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Introduction

Why study neutrinos and
antineutrinos?

Antineutrinos in the NuMI

neutrino beam (3x102° POT)
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Why study v, and v,?

P(vu — vu) éP(\_/M — Vv )

e Antineutrino parameters
are less precisely known.

— No direct precision
measurements

— MINOS 1s the only oscillation
experiment that can do event- o
by-event separation 0.7 0.8 0.9

 Differences may imply new physics in the neutrino sector
manifested as a difference in the effective mass-splitting.
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) Why study v, and v,? pA

P(vu — vu) ZP(VM — Vv ) _

u

e Antineutrino parameters
are less precisely known. — v: T,

— No direct precision ? A’
measurements Am?

— MINOS 1s the only oscillation

experiment that can do event- v, Tl ﬁ v, 1] j
| |

. 2
by-event separation v ] Am, v

 Differences may imply new physics in the neutrino sector
manifested as a difference in the effective mass-splitting.
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1| Why study v, and v,? 73

Neutrino-to-antineutrino Transitions

MINOS i1s sensitive to helicity-flipping transitions

v, = (v,) =v,

due to Majoranna mass terms

1
,CM = —§ﬂLMM(VL>C—|—h.C.

mass

Predicted at the level of 10-7 due to (m /E,) suppression
* Only experimentally tested with v, in the 1980’s
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Neutrino Mode A
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Peak vs. Talil
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Selection

* Antineutrino signature: u"

-Extv, +p—=n+u

— Long tracks, curving outwards

in the detector

 Just selecting positive events

1s 1nsufficient
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&) Selection: Charge Sign rA

Arbitrary Units

g
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l] g
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alp /oy, |Relative Angle - 7|
(@/P) / 0y IRelative angle - m|

* Change 1n angle between
the beginning and end of
the track.

 Significance of the
measured curvature

Alex Himmel 37



Selection: CC-NC A

Arbitrary Units
Arbitrary Units

Arbitrary Units

0 50 100150200250300350400450500 0
k Length (planes)

Discriminates on:

* Event length
~ dE/dx

I 4
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73
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Near Detector Spectrum | 7¢
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Near-to-Far Extrapolation | 7¥

 The Near Detector and Far Detector
spectra are not 1dentical.
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“+ | Beam Matrix Extrapolation

x10°
0.3

e
N

L

Far detectorv, energy / GeV

e
-

Events/Kton/1x10'® POT

4 :
True E_(GeV)

e A beam matrix transports measured
Near Det. spectrum to the Far Det.

» Matrix encapsulates knowledge of
meson decay kinematics and beamline

geometry

* MC used to correct for energy smearing
and acceptance

Alex Himmel

w
<[

L1

l1 0®

107

108

0»9

—_

II| 1 IIIIIII| 1 IIIIIII| L \IIHIIl L

10710

10»11

 Fi =L oW engrgy beanr
MINPS preliminary

Events/Kton/1x10"® POT

N
[~
o

100

% 1 LK 1 5 1 i 10 1

1 | 1 I 10—12
10 20 30
Near detectorv, energy / GeV

1

True E_ (GeV)

2

ojd4e ajuo

14



AVUTEG

57, Systematics pA
18 . 0.95"|'"'|""|""|""|""|"E
16 !‘:‘;;:tf . OBE NuMuBar xsec 3
14— g 0.7 E_SKZP Flux — _é
- c 0.6 E ETrk Curv. (Far) =
12— Q0 = Decay Pipe e =
10F S 05 — n E
[ ~_EShower Far -
= % 0.4 E_ETrk Range “ _E
8 © (.3F All Backgrounds == -
6F- ® 02F — “ =
- © = _— 3
4+ é’ 0.1 g— o “ — _g
2 0 ;_“ .......... B _;
g — 1 _01=.T...|....|....|....|....|..=

% 5 10 15 20 25 30 35 40 45 50 0 0.1 0.2 0.3 0.4 0.5

Reco Energy (GeV) True Transition Probability
e Systematic errors are much « Systematics are small at low
smaller than the statistical transition probability,
uncertainty. comparable to statistics at high.

* The white bars show all errors
summed in quadrature.

Alex Himmel 48



ORORNS,
A :
— AN

\ ’E |
=£u4\%_ |
o~ L
o N

070N ‘53}‘ ’

Neutrino-mode Signals
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\f%m Far Detector Spectrum rA
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w5000 | ¢
P(N=42) = 2.4%

II|IIII|

QD . Low Energy Beam
§<>_3000 —3.2x10%° POT

1] [ Far Detector

o 2000 :_Simulated
© B

D) |
% 1000 MINOS Preliminary

|

1

al i A :
| | | | | L I 1 1 1 1 I

P(N=75)
=2.7%

llll|llll|llll|llll|llll|

O ""20 40 60

Number of Events

Alex Himmel

18



‘,_‘-;‘\Y Uze O,
[ \ /'.‘;,
(= A
& g :gl
\2 = | O

¥

Fitting for Oscillations

* Fit performed by minimizing a binned -log likelihood

—2In L(&

= [Am:

_QZ

atm?

pi(&)

Sil’l (2523)]

—dz—l—dzln

e A Feldman-Cousins approach 1s used

d;

pi(&) _

— Many fake experiments used create empirical y? distributions
as a function of the parameters

— Systematics included in the fake experiments
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Feldman-Cousins pA

« Each point is the Ay?
that encompasses 90%
of fake experiments

— A perfectly Gaussian
surface would be 4.7
everywhere.

