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Overview of the talk

 Introduction to the MINOS experiment
— Overview of MINOS Physics Goals
— The NuMI facility and the MINOS detectors

 Start-up of the experiment
— Commissioning of the neutrino beamline

— Near detector distributions and comparison with Monte Carlo

» Far detector analysis
— Selecting Beam neutrino candidates in the Far detector
— Near-Far extrapolation of the neutrino flux
— Oscillation Analysiswith 0.93e20 pot



Introduction to MINOS

The experiment and its Physics Goals



The MINOS Experiment

MINOS (Main Injector Neutrino
Oscillation Search) — a long-
baseline neutrino oscillation
experiment:

* Neutrino beam provided by 120
GeV protons from the Fermilab
Main Injector.

* A Near detector at Fermilab to
measure the beam composition
and energy spectrum

« A Far detector deep underground
in the Soudan Mine, Minnesota,
to search for evidence of
oscillations

Duluth .

Fermilab
735 4—12 km

km



MINOS Physics Goals

Verity v,—Vv, mixing hypothesis and make a

precise (<10%) measurement of the
oscillation parameters Am? and sin?20.

Search for sub-dominant v —v, oscillations
(not yet seen at this mass-scale)

Search for/rule out exotic phenomena:
— Sterile neutrinos
— Neutrino decay

Use magnetised MINOS Far detector to
study neutrino and anti-neutrino oscillations

— Test of CPT violation
Atmospheric neutrino oscillations:

— First MINOS paper: hep-ex/0512036, to be
published In Phys. Rev. D
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Current knowledge of the 2-3 sector of
the MNS mixing matrix

Current best measurements of Am?,,
and sin®20,, are provided by Super-
Kamiokande (atmospheric neutrino
analysis) and K2K (9x10'° pot)

The limits (at 90% C.L.) are:
— sin?26>0.9
— 1.9<Am?2<3.0 X 103 eV?

The analysis presented in this talk,
which is for 9.3x10'° pot, should
provide a measurement of the mixing
parameters that i1s competitive with
these results
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Overview of the Oscillation Measurement

* In order to perform the oscillation analysis, we need to predict
the Far detector unoscillated true neutrino spectrum.

« The goal 1s to perform this procedure in such a way that we
are as insensitive as possible to uncertainties related to beam
modelling and cross-sections built-in to our nominal Monte

Carlo.

« This 1s exactly the purpose of the Near detector, and therefore
we directly use the Near detector data to perform the
extrapolation, using our Monte Carlo to provide necessary
corrections due to energy smearing and acceptance.



Example of a v, disappearance measurement

 Look for a deficit of v, events at Soudan. ..
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Overview of the MINOS
experiment

The NuMI beamline and the MINOS detectors

Beam commissioning and MINOS start-up



The MINOS Collaboration

32 institutions
175 scientists

Argonne * Athens « Benedictine « Brookhaven « Caltech « Cambridge « Campinas « Fermilab
College de France « Harvard ¢ lIT « Indiana « ITEP-Moscow ¢ Lebedev ¢ Livermore
Minnesota-Twin Cities « Minnesota-Duluth « Oxford ¢ Pittsburgh ¢ Protvino ¢« Rutherford
Sao Paulo « South Carolina « Stanford ¢ Sussex * Texas A&M
Texas-Austin « Tufts « UCL « Western Washington ¢ William & Mary « Wisconsin
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The NUMI facility

*Design parameters:.

*120 GeV protons from the
Main Injector

*Main Injector can accept up to
6 Booster batches/cycle,

*Either 5 or 6 batches for
NuMI

Encionns. B 1.867 second cycle time

Tevatron

\ 7 *4x101'3 protons/pulse

0.4 MW
*Single turn extraction (10s)

7
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Producing the neutrino beam

Absorber Muon Monitors
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* Moveable target relative to horn 1 — continuously
variable neutrino spectrum
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The NuMI beamline
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NuMI target

Casing

-~

N Oraphite segment

* 47 segments of graphite of 20 mm
length and 6.4x15 mm? cross
section

« 0.3 mm spacing between

segments, for a total target length
0f 95.4 cm

o PBalffle:

