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Neutrino beam results

\

» NuMI has delivered 15x102° protons to the experiment (250 coulombs)
» 12 In neutrino beam focus
» 3 In anti-neutrino beam focus

Special high energy running
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A snapshot of MINOS neutrino physics

Vu disappearance

Vp disappearance

Vu appearance

Ve appearance

Time of flight
Active-sterile mixing

CPT violation

Non-standard, flavor-
changing interactions

< few percent
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Do neutrinos and anti-neutrinos oscillate the same way?
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Do neutrinos and anti-neutrinos oscillate the same way?
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Do muon neutrinos oscillate to electron neutrinos?

Events / 10'° POT

Events / 8.2 x 10°° POT

8000

o
o
o
o

4000

2000

80

60

40

20

[ [ [ [ [ [ [
Near Detector .
—=— Data -

= Monte Carlo

I I I
Far Detector sin?(26,,) = 0.1 .

AMZ,> 0,8, = 0, 0,, =

A1
|

— Background —
ARNY 1 —
AR NN\
Wy Signal x 10 N
DN\ —
DN\
AN\
ARNRRNNY —
ARRRRRRARRN
ARRRRRRRRNY
ARRRRRRRRRRRRN —
ARRRRARRRRRRRRN
ARRRRRRRRRRRRN
ARRRRRRRRRRRRN —
ARRRRR RN RN R AR RSN
ARRRRR R R RN R AR RSN
ARRRRRRRR R RRRRRRRN —
ARRRRRRRRRRRRNSN
AR\ ARRRRRRRRRRRRN
AR AN RN AR —
ARRRRRRRRNY ARRRRRRRNRN
ARRRRRRRNNS ARRRRRRRRS
ARRRRR RN R R R R R RN ARRRRRRRRRN —
AN NN NN AN RN ARRRRRRNRNY
\\\\\\\\\\\\\\\\\\\\\\\\\§ ARRRRNRNNN

AR R R R R R .- ARRRRNN —
AN R AN ANNNRRNN

A AL NN
AR RN R O O O O O NN RRRRNaAAW AN —
O A RO NN
QNN RN AN AN AN AN RN RN AN NNANNNONNANNNNNNY NN NN\

01 02 03 04 05 06 07 08 09 1

LEM Discriminant

Backgrounds : 49.6 £+ 2.7 (syst.) & 7.0 (stat.)
Observed : 62 (+1.650 over background)



V“_)Ve

Events

Events

Events

20

15

10

20

15

10

20

15

10

MINOS FlarlDeltectolr Datq
- 0.6 <LEM < 0.7

—&— Data
— Background

x + - E]signal

1

o 0.'7 <ILEM <'0.8'
Best Fit: sin®(20,,) = 0.041

2 _ -
Amz, > 0,0, =0, 0y, = 7

RNtk NN

LEM >0.8

ZOTOTON TOTOTON

2 4 6
Reconstructed Energy (GeV)

m;llII|IIII|IIII|IIII|III

d ()

d ()

2.0

1.5

1.0

0.5

2.0

1.5

1.0

0.5

0.0

0

Phys.Rev.Lett. 107 (2011) 181802
arXiv:1108.0015 [hep-ex]

AM? >0

— MINOS Best Fit

: [l 8% C.L.

[l o0% C.L.

fesss CHOOZ 90% C.L.
. 2sin’0,, = 1 for CHOOZ A

MINOS
8.2x10%° POT

0.1 02 0.3
2sin*(20,,)sin0,,

o
N



O-

olmtl)i ncled

MINOS

e\
A\_Chooz

/
I | \~~

0.1 0.15 0.2 0.25
STo

I‘\IIIII|I

o
O
-
C1

l|deogram of recent 013 results for normal hierarchy, dcp=0, and maximal 623

III|III|III|III|III|III|III|II_

O
w



l|deogram of recent 013 results for normal hierarchy, dcp=0, and maximal 023






The Daya Bay Detectors

1.8 - 8 MeV prompt

38 MeV delayed

Los Alamos Science, Number



Neutrino candidates

10,400 neutrino
events at far hall



Daya Bay Rate
Measurements

x2 = 4.26/4 DOF



v, CCevents/ kt/1E21 POT /0.2 GeV
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Machado, Nunohawa, Funchal arXiv:1101.003 [hep-ph]

MINOS+
Running MINOS in the NOVA Era

MINOS+ will use the high
statistics of the NuMI medium
energy beam to explore
oscillations at high energy.
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Mass hierarchy and the nature of the neutrino
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Combined results on 813

Resolution of -

‘he mass hierarchy and

Meas

Jrement of dcp



contours assuming normal hierarchy /contours assuming inverted hierarchy

Combining NOVA with
12K In worst case

As NOVA runs both neutrinos and
antineutrinos its contours are
relatively straight. T2K’s contours
trace an “S” which intersects
NOvVA’s contours in the lower part
of the plot.



Combining NOVA with T2K
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their planned
exposures.

¢ |n case of NOVA this
could be achieved with
a 5 kt liquid argon
detector



quasi-elastic candidate

NC rn°n°® candidate

Events from the NuMI beam seen at 110 mrad

neutrino direction relative to beam Michel electron energy Speotrum
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NOVA construction schedule

Apr 2014

Apr 2013 '
Jan 2013 s APt "






LBNE physics reach: Neutrino physics



LBNE physics reach: Proton decay
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Opportunities
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—vents in NOVA

Topologies of basic
Interaction channels shown
at right. Each “pixel” is a
singe4dcmx6cecmx 15 m
cell of liquid scintillator

Top: vy charged-current

Center: Ve charged-current

Bottom: neutral-current
Need >100:1 rejection
against backgrouna

Detector challenge: Achieve
large target mass (10’s+
kilotons) while maintaining
high granularity to avoid
confusing the detection
channels

NOVA achieves 35%
efficiency for ve CC while
limiting NC—ve CC fake rate
to 0.1%
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.......................... 750 cm

240 cm

vu charged-current
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Time of flight improvement plan



V,_,, — VN Phys.Rev.Lett. 106 (2011) 181801

arXiv:1103.0340v1 [hep-ex] 2 Mar 2011

Analysis Improvements In Latest Results

e Statistics
e Data set more than double the size of the previous report
e Added event samples

e Fit both positive and negative track charge signs. Important to reclaim
events with short tracks in oscillation peak which previously were lost to
iIncorrect charge assignment.

¢ Include events with vertices outside the detector fiducial volume
(detector + rock) which produce entering muon tracks. So called
“partially reconstructed events”.

e Improved low energy particle identification. 77% efficient below 2 GeV
with 6.5% NC background rate.

e Analysis improvements
e Analyze events separated energy resolution

e Improved hadronic energy estimator using multivariate technique



Events

Phys.Rev.Lett. 106 (2011) 181801
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Reconstructed/true shower energy

KNN technique uses average properties of simulated events
from neighborhood around event to characterize event
Variables:

 Number of hit planes in primary shower

* Energy of first two showers

e Shower energy within 1 m of track vertex




