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The NOVA Experiment

Physics Goals:

» Measure the oscillation probabilities of
Minnesota ; VP— - Ve and Vu - Ve

I Measure the mixing angle 6,

Mic};igan . .
1 Determine neutrino mass

hierarchy

W sconsin

1 Study the phase parameter for CP
Violation &,

Illinois Indian

» Precision measurements of Am~,,, 0,

» As well as:

Missouri

) v cross sections

1 Sterile neutrinos

) Supernova signals
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Minnesota

) |

W sconsin

IHlinois

Missouri «

Experimental Setup

| » 810 km baseline from Fermilab to Ash
River, MN

1 ND: 1 km from NuMI target
v~ 105 m underground

v 220 ton

) FD: On the surface

v~ 3 m overburden of excavated rock

I?‘dian v 14+ kton
» Detectors off-axis (14 mrad)

» NuMI beam upgraded to 700 kW

-} Narrow band beam peaked at 2 GeV

» Long underground path to Far
Detector = matter effects ~ 30%
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Experimental Setup

-1 » 810 km baseline from Fermilab to Ash
River, MN

Minnesota . . D ND 1 km from NUMI tal’get
v~ 105 m underground

v 220 ton

) FD: On the surface

Medium Energy Tune
-------------------
* On-axis
7 mrad off-axis

v~ 3 m overburden of excavated rock

[==)
=

| — 14 mrad off-axis
| — 21 mrad off-axis

v 14+ kton

2

» Detectors off-axis (14 mrad)

N
=
—T

» NuMI beam upgraded to 700 kW

-} Narrow band beam peaked at 2 GeV

v, CCevents / kt/ IE21 POT /0.2 GeV

-3
=
— T

» Long underground path to Far
Detector = matter effects ~ 30%
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Pions and kaons produced in the target are focused by the magnetic horns
Into the decay pipe where they decay into muons and neutrinos

Horn current selects neutrinos or anti-neutrino enhanced beam
Current Beam power of ~300 kW

Absorber Muon Monitors
Target D »: \ l 1 l
- ecay Pipe
\ l'arget Hall Ak H* o VB Yu
120 GeV ] ——— RS PP | SRS B et
protons . d . aallEsHHES
Main Injector HornS#“‘ nt e :.“ 3 - ol y+ i Ul-l
P — RS —-l—-—_ 1 i R
10 m 30m
675 m — . Roek Rock Rock
: Sm
Hadron Monitor 12m 18m 210 m

Beam supplied to MINOS, MINERVA and ArgoNeut since 2005

Beam shutdown May 15t — April 2013 -
Beam upgrades Near Detector
ND cavern excavation

cavern

NOVA Upgrades: _
NuMI| Beamline
Increase beam power to 700 kW

Reduce cycle time from 2.2 st0 1.33 s
Upgrade target and horns

— MINOS Hall 77—
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The NOvVA Detectors

15, 6 '77\

Far
Detector

Detector

» Highly segmented (alternating X/Y)

> Massive 14+ kton Far Detector » 65% Active Volume
> Functionally equivalent Near Detector » Low Z materials (PVC and Oil)
) Mitigate systematic uncertainties - Radiation length ~ 40 cm

1 Moliere Radius ~ 11 cm

» Optimised to distinguish v, CC and v NC events
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To 1 APD pixel » Cell readout via looped WLS fibre to APD sensor
A 1 Each FD cell measures 3.9 x 6.0 cm x 15.m

» Each APD read out with NOVA custom electronics
1 11.5 k APDs on Far Detector

» Free running, continuous readout

typical -
charged »~
particle
path
M 32-pixel APD Installing APDs on the prototype
[;/\‘ H-{; (AvaIancFP:e Photo-diode) . P P
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Near Detector On Surface (NDOS)

X o g
<&

» Designed to prototype all detector
systems prior to any installation at Ash
River as a full end-to-end test of systems
Integration and installation

» Gained experience in qualifying oil and
testing our oll filling procedures in
advance

» Tested APDs in realistic operating
conditions

» NDOS has 64 cells x 100 planes (X) +
96 cells x 99 planes (Y)
1 Far Detector has 384 cells x 960 planes

» Installation completed May 9" 2011

» Commissioning and neutrino data
collection 11/2010 — April 30" 2012
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» 5000 neutrino events from NuMI
» Neutrino candidate data matches
well to Monte Carlo simulations

Events/1E19 POT

100

» NDOS data are being used in orderto: |
1 Study response of detector to neutrinos
] Investigate the cosmic ray background
1 Develop calibration techniques -

‘Vu CC céndidate =

y {cm)

