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MINOS
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MINOS Physics Goals

* Precise measurement of muon neutrino
disappearance

* Direct measurement of muon antineutrino
disappearance

* Far detector prediction from near detector
IS compared to far detector measurement

* Neutrino oscillations deplete rate and
distort the energy spectrum
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MINOS Physics Goals

* Precise measurement of muon neutrino disappearance
* Direct measurement of muon antineutrino disappearance
* Muons can also oscillate into electron neutrinos
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NuMI Neutrino Beam
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MINOS Detector

* Steel/Scintillator Tracking Calorimeter
— 2.54 cm-thick steel plates
— 1 cm-thick, 4.1 cm-wide extruded
polystyrene scintillator strips
* Magnetized at <B> ~1.3T :;T:::s
— Able to distinguish between p~and p* =

UV planes
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MC Event Topologies
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Muon Neutrino Disappearance
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Neutrino Disappearance

* Five distinct data sets are used to study muon neutrino
disappearance:

— 15.6x10%° POT from NuMI over seven years
* 10.7x10% POT in “neutrino-enhanced” NuMI beam
— Muon neutrino charge current interactions
— Anti muon neutrino charge current interactions
* 3.4x10%° POT in “antineutrino-enhanced” NuMI beam
— Anti-muon neutrino charge current interactions
— 37.9 kton-years of atmospheric neutrinos
* Muon neutrino charge current interactions
* Anti muon neutrino charge current interactions
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Neutrino Disappearance
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Combined Beam and Atmospheric
Neutrino Disappearance Best Fit

* 2 parameter fit assumes identical neutrino and antineutrino oscillations
* 15 systematics included as nuisance parameters

* Monte Carlo studies showed a well behave fit and significant increase
In sensitivity:

LI N B BN S UL T
F— Best fit pulls | r
3_0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 42 30— M‘NL?S estfit pulls , g 30_’ .
[ MINOS Monte Carlo Simulation ~ 90% C.L. ] E  [— Gaussant E
7] - - 7] B
- — ()H2)HE) (v, + V) - g & 20r ]
F2'8 __ - (3) (v].L) __ § I ? i
3 10 - 2 10k _
> - % Input parameters £ T £ 190
()] ER = 0.8985 + 0.0242 R = 09783 + 0.0296
0 2 6 | [ Ju = -0.03200 + 0.03159 1 [ | = -0.04703 + 0.03544 1
o R B T 2 3 05210 T 2 3
- Atmospheric v Normalization (CV) Atmospheric v Normalization (Rock-p)
e
—
=24 i i
5_ % 30} ] % 30:_ ]
I . E L = I 1
2.2 - (1)37.88 kt-y Atmospheric B | 5
[ (2) 3.36 x 10 POT v, Mode d 200 ] G 20F ]
[ (3)10.71 x 10 POT v, Mode ] = f : |
20— L N R R 2 10 . £ 10f .
‘ 3 [ o =089£002 E r ‘5= 0.8216 + 0.0234
080 085 090 095 1 00 [ n=-0.1148 + 003129 [ 1 =-0.02284 £ 0.0278
0 . . ‘ : 0
. D =3 -2 -1 0 1 2 3 =3 -2 -1 0 1 2 3
Sin (29) Beam Shower Energy Beam Track Energy

?},Radovic (UCL) Fermilab User's Meeting 11/06/13 11/22



Combined Beam and Atmospheric
Neutrino Disappearance Best Fit

* 2 parameter fit assumes identical neutrino and antineutrino oscillations

* 15 systematics included as nuisance parameters
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Neutrino and Antineutrino
Disappearance Best Fits

* 4 parameter fit allows different neutrino and antineutrino oscillations
* Historically some tension with our neutrino best fit
Difference has decreased dramatically with more data
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Neutrino and Antineutrino
Disappearance Best Fits

4 parameter fit allows different neutrino and antineutrino oscillations
* Historically some tension with our neutrino best fit
Difference has decreased dramatically with more data
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Neutrino and Antineutrino
Dlsappearance Best Fits
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Electron Neutrino Appearance
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Electron Neutrino Appearance

« MINOS detector granularity makes v_CC identification challenging

* Compare candidate events to a library of MC using “Library Event

Matching” (LEM)
* Compute discriminating variables based on truth information from library
events that best match the candidate
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Electron Neutrino Appearance
With the neutrino-enhanced

beam in Signal Enhanced Region:
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Combined Electron 201
Neutrino Appearance :

15[
Cannot distinguish between v_and anti-v_ i

events, so we perform a combined analysis:

At (SC}D — (0 and 63 < ’71'/4,
* Assuming normal hierarchy:
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Combined Electron 20
Neutrino Appearance

Cannot distinguish between v and anti-ve

Normal hierarchy
90% C.L.

