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MINOS Overview

Main Injector Neutrino
Oscillation Search

Neutrinos at the Main Injector
(NuMI) beam at Fermilab

Mad

Two detectors: “ .
Near detector at Fermilab '
— measure beam composition

— energy spectrum

Far detector in Minnesota Pl e ——

— search for evidence of } c?
oscillations 735 km 12 kim
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MINOS Physics Goals

Test the v Vs oscillation
hypothe3|s

— Measure precisely |[Am?,,| and
Sin?26,,

Search for sub-dominant v,— |v
v, oscillations

v, appearance

/ Uel Ue2 ; Ue3 E\

U, U, [U

\Url Ur2 fUr?t J

(v,

vV,

\V3

v, disappearance

V7 )
Search for/constrain exotic
phenomena
Compare v, v oscillations Vs
vV,
Vi

Atmospheric neutrino

oscillations
—  Phys. Rev. D73, 072002 (2006)
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Neutrino Beam (NuMl)

Target

Muon Monitors
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Absorber
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Hadron Monitor
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Protons strike target

< 0.14
2 magnetic horns focus S 0.12
secondary /K Lo
decay of n/K produces 2P
. ® 0.06
neutrinos >
CICJ 0.04
variable beam energy 0 0.2
O i
short pulse: ~10 pus %% "2 4
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MINOS
g T 5 Detectors
 Massive

— 1 kt Near detector
— 5.4 kt Far detector

« Similar as possible
— steel planes
« 2.5 cm thick

— scintillator strips
* 1 cm thick
* 4 cm wide

— Wavelength shifting
fibre optic readout

— Multi-anode PMTs
— Magnetised (~1.3 T)




MINOS Event Topologies

Vu CC Event NC Event Ve CC Event

e short, with typical
EM shower profile

‘long p track+ hadronic activity  « short event, often diffuse
at vertex
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Muon Neutrino Disappearance
Analysis



Experimental Approach

 Two detector experiment to reduce systematic errors:
— Flux, cross-section and detector uncertainties minimised
— Measure unoscillated v, spectrum at Near detector
» extrapolate
— Compare to measured spectrum at Far detector

Vi spectrum

Unoscillated

Oscillated

Visible energy (GeV)

Pv,—=v, )=1-

- 1.4,

Oscillated/unoscillate

© © © ©

—
- N

N B O

spectrum ratio

4 6 8 10
Visible energy (GeV)

sin” 20jsin” (1.267Am’\L/ E)
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Event Classification

« Separate 2 event types:

— Charged Current v,
(oscillations cause deficit)

— Neutral Current (all active «10° Near Detector

. —_ _'Q F T T T T

neutrinos = no change) £ 2500 o .

« Event classification @200 DTN g :

parameter o 150F  —nc ;

— likelihood-based c 100 ssg) ot g

E b : ;

_ 3 Probability Density 2 S ap] ;
Functions 1 05 0 05 1 15

« Track length Event Classification Parameter

« Pulse height fraction in track
* Pulse height per plane
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Tuning the
beam MC

e 6 beam

« Use Near
detector data

 Fit to a model
of hadron
production

 Reweight MC

Fluka05 MC
—— Full MC Tuning

LE10 170kA -

& Data _:

LE10 185kA

LE250 200kA —

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

1520

0 5 10 15 20

...é....110..

Reconstructed E, (GeV)
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Near to Far Extrapolation

* Far detector spectrum != Near detector

— Project different solid angles

— /K decay kinematics
* average neutrino energy varies with angle

ﬂ+
p Target B
Decay Pipe
E,~ 0.43E_/ (1+y,20,2) ND

* Extrapolate Near detector spectrum

— using knowledge of beam line geometry and &
/K decay kinematics

Jeff Hartnell, KEKTC6 13



MINOS Best-fit Spectrum

« Data from first year: e S -
1.27x102° POT R S I ST :
» Exclude no oscillations ~ §*} T oS bae E
at 6.20 (rate only, <10 Gev) F 5
: : : 1oF || A4 FTEeet— ]
 Best fit oscillation X e
p aram ete I'S. Reconstructed Ev(Gev; ° 0
AM2,,| = 2.74 *04 (stat + syst) x 10° eV2 15 + # :
sin?20,, = 1.00 4, (stat + syst) O F _LI ] ] | ]
S | F
* Constraining the fit to S osf . ~l- -
® L Beam Matrix Best Fit
sin?(20,,) = 1 vyields: °h  Best Fi
(2025) =1y i NorBes
|Am?2,,| = 2.74 + 0.28 x 103 eV? Y A S I
Reconstructed E (GeV)
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Allowed Region

