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NOVA In a nutshell

x Upgrading NuMI| muon
neutrino beam at Fermilab NOVA Far Detector
from 350 to 700kW, 8110 Kt :

» Constructing a totally active
14-kton liquid scintillator
detector on the surface.

= Detector is 14 mrad off-
axis, this location reduces -
background from neutral
currents. '

x Since the neutrino mixing-angle
613 IS nhon-zero, electron
neutrinos will be observed
at the Far Detector in Ash
River, 810 km away.

2nd generation &=
« long baseline = S

M. Sanchez - ISU/ANL
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NOVA physics goals

x Measure the oscillation probabillities
of as well as
Vy = Vg and Vg = V.

x - Determiné neutnnormass
hierarchy:.

x - Study the phase:parameter:for
CP violation ocp

= Resolution-of the:Bs3 octant:

= Precision measurements-of
AmZsz, Bo3

x As well as:
= \/ Cross sections.
» Sterile neutrinos.

x Supernovae and monopoles!

M. Sanchez - ISU/ANL



The NOVA detectors

x 14-kton Far Detector (~3x MINOS).

x 65% active detector.

» 344,064 detector cells read by APDs.
= 0.3 kton Near Detector

x 18,000 cells/channels.
» Each plane just 0.15 Xo. Great fore vs 2.

Extruded PVC cells filled with
9 ktons of scintillator.
X{ “Instrumented witr

- - -8 ™
- - " -

Fiber pairs s oe 000
from 32 cells Sl N
$220c :

FfoAPDRe

Seintiflotio

Far Detector
14 kton
928 layers
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Near Detector

“q ROES Detector built with 28 blocks 7#ertoor
S of 32 planes. Each is ~2m long.
e Each di-block is 1 kton

32-pixel APD W -
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Neutrino events in NOVA

1 meter

1 meter

%+ p

(simulated events with 2 GeV visible)

M. Sanchez - ISU/ANL



NOVA Constructlon status

o " The NOVA Far Detector
. {®  construction is in
Progress.

® [he site at Ash River
was completed last
year.
= NOVA assembly and

[ commissioning is in full

SWINg:

x 50% of the blocks
have been installed.

x 250 of the detector
has been filled.
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NOVA first FD cosmic ray data
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NOVA construction status

. . = Upgrade NuMI beam from

- 300 KW to 7OOKW: initiated

M lastyear.
/\;ﬂ*" & .E ‘
e x Beam starts mid-June

at 400KWV.

x Bamping up to 700kW
with booster
upgrades.

& | = Near Detector cavern
' excavation is complete.

x |nstallation starting soon.

M. Sanchez - ISU/ANL | 12



NOVA exposure in early running

= NOVA will turn on mid-dune with ~2 kton of Far Detector in place
and beam operating at ~ 400 kKW

» Far Detector complete in August 2014.

x Beam intensity will ramp up to 700 kKW-in-approximately 10 months.

(ver: Mar 2013)
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Electron neutrino appearance in NOvVA

= [he probabllity of Ve appearance in-a vy beam:
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NOVA physics

NOVA will measure: P(v,~v,) at 2GeV and P(v,>V,) at 2 GeV

P(V.) vs. P(v,) for sin®(26,,) = 1

NOvA
|Am. 2| = 2.32 10~ eV?
sin®(26,,) = 0.095
sin’(260,,) = 1.00

These depend in different
ways on the CP phase 6

and on sign(Am?) .

o=
o=
o=
o=

0
n
|
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N

x| arge 613 1s good news for NOVA. It reduces the overlap between
M. Sanchez - ISU/ANL these bi-probabillity ellipses, reducing the likelihood of degeneracies. 1



NOVA physics

Our data will yield allowed

Example NOvVA result... regions in P(7.) vs. P(v.) space

(3 yr + 3 yr possibility shown)
1 and 2 ¢ Contours for Starred Point

NOvVA

Contours 3yrv and 3 yrv
|_\m322| =2.32107 eV’

sin (2913) 0.095

sin®(26 ,3) = 1.00

Here, all inverted hierarchy
“- scenarios are excluded at >20.

