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MINOS Physics Goals

@

Measure v, and v, disappearance as a function of energy
® \/acuum oscillations: siN22023, Am?23». sin22823, Am?23o

Are neutrino and antineutrino oscillations the same?

® Search for non-standard neutrino-matter interactions as neutrinos
propagate: sin°2023, Am?s2, € (NSI parameter)

Other physics goals: Mixing to sterile neutrinos, vu— Ve mixing (measure
013), atmospheric neutrinos, cross section measurements, Lorentz
violation, cosmic rays
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Neutrino Oscillations

Solar, Reactor Mixed Sector Atmospheric, Accelerator
Ve C12 s12 O C13 0 8138_25 1 0 0 121
m = —S12 C12 0 0 1 0 0 C23 S23 V9
V+ 0 0 1 —81367’5 0 C13 0 —S8923 (23 V3

» With three flavors there are two independent Vi B A
mass splittings
o A,
» MINOS is sensitive to the larger of these
v, | | )

Amgd > Am%l ~ 8.0 X 10_56\/2 v, _:Di A’/nsol

2 2 —3,\/2
Ami,, ~ Am3, = 2.3 x 10” eV
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Neutrino and Antineutrino Disappearance

» Do neutrinos and antineutrinos oscillate in the same way?

v, [
V: I 4

—2

Amim ? AI/natm

" v, Y

v, o | " v, e |

Magnetized MINOS detectors can distiguish charge of muon: unique

among oscillation experiments.

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

4
o

NuMI can be configured t
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O generate a neutrino or an antineutrino beam.



NuMI Neutrino Beam

» Bombard graphite target with 120

;‘E 455_ v, Spectrum _E .
5 oF Monte Carlo v, Spectrum 3 GeV protons from the Main
> ack :g:‘:sr";:a:‘;°dfl<+ 3 Injector: Produce pions and kaons
s °°F Za g
5 Zg: 2 » Hadrons focused by two magnetic
< 205_ 3 focusing horns
o “UE E
o 155 : » Decay: 2m diameter pipe filled with
x o 5 He
= VE E
- 5 10 15 20 25 '(;\/30 »  Wide-band beam, peak energy
Fe (GEV) adjusted by target/horn position
Tar<‘ Focusing Horns Decay Pipe
120 GeV N
protons from T
MI < > —> <

15 m 30 m 675 m
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NuMI Antineutrino

-~ F L L e L L B B = —_ = L L e T B B =
2 45F " Carl v, Spectrum 2 45F " Carl v, Spectrum 3
c F onte Carlo _ = cC - onte Carlo _ 3
= v, Spectrum 3 = v, Spectrum 3
i 405 Neutrino mode L 5P 3 :; 40; Antineutrino mode w =P 3
S 35 Horns focus #*, K* E = 35 Horns focus m, K° E
= 30F = = 30F =
S F 3 £ s _ E
< %k v, =917% 3 < °F v, =399% A
~ 20F H = ~ 20F # =
S 155 V. =70% - S 150 v,=58.1% =
o = pon = ) = H 3
X 10F o 3 x 10f 5= =
X of V,+V, =13% : X o v,+V,=2.0% E
L e ~— L = . ]
% 5 10 15 20 25 _ 30 % 5 10 15 20 25 _ 30
Eire (GEV) Eiue (GEV)
Target Focusing Horns Decay Pipe
' ' 2m
— v’u
120 GeV ?f \Nr ' V
MI < >—><
15 m 30 m 675 m
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Detector Technology

» Tracking sampling calorimeters
e steel absorber 2.54 cm thick
e scintillator strips 4.1 cm wide
e 1 GeV muons penetrate 28 layers

» Magnetized
e muon energy from range/curvature
e distinguish p* from -

e detector field adjustable to focus
dominant particle in both beam
modes

» Functionally equivalent
® same segmentation

e same materials
e same mean Bfield (1.3 T)
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Measuring Oscillations

