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Overview

Introduction to the MINOS experiment

« MINQOS physics goals and methodology
« The NuMI facility and the MINOS detectors

vy disappearance analysis

« Data selection and analysis techniques

« Results from the first year of NuMI running with the full 1.27x10%°
POT sample

Neutrino time-of-flight analysis
Progress on Neutral Current analysis

Summary
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MINOS Physics Goals (Q;fiif

Test the v —v_ oscillation
hypothesis

Measure precisely |Am?,,|
and sin?26,,

Search for sub-dominant
v,—V, oscillations

Search for/constrain exotic
phenomena

Compare v, v oscillations

Atmospheric neutrino
oscillations

— Phys. Rev. D73, 072002 (2006)
— hep-ex/0701045, submitted to PRD
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MINOS Methodology (Bif

Look for a deficit of vV, events at the Far Detector
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# 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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‘ig" The MINOS Experiment hysics

« Main Injector Neutrino Oscillation
SearCh Soudan g

o
Duluth A2

* Long-baseline neutrino oscillation
experiment

Madison

ES°

Fermilab

™ b s,
b N
"

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

Two detectors:
 Near detector at Fermilab

— measure beam composition
— energy spectrum

 Far detector in Minnesota
— search for evidence of oscillations
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@ Producing
(NuMI)

the neutrino beam (prord
h
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The MINOS Detectors (Qyiif

5.4 kt mass, 8x8x30m 1 kt mass, 3.8x4.8x15m
484 steel/scintillator planes 282 steel and 153 scintillator planes
Divided into 2 super modules Front 120 planes — Calorimeter
Remaining planes — Spectrometer
M64 multi-anode PMTs M16 multi-anode PMTs

Detectors magnetisedto 1.3 T
GPS time-stamping to synch FD data to ND/Beam
Flexible software triggering in DAQ PCs: FD triggers from FNAL over IP
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ﬂ Detector Technology (Qyjif

MINOS Near and Far
Detectors are functionally
identical:

am

i

1.0 x 4.7em exftruded polyshyrene scinfillaler  conneclor

e 2.54cm thick magnetized
steel plates

4.lcm

« co-extruded scintillator strips

Scintillator Module

e orthogonal orientation on

alternate planes — U,V ; _,_E
« optical fibre readout = : =
to multi-anode PMTs

8m

\::

OCptical Conneclors

|

Connection to
alectronics

Clear Fibre (2-6m)
Clear Fibre (2-6m)

PMTs Not to s"":"‘:'Iezoows/ﬂ
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Event topologies (stics

v, CC Event NC Event v, CC Event

Iong M track & hadronic short event, often short, with typical EM
activity at vertex diffuse shower profile

E fE hower+ p\p

55%/\/EIGeV 6% range, 10% curvature 2007/3/11
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Selecting CC events (Qyiiid

* Pre-select track events with vertex inside fiducial detector volume

* Further discriminate between CC and NC by likelihood-based
procedure, with 3 input Probability Density Functions (PDFs)

— event length in planes
— fraction of event pulse height in the reconstructed track

— average track pulse height per plane

Input variables for PDF-based event selection
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CC selection performance (stics

« Construct PID parameter from input PDFs

« CC-like events are defined by PID > -0.1 in the ND
(> —0.2 in the FD)

— Selection efficiency is quite flat as a function of visible energy
— NC contamination limited to low energy bins (below 1.5 GeV)

PDF PID parameter distribution PID performance
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o . (prnrd
# Predicting the FD spectrum hysics

 directly use Near Detector data to perform extrapolation between
Near and Far

« use knowledge of pion decay kinematics and beamline geometry to
construct a beam transport matrix and predict FD spectrum from
measured ND spectrum

* Primary method: Beam Matrix
* Also: NDFit method
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13



xford

@ MINOS Best-fit Spectrum Fiete

. eor——mmm 77—
« Data from first year: 1.27x10%0 :
Beam Matrix Unoscillated

50
POT E NDFit Unoscillated

40 " Beam Matrix Best Fit -
NC Background
—— MINOS Data .