* protects beamline components
from beam mis-steering

« 150 cm long graphite rod with
1 1mm diameter hole

Baffle




Focussing horns

* Two parabolic focussing horns connected in series.
* Nominal horn current at 200 kA

* Produces 3.0 Tesla peak field
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The NuMI neutrino beam

Currently running in the LE-10 configuration

Beam composition (events in low energy configuration): 98.5% v, +v, (6.5% v,),

1.5% v v,

Took ~1.5¢18 pot in pME and pHE configurations early in the run for commissioning

and systematics studies
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Monitoring the NuMI beam

* Each spill we monitor:
Intensity (1),
*Beam position (2)
*Beam profile at the
target (3)

*hadron and muon
profiles at the end

of the decay
volume (4)

*This information 1is
then wused offline to
select good  beam
quality spills

BPM horiz. positions vs. location Wed Sep 28 16:48:07 EDT 2005

Beam profile on target. Horn current = -178.69 kA

Horizontal Position {mm) e H-Bchll [ Target Y (mm)
™ H-Batch 2 ot > 3 I I .
A H-Batch 3 g
+ H-Batch 4 2:: - G e I pse
H-Batch 5 PEn i |w|m|uu|m'|_u1rv:|"mm*
© H-flwen § 21 .-W ot [T
— H-Limits il T |
o
at
64
a8t
t } } t t } t t } t t } t t s t } } t } t } } t } t {
100 200 300 400 500 500 700 8OO 900 1,000 1,100 1,200 1,300 1,400 -5 5 -4 =) 2 -1 Q0 1 2 3 4 5 [

Distance from Q608 (feet)

Target X (mm)

BPM vert. positions vs. location Wed Sep 28 16:48:07 EDT 2005

® V-Batch 1
® ¥-Batch 2
A V-Batch 3
+ V-Batch 4
¥-Batch 5
@ ¥-Batch 6
— ¥V-limits

(2)

, | | , , | , , | , , | | ,
} | | } } | } } | } } | | }
100 200 300 400 500 600 700 800 900 1,000 1,100 1,200 1,300 1,400
Distance from Q808 (feet)

Vertical Position {mm)

]
[ S VI R N ]

Hadron mon. @ = 37.53 nC/E12

-5 -0 -5 0 5 0 15
Horizontal position (inches)

Muon 1. Q= 677.52 pC/E12

Resl:  ososta

-40 -20 0 20 40
Horizontal position (inches)

Beam intensity. Latest = 28,16 E12, DT = 2.0 5, Total = 0.78 E17

4 TOR101
® TORTGT

Proton Intensity (E12)
20

(D)

16:10
Sep 28, 2005

16:15 16:20 16:25 16:30 16:35 16:40 16:45

Time

Muon 2. Q= 113.87 pC/E12

Vertical position (in

-40 -20 0 20 40
Horizontal position (inches)

Muon 3. Q= 34.17 pCfE12

81
25792

Vertical position (injdl iﬁf

- =20 0 20 40
orizontal position (inches)



Detector Technology

MINOS Near and Far detectorsare functionally identical: share same
detector technology and granularity:

2.54 cm thick magnetised steel plates
4.1x1cm co-extruded scintillator strips (MINOS-developed technology)

orthogonal orientation on alternate planes — U,V

& m

optical fibre readout to multi-anode PMTs

wavelength-shifting fiber | (1.2 mm diam.)

wl (W

e
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connector
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The MINOS Detectors

Far Detector Near Detector
" | | e e

-.' v - 3
il e —

e o 3 =

e | T

1a¥T=] 7, BERENE e
RABSAS . ,

5.4 kton mass, 8x8x30m 1 kton mass 3.8x4.8x15m
484 steel/scintillator planes 282 steel and 153 scintillator planes
(x 8 multiplexing) (x 4 multiplexing after plane 120)
VA electronics Fast QIE electronics
B ~1.2T

Multi-pixel (M16,M64) PMTs
GPS time-stamping to synch FD data to ND/Beam
Continuous untriggered readout of whole detector (only during spill for the ND)
Interspersed light injection (LI) for calibration
Software triggering in DAQ PCs (Highly flexible : plane, energy, LI triggers in use)
Spill times from FNAL to FD trigger farm
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The MINOS Calibration Detector

