Himmel

Events / 10'° PoT

()]

Input variable 2
I

N _

"o 2% %9
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Input variable 1

o~ ©

, oo © {k-Nearest
a O .
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MINOS Preliminary

Low Energy Beam
—e— Data

=— MC expectation
== NC background

) ] ) h
50 100

Muon scintillator planes
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ix

e CC/NC separation
— kNN algorithm
o Compare to Monte Carlo events

* 4-parameter comparison
— Track length

— Energy deposited per strip
— Energy fluctuations along the Eﬁ
track E
— Transverse energy profile £
i

Alex Himmel

Input variable 2

1S

Selecting CC An

tineutrinos

()]

Y

=]

OO0 0

ofg

-----

|k-Nearest
Neighbors
HkNNH

2 4 6 8
Input variable 1

T | T T T T | T T T
15 __ Low Energy Beam
—e— Data
=— MC expectation
10 B NC background
5
0 i L , , | | . L , | |
0 0.5 1 1.5 2

MINOS Preliminary
-

Mean energy deposited per strip (MIPSs)
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e CC/NC separation
— kNN algorithm
o Compare to Monte Carlo events

* 4-parameter comparison

tineutrinos

i};

Track length

Energy deposited per strip
Energy fluctuations along the

track

Transverse energy profile

Alex Himmel

Events / 10'° PoT

Selecting CC An

20

15
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ro O TG
o

()]
Y
™
@
L 2
®

N _
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I
& o
*% o
@ g

505 %9

Y22

MINOS Preliminary
[~ T T T T
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6 8 10
Input variable 1
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—e— Data
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06 08

Signal fluctuation parameter
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ix

e CC/NC separation

— kNN algorithm

o Compare to Monte Carlo events

* 4-parameter comparison

— Track length

— Energy deposited per strip
— Energy fluctuations along the

track

— Transverse energy profile

Alex Himmel

Events / 10*° PoT

B Low Energy Beam
20 —e— Data
i = MC expectation
15 == NC background
10 =
5 ]
0 leesesocses —
0 0.2 0.4 0.6

Selecting CC Antineutrinos

Input variable 2

1S

MINOS Preliminary
- 1 - 1T T

o0 o0 O Qa)

i k-Nearest
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. 3 ukNNn

o]

°
e
@
&

]

4=
-]

Y24 6 8 10
Input variable 1

: 34
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Selecting CC Antineutrinos  7¥

. Cut applied to the output of MINOS Preliminary

%
the KNN algorithm o e
¢ 10 F— MC expectation
— Output is the fraction of k = B NG baciground
neighbors that are signal < —>
3] Accept

o Started below 50% signal

o After selection: 107 i st T
- Purity: 95% B e pov
— EﬁICIenCy 93% g 80__ MINOS Preliminary _

% i Simulated Far Detector ]

Unosc.  Signal Bkgd. % 60l o St g
g <o [ Selection Efficiency

0-6 GeV 106 1.9 S 40} .

6-20 GeV 38 43 S ool _7

&) i s = ]

: CITATN. e i

> 20 GeV 8 3.0 T i e N T

o 5 10 15 20 25

Alex Himmel Reconstructed Energy (GeV) 35



Antineutrino Near Detector Data

| | | |
_ 201~ - MINOS Preliminary E
8 [ -*-Data
® s &= MC Expectation
o 15[~ Il Total Background "~
% L i
-~ F Near Detector .
S 1ok 8.65x 10'° PoT u
-E ' Antineutrino Running i
e [
m OF E

i | 4 A ; 3
5 10 15 20
Step 2 Reconstructed V Energy (GeV)

Flux and cross-section uncertainties
cancel when extrapolated
from Near to Far detector.
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Near-to-Far Extrapolation

T

__________ -

Far

Det.

= _043E o

v = 2 N2 Near
_|_
1 yﬂgv Detector

e The Near Detector and Far Detector
spectra are not identical.

— Due to #/K decay kinematics, neutrino
energy varies with angle.

— Near Detector covers a wider solid angle

— Effect is larger with higher energy =
» Travel further and decay closer to the ND

Alex Himmel

Events/Kton/1x10" POT

Events/Kton/1x10"® POT

N
o
o

100
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0.3+

0.2

5
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Beam Matrix Extrapolatlon

x10

w
=
‘\

4

Events/Kton/1x10'® POT
Far detector v, energy / GeV

L) 5 10

True E_ (GeV) o, N T ST N RSP i e el . L o VA ¢

e A beam matrix transports measured
Near Det. spectrum to the Far Det.

0|leD 31UoN

N
[~
o

» Matrix encapsulates knowledge of
meson decay kinematics and beamline

geometry

100

Events/Kton/1x10'® POT

 MC used to correct for energy smearing
and acceptance

G 5 10
True E  (GeV)
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Antineutrino Systematics

o Effect of uncertainties estimated
by fitting systematically shifted

4.5t
o F 68% statistical sensitivity
Saof
S | s MC
L T | o
E f qutiga_tiq N
30k uncertainties S
i / ~ S
B / N - -
281 (WY, 4l e A S
06 065 0.p 075 ﬂ;.ﬂ D85 0.9 {}.‘95 1 S ~ I I m Ited .
/ sin“(20) S o
/ . N
MINOS v, running N
342 . 20
— MINOS Preliminary: 1.71 x10°° POT —
340 —
% 338 —
n-,lu : —
E 3.36 :'_ EEEEN
L-\iE 3‘14 "._ ]
~= U
332
.o Monte Carlo |
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0845 085 0855 086 0865 087 0875

sin’(20)

e The analysis Is statistically

NC Background

WS CC Background

Track energy

Relative normalisation
Relative hadronic energy FD
Relative hadronic energy ND
Overall hadronic energy
Beam

Cross sections
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\ﬁ; ) Blind Analysis

* These results are obtained from blind analyses

— Finalized before looking at the full Far Detector data
selection cuts

data samples

extrapolation techniques

fitting routines

 systematic uncertainties

* No changes have been made after box opening

And so...on to the results!