WAH A O
1 N
S~ N
N

o=
o=
o=
o=

x A measurement of the probabllities might allow resolving the
M. Sanchez - ISU/ANL  mass hierarchy and provide information on &cp. 16



— v, CC signal

Electron neutrino
selection

= Several particle ID algorithms have been

developed:
— v, CC signal
= ANN: Likelihood ratios for particle v, CC bkg
hypotheses. — NC bkg

— beam v, bkg

= | EM: Matching to Monte Carlo-library-events.

x  BDT: boosted decision tree on simple
reconstructed quantities.

x  (Good separation of electron neutrino-signal-from
baCkground. — v, CC signal

— v, CC bkg

— NC bkg

— beam v, bkg

Sov| s | | o |+ | s

Signal eff: ~30-40% and NC fake rate ~0.3%. 98 06 04 02 0 02 04 06 08

BDT
M. Sanchez - ISU/ANL



NOVA first objective

NOvA early reach

x 50 opbservation of -~ |
sin“20,,=0.095, sin°20,,=1.00, =0

vu = Ve IN first year if normal
hierarchy (even with partial
detector and beam
commissioning!)

= Nominal run plan 3 years:in
each mode at 6 x 1022 POT/
year for a total of 18 x 102°
POT in each mode.
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0
Jan ’13 Jul’13 Jan’14 Jul’14 Jan’15 Jul’15 Jan’16

x  Start running with
neutrinos.

x  Switch to anti-neutrino
running as needed: veyo| 26 | 14 | 9 | 1 | 4

Using newly developed PIDs (ANN) optimized for sin?(2813) = 0.095.
M. Sanchez - ISU/ANL Signal eff: ~30-40% and NC fake rate ~0.3%.
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Resolution of the mass hierarcny

® Significance of mass
hierarchy resolution using
energy spectrum.

x Energy fit provides
improvement on the fully
degenerate 6cp Values.

NOvA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

6 range included for given significance
of hierarchy determination

- AmP<0
—AM>0

05 1 15 2 2.5 3 3.5
Significance of hierarchy resolution (o)

M. Sanchez - ISU/ANL

NOvA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00
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®  Results from full simulation,
reconstruction, selection, and
analysis framework.

= D only. Extrapolation methods
from ND In progress.
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Resolution of the mass hierarcny

® Significance of mass
hierarchy resolution using
energy spectrum.

x Energy fit provides
improvement on the fully
degenerate 6cp Values.

NOvA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin"20,,=1.00 4+ T2K at 5.5x10%' POT

05 1 1.5 2 2.5 3 3.5
Significance of hierarchy resolution (o)

M. Sanchez - ISU/ANL

NOvVA hierarchy resolution, 3+3 yr
sin°20,,=0.095, sin20,,=1.00 4+ T2K at 5.5x102' POT
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x Differences In baseline/
matter effects between
NOVA and T2K can provide

additional information.
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Study of GP violation phase

NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

N
o

x Significance of GP violation
using energy spectrum.

®  Assumes that mass hierarchy
IS unknown.
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NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

®  Results from full simulation,
reconstruction, selection, and
analysis framework.

= D only. Extrapolation methods

3 gniicance of OP wiation () ° - from ND In progress.
M. Sanchez - ISU/ANL 21




Non-maximal sin¢26:3

P(v,) vs. P(v,) for sin2(2823) =1

NOvVA _
|am,,?| =2.3210° eV’
sin‘(28,,) = 0.095

P(v,) o sin?(6,;)sin?(20,,) ' o

= 6,, octant sensitivity

© 86=0

® 5=m/2
Oo6=n

m 5=3n/2

x |f Sin?(2023) is not maximal there is an ambiguity as to whether 623 is larger or
smaller than 45°.

x The sin?(B23) term is unimportant when comparing accelerator experiments;
however, it is crucial In comparing accelerator to reactor experiments

M. Sanchez - ISU/ANL
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Non-maximal sin¢26:3

P(V,) vs. P(v,) for sin’(26,,) = 0.97

4 NOvA _
N Jam,,7 =2.32 107 eV’
sin‘(26,,) = 0.095

P(Ve) X Sin2(923)5in2(2913) . s|ﬁ?43923)=o,g7

= 6,, octant sensitivity

O 6=0

® 5=m/2
Oo6=n

m 5=3n/2

x |f Sin?(2023) is not maximal there is an ambiguity as to whether 623 is larger or
smaller than 45°.

x The sin?(B23) term is unimportant when comparing accelerator experiments;
however, it is crucial In comparing accelerator to reactor experiments

M. Sanchez - ISU/ANL
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Non-maximal sin226s3 and NOvVA

Example NOvA contours, 3+3 yr
sin°20,,=0.095, sin°20,,=0.95, AM*>0, 0,,>m/4, §=37/2

® EXpected contours
for one example
scenario using 3
years of data for
each neutrino
mode.