20

* Help understand energy response to reconstruct E,
E, =P, * Enag
» Measured in a CERN test beam with a “mini-Minos”
* operated in both Near and Far configurations
 Study e/y/hadron response of detector
» Test MC simulation of low energy interactions

* Provides absolute energy scale for calibration

—

Pion Line Shapes
1.0 '

2.0

Single particle energy resolution

0.1 ; 3.0 é O.B __ H C'e+
F 5.0 ] B +
008 8.0 GeV 3 : - DJT+
¢ 0.6- =K fp
0g 200 400 - hisoa g B m €
oo Electron Line Shapes E 0.4 ‘_
€ T ™ 55%/E
0.2] '5%0 v oF
o F B
: " ,23%/~E
— | 1 1 1 1 I ? ? 1 1 I
0 5 10
Available E (GeY)




MINOS Calibration system

« Calibration of ND
and FD response
using:

— Light Injection

— Cosmic ray muons
(strip to strip and
detector to
detector)

— Calibration
detector (overall
energy scale)

« Energy scale
calibration:

— 1.9% absolute error
in ND

— 3.5% absolute error
in FD

— 3% relative

N

system (PMT gain) 5’“;_'

Raw Response (U Planes)
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Calibrated Plane Response
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Flrst Year of MINOS runnmg
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—~ Date

Start of LE running oscillation analysis

Special thanks to the Fermilab Accelerator Division for
providing the sustained high quality beam so essential for
our MINOS results. The world record GeV accelerator
beam power delivered in our first year of operation gives
great promise for the precision MINOS results to follow.

*Averagesfrom Oct. 15to Jan 31

Power: 170 kW
Proton intensity: 2.3E13 ppp
*Cycle spacing: 2.2 s
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First ND & FD beam neutrinos observed

Fermilab
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« High rate in Near detector
results 1n multiple neutrino

Near detector events

interactions per MI spill

e Events

are separated by

topology and timing

Near Detector Event Timing

(@]

5] [

@3000f HM WMM

o)) |

3 2000f

c

g i

(T 1000F
Olljlll | TR T T I TN TN VN A N
0 2 4 6 8§ 10 12 14

Time in Spill Gate (p sec)

Batch structure clearly seen!

One near detector spill
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Snarl 95980 Strip times in microseconds |

Individual
«—  events




Event topologies

V,, CC Event NC Event

V. CC Event

25

slong u track+ hadronic e short event, often
activity at vertex diffuse
Ev = Eshower+Pu

e short, with typical
EM shower profile

55%/NE 6% range, 10% curvature



Event selection cuts — Near and Far

. v, CC-like events are selected in the following way:
1. Event must contain at least one good reconstructed track

2. The reconstructed track vertex should be within the fiducial volume
of the detector:

— NEAR: 1m <z <35m (z measured from the front face of the detector),
R< 1m from beam centre.

—  FAR: z>50cm from front face, z>2m from rear face, R< 3.7m from
centre of detector.

NEAR DETECTOR FAR DETECTOR

vV

-
Calorimeter Spectrometer

- Fiducial Volume

3. The fitted track should have negative charge (selects v,)

4.  Cut on likelihood-based Particle ID parameter which is used to
separate CC and NC events.

26
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Selecting CC events

« Events are selected using a likelihood-based procedure, with three input Probability Density
Functions (PDFs) that show differences for True CC and NC interactions:

— Event length in planes (related to muon momentum)
— Fraction of event pulse height in the reconstructed track (related to the inelasticity of

CC events)
— Averagetrack pulse height per plane (related to dE/dX of the reconstructed track)
* The probability that a event with particular values of these three variables is CC or NC (P,
and Py respectively) is then the product of the three CC PDFs and the three NC PDFs at
those values

Input variables for PDF-based event selection

Probability
s
T I|

2
FH==~.
Probability
s
T

— True CC
""" True NC

Probability

102 i

1w 10°

T T N FRUTE PUUTS IS I T R o vl b b b e b b binia L v e b v v L g o |l
0 50 100 150 200 250 300 350 400 450 500 0 01 02 03 04 05 06 07 0.8 09 1 0 500 1000 1500 2000 2500 3000
Event length (planes) Track pulse height fraction Track pulse height per plane




