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MINOS Physics Goals

v Test v —v_ oscillation

hypothesis v,
> Measure precisely |AmZ2,,| v | =
and sin226., g
_ v
v Search for sub-dominant !
v, =V, oscillations v,
i > see talk M. Sanchez v,
v Search for or constrain Vi
exotic phenomena Useful Approximations:

> Test of CPT violation

v Atmospheric neutrino
oscillations Units: Am2,, (eV?), L(km), E(GeV)
> Phys. Rev. D73, 072002 (2006)
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v Compare v, v oscillations




Long Baseline Concept w

v Generic long baseline v, disappearance experiment

v Predict unoscillated charged current (CC) spectrum at Far
Detector (fixed L)

v Compare with measured Energy spectrum to extract
oscillation parameters :

p,
P(v,~v,)=1-[sin"24sin’(1.2614 m]L/E)

2 < 14;
5300 v, spectrurh s 0 spectrum
Inputs: w Unoscillated |3 | ratio
sin?20 = 1.0 g M +
Am? = 3.35x103 eV? 200 Oscillated | 5 0.8F H»%‘H%
'-ﬁ B
100 04 4| o+
Neutral current - S 0.20 ' s
(NC) background \\;?L o 1._:* | | |
00 2 4 6 8 10 2 4 6 8 10
Visible energy (GeV) Visible energy (GeV)
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MINOS Experlment

MNear Detector at NuM1
FEEMILAB [Iinolk

<

Far Detector
SOUDAMN MINE Minnesoin

v High intensity v _beam produced by

120 GeV protons from the Main
Injector at FNAL

v compare energy spectrum:
near detector «< far detector

1km 735km
unoscillated < oscillated

%
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Tron WMountainz
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T g o I
MINOS detector 735km
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NuMI| Beamline

Absorber Muon Monitors
Target D . \ == | = |
ecay Pipe P R
Tal'get Hall y p ) ﬂ+ = - v \*_g\;
120 GeV - P 0 < **‘t
protons N : ‘ rvn;\\\“: =
o ‘ L e Bk
From = X s H\:i
Main Injector A 4 y_*_’ —
/ o
5

Hadron Monitor

v movable target = variable beam energy
> graphite, 47 segments, 6.4x15x20mm°

v 2 magnetic focusing horns = v or v beam
> parabolic, pulsed, 200kA, 3T field
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NuMI Neutrino Beam ‘@

v LE-10 configuration is most favorable for oscillation
analysis and constitutes ~95% of total exposure

2>Data in 5 other configurations for systematic studies
v LE-10 event composition: 92.9% v, 5.8% Vv, 1.3% v, /v,

L —
ool oo MC TLE ] expected unoscillated
g | - pPME FD events* per 10%° pot*
&, 0.010[ ~I pHE s
= ] target position (cm) l
“£0.008[ -
%o 006} -
goood E10 -0 390
50.004 .
20004 oME -100 970
>0.002[ .

: | pHE -25( 1340
0000™5"476 8 10 12 14 16 18 20 *Events in fiducial volume
Energy (GeV) **pot=Protons-on-target

Position of oscillation maximum
(Am?=0.00335eV?,L=735km) BROOKHIVEN
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1°¢ year of NuMI Running
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0 ‘ .
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neutrinos LE ( 0.93x102° POT) |nJECt0r
in ND running | A Shutdown
Final Analysis Data Set
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EROOKHAVEN
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Detector Technology

Near and Far detector
functionally identical:

v 2.54cm magnetized steel
plates, <B>=1.2T field

v 4.1x1cm? scintillator strips

v consecutive planes have
orthogonal strips

v optical readout:

multi-channel PMTs Steel o O e T
v GPS timestamps Al E R E
I — ‘ . Scintillator
\\‘
Orthogonal
strips 4

~ 2 Tem

MO 11V, D
Mark Dierckxsens Status of the MINOS Experiment, dpf2006

BROOKHIAEN
NATIONAL LABORATORY



MINQOS Detectors ‘@

5.4
3.8x4.8 plane size (m?) 8x8
282/153 # steel/scint pl. 486/484

front: all pl. instrumented veto shield for cosmics

back: 1/5 pl. instrumented specifics 8x optical multiplexing

fast QIE electronics
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Calibration w