— Ay? from Fake Experiments (4.30)
— y2with 2 d.o.f. (4.61)

90% Coverage

Area Normalized
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Worse than Gaussian
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Oscillations Result rA
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Appearance Result rA

/_'\" OR ':I/,g

= %

(S AN

A A\
\ ’_‘,:‘ |

AN 5

o 57

Orone>

_ : : 1.27Am*L
P(v,—=v )=«a sin”(26)sin”
E
« MINOS observes :l\l/lll\llolslPrleIilmilnalrylz 3|.2l><|10|20 lPOITl - [_
. - Low Energy Beam
no appearance ot v, 3| 9y —

in the NuMI beam

 We limit the fraction, a, of
events transitioning from
v, tov,:

a < 0.026 (90% C.L.)

Exclusion (o)
| NI I
\18
:o\°

% 274 6 8 10
Transition Probability (107)



Neutrino Mode A
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Peak vs. Tail A
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7| Antineutrino Cross-section | 7¥
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| Selecting Charged Currents 74
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Selecting CC Antineutrinos

e Use the CC/NC Selector

— Removes NC and high-y CC interactions

* Accept only events with positive reconstructed charge
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f%% Efficiency & Purity 7y
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Near Detector Spectrum
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“+ | Beam Matrix Extrapolation
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e
-
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4 :
True E_(GeV)

e A beam matrix transports measured
Near Det. spectrum to the Far Det.

» Matrix encapsulates knowledge of
meson decay kinematics and beamline

geometry

* MC used to correct for energy smearing
and acceptance
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Far Detector Data
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=» 156 expected without oscillations
=» 97 observed events

Alex Himmel 38



FD Events/GeV

Far Detector Data rA

1. 71 x 1020 POT MINOS ¥, running, Far Detector

30—

10~

I I I I I I |||||||||||||IIII||||||||||||||||||||||L

By

-+ MINOS data 7
— No oscillations i

— Best oscillation fit
[]Background

MINQOS Preliminary

5 10 20 30 40 50

Reco. Energy (GeV)

1.71x 10* POT MINOS ¥, running, Far Detector

N 1 1 1 1 1 1 1 L LA L A A e |IIII|IIII
- MINOS Pr(IaIiminary T IBallcklground

o 1.5 Subtracted

c B ——

g L4

St ==

o [ —-e—

O N

O — ®

20.5}

e :

9 O_— _

® | 4+ MINOS data ——

OC [ —Best oscillation fit

-0.5_I 1 1 1 I 1 1 1 IIIII IIIIIIIIIIII IIIIIIIIIIIIIIIIIIT

0 5 10 20 30 40 50

Reco. Energy (GeV)

=» 156 expected without oscillations
=>» 97 observed events
No-oscillations hypothesis 1s disfavored at 6.3c
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Antineutrino Contour
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sin®(28)

Dot-dash line 1s a fit to
all non-MINOS data

M.C. Gonzalez-Garcia and M.
Maltoni Phys. Rept. 460, 2008
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« Dashed line shows the antineutrino prediction at the
neutrino best fit point.
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't Combined Significance ~ 7#

* Probability of having the same underlying Z(V
parameters for neutrinos and antineutrinos: 0

(o, B) = (0, 0)

I | I I I | I I I | I I I | I I I
—— 1.99% (2.330) Ax® with v, Systematics

+0.03% (+0.010) Uncertainty

—— 2.92% (2.180) %2 with 2 d.o.f.
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With More Antineutrinos...

IAMA and AT (10° eV?)

crossed) of antineutrino running.
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sin°(20) and sin“(20)
 NuMI has begun accumulating another ~2x10?° POT (fingers

— More than double the dataset
— Can reduce Am? error by more than 30%
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) Conclusion 74

MINOS made the first observation T/; 1n a neutrino beam
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« MINOS has the first direct, precision measurement |A7°,_|

Am, | =3.36%% x107 eV’

atm

sin?(26,,) =0.86 +0.11

e Measured with a dedicated antineutrino run

« There 1s a 2% probability that the antineutrinos and neutrinos have
the same underlying oscillation parameters

* With more antineutrino beam we can rapidly improve the
precision on the antineutrino oscillation parameters
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