CC selection efficiencies

e The Particle ID (PID) parameter 1s defined thus:
PID = —(,/~log(P,) —y/—log(Py))

« (CC-like events are defined by the cut PID>-0.2 in the FD (>-0.1 in the ND)
— NC contamination is limited to the lowest visible energy bins (below 1.5 GeV)
— Selection efficiency is quite flat as a function of visible energy

PDF PID parameter distribution for true CC and NC events CC selection efficiencies and purities
3000 —
‘E - 'E, 1.2_
2 - 3 [
ul 2500__ - True CC = e LRI L L e L L Y
- (1] i
- c o
2000 } True NC g DIBW
- E
- W
1500— 0.6
- — Efficiency
1000:— 04 (87%)
500 — 02- Purity
B (97%)
L L ¥ N ¥ SR B R S S R TR Vs T T

PID parameter Visible energy (GeV)
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Near detector distributions
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Distribution of reconstructed event vertices in the x-y plane

~~

evy:-evx vertices
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Near Detector distributions

We observe very large event rates in the Near detector (~1e7 events in the

fiducial volume for 120 pot)

This provides a high statistics dataset with which we can study how well we
understand the performance of the Near detector and the check the level to
which our data agrees with our Monte Carlo predictions

Reconstructed track angle with respect to vertical

o

Reconstructed x vertex (m)

'LE BEAM

Beam points
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Soudan

Area
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Near detector rate and event vertices — LE-10 beam
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Particle Identification variables LE-10 Beam

Event length Track PH per plane
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PID parameter
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Energy spectra & ratios (CC-like events)
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Hadron production tuning

Agreement between data and Fluka05 Beam MC is pretty good, but by tuning
the MC by fitting to hadronic x; and p;, improved agreement can be obtained.
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Stability of the energy spectrum &
reconstruction with intensity

proton intensity ranges from 1el13 ppp - 2.8e13 ppp

Energy spectrum by batch

Energy spectrum by Month Data
2 | LgBEAM ] Booofp = == PAARAARAMRARAMMRRARES,
£ 6000 _#; e - S 0.08 3 wf
- July ] & 0.07 F o
g - & . August - w— 0.06 F e §
= 4000? & . . September i w 0.05 ;_ 2000 4000 6000 BOO0 100001 2000
i . ] é 0.04 F
- = ] 003 F
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i e ] = 002}
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MINOS PRELIMINARY Reconstructed Neutrino Energy (GeV) Event Energy (GGV)
Reconstructed energy 10 b e 438 '
. . . . . | Meany 4.9390
distributions agree to within - Pt
o . o . 0 8 |-« ndf 0.00/27 —
statistical uncertainties (~1-3%) e R

Number of Events per Spill
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n

Beam 1s very stable and there : ]
are no significant intensity- 2 | .
dependent biases in event : . . . .

. 0 10 15 20 25
reconstruction. Protons Per Pulse (x10'%)
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Summary of ND Data/MC agreement

* In general the agreement between data and MC
distributions 1s good

— The agreement between low level gquantities indicates
that there are no obvious pathologies introduced by
detector modelling and/or reconstruction.

— Agreement between high level quantities i1s within the
expected systematic uncertainties from cross-section
modelling, beam modelling and calibration uncertainties
(initial agreement 1mproved after applying beam
reweighting on the x; and p; of parent hadrons in the
Monte Carlo)
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Far detector Oscillation Analysis
with 0.93¢20 pot
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Far Detector Beam Analysis

* Oscillation analysis performed using data taken in the LE-10
configuration from May 20" 2005 — December 6™ 2005
— Total integrated POT: 0.93¢20

— Excluded periods of “bad data” — coil and HV trips, periods without accurate
GPS timestamps. The effect of these cuts are small (~0.7% of our total POT)

— The POT-weighted livetime of the Far detector for this time period is 98.9%

Far Detector Spill Inefficiency

0 l
%10 Special thanks to
9 e ) everyone who helped
S to maintain such a
% 1q high livetime during
° thisperiod!