5

Stopping Power for Muons in Polystyrene Scintillator

v Light injection: PMT gain L
v COSMIC ray u: S * BetreSun

N
—h
(5]
I|III
L gl

strip-to-strip,
Inter-detector

Stopping power (MeV cm7g)
N
|

v calibration detector: i e
overall energy scale vl i‘wﬁ
> 'mini-MINOS' at CERN
tESt beam Muon momentum (GeV/c)
2 measured e/u/n/p
response

Energy resolution: (E in GeV)
Hadrons: 56% / VE ® 2%
Electrons: 21% /VE ® 4%/ E

% events / bin

0 100 200

> see poster J de JOng calorimeter signal (a.u.)
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v, Charged Current
Event Selection
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Event Topologies

u

v long track (u) v short event v short event

v hadronic activity v often diffuse v EM shower
near vertex profile

E — E + P cY(Eshower) 55%/\/E
5 shower u G(PM). 6% range; 13% curvature

BROOKHIAEN
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Pre-selecting v, CC Events

v beam and detector monitoring quality cuts

v pre-selection:
2 at least one good reconstructed track
> only select fitted tracks with negative charge

= 2 fiducial volume cuts on vertex:

* ND: Im <z <5m; r < 1m w.r.t. beam center
x FD: z > 50cm from edge, z>2m from end; r < 3.7m

Near detector Far detector

A%
-

calorimeter spectrometer

@
fiducial volume
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Selecting v, CC Events w

A

Input variables for PDF-based event selection

= Related to 2 Related to event 2 Related to dE/dx
Jop Muonmomentum | .. inelastiity
----- True NC
o 08500 Bl S S i 45 o R A I 0 e
. : 42 T ]
v Event classification S 250¢ E
parameter defined as: u’j 200¢ -
S 150} -
PID=— \/ log P+ \/ log P, @ - :
'E 100} :
. = - W 1
v Select CC-like events: z S0 ;F:: 1T
X >- . I (R P P e e SV B B, . B
PID>-0.2In FD 105 0 05 1 15
X P|D>'01 In ND Event Classification Parameter
BROOKHIAVEN
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Near Detector Distributions w

_ £ 2000 TIE BEAMNEAR ||| Mean 2876
v event rate flat over time ! - o
x deviations due to different g 1500] s
running conditions T
1000— —
v distributions well reproduced :
by Monte Carlo s .
>see D. Naples talk on ND physics 00:----4-.-5..-3“--;1----5”-;6
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Near Detector Energy Spectra w

\\\\\\\\\\\\\\\\ Mean e T—TTT e —TTT
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: : ik ; y
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- »
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| ] ™
| i 1000~ & » -] - B 8
2000{—* k - . - : B P HE |
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.'.". .
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| it B i I S PHE

Error envelopes shown reflect uncertainties due to cross-section

modelling, beam modelling and calibration uncertainties
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Hadron Production Tuning

b =

v Parametrize
v Perform fit w

parent X anc

nich reweights

P, to improve

data/MC agreement

v Horn focusing, beam
misalignments included as
nuisance parameters in fits

v Small changes in x-section,
neutrino energy scale, NC
background also allowed

(A

~luka2005 as a function of v parent x. and p-

. . . 40 ; : —
| LE-10/170kA 305 | LE-10/185kA|
= Elitl?aﬂs MC _ 205 _

—— Full MC Tuning = 10:

S ——— S T -
l_-QE I:_I—-———I_I—I_I_E_g; _E_'_._'_,_.—l—l_l_E
= - 1 B e 7
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E 402—
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09f

Ej C ~14] o7 Distribution oflils
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EU.S% [=10| % o5 MINOS &
coaf fos| <o neutrinos
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Selecting Far Detector Beam Events &%

v LE-10 data sample
2>Total POT: 1.27x10%°
2>FD live time: 98.9%

v Beam spill trigger reads out
all activity in 100us around
> spill signal (10us)

v event rate constant over time

axis to reject cosmics
v cosmic background estimated

cut and fake spills in anti-
coincidence with beam spills:
upper limit < 0.5 events

Mark Dierckxsens

| v event time consistent with spill
v additional 53° cut around beam

using sidebands outside timing

MINOS FD Events/108 POT vs Time
-7 .
'5 u ]
Q 8[505 605 7/05 805 905 1005 1105 12005 1/06  2/06]
o 6 ] Mean = 3.47 4 0.18 =
=
% E ]
g0 T O
S0 % : ! =
Ll 2: 2
i 100 200 300
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Q 20
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Far Detector
Oscillation Analysis

