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Neutrino Oscillations

Solar, Reactor Mixed Sector Atmospheric, Accelerator
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» With three flavors there are two

independent mass splittings Vi ® A
» MINOS is sensitive to the larger of Am’
these
V. I
AmZ, ~ Ams, ~ 8.0 x 10 °eV? : i Am

Am2, ~ Am3, ~ 2.3 x 1073eV?
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Neutrino and Antineutrino Disappearance

» Do neutrinos and antineutrinos oscillate in the same way?

v, [
V: I 4
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Amim ? AI/natm

" v, Y

v, o | " v, e |

» Magnetized MINOS detectors can distiguish charge of muon:
unigue among oscillation experiments.

» A significant difference between effective mass splittings implies
physics beyond the Standard Model, e.g. non-standard
interactions.

» NuMI can be configured to generate a neutrino or an antineutrino

beam.
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Measuring Oscillations
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Measuring Oscillations
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Measuring Oscillations
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Neutrino Oscillation Results
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Antineutrino Oscillation Results

MINOS v,, running
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Neutrinos and Antineutrinos

— MINOS v, 90% —— MINOS v, 90%
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» Two measurements are consistent at 2% assuming identical underlying
oscillation parameters.
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» Updated results with more data in two weeks!

» Motivates the search for non-standard interactions.
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Flavor changing non-standard interactions

Neutrinos propogate z’%?(t) = H7(t)

in vacuum, two flavors

2 2
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sin? 0 sin @o4 cos @
Hy = < 23 2E 23 23 9F >

2 2
Sin fog COS Pyg 2 570 cos? @93 A;g

through matter, analogous to MSW

0 €V
Hatter = ( EZTV ,uO ) ; H = Ho+ Hmatter
Real valued epsilon changes sign between neutrinos and

antineutrinos

- sin® fg3 B2 @ sin 623 cos 923 i €urV
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Survival Probability

Flavor changing non-standard interactions
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Non-standard interaction analysis

» Select (anti)neutrino events. Same event selection as above
oscillation results with one exception: positive muons
removed from neutrino sample.

» Measure Near and Far detector energy spectra.

» Extrapolate Near Detector data to obtain Far Detector
prediction.

» Perform combined fit to neutrino and antineutrino data to
measure non-standard interactions with common standard
oscillation parameters.
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» CC event (u+, p-): Signal

» Long track with hadronic activity at

vertex.

» Total energy = Track + Shower

o
I
T T

|

| Ll |

*
.
*
*
*
*
.
-
'0
*

.

|

» NC event: Background
» No track.

Main contamination at low energy.
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Neutrino Selection
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Antineutrino Selection

CC/NC separation using a track o

~

recognition algorithm: Gives an integrated efficiency of 93%
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Near to Far Extrapolation
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Systematic Uncertainties
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FD Events/GeV
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Results
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Summary

» MINOS performs the first direct measurement of
antineutrino and the most precise measuerment of neutrino
vacuum osclllation parameters.

» A fit to the non-standard interaction model to neutrino and
antineutrino data gives

Am? =257 4+0.15 x 10" 3eV?
sin®(20) = 0.98 + 0.08
€4r = —0.163 £ 0.16

» We have an additional 1.24 x 10%° POT of data, non-
standard and standard oscillations results very soon!
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Systematic Uncertainties

» Bands show the effect of four most significant systematics: Muon energy
scale, hadronic energy scale, normalization, neutral current background.

(O o e S L T L 04— T
> Far Detector Prediction MINOS Preliminary | > Far Detector Prediction MINOS Preliminary i
c 7.1x 10*° POT v,-mode Low Energy Beam c 1.7 x 10°° POT v,-mode Low Energy Beam
s 0.2 - -1 ‘8 0.2 —
T g .
[} [}

O O

c c

) -2 0

© ©

c c

.0 .9 -

E -0.2 B Run I+1+11l Systematic Uncertainty =~ — g -0.2 B Run IV Systematic Uncertainty -

T R 1.6% Normalization Uncertainty 1 & F - 1.6% Normalization Uncertainty 7
_04....I....l....l....l...._ _04....1....1....|....|....-

"0 10 20 30 40 5C "0 10 20 30 40 50
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)

» Systematics <10% across all energies; preliminary conservative inclusion
in the fit as a flat 10% normalization.
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Feldman Cousins

@

Gaussian contours may overestimate sensitivity in the case
of low statistics and near physical boundaries.

Felman Cousins prescription: Frequentist approach.

Generate a large number of pseudo experiments on a
(sin“28, Am?) grid.

At each point find the likelihood for an X% confidence level
such that X% of the experiments are below this likelihood.
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CC/NC Separation Algorithm

k-Nearest Neighbors

‘(kNN”

» CC/NC separation using a

KNN algorithm 0O\ O

* Compare to monte carlo events O O O
» 4-parameter comparison *

« Track length O O O O

* Mean energy of track hits

* Energy fluctuations along the ‘ . .

track .

* [ransverse track profile

» Cartoon in 2D with k=6 the k=6 nearest neighbors contain

one red and five blue
The point has a kNN of 5/6
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Neutrino-Antineutrino Comparison
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With Super-K Antineutrino
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Antineutrino Contour
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A combined analysis using
all antineutrino data is
planned.




Non-standard Interactions
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Making an antineutrino beam

Ratio n*/

» Hadron production and cross sections conspire to change

the shape and normalization of energy spectrum
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Peak vs. Tall

: MINOS Preliminary raliminarv

» v,'sfrom high-p; s
e [ocused by horns

Monte Carlo : Monte Carlo
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» v, 'sfrom low-p, r1*’s

e Pass through horn
center
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Peak vs. Tall

» v,'sfrom high-p,

e [ocused by horns

» vy 'sfrom low-p, 1*'s o

e Pass through horn
center
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