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Where to go from here”

Ve 1 C13 size” " Cl12  S12 2

Vy )= C23  S23 1 —S12 €12 %
5

Vs —823 (€23 —813€" C13 1 V3

Vu_’VT Ve_’Vu-l‘VT
SK, K2K, and MINOS Solar neutrinos + KamLAND

Vu— Ve
Not olbserved. If this occurs opens possibility
of CP violation in neutrino sector

e \\What is 0137

e \Vhat is the pattern of masses” Is ms the heaviest or lightest state?
® |s the neutrino a Dirac or Majorana particle”?

® |s CP violated?

® |s B3 really maximal? p-T symmetry?

® Does the PMNS framework hold together or is there more going on?



Normal hierarchy Inverted hierarchy
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Neutrino oscillations

Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60
(2008) 338-402. arXiv:0710.0554 [hep-ph]

In vacuum:
P(vy = ve) = |2U;53Ues sin Agre™ 232 + 20U, U, sin Ag; |?

1.27Am32,[eV?]L [km]  1.27-2.32 x 1073 - 810
A32 = - = ~ 1.1
E [GeV 2.1
1.27Am32,[eVZ]L [km]
- A3 = 31 : ~ A
For NOVA: Agz E [GeV 32
A = 1.27Am§1[ev2:_L [km]  1.27.7.58 x 107° - 810  0.04
E [GeV 2.1

Py, — ve) = |y Paime 12310 V Peol|’

= Patm + Psol + 2\/Pathsol (cos Ags cos 5G)<in Aszo 8in o)

¢ ” .
. . . long baseline experiments T %
Patm Sll’l2 923 Sln2 2(913 1ﬂ2—A-3'r 7 °

measure this combination
66 _I_ 29 —
. 4

P..; = cos® 093 cos® 013 sin® 2015 sin® Aoy
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Neutrino oscillations

Following presentation by Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”, Prog.Part.Nucl.Phys. 60
(2008) 338-402. arXiv:0710.0554 [hep-ph]

In matter:
Py, — ve) =~ |y Paime 123210 4 Pyol|’
= Patm + Fsol + 2\/@P801 (cos Ags cos d F sin Ass sin o)

dependence on relative
sign of Ass and a

\/ Patm — sin 923 sin 291 )

“fake” CP violation as a changes sign
Aoy for antineutrinos

sin(al)

\/ Psol — COS (923 Sin 2(912

1 al. = 0.08 for L = 295 km
3500 km al,L = 0.23 for L = 810 km

a — GFNQ/\/iz
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Principle of the NOVA
=Xperiment

Using a muon neutrino beam, we have
two basic observables

1.P(vy—Ve) for neutrinos

2.P(vu—Ve) for anti-neutrinos
We can plot these two observables as
a function of the remaining unknowns
013, Ocp, and mass hierarchy.



Is the Neutrino a Majorana or Dirac Particle?
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Neutrino-less double beta decay

Degenerate

100 Inverted
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Normal

O 1 Avignonee, Elliott, Engel, arXiv:0708.1033

T 10 100 1000
Minimum Neutrino Mass (meV)
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1 and 2 o Contours for Starred Point for NOVA 1 and 2 o Contours for Starred Point for NOVA

2 — 2
| NOvA E | NOvA
1.8 | “ 18
1.6 1.6 .,-"Am?‘t’ =2.4107 eV’
‘ ‘ ; sin™(260,,) =1
14 14
. : NOvA 3 years
12 r 1.2 . at 700 kW
‘for each v and v
1 | 1 | :
.o' ‘..{ ._" Amz > 0
0.8 |- 0.8 S T am?<0
0.6 | Amg?=24 107 eV? - Am?5 0 0.6
| sin“(20,,) =1 2
_ —Am~ <0
04 | 04 | Ry LN
| NOvA 3 years . L
0.2 _at 700 kW L 0.2 | .." ..'. .'.‘
foreachvandv 7 ” /"\
0o L— | - o ‘ LA ‘ 0 L 4 o Nes T .
0 0.02 0.04 0.06 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 012
2 sin’(6,,) sin®(26,,) 2 sin®(0,,) sin®(20,,)

In best case NOVA measures 013,
resolves the hierarchy, and learns

DOSSib|e NOVA about CPV. In worst case, NOVA

measures 013 and learns that

measurements | hierarchy and CPV are arranged

such that they cancel.
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1 and 2 o Contours for Starred Point for NOVA
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Combining NOVA with

12K In worst case

1 and 2 o Contours for Starred Point for T2K

| T2K

{Amy2=2410% eV’
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T2K 6 years at 700 kW, v only
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As NOVA runs both neutrinos
and antineutrinos its contours
are relatively straight. T2K’s
contours trace an “S” which
intersects NOvA’s contours in
the lower part of the plot.
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1 and 2 o Contours for Starred Point for NOVA + T2K

v -y
. .’ o
L 0,’ .
. d g
’ L
. o .
.
“e* .*
e .
. .
. .
’ L4
.
.