Alex Himmel
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w% | Far Detector Antineutrino Data 13

L.71x 1020 POT MINOS ¥, running, Far Detector 1.71x 10 POT MINOS ¥V, running, Far Detector
' ] L M) LR LA LA R RN AR N AR A AL A R ALY R R AR
| _| - MINOS Preliminary Background
30_ _l_ + MINOS. da_ta ] 1-5__ Subtracted 7]
| — No oscillations a i l ——
| []Background o - —.—
E - c=_c$ iy 1 T—I— T
3 2 i 2 I - -+
S | 20 5l ] ’
Li - Z T 4 —T-T
N i MINOS Preliminary o 1
r 101 N o
| — O_ |
© —
I o ]
O_I — |‘|_ '0-5__. T R T I i ]
0 5 10 20 30 40 50 0 5 10 20 30 40 50
Reco. Energy (GeV) Reco. Energy (GeV)

=» 155 expected without oscillations

= 97 observed events Step 4
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\ﬁ%ﬁ/ Far Detector Antineutrino Data 13

L.71x 1020 POT MINOS ¥, running, Far Detector 1.71x 10 POT MINOS ¥V, running, Far Detector
' T NN LA WA W) L W) b i L UL LA LA LA L) LA ) W L e
| _| - MINOS Preliminary Background
30_ _l_ + MINOS. da_ta ] 1-5__ Subtracted 7]
— No oscillations a
— Best oscillation fit 2 -
E i []Background i 8 qf
5 200 — il 5 [
5 20| '
= | S 0.5
i MINOS Preliminar o] I
E 101 I ‘Ti‘ Y o
| L = O_ |
mill 5 UL +MINOS data —s— ]
L o | — Best oscillation fit i
| - ]
OI'!' e TR R '0-5_. R B ST A T A T
0 ) 10 20 30 40 50 0 ) 10 20 30 40 50
Reco. Energy (GeV) Reco. Energy (GeV)

=» 155 expected without oscillations
= 97 observed events Step 4

No-oscillations hypothesis Is disfavored at 6.3¢
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Antineutrino Contour

AMZ, [ =3.360%
sin’(26,,) =0.86 +0.11

x 1073 eV*?

Oscillation probabilities are
non-linear and there are
physical boundaries

— Simple Gaussian confidence
intervals don’t work

— Use the Feldman-Cousins
technique to get correct
contours and incorporate
systematics

Dot-dash line is a fit to all
non-MINOS data

M.C. Gonzalez-Garcia and M. Maltoni
Phys. Rept. 460, 2008
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MINOSv running
R |

[ T L]

I S MINOS v, 90% i
--- MINOS ¥ v_ 68% et
® Bestv, Fit
Gonzalez-Garcia, et. al. 90%

L MINOS Preliminary {
L 1.71x 102“' POT v,-mode

0.5
sin®(20)

06 07 08 09 1
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Antineutrino Contour A

AMZ,| =3.36'05 x107° eV’

IIII|IIII|IIIIIIIIIIII
Sin’(20,,) =086+ 0.11 | &7 | —wmeston
() 6 -- MINOS ¥, 68% )
o B — Super-K v, 90%*
- @ BestV, Fit -- - Super-K v, 68%"
e Green contours are from AP
SuperK at Neutrino2010 T AL
Te 4
hl
* Note that SuperK cannot “
separate neutrinos and O
antineutrinos event-by-event N— 2-MINOS Preliminary
= *pOT v
| 1.71x10* POT ¥
ﬂ *Super-Kamiokande preliminary
{Neutrlno |2{]1 U)

0.5 06 07 08 09 1
sin’(20) or sin“(26)
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Antineutrino Future i&

contours

— Doubling the data set
reduces uncertainty on Am?

by 30%

Alex Himmel

More data has the potential
to rapidly improve the

NuMI approved for
another 2x102° POT of

antineutrino running
— Beginning ~now

2 T T T T T LG Senny
©  "EMINOS Preliminary — y7x 0% por -
o 06F — 3.5x 10 POT —
- T — 5x10°° POT -
o BF — 7x10°POT -
|E : [] v, Data 90% C.L. ]
< 4E -
A —
© 3;— _ -]
N% 25— A N B R B
— 05 06 0.7 08 0.9 1
sin°(20) and sin*(20)
45



Measure AmZ_, ., sin?(26,,)
Distinguish oscillations from decay
and decoherence

Alex Himmel 46



The Neutrino Analysis

™ S L L N LA 4.0r—1" P o
150 MINOS Far Detector i — :
- 3.5/ ~rh
i * [Far detector data am i Yok
S | —— No oscillati o 3.0F / -
O 100 O oscillanons ﬂ?ﬂ} a ; J
45 —— Best oscillation fit o i
S -TI- : v 2.5
b2 1 NC background e I
= — -
o _Ir £ 20f
50 g
L = - ® MINOS Best Fit SuperK 90% \_ -
+ 1.5 MINOS 90%  —— Super-K LE90%
ﬁ _ — - MINOS 88%  —— K2K 90%
TP T T . 1.0 e N S
% 5 10 15 203050 B e = B 1
Reconstructed neutrino energy (Ge" sin™(26)