» Consistent with
previous
experiments

* Already
competitive In
measurement
of [Am?2,,]

Phys.Rev.Lett.97:191801,2006
PRD to be published

><.10|-3---|"'I"'
4_0:— *  MINOS Best Fit

- MINOS 90% C.L.

I MINOS 68% C.L.
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g |
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MINOS Predicted Sensitivity

« Sensitivity for
different POT

 Evaluated at
current best fit
point

 Contours are 90%
C.L. statistical
errors only

MINOS Sensitivity as a function of Integrated POT

< 0.004—

L -
"£0.00351
< B
0.003F

0.0025F =

E 1.27x10*° POT E

0.002 — 2.5x10*°POT —

- —— 7.4x10° POT .

[ — 16x10° POT e

0.0015 .
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Quiz Question

on Jeopardy
(US Quiz Show)
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Neutrino Time-Of-Flight (NEW!)

GPS synchronises
two detectors

Know distance MINOS PRELIMINARY

between detectors g <t o-Satch Spllie i
precisely: ; i ‘ | | | H
Crsazss vorm UL
—~25ms atc r i3 i ”I“"ﬂ--l \“‘Mﬂl--- T e {2 I [l it | TL
M ea S U re ’ i ) TlmeGReIative Tg Predictio1r(1) (us)
distribution of event

times in two Far detector events = points
detectors Near detector prediction= solid line

Loglikelihood fit to
time distribution
allowing oy to vary
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Time-Of-Flight Result (NEW!)

MINOS T.0O.F.:
— 2449223 +/- 84 (stat.) +/- 164 (syst.) ns @ 99% C.L.

Nominal T.O.F.:
— 2449356 ns (@ c)

In terms of velocity:

* (v-c)lc = (5.4 +/-7.5)x 10> (99% C.L.)
Previous experiment had baseline of ~500 m
with timing precision of ~ns, gave result of:

.« [v-cl/c < 4 x 10-5 (95% C.L.)

Jeff Hartnell, KEKTC6
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Search for sub-dominant
neutrino oscillations



v, — Ve Oscillation Search

« Sub-dominant neutrino oscillations

— Look for v, appearance
— P(v,—v,) = sin?0,; sin®20,, sin*(1.27Am?3,L/E)
» plus CPv and matter effects

* Look for events with compact shower and typical
EM profile
— MINOS optimised for v,

— v, signal selection is harder
« Steel thickness 2.54cm = 1.44X,
« Strip width 4.1cm ~ Moliére radius (3.7cm)

— Primary background from NC events, also
* beam v, high-y v CC, oscillated v_in FD

* However, first indication of non-zero 0,5 possible

Jeff Hartnell, KEKTC6
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Sensitivity to 6,5 (4x10%° POT)

« Can improve on current

90% CL Sensitivity to sin2(2913)

[ MINOS
[ Am,2=27 10" oV?
.2
sin (2623) =1
- 4x10% pot
- i CHoOZ
i {904 CL
- Monte Carlo Excluded
T = Am2 - 0
- Am?< 0
I 1
-2 R
10 10 L,
sin“(26,,)
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best limit from CHOQOZ

— Matter effects can
change v, yield by £20%

— Reach depends strongly
on POT

— With 16x102° POT can
make significant
improvements to world’s
best limit and increase
chance of discovery!
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6 (m)

Sensitivity to 6,5 (16x10%° POT)

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

3 ¢ and 90% CL Sensitivity to sin2(2913)

[ MINOS ;
[ Am,,2=2.7107 oV?
- . 2 o

- sin"(26,3) =1

~ 16x10%° pot

- Monte Carlo

----- 90% CLAM? > 0

T - 30'Am2>0
- 36 Am?< 0

[ 1
-2

e 90% CL Am?< 0/

Dashed lines = 90% C.L.

