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Neutrinos at the Main Injector Beam -
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NuMI| Beam Performance

het

e Data taken from May 2005 - April 2007, 2.46 x 10%° POT FD
exposure

® Consistently good beam intensity delivered

® | arge gaps mainly to accelerator shutdowns
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Main Injector Neutrino Oscillation Search
is a long baseline neutrino oscillation
experiment

Beam of neutrinos produced using Main
Injector at Fermilab

Measure the neutrinos on site with the
near detector

Measure them again using far detector
735 km away in Soudan Mine

MINOS main goal is to make a precision
measurement of Am?3;

Looking for sterile neutrinos, Ve
appearance in the beam and has made
measurements on atmospheric V, and vy
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?;3 MINOS Overview

® Main Injector Neutrino Oscillation Search
is a long baseline neutrino oscillation
experiment

Fake

Soudan » Suipreiivne

Beam of neutrinos produced using Main
Injector at Fermilab

Like
Mictigan

Measure the neutrinos on site with the
near detector

Measure them again using far detector
735 km away in Soudan Mine

MINOS main goal is to make a precision
measurement of Am?3;

Looking for sterile neutrinos, Ve
appearance in the beam and has made
measurements on atmospheric Vy and Vy
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Neutrino Interactions in MINOS

® Detectors are alternating planes
of steel and plastic scintillator

® Magnetic field in detectors for
charge identification

® MINOS can observe both neutral
current (NC) and charged
current (CC) interactions

® Reconstructed events are made
of tracks and showers

* EM Rad. length = 0.7 steel planes
® Hadronic Int. length = 7 planes

® 2 GeV muon range = 50 planes

E>3.5 GeV
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W — Hadronic Shower
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Near Detector
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il Magnetlc C0|I 980 tons

= ;.;.f"ffii : ::%: 4.8 m x 3.8 m squashed
S : octagon, 282 planes

2 sections

® Calorimeter, every plane
instrumented
Spectrometer, every 5th plane
instrumented

Front end electronics designed
for fast readout to handle high
instantaneous neutrino rates




Neutrino Interactions in the Jt
Near Detector ?

® This display shows activity in the
detector for | spill

Separate the events based on topology
and timing information

3 interactions on average, but up to 10
events per spill possible in the near
detector

~35 x 108 events for 1.27 x 102° POT
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Far Detector
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5.4 kT, 8 m octagon, 484 instrumented planes, 2 supermodules

Front end electronics capable of good timing resolution

~3 beam neutrino events/day (CC + NC)
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7.3 Neutrinos in the Far Detector

Date : 14 May 2005 Time : 16:29:53 Run: 31441 0 Snarl : 10210 EventType : Golden Beam Neutrino
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® |[nteraction is well away from edges of detector

e Outgoing muon curving towards coil hole




The MINOS Collaboratlon #
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13 Search for Sterile Neutrinos

¢ Total neutrino event rate should be

constant for NC events in 3 flavor Vs I

mixing

® Deficit in expected rate could
indicate presence of sterile neutrinos

e Sterile neutrinos do not couple to
the W or Z bosons

® They provide a way to generate
neutrino mass though see-saw
mechanism

® The presence of sterile neutrinos . .
T w
would indicate at least one more
mass eigenstate

Possible 4 Flavor Model




7.3 Near Detector Event Selection

Calorimeter ' Spectrometer

® Use events recorded when beam and detector operating within nominal
parameters

® Fiducial volume:

® Vertex 20 planes from front of detector, 40 planes from start of
spectrometer

® Vertex at least 50 cm from edge of outline of partially instrumented plane

® Ensures hadronic showers are fully contained in active volume
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® NC events span fewer
planes than CC events

® Expect large showers in
NC events, no tracks

® Apply 3 selection criteria

* Events crossing > 60 planes ] =
— CC ber of Tracks

° Remaining events without a  MINOS Preliminary: 230 10"
track = NC

® Remaining events with track
extension < 5— NC

Near Detector Data

Monte Carlo

Events (x 10°)

)]
o

I : . Monte Carlo CC Background
o Maln background from ] Ty L - onte Carlo ackgroun

Track Extension (planes)

inelastic vy-CC events




N | dentifying NC-like Events -
pé e’

® NC events span fewer
planes than CC events

® Expect large showers in
NC events, no tracks
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® Remaining events without a
track = NC

® Remaining events with track N
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® Main background from Ereco (GEV)
inelastic vy-CC events
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Near Detector
Neutral Current Spectrum

MINOS Preliminary: 2.39 x 10%° POT
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® Energy spectrum from near detector shown

O 1771

® CC background is about 50% of total events

® Use this spectrum to predict spectrum at far detector
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3 Extrapolation to Far Detector L,
& ar

® Use near detector to predict far detector spectrum

® Near and far detectors see different spectra of neutrinos
® Beam is a line source at the near detector
® Beam is a point source at the far detector

® Near detector sees more low energy neutrinos from large angle pion decays
near the end of the decay pipe