S T T T
z(cm)

Multi-prong neutrino candidate

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Events from the NuMI beam seen at 110 mrad“

—— Data
—— Simulations

0.4 0.6

0.8
cosO

1
NuMI

" - ] NDOS neutrino run ended April 30"
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Construction Schedule

» NOVA will turn on April 2013 with 5 kton of Far detector in place and beam operating at ~ 400 kW
» We will add detector mass at a rate of ~ 1 kton/month
» Beam intensity will ramp up to 700 kW in approximately 6 months

05.09.2012 Gavin S. Davies, nuTURN workshop 13
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Value of sin?(26,3) has been measured and will be improved very soon

NOVA will take the next steps to finding the neutrino mass hierarchy and to
begin the study of CPV in the lepton sector

Combining data from NOvVA at long baseline with T2K and with reactors will
enable tests of the U, s framework

T |Calm EI, :-H'Igd T I T | T T T T | T T T T
/

Daya Bay 0.092 + 0.017
arXiv:1203.1669v2 [hep-ex]

RENO 0.113 i 0.023 (revised)
arXiv:1204.0626v2 [hep-ex]

sin22813 = 0.092+0.012
815 = (8.8+0.6)°

Reactor Average
0.099 + 0.014
Combined Average
L 0.092 + 0.012
_— -h_-_‘_—_‘_‘—_hh'_"‘—— —
i i R S B r——
0 0.05 0.1 0.15 0.2 0.25 0.3

M. Messier (Indiana)

05.09.2012 Gavin S. Davies, nuTURN workshop 15



sin’(A—1)A
(A-1)’

sinAA  sin(A—1)A

_I_ w .

() 2usind, sind A @A
. NG . smAA sm(A—1)A

+ 2[111’1291251112823T (A1) cosA

o =Am’ /Am* A=Am’, L/(4E) A= (J_r) Gn L/( "\4‘5&)

sin26. 5126, sinA

sin?(20,5) can be accessed in long baseline searching for v, events
sin?(20,5) has been measured which allows us to make measurements of &,

Note that we can gain information about the 8,5 octant since sin?(6,,) is a
coefficient on the leading-order term above

Probability is enhanced or suppressed due to which depend on the
mass hierarchy, i.e the sign of Am?;; ~ Am?;, as well as neutrino vs. anti-neutrino
running

05.09.2012 Gavin S. Davies, nuTURN workshop



NOVA measures v, appearance in a v, beam

Assume sin?(20,;) =0.095
The following sensitivities use our earlier analysis approaches but include the
latest knowledge of 0,5

Optimised for average expected signal (~4% oscillation probability) with ~ 10% uncertainty

on the background
41% (v) and 48% (v) signal efficiency

V (3 yrs) 72.6 34.5 20.8 5.2 8.4

Vv (3 yrs) 33.8 16.3 10.6 0.7 5.0

Estimated numbers based on:
15 kton, 18 x 10%° POT (3 years each neutrino-mode running)

No solar-atmospheric terms and no matter effects
Measuring probability of v, =V, (as well as v, = v,) allows NOvA to
disentangle the mass hierarchies and CP violation phase space

05.09.2012 Gavin S. Davies, nuTURN workshop 17
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nificance of v, appearance (O)

)

NOVA early reach
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?Siﬂz(ZBH)ZU.(?E)S. Si112(2623:)=1.00._ 8=0_

| =—Am>>0 ;
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Large 0, is good news for NOVA

It reduces the overlap between these bi-probability ellipses, reducing the

likelihood of degeneracies

05.09.2012
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Large 0, is good news for NOVA

It reduces the overlap between these bi-probability ellipses, reducing the

likelihood of degeneracies
P(V,) vs. P(v,) for sin%(26,,) = 1

NN~
B
0o
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0.01

NOvA
jam,2| = 2.32 107 eV?
sin%(2e, ) = 0.095
sin’(26,,) = 1.00

,\
am< 0w
Am? >0

0 o6=0
e 5=m/2
] "E’ =7
m 5=3n/2
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Large 0, is good news for NOVA

It reduces the overlap between these bi-probability ellipses, reducing the
likelihood of degeneracies

1 and 2 ¢ Contours for Starred Point
— 0.09

T~ i NOvA
o [ Contours 3yrvand 3yrv
0.08 |- |am,,2| = 2.32 10 eV
i sin’(20,,) = 0.095
007 F sin’(2e,,) = 1.00
0.06 [ o
E I
0.05 [
i Am? < 0 o}
0.04 [
i Q
003 | am* >0 n‘
002 o d=0
® 5=nm/2
rO0o6=nm
001 T w 5=3m/2
0 [ L L L I L L L | L L L | L L L I L
0 0.02 0.04 0.06 0.08