Since our previous measurement...
— P. Adamson, et. al, Phys. Rev. Lett. 101:131802 (2008)

e Additional data
— 3.4x10%° to 7.2x10%° protons-on-target

* Analysis Improvements

Alex Himmel
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) Analysis Improvements

Updated simulation and
reconstruction

New selection improves low-
energy efficiency

New shower energy estimator
— 30% better low-energy resolution

No charge sign cut

— Reclaim mis-identified neutrino
events at low energy

Split data set into resolution bins
— Increased statistical power

Alex Himmel
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Analysis Improvements A

o Updated simulation and

reconstruction £

E

 New selection improves low- £
energy efficiency 2

« New shower energy estimator &

— 30% better low-energy resolution

« No charge sign cut

— Reclaim mis-identified neutrino
events at low energy

Split data set into resolution bins
— Increased statistical power

Alex Himmel

MINOS Preliminary

1_
0.8
0.6
e Far Detector Fiducial Only
04 CC selection efficiency
] ——— NC contamination
0.2 — — CC selection efficiency (2008)
— — NC contamination (2008)

G0 2 4 6 8 10
Reconstructed neutrino energy [GeV]
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Analysis Improvements

o Updated simulation and ~30% better
reconstruction resolution
below 2 GeV

e New selection improves low-

energy efficiency \ANOS Preliminary

ﬁ

DoED5s | Yy D5<E<i0] J
! i

* New shower energy estimator
— 30% better low-energy resolution

1.0<E<15

1.5cE<2.0

Events

* No charge sign cut

— Reclaim mis-identified neutrino
events at low energy

— Increased statistical power

Alex Himmel

Split data set into resolution bins Reconstructed/true shower energy

50



Analysis Improvements

ig

Updated simulation and
reconstruction

New selection improves low-

energy efficiency

New shower energy estimator
— 30% better low-energy resolution

No charge sign cut

— Reclaim mis-identified neutrino

events at low energy

Split data set into resolution bins

— Increased statistical power

Alex Himmel

sl 0-18. Far Detector MC

—— Negative Curvature -
—— Positive Curvature
—— Truev,

—— True v,, Wrong sign

Simulated Events/POT

MINOS PRELIMINARY
T T T T I

N

:-
M
-

1 I|I| 1 II'IIII I lx

20 — 30

Reconstructed Energy (GeV)

Positives are
30% neutrinos

CPII"\J-P-UJEDD

20 30

o1



Analysis Improvements
MINOS Preliminary

2'8: | 'MINOS 7.2x10% F;OTlsen;sitivityZ
N 90% confidence level
2 | E
> : :
O 2.6 >
@ E :
o N N
— 2.9 &
-2 @  Input parameters i
2 4F —
E Lt 2008-like analysis ]
{j = ; ]
= 2-3__ + New shower energy estimator &
R + Resolution binning .
0.8 0.9 0.95 1
. 2
sSin“20
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% | Selecting CC Neutrinos A

MINOS Prelimilngrx MINOS Prelimilngrx

m ' T T T T | Ll T T — m ' T T T T | Ll T T
= ) ] = 1
L f towEnergyBeam [ Main Selector | ] a LowEnergy Beam | | ow-E Selector
o *— data o 10k *— data
) 10 = MC expectation e = MC expectation
: = NC background " : = NC background
@ I % i
aCJ 1 E” i aCJ 1
> E H > =
— E i — E
10 -
; 107
10'2 . > | 1 7. , L - > | a . . | , B . 1 "N e 5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
cc/nc separation parameter cc/nc separation parameter (low energy)

* The selection is a logical OR between:
— The CC/NC selector also used for antineutrinos
— The new selector optimized for low-energy tracks

Step 1

Alex Himmel 53




Neutrino Near Detector Data  7¥

Step 2

| 1 | 1
—e— Low energy beam

B | | 1 1 | 1 1 1 |
- MINOS Preliminary

25F  Near Detector —©— High energy beam {""‘5*; . Major_ity of data
20 Fluka0s MC 1 takenin Low

Tuned MC - Energy Beam

1 « High Energy Beam
- gives us more

- events above the

E oscillation dip

10

9

5| - |1|0| — |1|5| 20
Reconstructed Neutrino Energy (GeV)

Events / GeV / 10'° POT
o
B RREARERRERERRARERER
|

S
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Beam Matrix Extrapolation

x10

w
" QI
|

Events/Kton/1x10'® POT

Far detector v, energy / GeV

q)_ 3 10

True E, (GeV) ~ SRRV WA TS Wi Sl Wi .25 i Y

Near detectorV, energy / GeV

e The muon neutrino analysis also f

uses the beam matrix extrapolation

<
@
-
—
D
O
Q
)

N
o
o

100

Events/Kton/1x10" POT

10

Trr’ue E, (GeV)
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,.
=|
g
=
90 30n 3%

Neutrino Systematics

Far Detector MC

MINOS PRELIMINARY ®

4

Fiducial events
7.2 x 10°° POT

N

N

2_ i R
085 0%
/

N
o 7 Far Detector MC MINOS PRELIMINARY®

095 1 105 114 °
sir;{zm S

I]]]]llll[[[]ll]

-0.05

- Monte Carlo

Fiducial events
7.2 10 POT

==

1:||ir||||||r||||||

.................