10

| L
07/01 08/31 10/31
Date (2005)



Performing a blind analysis

* The MINOS collaboration decided to pursue a “blind” analysis
policy for the first accelerator neutrino results
— Theblinding procedure hides an unknown fraction of our events based
on their length and total energy deposition.
« Unknown fraction Far Detector Data was “open” - used them to
perform extensive data quality checks.

 Remaining fraction was “hidden”. Final analyses were performed
on total sample once Box was opened. Box opening criteria were:

— Checks on open sample should indicate no problems with the FD beam
dataset (missing events, reconstruction problemsetc.)

— Oscillation analysis (cuts and fitting procedures) should be pre-defined
and validated on MC. No re-tuning of cuts allowed after box opening
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Time difference of neutrino interactions from beam spill

Number of events

Selecting beam induced events

« Time stamping of the neutrino events 1s provided by two GPS
units (located at Near and Far detector sites).
— FD Spill Trigger reads out 100us of activity around beam spills

* Far detector neutrino events have very distinctive topology and
are easily separated from cosmic muons (0.5 Hz)

-3
[=]
II|II

350

30—

20
15[

10

250 Neutrino candidates
- arein 8.9us window

Ll .I-I.I.I.l.l.l-l.l.rI.T-I.Iﬁ.I.I.l-..|.|.I.-1..|.|.-|.I.I.I.I.r.7.I.w-.l.l..

0.5 Hz cosmic
} mu rate

30
Time relative to beam spill (us)

Backgrounds were estimated by
applying selection algorithm on
“fake” triggers taken 1In anti-
coincidence with beam spills.

In 2.6 million “fake’ triggers, O
events survived the selection cuts
(upper Ilimit on background in
open sample is 1.7 events at 90%
CL.)
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Example event — 2 GeV v

Run: 32133, Snarl: 97235, Shice: 1(/1), Event 1(/1)
Reco

#Trks: |

#ohws: 2

q/p: 0517+~ 0,034, prg:-1.935

TrkRangeEnergy: 2.042 RecoShwEnergy: 0.196

Vix: 0052, -2.42, 6.20
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Vertex distributions of selected events

Open dataset
MINOS PRELIMINARY ’s MINOS PRELIMINARY
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Track x vertex position (m)

 Distributions consistent with neutrino interactions — no
evidence of background contamination.
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Selected events as a function of time

Open dataset
MINOS PRELIMINARY

- 06 -
o B
a - ) Selected events
~ 05 —
‘d_: - ) Selected fiducial events with tracks
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Time (UTC)

Neutrino events per P.O.T are flat as a function of time.
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Predicting the unoscillated FD spectrum

« Directly use the Near detector data to perform the extrapolation
between Near and Far, using our Monte Carlo to provide
necessary corrections dueto energy smearing and acceptance.

» Use our knowledge of pion decay kinematics and the geometry
of our beamline (extended neutrino source, seen as point-like
from the Far Detector) to predict the Far detector energy
distribution from the measured Near detector distribution

§ to far
. ;iﬁ% Mo S B e
\E’S-Oft) en [~
, N
1 1 2 Decay Pipe 0.43E, ND
FIUXOC L2 [1+7/292j EV_1+7/292

e This method is known as the “Beam M atrix” method.



4
Schematic Description of the “Beam Matrix”’Method

Reconstructed True
ENear CC-like — E

Correction for purity, Reconstructed =>True, Correction for efficiency
True True
B) ENear cc = EFar CC
BEAM MATRIX

True Reconstructed
EFar cc — EFar CC-like

C)

1) Oscillation, True => Reconstructed, Correction for efficiency to obtain CC
oscillated spectrum

1) Unoscillated True => Reconstructed, Use purity to obtain NC background
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_LE010 BEAM MATRIX