B MINOS 2012 Allowed ]
— MINOS 2012 Best Fit
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— T2K 2012 Best Fit _

events, so we perform a combined analysis: 5 1-f
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MINOS+

* Next generation using the MINOS

detectors

* Employs on-axis NuMI beam
* 3 years of running in 4-10 GeV region
* Significant reduction in statistical

uncertainty

v, CC Events / GeV

* Collect ~3000 ¥ CC events/year

* Physics goals:
— Precision measurements of
atmospheric oscillations
— Probes higher energy region

v, Survival Probability

— Search for sterile neutrinos

— Search for NSI
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Sterile Neutrino Search

* Use both neutral-current (NC) and
charged-current (CC) neutrino
interactions.

* NC cross-sections are insensitive to
standard neutrino mixing

102

10

* Energy dependant deficit would point _

to a sterile neutrino

* CC disappearance can also be used
to probe sterile neutrino mixing.

* Sensitive if oscillations into sterile
neutrinos are driven by a large mass-
square difference Am?, ~10*-10 eV*
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Sterile Neutrino Search

2
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Summary

MINOS has completed a combined analysis of:

* 10.7x10%° POT to measure muon neutrino disappearance

« 3.4x10%° POT to measure muon antineutrino disappearance
* 37.9 kton-years of atmospheric data

MINOS has completed a combined analysis of:
* 10.6x10% POT to measure electron neutrino appearance
« 3.3x10% POT to measure electron antineutrino appearance

With many exciting new results on the horizon, including:
* Muon disappearance results in a three-flavor scenario
* Results of combined muon/electron neutrino fits
* MINOS and MINOS+ work to verify 3-(only) flavour scenario
'(:!,Radovic (UCL) Fermilab User's Meeting 11/06/13 22/22
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Combined Beam and Atmospheric
Neutrino Disappearance Best Fit

* 2 parameter fit assumes identical neutrino and antineutrino oscillations
* 15 systematics included as nuisance parameters
* Oescillations fit the data well: 19% of pseudo experiments have worse

3_0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I I I | 1 T T T T T T T | T T T T
[ MINOS Monte Carlo Simulation 90% C.L. ] : — Simulated 37.88 kt-y Atmospheric :
L — (1)H(2)+(3) (v, +V,) ] "2 experiments 3.36 ><1022P0T(v_u) ]
28— (v,) - & 6ol 10.71 x 10%° POT (v,) N
N i 1 = —MINOS data
> - ¥ Input parameters £ = 4
o ©
2% 26| o
Z o 40 |
— S -
<t € 20 _
2.2 (1) 37.88 ki-y Atmospheric 5 i
[ (2) 3.36 x 10 POT v, Mode =
[ (3)10.71 x 10 POT v, Mode ] B i
20 R T N TR R S TR S E R TR 0 | | ! ! | L L L L | ! L
080 085 090 095 1.00 2400 2500 2600 2700
sin%(26) - Log-likelihood
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Time of Flight

* The time of the neutrino , ]
interaction in the ND (FD) tND k356 _,l
(tFD). is recorded on a Iocql Kicker fre Neutrinos Neutrinos
atomic clock, corrected using Measure time of flight as t -

gps measurements

* We compare these times to the
time of the resistive current wall Neutrino arrival time fitted to proton
monitor t0 and correct for known bunch structure as measured by
timing delays

e Time from monitor to ND and monitor

Correct for known delays

Inertial survey at FD 2.3 ns
= I_ LII\I\[/) zD I 10 to FD subtracted to form ND-FD TOF
clative b' ate”qf' e "S . Baseline ND—FD =2,449,316.3 ns
FD TWTT between surface an .6 ns : :
underground * Time of flight ND — FD
=2,453,935.0 £ 0.1 - 4621.1
GPS time transfer accuracy 0.5ns =2.449313.9+0.1 ns
TOTAL 26Nns . (v/c-1)=(1.0+1.1)x10°
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MINOS: Selection |

The actual analysis selection can be broken down into two
main parts.

* The first is the selection of muon like events by using

a KNN (k nearest neighbour) algorithm. This takes advantage of
the way muon tracks deposit energy, specifically:

— Track Length.
10 : 1MUI§(§<)jSMN(‘?ar Detector Data
— Mean signal in track == Total Background
planes_ MINOS Preliminary

Low Energy Beam, v -mode

— Transverse track profile. 10.70 x 162 PoT

— Signal fluctuation in the
track.

v, Events / 10" pOT
)

L | L L L L L L -
0.6 0.8 1
CC/NC Separation Variable
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MINOS: Selection |l

* The next is charge sign selection, judged by looking
at the g/p of the track.