BROOKHIAEN
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Predicting unoscillated FD Spectrum &¥

v Near and far detector see different decay angles of the
neutrinos = different energy spectra

T[+

Decay Pipe

v Several methods developed for extrapolation
v Primary method is ‘matrix method’:

2contains info of pion 2-body decay kinematics and
beamline geometry

2>MC used to correct energy resolution and acceptance
>See talk N. Saoulidou
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§ Observed vs. Expected Event Rate ~ “&¥

Data sample (v only) | observed | expected

% E <30 GeV 336.0+14.4 | 0.64+0.05

E <10 GeV 122 | 238.7410.7 | 0.510.05
E < 5GeV 76 16848.8 | 0.45%0.06

v A large energy dependent deficit
v Below 10 GeV a 49% deficit is observed
v Significance is 6.2 (stat+syst)

BROOKHIAVEN
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FD Spectrum / Oscillations Fit w

5

v Best-fit spectrum for 1.27x102° POT

60— T T ] 2_"" AL
_ MINOS . L MINOS NC Subtracted -

Beam Matrix Unoscillated T - ]
NDFit Unoscillated ] e -
Beam Matrix Best Fit ] E B i I I —— -

- . 'I' -

92,
o)
IIII
—
$)]
I

N
o
T I LI

Q

> T
Q_, C NC Background . o 1_ : —r -
2 30} —$— MINOS Data = g : —.-‘l' —+—E
e 1| Sos ‘ 3
W 20 +jé —] 8 - Beam Matrix Best Fit .
- . 0 i NDFit Best Fit 7]

1{):—={= + W l. —4— MINOS Data
e T T - 1] | B ey B T
Reconstructed E (GeV) Reconstructed E (GeV)

Amy| = 2,741 x107eV?

9 | Errors are at 68% C.L.
sin“26,,=1.00,,5 statistical + systematic
Normalization = 0.98

. BROOKHIVEN
Mark Dierckxsens Status of the MINOS Experiment, dpf2006 23  NATIONAL LABORATORY




Allowed Region

o

Xf|0|'3...|..-
o |« MINOS Best Fit
v Fit includes penalty 4.0: — MINOS 9:; CI.L.
terms for three o MINOS 68% C.L.

main systematic 3.5¢

SLS N
uncertainties RS -
v Fit is constrained E_ 3-0F
to physical region: — ¢
sin2(2623)51 NE"" 2.5 —— K2K90% C.L.
< - —— SK90% C.L.
2 0 I — SK (L/E) 90% C.L.
2 +0.44 -3 2 : :
Amy =274 x10%V b\
sin22923:1.00_0_13 02 04 06 08 1.0

sin’(26,,)
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Systematic Uncertainties A

uncertainty Am,,> (10~ eV?) sin“20,.,

L

near/far normalization £4% 0.050 0.005
m.' abs. hadr. shower energy scale £5% 0.060 0.048
|
| "5;. NC contamination £50% 0.090 0.050

all other uncertainties 0.040 0.011

total systematic uncertainty 0.13 0.07

statistical uncertainty 0.36 0.12

v Systematic shifts computed using MC “fake data”
samples for Am?2=2.7x10-3 eV2 and sin226=1.0

,&
% v Am? systematic is ~40% of statistical uncertainty

v Several systematic uncertainties are data driven
— Improve with more data and study
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Far Detector Distributions w

5

Track Vertex r2 (m2)

v Predicted no oscillations (solid) 3 —
v Best fit (dashed) sof-
Event Classification Parameter -
£ [
MINOS
& %0 1.27x10% poT
; L L. -
40
B y = Eshw/(Eshw+Pp.)
30— E oF MINOS
B mf_ 1.27x102° POT
20, i
+ g T
-‘I.__r.' s s s _
PDF PID parametar % 0.4 0.2 03 0.4 0.5 0.6 Iggcu:ftruuc'tgad;
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Future Prospects
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2" year of NuMI Running

5

NuMI Beam Performance, January 2005 - Oct 23 2006
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wn

Integrated POT (E19}
=

Average Spill Intensitydinute (E12)
o
= h:'" H
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=
¥ h:;-'.'-=:.
=
4
Beam Power kW (averaged over 1 minute)

Oct,06
Date

a s
e W
| k.