- = Am?<0, 1o CL == Am?>0, 16 CL

— Am?<0, 20 CL == Am?>0, 20 CL

Contours 3yrvand 3yr v
|am,.2| = 2.32 107 eV*

sin (2”!1) = 0,095
sin’(20,,) = 0.95

@® True parameters

o

M. Sanchez - ISU/ANL
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Non-maximal sin226s3 and NOvVA

n Expected contours sin°20,,=0.095, sin°26,,=0.95, 0,,>/4

for one example
scenario using 3
years of data for
each neutrino
mode.

1 and 2 ¢ Contours for Starred Point

BEN

L TAM<0 ! |

0.09

Contours 3yrvand 3yr v
|am,.2| = 2.32 107 eV*
0.08 $in’(20,,) = 0.095
sin’(20,,) = 0.95
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NOVA muon neutrino disappearance

Reconstructed E of Contained QE Sample

=
O
o
o
[8Y)
o
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x
Q
-~
~
2
C
]
>
w
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—
O]
o]
S
=
Z

90% CL

---- 1+1 years
— — 3+3 years
— 5+5 years

. Sanchez - ISU/ANL

Contained QE Sample

— sin®20,,=0.95
Unoscillated

— sin°20,,=1

NOVA'S will do-a few %
measurement in Am?,;, and sin“262z.

Improvement of one order of
magnitude in sin?20623. 1t might not
e maximal.

Measurement for neutrinos and
anti-=neutrinos separately.

18x10%° POT v
18x10°° POT v
14 kton Fiducial

02 0 0.2
Sin®(20,,)-sin"(20,,,)
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One more thing... Supernovae

x NOVA is not underground, however it is a segmented
detector with a very flexible trigger.

n Ve will see ~4K heutrinos for
a supernova burst in our
galaxy.

8

~-~d
(S
|

NOVA has continuous
digitization which allows us to
look for unusual 2-3 plane
coincidence rates.

85%

53
—— peak rate threshold 'Energy = 2.9x 10 ergs

-~
o
S

= tail rate threshold !
peak time duration x \Within the first 10 ms it will
raise above a peak threshold,

\ signaling to record these and
20 future data.

Time From Core Bounce (seconds)

NOVA can provide information on time profile and energy of SN neutrinos
M. Sanchez - ISU/ANL
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One other thing... monopoles

x A magnetic monopole track
IS slower-and- higher ionizing
than-an energetic muon.

200 GeV muon

x - Small-overburden gives us
sensitivity to a low-mass low-
peta region not prolbed by
other experiments.

90% C.L. Upper Limits on Magnetic Monopole Flux (cm?s” sr')
MACRO \Aumnx 10" MACRO

: 28x 10" 14x 10

‘\
LM \
1.3x107% \

\ NOvA
\\ Potential

om=10"GeV

10° 10* 10° 10° 10’ 10° 10°10'°10""10 210”10“10'510 %0'"10"
m [GeV/c?)

M. Sanchez - ISU/ANL




= [here is now definite evidence that the neutrino mixing angle, 613, IS
as large as we could have hoped for.

= The determination of the mass hierarchy, CP.violation.and the 0
quadrant are the next challenges.

x NOVA has unique capabilities to address these questions during the
next 6 years.

x NOVA Far Detector commissioning and NuMI upgrade are now
underway.

» [ull simulation, reconstruction, selection, and analysis framework has been
developed for Far Detector data. Currently developing.data driven methods and
extrapolation from Near Detector.

= [rst.cosmic rays have been observed in-the first complete FD kiloton.
Reconstruction and selection algorithms are being exercised as we
speak.

= NOVA has the potential to look at other’'physics:
supernovae and monopoles.

30
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Extending NOVA's reach
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NOVA construction status

x NOVA assembly and commissioning is in full swing:

x 50% of the blocks have been installed!
x First diblock (1 kton) has been instrumented!