L
P, —v,)=1- sin? (2023) sin? (1.27Am§25>

Monte Carlo
sin?20 = 1.0, Am? = 3.35x103 eV~2
2 1.4
= Vi Spectrum E - spectrum ratio
3001 . s 1.2
w Unoscillated T4
O e ——— .
. O | Characteristic H»
200 Oscillated 508 g I +H*H*
ki 0.6_-+ +++
&
v N
O 0.2 +
PATRAS Monte Carlo E A\ Monte Carlo
R B S S BT =2 2 ¢ s 10
Visible energy (GeV) Visible energy (GeV)
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Measuring Oscillations

L
P, —v,)=1- sin? (2023) sin? (1.27Am§25>

Monte Carlo
sin?20 = 1.0, Am? = 3.35x103 gV~
) 1.4
€ vy Spectrum ® F spectrum ratio
Oonnl © 1.2F
2300 . & 1.2
w Unoscillated :
2] [ 7 R '
(o} - ) +
200 Oscillated 5 0.8 Sin(20) ++++H+
ks o.s_-+ +++
s F +
= 0.4 + +
100 5 04, .
O 0.2 v
AR Monte Carlo R s Monte Carlo
o2 TTFTTETTE o =24 & & 7o
Visible energy (GeV) Visible energy (GeV)
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Measuring Oscillations

. . L
P (v, — v,) =1 —sin® (20,3) sin? (1.27Am§2§
Monte Carlo
sin?20 = 1.0, Am? = 3.35x103 gV~
) 1.4
€ vy Spectrun E . spectrum ratio
3001 . s 1.2
w Unoscillated s 4
2] 1:“' """"""""""""""""""""""""""""""""" '
=) ——p 2
200 Oscillated 5 0.8- ¢ Am ++++‘H’++
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100 §°-4; tiLt
- O 0.2- : *
_____ + Monte Carlo ' + Monte Carlo
O 2 TTETTE TR o =22 %6 & o
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Neutrino Oscillation Results

Phys.Rev.Lett.106:181801,2011
arXiv:1103.0340v1 [hep-ex]
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® MINOS best fit

| ——— MINOS 90%

2.5 7 — — vinos 68%
I MINOS 2008 90% 4
| —— MINOS 2006 90%
2_01....111|.I...111
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sin®(26)
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Phys.Rev.Lett.107:021801,2011
arXiv:1104.0344v3 [hep-ex]

First Antineutrino Oscillation Results

MINOS v,, running

1. 71 X 1020 POT M|NOSV running, Far Detector

I I"|||||||| LN S S N B S S D N B I S O B N B B N
30— _|_ +MINOS data 7 l—MlN(I)SV gol% | |
i — No oscillations i i
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%, L []Background i . Bestv Flt
O 201 - S
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_ | [ 24
i t !| I i ~—
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o | — Best oscillation fit ]
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Events / GeV

Ratio to No Oscillations
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| atest Antineutrino Oscillation Results

Fermilab W&C Seminar
A. Sousa, 08/25/11
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2.95x10%° POT .
MINOS PRELIMINARY .

toh |

| In
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Reconstructed v, Energy (GeV)

Reconstructed v, Energy (GeV)

LV, 68% :
5_ ]
[ v, 90% I
T v, 99% i
Al
% 4'_ ~ v, Best Fit ]
O = -
= i
E 3[
h

o MINOS Preliminary
- 2.95% 10%° POT,v vy mode

0.4 O 6
sin®(26)

Prediction, No Oscillations: 273 events
Observed: 193 events
Null-oscillations excluded at 7.3 0

|Am2,,, | = [2.6270:35(stat) & 0.09(syst)] x 10 %eV?
sin(203) = 0.957017 (stat) 4 0.01(syst)
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Neutrinos and Antineutrinos

I I I I | I I I I | I I I I |
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sin“(20) and sin*(20)

» TwoO measurements are consistent

at 2% assuming identical

underlying oscillation

» Motivates the search
standard interactions.

®  8/30/2011

parameters.

for non-
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Two measurements are consistent
at 42% assuming identical
underlying oscillation parameters.