Far Neutrino Energy (GeV

Number of Events

“Beam Matrix”’Method : Near to Far extrapolation

[ 0.00
&=
| 0.00
[0.00
[0.00
6l
| 0.00
.00

[ D00

5[

| 0.co
[0.00
[ D00
41—

0.01

| (s

2t

[ 02
1

000
0.00
0.00
0.00
0.00
000
0.00
0.00
0.00
000
000
0.00
0:01
L2
0.3
.87

[12iv3
L

DI.OO ID.OO I D.ﬂi‘
000 000 000
000 000 000
000 000 000
040 000 000
040 000 040
000 000 000
000 000 001

000 000 0s02

D:\II) DIM
000 000
000 001
000 001
000 001
0:01 Ol
001 Ol

De02  Cwl7

T
001

| D.OII
0:02
De02
Dok
Onges
(5]
ik ]
038

0.53

no oot o g [ - oz
oot oe: et [N - [
002 ome [ - i

o [l

035 FOFG  (mbS
083 (udd 000
003 000 000

0400 0.00 | 0.00
L L L

87 001
000 0.00
000 0.00
0.00 000

0.00 0.00
L

0.00
L

0:0r1
000
000
0.00
0.00
0.00

0.00
L

T
w03
onda

1555

ome

o i

{15

0.34

0ag o

(1 F3
1473
000
000
000
000
000
000

0.00
L

T
Ong7

18 0]

o

il ]

0.00

T = T T
SR
[LE SR
oEe 0
03s 033
035 o2
[ Fa P
oz 001
001 000
000 0.00
000 000
000 000
000 0.00
000 0.00
000 0.00
000 000
0.0

0.00

DI.16
o221
032
(54
i8]
0:0r1
000
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

T
B30

0.32

[ ]

O

001

000

000

0.00

000

0.00

0.0

0.00

0.00

0.00

0.00

0.0

0.00

L
0.3b
B
Dt |
or]
007 |
%]
o0 ]
n.0e]

000 |

3

4

5

6 7
Near Neutrino Energy (GeV)

0.12

0.1

0.08

0.06

0.04

0.02

III|III|II\|III|III|III|—|'

o

5 10
Neutrino Energy (GeV

n 1 n n n
15

20
) : Near Detector

[
) =]
=

0.14

0.12

0.1

Number of Events

0.08

0.04

0.02

III|III|III|III|III|III|II\||><
—III|III|III|III|III|III|II\|1—

o

5 10 15 20
Neutrino Energy (GeV) : Far Detector

 Beam Matrix encapsulates the
knowledge of pion 2-body decay
kinematics & geometry.

 Beam Matrix provides a very
good representation of how the
far detector spectrum relates to
the near one.
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Systematics :Different Beam Matrix used

70000

sooooi— £ 1LE010 200kA Method : Use instead of LEO10

[Jeeoto raska 185 kA GNUMI matrix the LE010

40000 | 200kA GNUMI matrix.
30000
20000 NOTE :Red dotted bandsare+ 5%.
10000
0: v e by e b by b by b by Ly \
2 4 6 8 10 12 14 16 18 20
Near True Energy (GeV)
FAR LE010-200kA Beam Matrix User
NEAR LE010185 TO LE10200 RATIO OF TRUE NEUTRINO SPECTRA i
© -
g F £1.4
S14p E T
s [ z |
Y12l g12n
z [ i
s 1 3 b
ﬁ : a 0.3;
- 0.8H o 0-8]
‘s : g C
2 061 g 0.6
e [ © F
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*  The different LEO10 200 kA matrix corresponds to different beam.
« ThePredicted Far spectrum iswithin 5% tothe“actual” one.

« Beam Matrix Method quiterobust to beam related uncertainties aswell.



Systematics: Test on 1E22 p.o.t “Mock Data Challenge Set”

In order to test the robustness of the method, a “fake dataset” was generated

with tweaked beam/generator parameters and unknown oscillation parameters.

o000 . | Lebeamwoc’ | | Mean 6.825
E B & Data PDF cut at 0.1 G BacE
‘S i MC PDF cut at -0.1
g 6000 |:| NC cont.
[= B
=
= Mock Data
B R |
4000 » . . ]
R Nominal MC ]
= o i
2000 - =:o / ]
: ==::‘:tﬂ..“_. :
i L iy P
N '--=::==:g'g~g-!g.!!m |
s -

1DC 2006 (SYSTEMATICS)

Energy (GeV)

Am2,

0.003
0.0029
0.0028
0.0027
0.0026
0.0025
0.0024
0.0023
0.0022
0.0021

»2 1 n.d.f = 39.375504/27.000000 = 1.458352

llII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

68,90% C.L. True point

contours

111 | | ] | | I -] | | -
0.75 0.8 0.85 0.9 .95 1
sinz('feza)