CHOOZ Solid lines = 30

90% CL
Excluded

Analysis underway...

10

sin’(26,,)
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Conclusions

MINOS: long-baseline neutrino oscillation experiment
— NuMI neutrino beam at Fermilab
— Two massive detectors

Analysis of 1st year of beam data (1.27x10%0 POT):

— Exclude no oscillations at 6.2c (rate only, <10 GeV)
— Results: | Am2,,| = 2.74 1044 (stat + syst) x 103 eV?
32 -0.26
sin?20,, = 1.00 4, (stat + syst)
Constraining the fit to sin%(260,5) = 1 yields:
|Am?,,| =2.74 + 0.28 x 103 eV?

Time-of-flight measurement:

(v-c)/c = (5.4 +/- 7.5) x 10° @ 99% C.L.
Sensitivity to 6,5 — improve on Chooz
Updated Am2 measurement this summer...

... and MUCH MORE TO COME

Jeff Hartnell, KEKTC6 25



Backup slides
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Integrated Protons (1el8)
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MINOS vy -CC Event Selection

 Fiducial Cuts (near and far) [
 Select p- tracks (v,)
 CC/NC classification cuts

<10°_

| L AL L AL R B
—— Data
—— Tuned MC "
— v,+*v,CCMC |
— NC MC

Number of Events
N

%50 100 150 200 250
Event Length (planes)

N w S
| 1

Number of Events

—
UL B

80 02 04 06 08 10
Fraction of Event PH in Track

N W B O,
IIIII

» Far detector specific cuts to remove
cosmic ray and light injection contamination

 Far detector data was blinded,
all cuts developed & tuned with MC 00 .

Number of Events

i1 I T S——

500 1000 1500 2000 250

Track PH Per Plane (ADC Counts)
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MINOS vy -CC Event Selection

eEvent contains at least one reconstructed
track

eReconstructed vertex is within fiducial
volume

®Near: | <z<5m,r < | mfrom beam
center

°Far:0.5<z< 143 mor 16.2<z<280m,
r<3.7m

NEAR DETECTOR

Calorimeter Spectrometer
FAR DETECTOR

Jeff Hartnell, KEKTC6

e [T IE BEamNEAR T Mean 1489
2 - RMS 0.4966
+5 3000~
“ B Mean 1.487
[y |
Ke]
g i RMS  0.4969
e
2000 =
1000 =
0_ " " L | | P " -_
0 0.5 1 15 2 25 3
MINOS PRELIMINARY Vertex X
g 2000 T IE BEAMNEAR T T Mean 2.976
s F * Data RMS 1.164
s [ L mc
N - Mean 2.991
$ 1500(—
£ . ‘ ; RMS  1.169
€ i .
= r # ]
1000 * —
500_— 7]
0_ " P | | P P | ]
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Far Detector Beam Data Selection

. E
*FD data selected based on position, <
direction and timing information 3
E 4
*Cosine of angle between track £
direction and beam direction > 0.6
*Events have -20 < t < 30 ps (GPS)
®Cosmic ray background estimated
using sidebands, <0.5 events
n
°215v, CCevents 8
S 40
g 40_' R Iy —1 Mean 14.07 g
S [ e o RMS  8.104 -
s L[] mc z 30
5 30 j MC Un-oscilated Mean 14.23
E | cvswmongozmem-op | RuS 6208 2
20 .
+ i 10
100 + + —:
l 3

PRI W S N T ST T T A TR T S PR S N T T SR T R SRR
% 5 10 15 20 25 0

MINOS PRELIMINARY Vert%xc% narmell, KEKTC6

A O N LN o a4 N w s

01 2 3 4
Track x vertex (m)

I]II|IIII|IIII|II

50T T T T T T —TTT1 1 Mean 0.312
B LE BEAM FAR
- ® Data RMS 0.5662
: MC
B : MC Un-oscillated Mean 0.3047
chi-square /n.d.f= 49.4/50= 1.0 * RMS 0.5536

llllllllllllll
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Physics Distributions
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4.418
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Systematic Uncertainties