-0.1 D-U .I(}é —

Alex Himmel

-0.01 0
8(sin?(20))

Systematics similar between
neutrinos and antineutrinos

Analysis is still statistically limited

The 4 largest systematics are

Included as penalty terms in the fit.

Overall hadronic energy
Track energy
— NC background

- Relative normalisation

Relative hadronic energy

Cross sections
Charge mis-ID

——— Beam

56



Far Detector Neutrino Data | 7¢

2,451 expected e MINOS Prefiminesy
without oscillations - M FerRetacial
% i —— Far detector data
O I —— No oscillations
= 1,986 observed events »2°% NG background |
o |
11100} 5

® 5 10 15 203050
Reconstructed neutrino energy (GeV)

Step 4
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Far Detector Neutrino Data

i};

= 2,451 expected
without oscillations

=» 1,986 observed events

Oscillations fit the data
well — 66% of fake

experiments have a
WOrse y?

Alex Himmel

i

——

MINOS Preliminary
MINOS Far Detectar ]
—+— Far detector data o
—— No oscillations

——— Best oscillation fit
NC background

..........

5

10 15

Reconstructed neutrino energy (GeV)

Step 4
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Far Detector Neutrino Data

0 1.5—
MINOS Far Detector - E ;
}300,_ —4— Far detector data | ﬁ K
[4)) Mo oscillations i — =
QO Best oscillation fit o 1
o 2001 [:I NC background (@] :
2 7 o |
5 | 2 0
> 1 OOI__ 2 0.5 b —4— Far detector data il
L - (®) Best oscillation fit
i '(..:u ——— Stats. only decay fit
_ ts. onl h fit
i i

Y 2 4 6 8 10 2 4 &6 8 10
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

» Can see the characteristic dip of oscillations.

 Disfavor In a statistics-only fit:

— Pure decay' at > 66
— Pure decoherence*at > 8¢

TV. Barger et al.,PRL 82:2640 (1999)

Alex Himmel tG.L. Fogli et al., PRD 67:093006 (2003) .



Neutrino Contour

MINOS Prellmmary

{|[Am3,| =2.35%05 x 107 ev?
sin?(20,,) =1
n*(20,5) >0.91(90% C.L.)

4T
? 2:..:1-:2'2':r F'OT f:dumal events
__3.5
N -
= .
[4b] I
?
o B
- 3
S |
N_E ®  MINOS best fit
< | —— MINOS 90%
2.5 | — — MINOS 68%
L ——— MINOS 2008 90% L ;
| —— MINOS 2006 90%
2 | | | | l 1 1 1 ] | | ] | | | | | | 1 1
0.6 0.7 0.8 0.9 1

Alex Himmel

sin®20
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Neutrino Contour 73
MINOS Preliminary

I e MINOS bestfit -— Super-K 90%
L —— MINOS 90% —— Super-K L/E 90%
- -+ MINOS 68%
N i _
> 1 AMZ, | =2.35%0 x107° eV’
D 25 -
© 1 sin?(20,,) =1
— T R 2
E | n*(20,5) >0.91(90% C.L.)
<
2 &
[ 7. E><1 Um PDT fldumal events |

08 085 09 095 1
sin®20

Alex Himmel tSuper-Kamiokande Collaboration (preliminary) 61



Neutrinos and

Antineutrinos 74

AM’, | =2.35% 5 x 107 eV?
sin*(20,,) >0.91(90% C.L.)

AMZ,|=3.36"05 x 107 eV?
sin’(20,,) =0.86+0.11

O

--- MINOS ¥, 68%

@ BestV Fit
1.71x 10*° POT

)]
[ | | I I |

clo L.

L MINOS Preliminary

of

T L T L] 'I T T T 1] I' L T
—— MINOS ¥, 90%

-
-
- -

T T '|' T L] T T 'I' L] L] Li 1
— MINOS v,, 90%
--- MINOS v, 68%

@ Bestv, Fit

7.24 x 10° POT

- -
-
el I e

IAm?l and IAM71 (107 eV?)
=

Alex Himmel

05 06 07 08 09 1
sin®(26) and sin?(28) 2
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Neutral Currents

Sterile Neutrino Search
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=3 Sterile Neutrinos

e Measurements of the Z% width at
LEP limit the number of active

neutrinos to 3

* A 4% neutrino cannot couple to

the ZY

— Cannot participate in weak
Interactions

— Hence is must be “sterile”

 Signature is a deficit in all active

flavors

— Neutral current interaction rate is
independent of neutrino flavor

— Look for a deficit in neutral
currents at the Far Detector

Alex Himmel

:: 2v
23| ALEPH 5
DELPHI
L 3 4V
{
OPAL |
20 {
: } average measurements,
error bars increased
by factor 10
10 i , "
/_i"'/
o
e
0_-1...1.11111‘1...1
86 88 90 92 94
E _[GeV]
cm
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Selecting Neutral Currents @ 7$

 Now CC (track) events are the
background 10

— Want to eliminate events with
long tracks.