Not to scale!!!!
Decay Pipe

Near Det Far Det

245 m
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734,000 m




.3 Extrapolating to the Far Detector -
4 =T

® Ratio of events in a given bin in FD relative to ND is same for data and MC

. fMC’
Fpredzct _ N-Data i
) 7

(0sc)

nMC

e Use ratio to cancel systematic uncertainties
e Effectively a bin by bin fit of MC to the data

® Makes prediction robust against uncertainties with energy dependence




13 Blind Analysis #

® The analysis of NC-like events was blind
® Unknown algorithm used to hide >30% of events in far detector
® Near detector data are open

® Develop techniques to identify NC-like events and extrapolation to far
detector before looking at far detector events

® Collaboration decided analysis was ready to open the box




3 Far Detector Event Selection

" MINOS Preliminary: 2.46 x 107 POT |

® Use events recorded when beam and detector operating within nominal
parameters

® Fiducial volume:
® Vertex 5 planes from front of each supermodule, |7 planes from end
® Vertex at least 50 cm from outside edge of detector; 45 cm from center

® Ensures hadronic showers are fully contained in active volume




Far Detector Event Selection ’t

73

) [
= |
S~ |
_,CQ |
c 150
S B
o B
L B

| | | | | | | | | | | | | | | |
MINQOS Preliminary All FD spill events

After fiducial cut
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® Potential backgrounds from cosmic rays, noise, reconstruction failures

® Series of cuts remove each
® Most hits read out in FD during beam spills are due to noise

® Timing information from beam is final step in event selection
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Far Detector Data

MINOS Prellmlnary 2.46 x [10° POT -|V||NOS Prel mlnary 2.46 x 10° POT'

>

1 1 1 1 i | 1
20 40 60 80 100 1 2 3
Event Length (planes) Number of Tracks

—— Far Detector Data

— Monte Carlo

-20 -10 0 10 20
Track Extension (planes)

® NC events selected using same cuts as ND

® Monte Carlo prediction made assuming mixing between 3 active flavors
* Am?3; = 2.38 x 1073 eV?

®sin220,3 = |

e Similar efficiencies and purities in both detectors
23
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(3, Far Detector Data

O
o)
™

@

Sp
o o
T

Near Detector Efficiency, &
Near Detector Purity, p
Far Detector Efficiency,&
Far Detector Purity, p

PR R TR WO TR SR NN TN N S SR A S S

10 20 30
Ereco (Gev)

® NC events selected using same cuts as ND
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® Monte Carlo prediction made assuming mixing between 3 active flavors
* Am?3; = 2.38 x 1073 eV?
*sin220,; = |

e Similar efficiencies and purities in both detectors
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= MINOS Preliminary: 2.46 x 10°°|PO
Protons on Target

Far Detector NC Events

Ji

Shut Down

Jul ’05
Aug 05

_I_!_l I I I I I I I I I I I [
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C C C o
o
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May 05
Jun '05
Sep '05
Oct '05
Nov '06
Dec '06
Jan '07
Feb '07
Mar ‘07

e Number of NC-like events recorded follows number of POT collected




13' Far Detector NC-like Event Rate

Events/10'® POT
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_MINOS Preliminary: 2.46 x 10°% POT
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e Number of NC-like events is constant over time

e Average of |.1 events per 10'8 POT (~I every 10* spills)
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Three Flavor Analysis jt

MINlOS Prelirlninary: 2.|46 x 1025 POT
—— Far Detector Data
—— 0,3=0
— 0,,=0.21,0 = 3n/2

CC Background

AP = 2.38 x 10°eV?
sin°(20,,) = 1

=
)
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~
2,
C
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>
LLI

5 10
E, (GeV)

* Test data for consistency with 3 flavor mixing

2

LW
o

* Ve CC events identified as NC-like with nearly 100% efficiency

® Compare data to predictions with and without V. appearance in beam
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Three Flavor Analysis

Jt.
B3

® Table shows observed and expected events for 3 energy ranges
® Systematic uncertainties shown

® Data and Monte Carlo agree to within |-20 for all energy ranges
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Disappearance Fraction dt
PP L3

L Background from
O<E,<3GeV, f_ =0.15,,3 . .
i CC interactions \
0<E,<5GeV, f =0080"
| —f— Npata — Bec
SNeC

0<E, <120 GeV, f =0.01"
min

Signal of NC
interactions

90% CL

68% CL

MINOS Preliminary: 2.46 x 10°° POT -
! | ! ! | ! ! ! | ! !

02 04 06 08 1 0 -3 GeV

f Absolute Fpq4 +0.00

® Expect largest disappearance for E < 3 GeV Relative Enaq +0.03

if active flavors convert to sterile states with Nﬂrma,hza‘:tmn :ED-{M*
Am?23; ND selection +0.02

v, CC background Q5%

® Table shows uncertainties in f Total: o0

affects E < | GeV

o f < 35% at 90% CL for that energy range ND Event selection only
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® Compare data to model with | sterile
neutrino

® Set 4th mass eigenstate to be degenerate
with |st

® Assume no sterile component in Ist or 2nd
and Am?%; =0

® Amount of mixing between active and sterile
neutrinos is |Us3|?