Beam Matrix Method yields to an accurate estimation of the
oscillation parameter s despite the lar ge differ ences between “ M ock
Data” and Monte Carlo (even for 1E22 protonson target!)
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Number of Eevents

Far Detector True Spectrum : Red Line is Nominal Monte Carlo & Black Points the Predicted Spectrum using Mear Detector Data

- ek ek = = NN
B O 00 O N A O 00 O N
RN LN RN RN AR AR RN RRRN AR

o N

Predicted true FD spectrum

0.93e20 pot

B Predicted spectrum

—— Nominal MC

10 15 20 25 30
True Neutrino Energy ( GeV)

The predicted FD true
spectrum from the Matrix
Method is shown on the left.

The spectrum is higher than
the nominal FD MC in the
high energy tail. This is as
expected, given that the ND
Data visible energy
distribution is also higher
than the nominal MC in this
region.
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Alternative methods for predicting
the FD spectrum

We have investigated three other
methods of deriving the FD
spectrum from the ND data:

— Extrapolation using the Far/Near
ratio from the MC

— Two independent methods of fitting
to the ND data in order to derive
systematic parameters that are used to
reweight the FD Monte Carlo

e These are termed “NDfit” and
“2d Grid Fit” respectively

These methods have quite
different sensitivities to
systematic  errors,  therefore
comparing the results obtained
with all four i1s a good check of
the robustness of our oscillation
measurement

Predicted events / 1E20PoT

Predicted FD unoscillated spectra
UL L AL L L BN B L
— Matrix method
— NDfit method
— F/N ratio method

2D Grid method

235

20

15

10

@5 05 25 20
Reconstructed Ev (GeV)
In what follows, I will present the
contours and best-fit distributions for the
Matrix method analysis, and will overlay
the best-fit points for the other methods

on the primary contour.




Neutrinos/1e17 p.o.t.
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Box opening

After extensive checks on the open dataset, the collaboration
decided that we had sufficient confidencein the FD data.
Our analysis methods had been fully validated on M C datasets.
Therefore we could proceed to open the box and look at the full
dataset (M ar ch 4th 2006)
Full dataset Far Detector Data
12 MINOS PRELIMINARY ' Time distribution of neutrino candidates
E Selected events g 402— MINOS PRELIMINARY
1; Selected fiducial events with tracks * ;
-
E e
0.2% """" —+—_+__+_—+—+—+—+ 1 og—

\ \ \ \ | \ \
18/05 1506 13/07 10/08 07/09 05/10 0141 2971  27M2 010 0 e 55090 50
Time (UTC) Time relative to SpillServer prediction (us)

o
o

1
5
5]
W
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Track y vertex (m)
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Vertex distributions of selected events

Full dataset
Reconstrucied track vertices of neutrino candidates
S MINOS PRELIMINARY o AT T T T R A PR T 1 Mean 14.25
aE § (2/n.d.f=19.04/30 = 063
- ’ T _ Data RMS  8.042
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Dg— i o o ..:. .?: n‘.;:" 20_— \l}l ]
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_5-5| 11 |-|4.| 11 |-|3| 11 |-|2| 11 |-|1| 11 \D‘\ 111 4 111 Iél 11 Iél 11 |4|.| 11 |5 OO 5 1 0 1 5 20 25 30
Track x vertex (m) MINOS PRELIMINARY Vertex Z
296 selected events with a track — no evidence of background
contamination.

Distribution of selected events consistent with neutrino interactions
(uniform distribution of event vertices)



Track angles
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Notice that beam is
pointing 3 degrees up at
Soudan!
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Track quantities & PID parameter

Track Pulse Helght per Plane

Track Length
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Breakdown of selected events

Cut Events efficiency
All events 1n fiducial vol 331 -
Events with a track 296 89.1%
Track quality cuts 281 95.3%
PID cut (CC-like) 204 72.9%
Track charge sign cut (negative 186 91 2%
muons only)
Reconstructed energy < 30 GeV 166 89.2%
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Numbers of observed and expected events

Data sample observed | expected ratio significance
AllCCTike events | o041 08415 | 0.69 4.10
(Vv
Vu only (<30 GeV) 166 249+14 0.67 4.00
Vu only (<10 GeV) 92 177+11 0.52 5.00

 We observe a 33% deficit of events between 0 and 30 GeV with respect to
the no oscillation expectation.