" MINOS Preliminary
ACCEpt —— Near Detector Data :

Monte Carlo Expectation ]

R\ CC Background ]

10° Events

e Selection

— Whole event must be short % 20 40 60 80 100
Event Length (number of planes)

e <47 planes

* MINOS Preliminary

- And elther 4:_ —$— Near Detector Data
» No reconstructed track o 3 ooy
e Track extends less than 6 8 13
planes out of the shower e

Step 1 e

Alex Himmel Track Extension (number of planes




L7
-'DNH_-'J!"'\‘

Extrapolatlon A

5
T 17T

W

N

MINOS Prellmlnary
—+— Near Detector Data

Monte Carlo Expectation

v, CC Background

e The Near and Far Detector
spectra are not identical

e Again, we use the MC to

account for these differences

» Far/Near ratio relates to the
two detector spectra

III|IIIIIIIII|IIII|IIII|IIII|I1

8 10 12 14 16 18
EreCO(GeV)

Alex Himmel

262 Near

20 — Insufficient energy resolution
for a beam matrix
-= [
Far pred _ FDMC Data
Det. D NDM¢ cNB

| refersto Energy bin

Step 3 66




Sterlle Neutrino Results  7Z¥

IIII | I | I Illllllllll

MINOS Preliminary
—4— Far Detector Data

0,,=0°

Step 4

3 B o 0,,=11.5° d=n 1 « Expected: 757 events
Zg N ne vy, CC Background _E e Observe: 802 events
Q 60 |AmZ,| = 2.35x10° eV? .
"~ ok + sin20,, = 1 3« No deficit of NC events
20 ' -
0 :\\ \\ \\\\\\I\\\\l\\\\\m\ ININANNN AT = ey wt_
0 14 16 18 20
reco (GeV)
N,..—N
R=—242__5C 4 (gtat) + (syst)
NNC Signd
=1.09+0.06£0.05 (no v,)

=1.01+0.06+ 0.05 (6,, =11.5°)
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Sterlle Neutrino Results

llll | I | I Illllllllll

MINOS Preliminary
—4— Far Detector Data

Step 4

0,,=0°

i};

,,,,, 0,,=11.5° d=n 1 « Expected: 757 events
: v, CC Background 1 ¢ Observe: 802 events
60 [~ |Am2,| = 2.35x107° eV? .
sol + sin%20,,, = 1 1 ¢ No deficit of NC events
20 f— | —f
0 :\ 3 \\ \\\\\\\\\1\\\\\\\ INTNANNN AT = et \wt_
0 14 16 18 20
reco (GeV)
P

f=—+"= <0.22 (0.40)a 90% C.L.

S
1- P ,—v, o (with) v,appearance

f, Is the fraction of disappearing neutrinos that are
becoming sterile neutrinos

Alex Himmel
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Alex Himmel

Electron Neutrinos

Search for 0,
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v, Appearance A

: : : L
P(v, — v,)=sin®(20,,)sin*(0,;)sin® (1.27Am§1E) +

. : L
sn®(26,,) cos’(6,,)sSin’ (1.27Am§l E) +

. : . . , LY . , L , L
sun(2913)sn(2823)sn(2012)sn(1.27Arr131E) sm(l.Z?AleE) cos( 1.27Am;, E + 5CP)

 If 6,5 # 0 afew percent of the disappearing v,’s could be become v,’s

» The appearance probability also depends on the complex phase J
and the mass hierarchy (via matter effects, not shown above)

V, | - )
V, 0 | Vv, | 1] Amsol
Normal A2 f) Inverted AR
Hierarchy Matm ﬁ Hierarchy em
vV, | ] Vv, O | |
Alex Himmel ’ C Amszd } 70
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73

Selecting Electron Neutrinos

Pre-selection MINOS PRELIMINARY

e Preselection Data-driven

— Require good beam and in-time
fiducial events

Oscv,CC
v. CC

— Cut events with long tracks (CC v)
NC

— Cut events above 8 GeV where no
oscillation signal is expected

v, CC

Beamv, CC
Signal:Background = 1:9

Step 1

Alex Himmel 71



Selecting Electron Neutrinos | 7¥

* Preselection
— Require good beam and in-time Ve CC Interaction [signal]

fiducial events E o5t
v L
. o |
— Cut events with long tracks (CC v) 2 0.0/ —
o :
— Cut events above 8 GeV where no £ 45- Y
oscillation signal is expected T 5 e
longitudinal pos. (m)
e Selection LNC interaction [background]
— Distinguish a compact EM shower & s
- - Ul L
from a diffuse hadronic shower 8 I -
@ 0.0} I 8
— Construct variables that : | "
] 0.5
parameterize shower shape £ | E,, =80GeV
0.0 0.5 1.0
— Use an Artificial Neural Network iongiudinal:pos. m)

(ANN) based on 11 parameters

Alex Himmel 72



Selecting Electron Neutrinos %¥$

L

* Preselection < osf
— Require good beam and in-time ;‘, 0.0f === =
fiducial events s |
§ -0.5-
— Cut events with long tracks (CCv) 7 S5 =
Iongltudmal pos (m)
— Cut events above 8 GeV where no
oscillation signal is expected
Example EM shower profile
® SeleC“On a0 d}"‘..« E b(ht]m_lﬁ_bt
— Distinguish a compact EM shower _ 0% T(a)

from a diffuse hadronic shower

0

Enangy (MEL)