P(v,)
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3+3 years example counting experiment, 10% background systematic error

Full energy fit actively being pursued

NOvVA hierarchy resolution, 3+3 yr (v+V)
sin’(26,,)=0.095, sin’(26,,)=1.00

) B i i
°S E AMZ<0 iawen | AmM™>0 4
L : -7 et : :
L i o <, '
2.5t
[
- * A
. +
— * .
¥ ! *
L o .
2.0 =

significance of hierarchy resolution

. i i | *
1 1 1 * 1

1 - 1 &
AP o S : +
1 [ | *
a * P T : *
* " I

I|II|II||‘III‘I

i i o i
| | Popet v [0 el |
L1 11 L 1 I . T I L1 1 1 I b Sl N Y T MY N Y N I .

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o/ (2m)
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If sin?(26,,) is not maximal there is an ambiguity as to whether 6., is larger or
smaller than 45°

The sin?(6,5) term is unimportant when comparing accelerator experiments;
however, it is crucial in comparing accelerator to reactor experiments

05.09.2012
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If sin?(26,,) is not maximal there is an ambiguity as to whether 6., is larger or

smaller than 45°

0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

P(\Te) vs. P(v,) for sin2(2623) =0.99

| NOvA
. ]Am,,2| =2.32 10 eV?
~ "sin’(26,,) = 0.095

sih’(26,;) = 0.99

J.“-_

— J.m2 <
-0 0=0 T

* 5=m/2 Ny
= o § =T gi,s V\\‘ 7\5\0

= 5 =23m/2 7o
[ I I L | I L | I I | L L I |\\ L
0 0.02 0.04 0.06 0.08

P(v,)

The sin?(6,5) term is unimportant when comparing accelerator experiments;
however, it is crucial in comparing accelerator to reactor experiments
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If sin?(26,,) is not maximal there is an ambiguity as to whether 6., is larger or
smaller than 45°

The sin?(6,5) term is unimportant when comparing accelerator experiments;
however, it is crucial in comparing accelerator to reactor experiments
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3 Years each neutrino and anti-neutrino
41% (48%) signal efficiency for v (v)
0,5 > 45° starred point
1 and 2 ¢ Contours for Starred Point 1 and 2 ¢ Contours for Starred Point
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Non-maximal mixing, non-resolved hierarchy (6 = m/2)
Now sin®(20,;) = 0.95, which is constrained by our v, CC sample

Emmple NOvVA IG and 20 contours, 3+3 yr (V+V)
| 45111 (2813) =0. 095 sin” (”633) =0. 9\

1. '% ;_ mmmm e EEEE ‘ """""""'"'";"’""’""""" el T e A e _-
1.2]= :
1.1
o 10—~ £ e A
G F
09—
- mAm>0 j
0.7 == Am’<0 '
: * test point (NH) , ; . ; . .
06_|||||IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

o/ (2m)
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Non-maximal mixing, resolved hierarchy (6 = 3m/2)

Now sin®(20,;) = 0.95, which is constrained by our v, CC sample
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Emmple NOvVA IG and 20 contours, 3+3 yr (V+V)
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The measured value of 85 is great news for NOVA

NDOS prototype run was very successful
Beam shutdown on May 1t for upgrades
Provided a jump start to our operations, calibration and analysis efforts

Far Detector construction underway
Expect 5 kton of detector when upgraded beam switches on April 2013

Sensitivities shown here use an earlier analysis approach but now include our
knowledge of 6,
Working to update the analysis approaches

Exciting reach for resolving mass hierarchy and exploring the CPV parameter
space
NOVA will be the first experiment to provide constraints on 6

We are actively working to surpass these as analysis development continues

05.09.2012 Gavin S. Davies, nuTURN workshop
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Exposure assumptions

Exposure Assumptions

NOVA early reach

(ver: Apr 2012)
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Large 0, is good news for NOVA

It reduces the overlap between these bi-probability ellipses, reducing the
likelihood of degeneracies

1 and 2 o Contours for Starred Points

T~ i NOvA
o [ Contours 3yrvand 3yrv
0.08 |- |am,,2| = 2.32 10 eV
5 sin’(26,,) = 0.095
007 F sin’(2e,,) = 1.00
0.06 [
0.05 [ LT AN
0.04 [
i S
003 | Am* >0 rs‘
002 Fod=0
e 5=m/2
rO0o6=nm
001 T w 5=3m/2
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0 0.02 0.04 0.06 0.08