® Energy scale for mixing is Am?Z,m

Py 1 — 4U,3|%(1 — |U,3|?) sin®(1.27TAm3, L/ E)
- 4|U 3| |08 sin®(1.27Am2, L/ E)

v = 4| Uus|?|Uss|? sin®(1.27Am3, L/E)

Vy—le T 11— Pu,_,,—w“ T Pup—wf T Pup—w,.;




Ku Four Flavor Analysis- MC Prediction
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* Plot shows far detector expectations for different mixing scenarios

* Sterile neutrino causes largest depletion in 0-3 GeV range

® V. appearance has largest effect in 1-5 GeV range
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@ Four Flavor Analysis - Data
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MINOS Preliminary: 2.46 x 10%° POT
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e Use largest systematic uncertainties as nuisance parameters in fit

X —QZ&L oz+ozlne—z+z 2

* X2/ndf = 47/43 for both scenarios
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- MINOS Preliminary: 2.46 x 10° POT
Far Detector i Y

—1IU F=0 — U F=0.04
e3 e3

IU P =0.50° IU P=0.48"8
u3 u3d

-0.15 -0.12

U_P=014717 U P=02157 02 04 06 08
U |
s3

Measurement of |Us3|? JC.
74 UsP Qe
1

® 90% contours with and without V. appearance shown
* Including Ve appearance causes contour to run up to unitarity bound

* Results for |Us3|? are consistent with f values from 3 flavor analysis




Sensitivity to |Us3|? JC
el W

—
—— 90% CL, 2.5 x 10®° POT _
—— 90% CL, 5.0 x 10°° POT
—— 90% CL, 10.0 x 10%° POT -

* |nput Values

Am?23; = 2.38 x 103 eV?




L,
1.3 Conclusions C .3

MINOS has completed the analysis of the NC-like events in the far
detector

Rate comparison between near and far detectors

® Data are consistent with mixing between active flavors

® Disappearance fraction f < 35% at 90% CL for E < 3 GeV
® Fit for sterile component in 4 flavor mixing matrix

® Consistent with rate measurement
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3 Near Detector Stability #
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Neutrinos at the Main Injector Layout -

Hadron
Absorber MiniBooNE

Target Hall

Decay Pipe MINOS
675 m long Alcoves w Near Detector
muon detectors




y 4 The CC Analysis

Oscillation Results for 2.50E20 p.o.t
140"

e CC like events used to determine Am?23;

® CC events easy to identify thanks to the
muon in the interaction

® Deficit of CC events observed at far
relative to near

® Far spectrum shown at top

® Best fit values shown below

Am3,| = 23857 107 eV
sin®20,, =1.00_,

X' 412
Npw 32

Tt
L. 2

120

100

Events per GeV

Ratio of Data / Prediction

il

|

MINOS PRELIMINARY
— Un-Oscillated
—— Best Fit
— NC

& Data

’*zp—»-i.i_k__

10 15 20 2D

Reconstructed Neutrino Energy (GeV)

MINOS Preliminary
BN e e

MINOS Data

Neutrino Oscillation Best Fit

T

——————————————————— et ————
10 15 20
Reconstructed Neutrino Energy (GeV)




7 The CC Analysis

Oscillation Results for 2.50E20 p.o.t l '

e CC like events used to determine Am?3; L o gy

—— Un-Oscillated

—— Best Fit
— NC

# Data

120
® CC events easy to identify thanks to the

muon in the interaction

100

Events per GeV

® Deficit of CC events observed at far
relative to near

’*zp—»-i.i_k__

10 15 20 292
Reconstructed Neutrino Energy (GeV)
MINOS Preliminary

—

® Far spectrum shown at top

® Best fit values shown below

MINOS Best Fit

MINOS 68% C.L.

MINOCS 90% C.L.

Am3,| = 23857 107 eV
sin®20,, =1.00_,
X 412 SR,

SuperK (L/E) 90% C.L.

NDoF 3 2 : | | K2K 90% C.L.

.\Il...l|||l..|

0.7




MINQOS Detectors #

The MINOS detectors are made of
alternating layers of

® steel - 2.54 cm thick
® scintillator - | cm thick

® air - 2.42 cm span

\V W Magnetic field of ~ 1.3 T
Scintillator

Scintillator alternates orientation
\ U to provide 2D position information

Plane position provides the third
dimension




MINOS Detectors #

Strips of scintillator collected in
aluminum cases and mounted to the
steel

Wavelength-shifting (green) fiber
used to collect scintillation light

Clear fiber used to bring signal to
photomultiplier tubes (PMTs)

PMTs have pixels to read out signals
from multiple strips




Calibration of MINOS

e CalDet - 60 plane “mini-MINOS” was placed in
front of test beams at CERN to determine
absolute energy calibration

e Hadron Shw Res=55%/\E
e EM Shw Res=23%/E

e Stopping cosmic ray muons provide strip-to-
strip and Near/Far calibrations

e LED system injects light into fibers to monitor
time stability and linearity of response

® Current uncertainties: 1.9% uncertainty on
absolute energy scale in Near Det, 3.5%
uncertainty on absolute energy scale in the Far,
3% near-far relative

Electron Line Shapes

1.0