Installed

50% of Blocks
May 20, 2013

Block 14 Assembly Progress
0% Complete

Block 7 Fill Progress = £ N
46% Complete Tl BE 2

Instrumentation Progress
Di-Block 1: 83% Complete
Di-Block 2: 17% Complete

Block Installed

Block Filled

Block Instrumented

14 kilotons = 28 NOvVA Blocks

14 blocks of PVC modules are assembled and installed in place
7.46 blocks are filled with liquid scintillator

2.0 blocks are outfitted with electronics
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NOVA first cosmic ray data

x RBeconstruction algorithms being tested on first FD data.

T reconstructed cosmic
matched in two vi

= Algorithms had already been heavily tested in ND prototype.




NOVA Near Detector Prototype

x  Near Detector Prototype e i quasi-elastic candidate |-
installed on surface at Fermilab. -

x 5000 neutrino events from the
NuMI beam observed.

»x  Neutrino candidate data
matches well to Monte Carlo.

NC r°n°® candidate

—— Data
— Simulations

-l
W\
o

Events from the NuMI beam seen at 110 mrad

Angle of primary .
track with respect to » [Data IS useful for detector

the neutrino beam. J
operations.

-
O
o
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x Benchmarking calibration,
reconstruction and simulations.
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NOVA Near Detector Prototype

Plenty of cosmic ray data as detector Is on surface

x  Developing commissioning and
calibration techniques:

x  Cosmic rate per number of
active channels and light
level as a function of of time.
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x Position dependence of cell
response (light attenuation)
and Michel electrons.

11-07-02 11-09-01 11-11-01 12-01-01 12-03-02
Run Date

Michel Candidates

§
a
<
®
=

Light Level (Adjusted PE)

’
-200 -100 0 100

. SIN) () SN 2000 25(0)
Distance from center (cm) M 100 15X . -

Summed ADC

2011/04/02 2011/07/02 2011/10/02 2012/01/01
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NOVA - FNAL Eszgp’

Run: 13087 /1 . : 0°

Event: 57985 / NuM| H]) Sy

UTC Fri Nov 4, 2011 , = el - A

00.11-3 55338084 : 0 500 1000 1500 2000 2500 3000 3500 4000
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Reconstruction works even in the sparsely instrumented NDOS detector (shown here).

Performance on fully instrumented far detector is much better.
M. Sanchez - ISU/ANL
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Ve Charged-current quasi-elastic event at NDOS
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Study of CP violation

NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

N
o

x Significance of GP violation
using energy spectrum.

®  Assumes that mass hierarchy
IS unknown.
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NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin“20,,=1.00

®  Results from full simulation,
reconstruction, selection, and
analysis framework.

= D only. Extrapolation methods

3 gniicance of OP wiation () ° - from ND In progress.
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Study of CP violation

NOvA CPV determination, 3+3 yr
sin°20,,=0.095, sin20,,=1.00 4+ T2K at 5.5x102' POT

N
o

x Significance of GP violation
using energy spectrum.

®  Assumes that mass hierarchy
IS unknown.
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NOvA CPV determination, 3+3 yr
sin“20,,=0.095, sin"20,,=1.00 4+ T2K at 5.5x10%' POT

x [ifferences in baseline/
matter effects between
NOVA and T2K can provide
additional information.

' Significar:ce of CP violation (©) °
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Non-maximal sin226s3 and NOvVA

Example NOvA contours, 3+3 yr
sin°20,,=0.095, sin°20,,=0.95, AM*>0, 0,,>1/4, d=r/2

® EXpected contours
for one example
scenario using 3
years of data for
each neutrino
mode.

1 and 2 o Contours for Starred Point

- = Am?<0, 1o CL == Am?>0, 16 CL

~ 0.09 — Am?<0, 20 CL == Am>>0, 20 CL

Contours 3yrvand 3yrv
|am,,2| = 2.32 107 eV*

0.08 sin’zzuu) = 0,095
sin’(20,,) = 0.95

@® True parameters

0.07 [

0.06 of e
B R In “degenerate” cases, hierarchy and

AN\ 6.information is coupled. However 0,, octant
information might not.

0.04

0.03

0.02

0.01

M. Sanchez - ISU/ANL




One more thing...

Supernovas and monopoles

x NOVA Is not underground, however it Is-a segmented
detector with a very flexiole trigger.

SENX) NN

Sinale he muo

Y I W W_— ¢
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One more thing...

Supernovas and monopoles

x NOVA Is not underground, however it Is-a segmented
detector with a very flexiole trigger.
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Single monopole

e of sig

bl

10 X U HEORT SO0

M. Sanchez - ISU/ANL

44