Y

— Construct variables that
parameterize shower shape o

10
Longitudinal Energy Profile by Plane

— Use an Artificial Neural Network

(ANN) based on 11 parameters
Alex Himmel a, b 73




Selecting Electron Neutrinos

° PreseIeCtlon Far Detector MINOS PRELIMINARY
— Require good beam and in-time 'Pre-selecton ~ Monte Carlo
fiducial events i e,
2 0.10 - background
— Cut events with long tracks (CC v,) %
~ Cut events above 8 GeV whereno 8 .
oscillation signal is expected -
e Selection 0.00=% | gl
— Distinguish a compact EM shower ANN
from a diffuse hadronic shower — bamarven’ ™7™ Dataariven . s o NARY

— Construct variables that
parameterize shower shape

Osc v, CC Osc v, CC
v. CC

v, CC v, CC

— Use an Artificial Neural Network
(ANN) based on 11 parameters eams, G

Alex Himmel Signal:Background = 1:9

NC Beamv, CC

Signal:Background = 1:2
g g 74



Selecting Electron Neutrinos

* Preselection Near Detector  MINOS PRELIMINARY
] . ) 5000 T T T T T T I T .
— Require good beam and in-time :
fiducial events 4000F e Ve
- 312" BG Region |selected
— Cut events with long tracks (CC v,) £ so0of ..L2  “I& region

o o
— Cut events above 8 GeV where no d 2000,
oscillation signal is expected -

o
/////

1000

» Selection ;
— Distinguish a compact EM shower ANN
from a diffuse hadronic Shower — Damamen: ™57 =™ Dataariven = o AR

— Construct variables that
parameterize shower shape

Osc v, CC Osc v, CC
v. CC

— Use an Artificial Neural Network 66 \ vce
(ANN) based on 11 parameters Beamy, CC Beam v, CC
Alex Himmel Signal:Background = 1:9 Signal:Background = 1:2 75



Extrapolation A

» Near Detector consists of 3 background sgoone Carlo  Preliminary
components: £ =r NC -
— Neutral Currents e 1 ]
— Charged Current v, VN 9 (-
— Beamyv 2 o -
L 05 -
e Each component extrapolates differently to the M
Far Detector RS
. . ] yREEL SR CC i
— As with NC analysis, Far/Near is used % ool M 1
2 Hof -
Near Detector ~ MINOS PRELIMINARY c + |
i ! | ! | ! | ! | ! | ! | ! | ! | ! | g 10k & + i
- ANN-selected | 5 nz_, ¢ |
o i i B
:' 2000 —— Total Data — ;":“ R T R 3 G
° T — Total MC ] T T
S [ j £ s beam v, CC .
8 i i X 25F .
@ 1000 i 5 20 T
% i Step 2 i :,; 1.5 + -
g : g b ¢+ ¢ ]
I o . - L 05 .
0 1 2 3 4 5 6 7 8 9 0o
Alex Himmel 76
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4 ND Decomposition Al

e Changing horn focusing changes the =, Neardetectorme _ mmos prevmimany

balance of the three components 3 | diff‘;‘:;ﬂ?'bi:?:*;;‘;fj
 Fit three different focusing g4 High energy )

configurations s

— Low Energy (standard) %2""? oo -

— Horn Off @ [

— High Energy % o %

True Energy (GeV)

Near Detector MINOS PRELIMINARY
Y 1 T T Y T T Y 1 ' t r \

Near Detector
| Y T
Standard MC

MINOS PRELIMINARY
1 —r T —

—— e
High Energy MC

> > |
o $ |
I 2000 ANN >0.7 ~ ANN > 0.7 |
'6 NC } '6 4000 NC ‘
2: L v, CC ] ;'..’: [ v, CC 1
= [ beamv,CC — [ beamv,CC |
# 1000 | & 2000 J]
7 1 7 : 4
z Turn off € ]

> . >
uwl | AR et anmnonegoaes. s LR D M R — fOCU SI n g w R |
0 0 e

2 4 - 8 IS 2 4 6
Reconstructed Energy (GeV) orns Reconstructed Energy (GeV)



Extrapolation

Step 3

* Apply decomposition to the Near Detector data

MINOS PRELIMINARY

Near Detector

ANN-selected

=+ Total Data -]
— Total MC

10d ¢,01/A®D/S1UBAT

—

MINOS PRELIMINARY

Near Detector

O

(&
=

-

Standard MC
ANN > 0.7

;44¢amaeﬂa
IR
RO,
SIS
s
SN et
PRI
LI
Rttt
B SRR
SRS
et oo

— s M
K355 S
R
SRR
B

KRS SRR
SRS
s
RO

RS

RS

N -
A®9 | L0dg,01 > | SIUBAT

6
gy (GeV)

4

2

/8

Reconstructed Ener

Alex Himmel



* Apply decomposition to the Near Detector data
o Extrapolate each component to get a Far Detector pre

MINOS PRELIMINARY

N
(=
(=3
[=]

Events/GeV/10" POT
o
S

Near Detector

Nea

Extrapolation

r Detector

ANN-selected

— Total MC

= Total Data —

Monte Carlo

Preliminary

NC -

L
ST ELEE R
$ i

1000

Events / < 10'°POT / GeV

2000

T T T

s
S
i
52

S
s
R
RS
R

o3,

255
3%

£ *rv, CC I
< ]
< |
% , ¢! |
w L -

) 1 L L I 1
. 2 3 E] 5 [] 7
3.5

£ - beam v, CC I
; TEENEER b

Reconstructed Energy (GeV)

Alex Himmel

0.0;

2

3

4

5

7

Reconstructed Energy (GeV)