2

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

[ NOVA

] d

.
- )
. .
-
¢ .
PN .
. .
* .
P .
R .
. .
e L *
* .
4 | La

Am..2=2.4107 eV
32

sin“(20,,) =1

NOvA 3 years

at 700 kW

for each v and v

+ T2K 6 years
T AMZ >0
AmMZ<0

]

0.04

0.06

0.08

0.1

2 sin®(6,,) sin®(26,,)

0.12

—
E

S

Qo
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Combining NOVA with T2K

| NOvVA

Am,.2=2.4107 eV?
32

sin“(20,,) =1

NOvA 3 years
at 2.3 MW
for each v and v
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i.‘ at 3x power
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On the left we assume nominal T2K
and NOVA runs. This constrains the
CP phase to the lower half plane (1
sigma), but leaves the hierarchy
unresolved. Increasing the
statistics to each experiment by 3x
resolves the hierarchy.



Vu—Vy and vy—vy, Channel
Precision 023 and Am?a> measurements
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Vu—Vy and vy—vy, Channel
Precision 023 and Am?a> measurements

v, +v, Quasielastic CC Events v,+v, Quasielastic CC Events
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® Energy resolution (determined from simulations) is 4% for vy-CC quasi-elastic events
® 10% absolute energy scale uncertainty fitted as nuisance parameter; constrained by narrow-band beam
® -0 backgrounds due to detector performance and narrow-band beam



Vu—Vy and vy—vy, Channel

Precision 8.3 and Am?so measurements
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0.3 Quadrant: NOVA + Reactor

V 3 — ? 95% CL Resolution of the 6,, Ambiguity

NOvA (15kT) + Reactor
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e Reactor experiments measure sin“2015 P ]
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The NOVA Experiment

e NOVA is a second generation
experiment on the NuMI beamline
which is optimized for the detection
of vy—Ve and v, — Ve Oscillations

e NOVA is:

e An upgrade of the NuMI beam
intensity from 400 kW to 700 kW

e A 15 kt “totally active” tracking
liquid scintillator calorimeter sited
14 mrad off the NuMI beam axis
at a distance of 810 km

e A 220 ton near detector identical
to the far detector sited 14 mrad
off the NuMI beam axis at a
distance of 1 km

MIPs
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MIPs
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Event quality

Topologies of basic
Interaction channels shown
at right. Each “pixel” is a
singe4cmx6cecmx 15 m
cell of liquid scintillator

Top: vy charged-current

Center: Ve charged-current

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

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
t0 0.1%
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Near Detector On
Surface (NDOS)

¢ Designed to prototype all
detector systems prior to
installation at Ash River as a
full end-to-end test of systems
integration and installation

* 2 modules wide by 3 modules - - SIS
high by 6 blocks long. Far Il I
detector is 12x12x30. NDOS | [1]/CCTiM
mocks up upper corner of far |l
detector ~exactly.

e Installation completed May 9,
2011,

e Commissioning and data
collection on going 11/2010 -
present
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NOVA Collaboration






NDQOS location

¢ | ocated in two neutrino beams
providing an early look at data

MINOS . NOVA
and a chance to tune up DAQ, Service Building Surface Building
calibration, reconstruction, and (NDOS)
analysis prior to first data from f&s} i /

Ash River &S g
e NDOS is located directly above ' tederman
the NuMI neutrino beam line and = SN

is oriented parallel to the NuMIl ~ ~
beamline. It sees neutrinos at an ™. . \» S _ .
off-axis angle of 110 mrad. ~\ X i Parking Lots "\

e NDOS is located ~on the
Booster Neutrino Beam (BNB)
line, but the detector axis is

rotated 23° with respect to the
BNB beamline

" Detector Plane
Delivery Route



e See NuMI| beam at off-axis angle of 110 mrad 30

® Recorded 1001 events in antineutrino mode
(69 cosmic background)

e Recorded 253 events in neutrino mode (39 101
cosmic background) -
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Booster Neutrino Beam
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® Recorded 2.7x10' protons on target. First event recorded on 12/24/2010. Last
event in this sample recorded on 5/22/2010.
® 222 events on a background of 92 cosmic ray backgrounds. 5 v’s / 10'8 POT.
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Cosmic rays in NDOS




Using cosmic rays:
Cell-by-cell calibration

NDOS data - vertical cells
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e Top left: Path length-corrected muon response for

different distances from fiber end for a single
example cell

e Above: Measured and fitted fiber attenuation for

the example cell

e Bottom left: Muon response after attenuation

corrections



Using cosmic rays:

Michel electrons from muon decay
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Far detector enclosure as
modeled in ROOT and GEANT4

Experiment progress: After many years of looking at
Far detector laboratory complete | this. We can now look at this...




Experiment progress: Beneficial occupancy of Ash
Far detector laboratory complete River laboratory on April 13, 2011




Experiment progress: Inside the detector enclosure
Far detector laboratory complete  looking south
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at Far Detector

Slock pivoter assembly










Each section above I1s ~5 kt of detector mass
Beam is off to upgrade Main Injector and NuMI to 700 kW




Summary

e NOVA addresses 7 of 8 “compelling issues” in neutrino physics
e Far detector construction is underway.

» Far detector laboratory complete

» NuMI upgrades begin in March of 2012

» Plan to have first far detector block in place by then

» Commissioning of 700 kW beam begins in 2013 with ~5 kt of far detector
In place

» 15 kt complete by end of 2013
e Prototype near detector operational on surface at Fermilab
» Extremely valuable preparation for construction at Ash River

» Early look at real cosmic rays and neutrinos