 Neutral Currents

— Look at PID in near

detector vs energy

— Large uncertainty in
low energy NC cross

sections

— O(NC contamination): 50%

 Intranuclear Rescattering
— Models for pion energy loss

In nucleus vary

— Hadron formation zone affects

visible energy in v CC event

— 0d(Hadron Energy Scale)=11%

Jeff Hartnell, KEKTC6
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Summary of Systematic Uncertainties

Preliminary Uncertainty Shift in Am* Sr.lift n

(10-3 eV?) sin%20

Near/Far normalization +4% 0.050 0.005
Absolute hadronic energy scale =11% 0.060 0.048
NC contamination +50% 0.090 0.050
All other systematic uncertainties 0.044 0.011
Total systematic (summed in quadrature) 0.13 0.07
Statistical error (data) 0.36 0.12

*Size of uncertainties are obtained by doing MC studies
*Make a set of fake data but shifted by the values in the table, fit fake data
*Table shows shift in the oscillation parameters

*3 largest uncertainties included in oscillation fit as nuisance parameters
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Observed vs. Expected

v, (<30 GeV) | 215 336.0:14.4 0.64:+0.05
v, (<10 GeV) | 122 238.7+10.7 0.51+0.05
v,(<5GeV) | 76 168.4+8.8 0.45:0.06

* Below 10 GeV a 49% deficit is observed

* Significance is 6.20 (stat+syst)

Jeff Hartnell, KEKTC6
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MINOS Callbratlon System

Calibration of
ND, FD Response:

LED-based Light
Injection system

— Track PMT gains

Cosmic Ray Muons

— Remove variations
along and between
strips

— Stopping muons for
detector-detector
calibration

Overall energy scale:

— Test-beam with mini-
MINOS detector

— Measured e/u/n/p
response
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Backup: MINOS
v, Signal / Background

* Goal: must distinguish between EM and hadronic shower energy

« Several discriminating techniques have been tried to enhance
signal/background separation
— Cuts, Multivariate Discriminant Analysis, ANN, Image recognition

ANN PID at the FD —Vo® CC
10?_........._.. :ﬁuCCC Neural Net example
g VE - v, CC = Oscillation parameters:
§ E MINOS Preliminary —ybeam CC sin2(2613) =01
H 10 M - |A_m32|2 = 2.7x10-3eV?
St e Sin%(20,;) = 1
g [ =Y _ B = POT = 16x102
% I~ e B = Oscillated v, are shown in
C ] 2‘ black
N P R IR IR RSN RATI SRR N . .
10202 0 02 04 06 08 1 12 = Cutting at 0.8:
ANN PID v, purity ~ 30%

Signal/NBackground = 3.8

v CC NC Vebeam v, CC Total Veosc

5.6 39.0 8.7 4.7 58.0 29.1

JCIT TIdlticll, N:P\ 1'vO




Backup: Study MINOS
v, Background with Data

U vs Z Event View

Several techniques developed to

E 2.4 pr—r—r———r= ARAARRRRRRRRS %:--xi ........
measure backgrounds in ND: g 8 :-””“ . .
& - ﬂ@gf MW E

Muon removal from CC events to N L il :
estimate NC contribution T :
— Assumes similar hadron “F | AP
multiplicities/shower topologies 2 e ]

z position (m)

— Requires some corrections from MC

«10°
Using horn off data to resolve NC, v, -
CC background components ssof ' o
w - —nRorm Un
— During horn off running, pions are no longer §4°;- o o Off
focused and energy spectrum peak % oLt
disappears 7§205_ .
— Running event selection on horn-off data o . ++
=101
enhances NC component of background 5 F- ”+++
" ° Rk A O
0 2 4 6 10 12 14 16 18 20

GeV
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MINOS PRELIMINARY

Summary of systematic uncertainties on relative time.

Uncertainty

Description (99% C.L)

A Distance between detectors 6 ns
B ND Antenna fibre length 67 ns
C ND electronics latencies 77 ns
D FD Antenna fibre length 101 ns
E FD electronics latencies 9 ns
F  GPS and transceivers 74 ns
G Detector readout differences 24 ns
Total 164 ns

Systematic uncertainties on time measurement
between Near and Far Detectors
(Sys. uncertainty on t>-t)

Jeff Hartnell, KEKTC6
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