Step 3

diction

79



Events/GeV/10" POT

Events / < 10'°POT / GeV

Extrapolation

* Apply decomposition to the Near Detector data
o Extrapolate each component to

Near Detector MINOS PRELIMINARY
—7T1 1T rr1rrr1rrr1r 11T
[ ANN-selected ] 5I'h.‘hl'.mlhe _Callrlp _ Fr?limipalry
2000]- —~—TotalData | & NC .
I — Total MC ;’:_‘7 7
i g le ¢ & ¢ |
10001 g
[ i %
0 _ T T T T T T rﬁ
£ *rv, CC S
s S
Near Detector -,E o
- < =
i 3 . ¢ @
= & “
2000_— 5 . |
i L
- 3-5 T T T T T T
7 3.0 i
1000 Lo beam v, CC ]
g 2:: d
; é.u- + + ] f ' i
6 8 5 osf .
Reconstructed Energy (GeV) P

AIEX HTIIel

2 3 4 5 [ 7 8
Reconstructed Energy (GeV)

Step 3

get a Far Detector prediction

Far D

etector MINOS PRELIMINARY
e B e e e N e
ANN il

L signal (EHOOZ limit) i

F4E Ne 1

-fl{-‘:- v, GG ]

éé‘. Beam v, CC 1

N - o -

st 1

4 5 6 7 B

Reconstructed Energy (GeV)
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ATUTE 5,

5 0
f,/\:: x?
f X o

Systematics

o Systematic uncertainty on the prediction from:
— Near decomposition
— Near and far detector differences
— Cross-section and interaction models

« Uncertainty still dominated by statistics

— 5% syst, 15% stat
ANN MINOS PRELIMINARY

ND Decomposition
Calibration |

Far/Near Normalization
Hadronization Model
v, CC component
Intranuclear Model |
Beam Model

Crosstalk |

Cross Section|

Total

6 4 2 0 2 4 &6
Alex Himi Systematic Uncertainty (%)



ATUTE 5,
@ B,
fx o

Systematics

o Systematic uncertainty on the prediction from:
— Near decomposition
— Near and far detector differences
— Cross-section and interaction models

« Uncertainty still dominated by statistics
— 5% syst, 15% stat

ANN MINOS PRELIMINARY

Statistics |

ND Decomposition
Calibration

Far/Near Normalization
Hadronization Model
v, CC component
Intranuclear Model |
Beam Model |

Crosstalk |

Cross Section

iy ¥
e
)/'*.»:
o8
| |
.
[]
[]
[]

Total Pot0 000000t oo oo tetatu Ottt o o oo tetatute Ot S o ot e tetatete OOt o e totetatetetetet oo tetetetetetetetete!

Alex Himmel Uncertainty (%)



Events

V., Appearance Results

 Expect: 49.1%7.0 (stat.) £ 2.7 (syst.)

Step 4

MINOS PRELIMINARY MINOS PRELIMINARY
| T | ! | ! ] ! ] ! | ! | !
= - ANN
i 8 301 _
Blinded Region ° i 85 NG
() F
== MINOS FD Data % 20| & Beam v. CC _
e
= Background Prediction ; |
Q
o i
2 10f -
c
[ .
2SS s .
m IR R IR R R IR R KX =]
0 L . — L = 0} 2345 L z A
ANN Selection Variable Reconstructed Energy (GeV)
Alex Himmel 83



e EXpect:

V., Appearance Results

49.1 £ 7.0 (stat.) = 2.7 (syst.)

e Observe: 54 events, a 0.7c excess

40

Events

20

Y

i

=—#— MINOS FD Data

Best Fit Signal

MINOS PRELIMINAR

Background Prediction

Selected

N w
o o

Events/GeV/7x10%° POT
>

ANN Selection Variable

Alex Himmel

MINOS PRELIMINAR

]

s
vvvvvvvvv

§ 8

SRS
SRS
aSeseseteteteteds 42T

N

eI

Frereretstototetel & BSXRRES
Poetatatatatale! o i

LA HAAAAA

—
ANN
=== MINOS FD Data
== Best Fit Signal

%55 NC

: Beam v, CC

v, CC

P05

D

Reconstructed Energy (GeV)




7

V., Appearance Results

for 5, =0, sin2(2623) =1 - o Am2 0

‘Amgz‘ = 2.43x107° eV*? — MINOS Best Fit
— : [ e8% CL

< : [l 90% CL b
: ) w%’ == CHOOZ 90% CL :
sin®(26,;) <0.12 norma hierarchy 2sin0,,=1 for CHOOZ ]
sin®(20,,) < 0.20 inverted hierarchy :
at 90% C.L. ; e
AM? < 0 ]
A new analysis Is coming next i
year with improved sensitivity E MINOS ]
« More data S 7.0%10% POT -

—

 Significantly better
background rejection
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» Neutrino oscillations in the atmospheric sector
— World’s best measurement of Am?, .
— Find [Am3,| =2.35%% x 107 eV and sin®(20,,) >0.91 (90% C.L.)