P(v,)
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Statistics are worse, but the conclusions are the same
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0,5 Octant, & and Mass Ordering all on one plot
Maximal mixing, non-resolved hierarchy (6 = /2)
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0,5 Octant, & and Mass Ordering all on one plot
Maximal mixing, resolved hierarchy (6 = 3m/2)
Example NOVA 16 and 26 contours, 3+3 yr (V+V)
| 451‘112(2913)=0.095, sin’(26,,)=1.00
13—
1.23—
I N -+ ;
S OE ‘
I B A et N R s ma -k
4 F
09"
0.8—
— — Am>>0
0.7 T=Am’<0 |
— % test point (NH) , : : : ! :
OG_Illllllll|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 01 02 03 04 05 06 07 08 09
3/ (2m)
05.09.2012 Gavin S. Davies, nuTURN workshop

1

37



N Vv
N — P —_
o o
— S S ~ — ~— —_— —_ _ —_ S — —_ S

Non-maximal mixing, non-resolved hierarchy (6 = m/2)
Now sin®(20,5) = 0.97, which is constrained by our v, CC sample

Emmple NOvVA IG and 20 contours, 3+3 yr (V+V)
sin (2813) =0. 095 sin” (”633) =0. 97
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Non-maximal mixing, resolved hierarchy (6 = 3m/2)
Now sin®(20,5) = 0.97, which is constrained by our v, CC sample

Emmple NOvVA IG and 20 contours, 3+3 yr (V+V)
sin (2813) =0. 093 sin” (”6\33) =0. 97
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Value of sin?(265) is now well measured and will be improved very soon

NOVA will take the next steps to finding the neutrino mass hierarchy and to
begin the study of CPV in the lepton sector

Combining data from NOVA at long baseline with T2K and with reactors will
enable tests of the U, s framework

90% C.L. allowed ranges and best fit values 90% C.L. allowed ranges and best fit values
(assuming Am*>0, §=0, 8,;=45°) (assuming Am*<0, §=0, 0,;=45°)
| CHOOZ | CHOOZ
| T2K 2011 | T2K 2011
| MINOS 2011 | MINOS 2011
| Double Chooz 2011 | Double Chooz 2011
| Daya Bay 2012 | Daya Bay 2012
| RENO 2012 | RENO 2012
M combined {5 Ml combined (¢
"+ttt 4+ttt
0 0.05 0.10 0.15 0.20 0.25 0.30 0 0.05 0.10 0.15 0.20 0.25 0.30
sin?(2643) sin?(2645)
: R. Patterson (Caltech
NH combined: 0.0906 + 0.012 (68% C.L.) ‘ )

IH combined: 0.0949 + 0.012 (68% C.L.)
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» 16-cell PVC extrusions coated with |
15% TIOZ & hangar
» 2 x 16-cells in a sealed module

o approx. 360,000 cells (Far), 16,000
cells (Near)

» Cells filled with liquid scintillator

snout (back)
bottom raceway N

oplical connector
k snout (front)

N
> 4.98% psuedocumene scintillator S
dopant N T o
» 3.2 million gallons (Far) mineral oil .s;.(_\
> 65% active volume s \id:;';
» Cells contain a looped wavelength- distributed fill tube

shifting fibre
» Avalanche Photo-Diode (APD)

readout
» > 11.5k 32-pixels APDs

» Basic detector unit is a block

center séal =

» 32 planes of alternating horizontal and

Vertlcal mOdUIeS \\‘ end plaie | HRH%E;&

extrusion assemhbly —"
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Designed to prototype all detector
systems prior to any installation at Ash

Integration and installation

» Redesigned module manifold and changed
module pressure testing procedure to avoid
potential cracks

Gained experience in qualifying oil and
testing our oll filling procedures in
advance

Tested APDs in realistic operating
conditions
» Modified installation procedures

» Developed surface coating for bare APDs to
protect the silicon surface from potential
contact with contaminants

» Added an active air drying system to keep out
condensation due to cooling
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During the shutdown ( May 1 — April
2013) the recycler will be converted
to an accumulator and the cycle
time of the Main Injector will be
reduced to 1.33 seconds to double

the beam intensity available for oop-ua o

NOVA

For NOVA.,
move horn 2 and

NuMI will be outfitted with a new
target and horns. The shielding pile
will be unstacked to move horn 2 to
its optimal location for NOvVA 10m
downstream of its current location

05.09.2012 Gavin S. Davies, nuTURN workshop

extend stripline

, / circulating air
ling em

For NOVA,
different target and target carrier
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