« Exclude no disappearance at 6.20
(rate only, <10 GeV)

Events/GeV
8
T

« Best fit oscillation parameters:

1
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|Am232| =2.74 iggg (stat.+syst.) x 103 eV? Reconstructed E (GeV)

. 2_ ' ' v v 1 ' ' ' ' ] ' ' ! ' ] ' ! ! ]
sin?20,, = 1.00 _, ,5 (stat.+syst.) : :
1.5 —
 Constraining the fit to sin?(20,,) = § 1 ILI - <l> | 4’
1 yields: 2 | +
& 05 ]

|Am?,,| = 2.74 £ 0.28 x 103 eV/2 s b Geam Vel Best Fi
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Allowed Region (Qyiif

@4
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2 i 0 ] . ]
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e
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MINOS Predicted Sensitivity hysics

MINOS Sensitivity as a function of Integrated POT

Sensitivity for —

different POT 3 0.004
"£0.0035
3

Evaluated at
current best fit point 0.003

Contours are 90% 0.0025
C.L. statistical

errors only 0.002

0.0015

0.001

|I'-||||||

1.27x10° POT
— 2.5x10* POT
— 7.4x10* POT
— 16x102° POT RO 5

------- Super-K (zenith angle)
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THIS 8-LETTER °
PARTICLE NAMED FOR
ITS LACK OF CHARGE
IS BEING STUDIED By

BEAMING IT
450 MILES IN
0025 SECONDS




@L Neutrino Time-Of-Flight (Q;if

 GPS synchronises two

detectors MINOS PRELIMINARY
« Know distance between E 5— 6-Batch Spills
detectors precisely: C E 1 Lt
— 734,298.6 £ 0.7 m £ .E
’ g 3 |t 1l HHHHHHHHH\HH
- ~2. B R ATk i A TRl ot 77
>msate 2 i A g H «---H LI-I-- L LEMT i

« Measure distribution of
event times in two detectors

Time Relative To Prediction (us)

Far detector events = points

. Log-likelihood fit to time Near detector prediction= solid line

distribution allowing the
time-of-flight to vary
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Time-Of-Flight Result (Qyiif

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

Nominal T.O.F.:
2449356 ns (@ )

In terms of velocity:

(v—c)/c = (5.4 * 7.5) x 105 (99% C.L.)

Previous experiment had baseline of ~500 m with timing precision
of ~ns, gave result of:

e |[v—c|/c <4 x10°(95% C.L.)
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Neutral Current Selection
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* Neutral Current interactions

are interesting:
— Large cross-section
uncertainty at E = ~1 GeV

— Unaffected by v, =2 v,
oscillations

— Sterile neutrinos?

« Select neutral currents
using three variables:

— Event length
— NP° of tracks

— “Track extension”

measures how far the track
protrudes from the shower
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# Events / 0.5 GeV / 10" POT

Neutral Current Results (Bif

« Far Detector data for this analysis is still blinded

« Currently working on Near - Far extrapolation and systematic error
evaluation

But:
* Near Detector Neutral Current energy spectrum:
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Conclusions (stics

MINOS and NuMI are operating well
Analysis of 1st year of beam data (1.27x1020 POT):
— Exclude no oscillations at 6.2c (rate only, <10 GeV)

— Results: |zm2 | =2.74 *044 (stat. + syst.) x 10 eV?
sin?26,, = 1.00 _, 45 (stat. + syst.)

Constraining the fit to sin?(260.,,) = 1 yields:
|Am?,,| = 2.74 £ 0.28 x 10-3 eV?

Time-of-flight measurement:
(v-c)lc=(5.4£7.5) x10° @ 99% C.L.

We can select neutral current events: good data/MC agreement in ND

Updated CC measurement this summer...

...and more to come!
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& Beam delivered to NuMI felcs
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& Event selection cuts q%sics

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:
L1 O,

1m < z < 5m (from detector front), —
R<1m from beam centre.

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.

FAR:
z > 50cm from front face,
z > 2m from rear face,
R < 3.7m from detector centre.
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Hadron production tuning (stics

+ Parameterize Fluka2005 300 LE10 170kA LE10 185kA 3
prediction as a function of + Data E
x= and p; : —pesswo

10E

* Reweight pion x. and pr 5§} _
to improve data/MC a ¢ i
agreement 20405 - ' " LE100 200kA

~ 30% S 60 E

» Nuisance parameters = 20¢ | 400 :
included in fits: 810; : o .
— Horn focusing 2
— Beam misalignments £ ° e

o O > 22 D2
> 80F LE250 200kA - 6— LE10 OkA =

- Also allow small changes " e 1A -
in: 40F :
— POT normalization 20f =
— Neutrino energy scale 1
— NC background 1l — :
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Beam Matrix Method : Near to xford
Far extrapolation psies
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knowledge of pion 2-body decay
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representation of how the Far Detector
spectrum relates to the near one.
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@ Alternative methods for (prﬂrd

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

> 60: I | | -

QO B .