 Antineutrino oscillations in the atmospheric sector

— First direct, precision measurement of muon antineutrino
disappearance

— Find |amZ,|=3.367% x10~° eV and sin’(26,,) =0.86+0.11
— New antineutrino data to address the tension with neutrinos

e Sterile neutrinos
— No evidence of oscillations to sterile neutrinos

* The last mixing angle: 6,

— A non-significant excess gives an upper limit of sin?(26,,) < 0.12
— An improved analysis with much better sensitivity next year

Alex Himmel
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-+~ MINOS data
— No oscillations
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— Best oscillation fit
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« Dashed line shows the antineutrino prediction at the
neutrino best fit point.
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Atmospheric Neutrinos
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Neutrino and Antineutrino y

MINOS Preliminary

U MEL S TS S T e T e

: HeeEmisr B . = MINOS Preliminary 3
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& 10H B MCexpectation » = MC Expectation :
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Far Detector Data

80 e J: L B L L BN BB iarldatednrﬁ‘] 71x 10%° PoT
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e Good data/mc agreement in S 2 : P, "
charge/momentum < o, jr
e Antineutrinos focused inwards Wt )
§ h o, s
« Neutrinos defocused outwards "t M\@E;ﬁr—n};—a{f
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Far Detector Data

73
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MINOS Preliminary 1 " Far Detector - Data (v)
-+ Data 1 oof 1.71x10°° POT — Oscillated MC
— Oscillated MC a [ Antineutrino Running ----No Oscillations
-~ No Oscillations 1 el _
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% 0.2 0.4 06 __ 0.8 1 % 0.2 0.4 06 __ 0.8
Reconstructed Inelasticity Reconstructed Inelasticity
« Data shows the expected distributions of hadronic
energy fraction for both neutrinos and antineutrinos
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Antlneutrlnos IN Neutrino Mode

]
- MINOS Pre"mmary + Far Detector Data |

S 15} T e - 400
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o —— Background (CPT) 200+
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* We’ve already presented an (TE af
analysis of the antineutrino | == es%
: 2 &= 90
component of the neutrino B 90 79%
beam. ¥ 4 MINOS Best Fit <
-!Illlilllllllllllllh
e This sample has poor 0O 02 04 06 08 1
sensitivity to oscillations. . 0/ A
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Antineutrino Contour 73
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Neutrino Selection

MINOS Preliminary

CC selection efficiency

i —— NC contamination
0.2 — — (CC selection efficiency (2008)

- == NC contamination (2008)

5 e  — - — — ] S
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- Monte Carlo
8 0.6
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&) - Far Detector Fiducial Only

= 0.4

(& ]

Q0
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o

LLJ

0 2 4 6 8 10
Reconstructed neutrino energy [GeV]

* Increase sensitivity by improving efficiency (89% vs. 87%)
at the expense of contamination (1.7% vs. 1.2%)
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New Shower Energy Estimator @ 7¥

e Construct a three-parameter kNN using:
— the shower energy within 1 m of the track vertex

— the number of planes in the shower
— the energy In the second reconstructed shower

Estimator Is the mean energy of the nearest neighbors
MINOS Preliminary

O<Ex<) 5 | J‘H 1.5<E<2.0

~30% better
resolution
below 2 GeV

Monte Carlo

Original Energy
New Estimator

¥ 2, 0ucE2 5 | 25 0 Ir"ll_l'lﬂ-df-l::l.ﬁ s BcEcd 0
3 [ 4 | 4 I g

. | F O ; . i
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T4dEet5] flasESof A5.0ESST [ E>55
. ] - Nom.
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I ] I [ il
| I ] I
1 | | I [ 3 [
i . i i i
] [

Rleclohstrubtéd/true sﬁower enérgy

Events
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%) Resolution Binning

* Improve statistical power by separating high and low

resolution events.

« MC parameterization of the energy resolution

e 6 Resolution bins

— 5 bins for events with negative reconstructed curvature
— 1 bin for events with positive reconstructed curvature (30% true v,)

0.5¢

[ - "
N W 4=
r;.1]:111|’rr.1|r=;

Oyotaf HECO. Energy
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—t
|

Far Detector MC

P s [T A T T
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| Il
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..........

%
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Neutrino Spectrum

;

Far Detector Data MINOS Preliminary
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Removing the Charge Cut | 7$

:-:10'1 8 Far Detector MC  MINOS PRELIMINARY
1 T T T T T 1 T T T T |

e The positive-curvature
sample is ~30% true
CC neutrinos.

—— Negative Curvature —

—— Positive Curvature

—— Truev,

— True v, Wrong sign

o |f the antineutrinos are
oscillated at the
antineutrino best fit
point, makes a change
only in 3 significant
digit of the result.

Simulated Events/POT

—_— — L]

10 20 30
Reconstructed Energy (GeV)
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Change in Systematics | 7¢

Far Detector MC MINOS PRELIMINARY
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Analysis Improvements
IVIINOS Prellmlnary

2 8 " | | MINOS 7. 2><1 D POT sensitivity
o 5 7 E_ 90% confidence leveI_J
> | :
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O, el Monte Carlo -
E . g o Input parameters SenSItIVIty '
NE 24 :_ 2008-like analysis
ﬂ 2 : 3 [ = + New shower energy estimator
5 + Resolution binning
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Neutrino Contour by Run
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Peak vs. Tall
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Peak vs. Tall
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% | Helium in the Decay Pipe |%$

» At the beginning of Run IlI, helium was added to the decay pipe
to prevent failure of the upstream window.

— Our previous flux simulation could not model the helium using GFLUKA
as part of GEANTS3

— Replaced it with a new flux simulation that is all FLUKA which
accurately predicts the effects of helium.
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Target Degradation A

e Began during Run Il and continued through Run III
» The exact mechanism of the decay is not known

e Missing fins at the shower max in the target model the energy-
dependent effect

« Target to undergo post-mortem later this year
o (Cancels between the two detector
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