Less room for large NSI but tighter
limits with more data.




Non-standard interactions

» Coherent forward scattering of neutrinos via interactions with matter as

they propogate.

L+ €ce €ep
Hmatter =V 6& S
L

V =V2GrN,

» Flavor conserving or flavor changing; only focus on flavor changing here.

» Real valued epsilon: CP violating imaginary part does not distinguish

neutrinos and antineutrinos.

» Two-flavor NSI for MINOS.

'@ 8/30/2011 Zeynep Isvan - University of Pittsburgh
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Flavor changing non-standard interactions

[Neutrinos propogate 217(75) — H (1) ]

dt
(In vacuum, two flavors A
2 . AmQ
sin? fy3 2 2E sin 023 cos 023 57
HO — m? 2 Am?
Sin fo3 oS gz 2 T cos* 023 51
N\ /
(Through matter, analogous to MSW A
0 €urV
Hmatter — ( e 'UJS ) 3 H = HO + Hmatter
wT
N\ /
. . . . )
Real valued epsilon changes S|gn between neutrinos and antineutrinos
H— sin 923 b; sin (923 COS 923 :t Gurv
sin 093 cos 923 te, V cos? fyq M- 2E
N\ /
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Flavor changing non-standard interactions

- 2
5 cos*(20) sin” (F})
P = cos“(F) +
F5
» In units of GeV, km, eV?
2
Am2L\ 2 Am2L ) sin(26)eV L eVL
= i Fo=1+2
Fi \/(1.27 7 ) + 25sin(26) (1.27 z > VL + (eVL) 2 (1.27&%%) + (1.27A%2L)
1 —
_ 08 - V =V2GFrN,
5 ]
g 06 Sin?20 = sin28 = 1.0 1 ™\
o _ AM? = AT = 2.32x 10% eV2 | Am?2L
o B - with e = 0; F7 = | 1.27 , Fo =1
g 04t £, =0.25,v ] ! ( E ) ?
US) — €y = 0.25,v ]
o2+ /47 0 e =0 —
ut i I
ol | o | 1 | P —1—sin?(20y3)sin? (1.27Am§2 E)
0.5 2 4 6 8 10 k j
Neutrino Energy (GeV)
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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.

» Blind analysis.

» Analysis with antineutrino data from Run IV only presented first.

'@ 8/30/2011 Zeynep Isvan - University of Pittsburgh 21



Transverse position (m)

Transverse position (m)
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—vents at the Detectors

» CC event (u+, p-): Signal

» Long track with hadronic activity at

vertex.

» Total energy = Track + Shower

» NC event: Background

» No track.

» Main contamination at low energy.

Zeynep Isvan - University of Pittsburgh




—vent Selection

o A
» CC/NC separation using a
KNN algorithm N g ® o P
« Compare to Monte Carlo Q ®
events ﬁ 6 L * @
« Determine the distance of S O O
query event to each MC z 4 o O
signal and background event 8_ O O O
in N-dimensional space of £ 2 O Sional
track-related variables O Blg d
N 1 o Kgd.
Var i 2 4 6 8 10
_ ~MC 012 .
D= (Z X X ) Input variable 1
i=1 _
k-Nearest Neighbors (KNN)
» Use the k nearest neighbors example 2 variables
to classify query event: , _
The k = 6 nearest neighbors contain
KNN — ks one red and five blue
P ke 1 kg This point has a kNN of 5/6

» MINOS kNN: 4 variables, k=80~ \_k=6 ks=3, ke=1 = kNNip=5/6
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Neutrino Selection

-— -
VB 2
w
.III| [ IIIIIlI| [ TTTI

—
o

T l I I I | I I I ] T T T l T I I
MINOS Near Detector MINOS Preliminary J
Neutrino Running =

5.29 x 10%° PoT
—e— Datav,

—— MC v, expectation

CC/NC separation using a k-Nearest
Neighbors track recognition algorithm:

» 4-parameter comparison to MC events:

LI

—— Total Background

Events / 10" POT

» Track length, -
» mean energy of track hits, o'k ) "
» energy fluctuations along the track, b ———
» transverse track profile. B
10% 0.2 0.4 0.6 0.8 1
O R CC/NC separation parameter
[ ] L] L} 1035I T T ] T T T ] T T T I T T T ] T T IE
Additional algorithm to improve low oS Near Detester | MINOS Preliminary 3
energy eff|C|ency 102 B Neutrino Running N
. g 5.29x 10% PoT =
» Number of planes in track, S [ Zpaay, :
. o 10 —— MC v, expectation
» energy deposition at the end of '© === Total Background
track, 2 4L |
. 5
» amount of scattering. a F
AND
- e e ]
100" —"%2 04 06 08 1

Select on negative reconstructed charge

CC/NC separation parameter
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Antineutrino Selection

CC/NC separation using the Select on positive reconstructed
primary track recognition

charge
algorithm: AN D °

102 E I I | | I | I | I I I | I I I | I I 1 é 50__ MINOS Prellmlnary
; MINOS Near Detector MINOS Preliminary§ - Near Detector Vu Running
10k Antineutrino Running . - 2.74x10*° POT Area Normalised
— : 8.66x 10" PoT : 401
8 —— Data v, i o T
N LG, g i ~Data
2 F ) G301 —MC
%10-1 N I;IJ - ) Background
N 220 :
102} - : H .
g [ o
1073 L A R B 101 >
0 0.2 0.4 0.6 0.8 1 -
CC/NC Separation Parameter i | 1
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Selector Performance (%)

Selection Efficiency

Neutrinos Antineutrinos

—
o
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o

MINOS Preliminary
Simulated Far Detector
—— Selection Efficiency
------- NC Contamination

—— NC After Selection
....... vy Contamination

Vi After Selection

(@)
o

MINQOS Preliminary
Simulated Far Detector
—— Selection Efficiency
------- NC Contamination

—— NC After Selection
------ VM Contamination

—V, After Selection

(®))
o

N
o

N
o

Selector Performance (%)

:IIlIIIlIIIlIIIlIII

® 5 10 15 20 25 ® 5 10 15 20 25
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)

» Additional low energy kNN improves efficiency of the neutrino sample at
low energy.

» Wrong sign component minimized as robustly as possible in both
samples: Essential for this analysis.
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Far Detector Data/MC

Neutrinos Antineutrinos
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Near to Far

Events/Kton/1x10'® POT

—Xxtrapolation

Far Detector spectrum similar but not identical to the Near

without oscillations

Neutrino energy depends on angle wrt original pion direction and

parent energy

higher energy pions decay further along decay pipe
angular distributions of pions and neutrinos are different between Near and Far

+/-
p Target "

Decay Pipe

E,~ 0.43E_/ (1+y,26,2)

Far
Detector

Near
Detector

N
o
o
T

100

N
o

—
o

[¢)]
— 7

Far Detector v, Energy (GeV)
o

i o 00 15 F
10 Near Detector v, Energy (GeV) )
True E (GeV)
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Beam Matrix:
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Events/Kton/1x10'® POT

Near to Far

—Xxtrapolation
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Near Detector energy spectrum shows good modeling of data by MC in both charge signs.

Far Detector prediction is obtained from this measured spectrum via the matrix extrapolation
\__ method.
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Systematic Uncertainties

(\T\ 0_1_ I I I I T I I | I T 1 I I T _\‘
> - MINOS Preliminary 1
) | | —=—— NC Background
8 - - —‘ﬁ-‘ Relative Normalization
= 0.05(~ - Geam
<\’IE\ u - ReXgtive Hadronic Energy FD
S : : Overz}IHiadronic Energy
0w o+ _| Relative Ha‘dronic Energy ND
B . Muon Energy
: : ---------- Cross Sections ‘\
-0.051— — .
- — 3.0% T T T "I ‘ T T T ‘ T T
i i I MINQS Preliminary
L - = .
- 2.8 2
QOJIT 0.04 8
Eur) c\’n; i
) “eal D 2.6
» Star plot shows effect of each systematic = il o TSP
uncertainty on the measurement. ;E’ o 4l
< |
» Right: Size of systematics compared to 5ol
statistical uncertaintly. Tt
i 68% Statistical Sensitivity
»  Overall statistics limited but the neutrino =T
sample is much larger than the antineutrino: € e