— Numbers are consistent for V| +V,, sample and for the V,-only sample

 The statistical significance of this effect is 5 standard

deviations
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Best-fit spectrum

Oscillation Results for 0.93E20 p.o.t

5 T0r
> r
© o AmZ,=0.00305" 20060 [ ] Un-Oscillated
] . +0.12 T
a r sin’(20,,)=0.88 " - .| Best Fit
E s x*/n.d.f=20.513=1.6 s Data
w  C 1-P(y?,n.d.f)=8.3%
40—
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20—
10—
BE;--I | | | | | | | | 1 | | | | | | | | | | | | | | | | | | L1 | | | | | | L1

0 2 4 6 8 10 12 14 16 18 20
Reconstructed CC-like spectra (GeV)

nbins

7 (A’ sin” 20) = > 2(g —0,)+20 In(0, /)
=1

Measurement errors are 1 sigma, 1 d.o.f.
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Physics distributions

Muon Momentum (GeV/c)

Shower Energy (GeV)
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Allowed regions

Am 2 = =
0.008% v I n.d.f= 20.5/13.0 1.6
: N MINOS Best Fit : Matrix Method
0.007 — x MINOS Best Fit : NDfit Method
u + MINOS Best Fit : F/N ratio Method
0.006— A MINOS Best Fit : 2D Grid Method
L ororoon MINOS 68% C.L.
0.005 :_ MINOS 90% C.L.
0.004
0.003|—
- SuperK 90% C.L.
0.002 - Super-K (L/E)
0.001— K2K 90% C.L.
: | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
8.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9_ . 1
sin“(20,,)

« The results of the four different extrapolation methods are in excellent
agreement with each other.



Ratio of Data/MC
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« Data 1s quite well-described by the best-fit oscillation
hypothesis



Systematic errors

« Systematic shifts in the fitted parameters have been computed with MC “fake
data” samples for Am?=0.003 eV2, sin?26=0.9 for the following uncertainties:

Uncertainty Am? shift (eV?) Sin220 shift
Normalisation +/- 4% 0.63e-4 0.025
Muon energy scale +/- 2% 0.14e-4 0.020
Relative Shower energy scale +/- 3% 0.27e-4 0.020
NC contamination +/- 30% 0.77e-4 0.035
CC cross-section uncertainties 0.50e-4 0.016
Beam uncertainty 0.13e-4 0.012
Intranuclear re-scattering 0.27e-4 0.030
Total (sum in quadrature) 1.19e-4 0.063
Statistical error (data) 6.4e-4 0.15

62



63

Projected sensitivity of MINOS

v, disappearance V>V,
cgs = 20
MINOS sensitivity, 16x10”" p.o.t. 3 5 Contours
N> 0-004_I T T T | T T T T | T 1T 1 T | T T T | T T T ‘ T T \_ (\T“
O 1% i
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< 0.0035— NE ........................
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0.0025— ] ; CHOOZ 90% CL
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L * F —_
0.002_— -+ T
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0.007II\I‘II\I‘IIII|II\Il\l\lllllll\l\ll\ll7 M BT B B B R —
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*With increased statistics, we should be able to make a very precise measurement of Am?,; and
also search for sub-dominant v, —v, oscillations well-below the current exclusion limit

In addition, by making a precise measurement of the CC spectrum, we should be able to

test/rule out alternate models such as neutrino decay.



Summary and Conclusions

 In this talk I have presented the first accelerator neutrino
oscillation results from a 0.93x10?° pot exposure of the MINOS
far detector.

« Our result disfavours no oscillations at 5 ¢ and is consistent
with v, disappearance with the following parameters:

A’z =3.0570% (stat) +0.12(syst)x10 eV ?
sin” 26,, = 0.88" 2 (stat) £ 0.06(syst)

« The systematic uncertainties on this measurement are well under
control and we should be able to make significant improvements
in precision with a larger dataset.

— Qur total exposure to date 1s 1.4e20 pot.
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