. : © sof -

— Extrapolation using the s I B Matri ]

Far/Near ratio from the MC 2 aof o <

— Two independent methods of L%’ 2ok F/N Ratio E

fitting to the ND data in order - = 2D Grid Fit :

to derive systematic 20f 3
parameters that are used to 5

reweight the FD Monte Carlo " E

.

« These methods have quite Reconstructed Neutrino Energy (GeV)

different sensitivities to systematic
errors, therefore comparing the
results obtained with all four
checks the robustness of our
oscillation measurement
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& Observed vs. Expected (Qyjif

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, (<5 GeV) 76 168.4+8.8 0.45+0.06

* Below 10 GeV a 49% deficit is observed
» Significance is 6.20 (stat+syst)
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t‘ Systematic Errors (stics

« Systematic shifts in the fitted parameters are computed using MC
“fake data” samples for Am?=2.7x10-3 eV? and sin%26=1.0

« The uncertainties considered and shifts obtained:

| IIIIH!M!HIM“!'HIIII

.Hl“ﬂﬂlﬂﬂﬂuﬂu. —— U eOV-] Y29
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

« Magnitude of systematic error is ~40% of statistical error for Am?

« Several systematic uncertainties are data driven — improve with
more data and study
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Systematics (stics

Normalization: 4%
— POT counting, Near/Far selection efficiency
Relative shower energy scale: 3%
— Inter-Detector calibration uncertainty
Muon energy scale: +2%
— Uncertainty in dE/dX in MC
NC contamination of CC-like sample: £+30%
— From shape and normalization of ND PID distribution
CC cross-section uncertainties:
— M, (qgel) and M, (res) - +5%
— KNO RES-DIS scaling factors - £20%
Intranuclear rescattering: £10% shower energy scale uncertainty
Beam uncertainty: difference between fits with weighted/unweighted MC

2007/3/11
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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 tz-t))

32



@L v, — V. Oscillation Search hysics
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Sub-dominant neutrino oscillations
— Look for v, appearance

— P(v,—v,) = sin26,, sin?20,,; sin?(1.27Am?,,L/E)

plus CP violation and matter effects

Look for events with compact shower and typical EM profile

— MINOS optimized for v,
— v, signal selection is harder
— Primary background from NC events

Can improve on current best limit
from CHOOZ

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

— Reach depends strongly on POT

— With 16x1020 POT can make significant

improvements to world’s best limit and
increase chance of discovery!

o (m)
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3 ¢ and 90% CL Sensitivity to 5in2{2913)
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I 90% CLAmM? = 0

- —— 35Am’> 0

. 2
sin“(26,;) =1
16x10” pot

CHOOZ
90% CL
Excluded

----- 00% CL Am?< 0

— 3gAm’< 0
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-2

sin’(26,,)




ﬂ MINOS Calibration System (Qyjif

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/p/n/p
response

Detector Response
100 SRR L B B L
g5 B S S A s S S S e

a0 5. ........ ........... .......... .......... .......... .......... ........... _______ Tl

g5 z_ ........ ........... .......... .......... .......... .......... ........... ....... “p _z
a0 z_ ........ L A RN PR SRR Fs P D RPN TR 'E+ =
75 Eees SR e, e, e e, e e, -

70 [ IR T S TN SN = E
G5 ;_ ........ ........... . .......... .......... ﬁﬂMIPSJIrGEV .......... ........ _z
G0 Eomin i ' . + H & i . T 3
- ;,-.:.';_'_'_'__'_'___'i_g ____ s _'_;' __ ___ - S o S SO B o
Eafep i AT MIPS/GeV . N

50 :_... ............ L [EETRTPR fak R T i .......... Teeea —

5 Vaj o : E
15 Foou AT T T T SR S R

35 b SO SR - SO S S SO SO T

= B TP B B B B B N T T
30 g ] 2 3 4 5 B 7 B o 0 11

Available Energy (GeV)

=
L
O
—_—
Li 7]
o
2
=
[
B
ik
=
LLl
L,
L
il
e
—
<I
—
ik ]
7]
=
Q
O
Lir]
Lk
o