Account for systematics in the fit
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Systematic Uncertainties

» Bands show the effect of four most significant systematics on prediction:
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 _
c 7.1x 10*° POT v,-mode Low Energy Beam c 1.7 x 10°° POT ¥,,-mode Low Energy Beam
(1] 0-2 ) - o] 0.2 H —
T g .
© ©
O o
c c
) -2 0
© ©
c c
.0 .9 -
E -0.2 B Run I+1+11l Systematic Uncertainty =~ — E -0.2 B Run IV Systematic Uncertainty -
T R 1.6% Normalization Uncertainty 1 & F - 1.6% Normalization Uncertainty 7

_04....|....|....|....1...._ _04....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.

2In )\ = 2 pred data datal ng?ta S—1.0 2
TeA= Z Z + Ny n W + | —— ,0_1

r=11=1 1
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FD Events/GeV

Ratio to No Oscillations

Far Detector Spectra
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FD Events/GeV

Ratio to No Oscillations

Results
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Results
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Add Run VIl and Improve

» Additional 1.24 x 102° POT of antineutrino data

» Improved treatment of systematics:
® Overall 10% normalization is a conservative overestimate

® Instead, fit for four largest systematics: Muon energy scale, hadronic energy
scale, normalization, neutral current background

4 / 2
E E pred data data ng?ta 2 : Sa — Sa
_2 ln )\ —_— 2 + n?"’i ln npred + O-a

r=1 1=1 T a=1
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Improved analysis with Run V-only
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Fake Run VllI-like data
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Additional 1.24 x 10%° POT of
antineutrino pseudo-data oscillated at
Run VIl oscillation values

Improved sensitivity

Best fit epsilon ~ 0.1; O more allowed

Real result coming very soon!
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Future

» Longer-term future, MINOS+: Collecting neutrino and
antineutrino data in MINOS in the NOvA-era improves sensitivity

to epsilon.
MINOS: v, and v, Disappearance
- Integrated 5 to 10 GeV 3
0.1 B R
: . g e .
| RHC excluded
~ 0.0/< —]
_—~ -
a, | p——
—
a. [ :
~-0.1 »
I 1
-— '_% _’ R
-0.2 AL A A A A 1 & A 2 A
0.0 0.1 02 0.3 04 05
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Summary

@

MINOS performs the first direct measurement of antineutrino and the
Most precise measuerment of neutrino vacuum oscillation parameters.

A fit to the non-standard interaction model to neutrino and (old)
antineutrino data gives

Am? = 2.57+0.15 x 10" 3eV?
sin®(20) = 0.98 + 0.08
€4y = —0.163 £ 0.16

We analyzed an additional 1.24 x 10°° POT of antineutrino data,
improved non-standard interactions results public very soon!

MINOS+ can constrain NSI further with higher energy data.
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Thank you!




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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Neutrino-Antineutrino Comparison
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With Super-K Antineutrino

®

8/30/2011

IAm?| or |JAR’| (1072 eV?)

<

5

N

Result

IIII|IIII|IIII|IIII|IIII

— MINOS ¥, 90%
! — MINOS v, 90%

-- MINOS ¥, 68%

— Super-K v, 90%*

@ BestV Fit

_MINOS Preliminary
 1.71x10° POT ¥

*Super-Kamiokande preliminary
n (Neutrlno 2010)

v
»
]
]
‘. -
., ‘~‘
~ *
S .
i
~-
“a,
>
i L) S
&

05 06 07 08 09
sin®(20) or sin“(20)

1

43



Antineutrino Contour
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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 1
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Peak vs. Tall
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