Jul,06

Dec,05 Apr,06

2006110725

scheduled target
shutdown problems
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Projected Sensitivities w

5

v MINQOS v, disappearance sensitivities for different POT
v Best fit values used as input

2 VO
"£0.0035F -
< ' :
0.003} AM?,, = 2.74x1073 eV?
- sin?20,, = 1.00
0.0025F - 2
E 1.27x10”° POT E
0.002 — 2.5x10* POT —
- — 7.4x10;° POT 1 v Contours are 90%
0.0015F O “-2  C.L. statistical
H— Super-K (zenith angle) 1 errors only

0.001" 56557075 0.6 065 0:9"0.65 1

sin?20
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Conclusions w

v MINOS has completed a v disappearance analysis of
the first year of NuMIl beam data
2>Exposure used in analysis: 1.27x10%° POT

2>No disappearance excluded at 6.2c from event rates only

2| _ 1044, 1 3 4172
2 Results consistent with ‘A m32‘ - 2'74-0.26>< 107eV
oscillation hypothesis: sin22023 =1.00,,

>Constraining sin?26,, = 1 yields: ‘A mﬁz\ =2.74+0.28x10 eV’
v Systematic uncertainties under control

2>significant improvements expected with data driven
studies & more statistics

v Accepted for publication in PRL (hep-ex 0607088)

v Second year of running underway. Stay tuned for
new results
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Extras
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NuMI Facility

NuMI Design Parameters:
120 GeV protons from the Main s\ == NuMI Beamline |
Injector (MI) & o t F rm | b |

* Single turn extraction ~10 us spill & a e _ ' a

« Ml accepts up to 6 batches from k :
Booster g4 : l 919,93

- Either 5 or 6 for NuM| et I o Dy

« 1.9 second cycle time | ge o

« 4x1013 protons/spill

« 0.4MW

Performance Averages:

(for period: Oct 15 - Jan 31)
« 2.2 second cycle time
« 2.3x10%3 protons/spill
« 0.17MW

Performance Records:
« 2.0 second cycle time

« 3.0x10%3 protons/spill

« 0.29MW
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Beam Composition

#CC Events/GeV/kt/3.8x10*°pot

LE10 Near
O LB B AL
Monte Carlo —Total
—Pion —Vu
—Kaon ---V“
= Muon

Mark Dierckxsens

S) 10 15 20 25

Energy (GeV)
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Composition of
Charged-Current (CC)
Events:

x 92.9% v,

x 5.8%YV,
x 1.2% v,
x  0.1%v,
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Near Detector Spill

v Multiple events in ND per spill
x Over 1x107 fiducial events collected
'!‘ v Events separated using
.| topology and timing
- 4y x Colorin display indicates time
"y (blue: early, red: late)
4| v No rate effects observed

| x Linear increase in event rate with
beam intensity

=
D
=
=

U View

T TT——T T
| Entries 577378

a

| Mean 12.4138
| 10 | Meany 49390
| RMS 9.5892
| RMSy 4.0525
8 | x*/ndf 0.00/27 -
:1':-.] - po 0.504 0.00
0.36+ 0.00 1000

B

&,

#ﬁ

5 : 25000 S5000.0 FSO0.0
D — 5| - 1I0 = 1|5 = 2I0 = 2I5 = Earliest Time (—tﬂ) I:I"IS)
12
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v CC Event Selection w
-
5 . Near Detector

w X10 ™1 | | w ?(10 L R R B 7
& 3_—11 ] S 4 —— Data B
o = o AF —— Tuned MC .
5 : 5 — v, +v,CCMC [}
& 5 2 — NCMC

g 1 p g 1_ ]
p Z N :

%50 1.0

100 150 200 250

Event Length (planes)
m X1|05| T T T T T ]
= oF =
S 4 _;
L 4: ]
S 3 :
3 2 :
E _
=z 15_ ]

% 500
Track PH Per Plane (ADC Counts)

17000 1500 2000 2500

02 04 06 08
Fraction of Event PH in Track

8.:0 |

Final selection employs a
likelihood based procedure
with probability density
functions for three low level
variables:
Event length

- Related to p,

Fraction of event PH in track

- Related to inelasticity of CC
events

Track pulse height per plane
- Related to track dE/dx

Mark Dierckxsens
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ND v, CC Efficiencies/Purities w

><103 1.20
§2 M B N BN BT [ Monte Carlo
S 250F E § B I —
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