* Particularly important in the anti-neutrino analysis which
aims to perform its fit with only anti-neutrinos.

* Less important for the 2 R SRR

—— MINOS Near Detector Data
L I Tuned MC MINOS Preliminary
[ Low Energy Beam, v, -mode Area Normalized

. . 80
parameter analysis which

includes positive sign CC £ o .
. . = [ |
events in its sample. e :
Y )
20_— || o
0-2 | -1 - (l) — 1 | é

a/p
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Near to Far Extrapolation

Purity fiewo & Efficiency C.mss SeC
; true energy : —>|  tions and
correction ) correction )
conversion fiducial mass
A
Y
Near Detector
ND recon-
flux (true
structed data
energy)
Y
FD predlctlonJ Oscillate ~— (:1er}cy { Beam Matrix J
correction
A A
Y Y
: True to Cross sec- Far Detector
Purity :
: reco energy tions and flux (true
correction ) .
conversion fiducial mass energy)
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Beam Matrix

74 Radovic (UCL)

To achieve this we use the

a beam matrix

This matrix

describes the energy
dependant differences in

the neutrino flux seen at the

near and far detector.

T1/K/u producing events of a

given energy in the near

detector produce a range of

— —
|D|||||c|rl|||

9]
T T | T T T

Far Detector v, Energy (GeV)

N
o

| _l10'6
1 =10°
.lll _jl _510'9
3 fm i ]
:I?_:'- L =100
-.-F..._-- -—_
_ : Mohte Carlo | 10™
" MINOS Preliminary |
RSN NS S ST NS A SRR NS S N 10-12
35 10 15 20

Near Detector v, Energy (GeV)

energies in the far detector, yielding the energy smearing seen.
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Selected Disappearance Events

Simulation Events
Data Set No osc. With osc. Observed
v, from v, beam 3201 2579
v, from v, beam 363 312
Non-fiducial u from v, beam 3197 2911
v, from v, beam 313 226
Atm. contained-vertex v, + v, 1100 905
Atm. non-fiducial u= + p* 570 466
Atm. showers 727 701
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Systematics & Statistics

* Clearly we are still very much a statistically limited analysis:

e 3 v, Statistical Sensitivity 68% C.L.
27 v, Statistical Sensitivity 90% C.L.
o6l
S 2.6 B
© -
m'CJ 2.5 Systematic
— - Uncertainties: l'
— 24 T
™~ B
£ i
<23
2.2 - MINOS Preliminary
C 10.71x 10° POT, v,-mode  Monte Carlo Simulation
21 = L | L I | L I | !
0.85 0.9 0.95
sin“(26)
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Neutrino FHC Beam Data Spectrum and Fit

* Expected Events: 3564 (Null Oscillations)
* Observed: 2895
* Best Fit:

2 +0.11 —3 2+ 2 +0.04
Am*| =2.417 575 x 107°eV* sin” (20) = 0.947 -
: —0.05
500~ —4— MINOS Far Detector Data | 25 B ]
B Prediction, No Oscillations ] - Low Energy Beam, v,-mode |
- Prediction, Am?=2.41x10° eV? 1 v ol » -
400 Uncertainty (oscillated) ] 5 B LA SOOI T ]
> B [ Backgrounds (oscillated) ] t=*?§ B MINOS PRELIMINARY ]
3 300 N 315 j
-~ i Low Energy Beam, vu-mode 7 % i + + i
2 - 10.71x10% POT ] Z 4 lr+ 5|
Q@ L MINOS PRELIMINARY _ o - + ' T
= 200 B ]
L - i _.g + i
i ] > 0.5 -
100 — - )3 —+— MINOS Far Detector Data i
i ] : Prediction, Am?=2.41x107° evV? ]

s - 0 5 10 15 20 30 50

0 5 10 15 20 30 50 Reconstructed v, Energy (GeV)

Reconstructed v, Energy (GeV)
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Library Event Matching (LEM)

Find best matches
from a library of MC
Events

Matching is done

using only strip info

(location and charge)
best

Judge how signal-like | ______ QESESY No dependence on

an event is based on high level reconstructed
those best matches. quantities

Input event Compare

Compute value
(data or MC) ath

of discriminant

from
information of N
best matches

Best match #N
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