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Outline

‘NOVA — NuMI Off-Axis v,

Appearance Experiment

-Fermilab’s Flagship Intensity Frontier
Experiment

Far detector located in Ash River, MN

Fermilab

This talk will cover:

*Detector Design

*Current status of the project

*Initial look at data from the Far Detector
- = *Expected physics sensitivities

Ash R/iVer, N (NOvVA is extremely active right now)
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NOVA Program

® |ong-baseline neutrino oscillation
experiment; 14 mrad Off-axis @ L/E ~
400 km/GeV

® Near detector to charecterize the beam

Far detector for oscillation study

Fermilab

”\ Fer

—

® Physics scope:

v,—V, apperance v,—V, disapperance
o Measure 64 o Precision measurement of 8,5 |Am,, 2|
o Vv mass ordering Cross-sections from near detector

o CPviolating phase Other exotics
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- NuMI Off-axis Beam

T T T T T T T T T T T T T T T T T

- E 4 «NOVA detectors are
ND ol E,=043—F— o= I CE: e
| % I+y%0, « °. | 14 mrad off-axis in a
B! Seo | ] narrow band beam
l | ' ] +Increases flux near
| N - - : g .
v\ | 2 ol Onaxis -« 1 gscillation maximum
540 B —— 7 mrad * _
Seemy | > — umad ", | -Reduces high energy
Pipe N 21 mrad NC background
Q2
T = events
Z | -Upgrades towards
P .-LI.""-‘Q —ore pg
Target Q | 1 doubling power from
o+1 | | 350kW to 700 kW in-
0.00t 5 I 8 70 Progress
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Expected Event Specta

Raw 5|gnal and background rates for the

NOvA 5|te

10

- neutral-current

Events / kt/ 3.7E20POT / GeV

|
o
T

u (NO OS

cillation)

Detector design criteria:

v, (after oscillation)

10 | [

1

3
E, (GeV)
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Interaction spectra at 810km, 14 mrad off-axis.
Oscillations: Am2=2.5x103eV?, sin?(20.3)=0.01

NNN - M. Muether

Optimized for ve
detection

Suppression of v, CC and
NC backgrounds at the
99% level

Energy resolutions small
compared to signal
width:

® Lessthan 8% forv, CC



NOVA Detector Suite
Tracking Calorimeters:

" M - Highly Segmented

(Alternating X/Y)

- LowZ (PVCand Qil)
X, =40cm, R_=11cm

. 65%Active leum'e"q

D: 1 km from NuMI -

.+ 105mM undeﬁ'round

D: 810 km basellne
SurT'ace Detector

= . Qv den >10

; di f!ngths

R
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Detector Module

*Cross-section of cell 4cm X 6cm
*Runs entire width of detector
(15.6m for far detector)

*Filled with scintillator and
instrumented with looped
wavelength-shifting fiber

32 sealed extruded PVC cells
*Both ends of looped fiber
routed to an optical connector
*11,500 km of wavelength
shifting fiber in total

*10.5 million liters of scintillator

NNN - M. Muether 8
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Detector Readout

*Array of 32 avalanche photo-
diodes mated to optical
connector

*85% QE for 520 — 550 nm light.

*Gain of 100 @ 375 volts.
*Controlled environmental
conditions

*Actively cooled to -15 C.

*38 pe signal from MIP at far
end of cell (10-12 MeV dep. en)
*Signal digitized by on module
front end electronics (FEBS)
*10-15 pe threshold for data
written out

*~12,000 APDs on FEBs at far
detector

NNN - M. Muether
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Data Aquistion

. —re . Data Driven Triggers System {
. Slocks v i v
S ]
Data Trigger Trigger s Trgger
“. Processor Processor Processor
: . 4 € 1 L} |
; v 1
=2 g s e
33 E s - _
== Triggered ! e
S = Data Output Data Skce Pointer Tabi "~ o
e i Data "4 Data Time Window Search o )
I ! ) 3
s 1O
- 7S
5 S
=2 g
o ~f =,
=z 2 ,‘vg
Global Trigger s 8 ’ 8,
Processor R = 5210
Beam Spill S E 73
= & L)
Y

® 64 FEBs feed a Data Concentrator Module which
packages and passes the data to a processing farm.

e Datais continuously buffered for several seconds
until the arrival of a software spill trigger at which
point it is written to disk.

® Beam spill and data driven triggers are available

® System is synchronized by an external timing
system to GPS
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Expected Event Topologies

LM
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v,, CC Quasi-Elastic
E = = =il N e
Michel e

Y

.1/6' CC(EM shoWef)
(veN — €™ X)

v NC + single 7
(vN = X + 1)

Gap from vy It

(simulated 2 GeV events)
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hadrons

hadrons

hadrons
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Quick Survey of Project
Status

The module factory at the University of Minnesota is in full
production and shlps modules weekly

T[I‘\
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Far Detector Status

Buliding Gombletel, £ 50

NN

e ‘
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Far Detector Assembly

*The block assembly, placement, and
outfitting operations are underway!

*Watch the progress at http://www.fnal.gov/
pub/webcams/nova_webcam/

.
S
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Far Detector A

R A
~a™m | i
] ! | i
Y8 ¥

15t NOVA Block standing in
place (Sept 10, 2012) -
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Far Detector Status

Block 24 Assembly Progress
40% Complete

o 12 3

£
PPl
Pt

Block Installed

Block 19 Fill Progress
22% Complete

Block Filled

Instrumentation Progress

Block Instrumented Di-Block 3: 17% Complete

14 kilotons = 28 NOvVA Blocks

24 blocks of PVC modules are assembled and installed in place
19.22 blocks are filled with liquid scintillator
4.34 blocks are outfitted with electronics

November 11, 2013 NNN - M. Muether 17



Far Detector Status

A
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Far Detector Status

November 11, 2013



Some first cosmic events

= XZ/YZ Projections - O x

File Edit Window Help
@ Previousl Next ————- >Iﬂ Reloadl I L[Run/Event]=|11812 |881258 EI Print

slicest << F‘r‘euiousl Next >>|[_ Slice-by-slice [Slice]=l0 /0

-800 -600 -400 -200 0
800 £ — = — = — = = — = E

-
2
TTTT
I
|
1
1
L
|

800 600 400 200

First 3D track recorded in north 2 (cm)” south —

NOvA - FNAL E929

the detector. Event was L1 TV T TR

0 100 200 300 400 500 10 7 0

recorded on 21 May 2013. 7272z e a(ADO)

Current event display of 2 diblocks running cold with
APDs at full gain.



Near Dtector Status
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Near Detector Status
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The near detector is scheduled for completion in early 2014.
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Near Detector Status

First muon catcher planes

First near detector
block

November 11, 2013 NNN - M. Muether 23



Beam Upgrade

MmlBoone

r et
\ O852'
i yy8360

Wednesday, July 18, 2012

November 11, 2013
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'ﬁre'ctlon into: Maln

»Main’lnjector
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Initial upgrade to the
NuMI beamline is
complete, on the way
to 700kW.

= Turned Recycler
from antiproton to
proton ring

= Shortened Main
Injector cycle from
2.2 seconds to 1.33
seconds

= Overhauled NuMI
target station for
700 kW running
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Beam Upgrade

_ FY13 NuMI protons to 00:00 Friday 18 October 2013

Protons per day (E17)

............... S

12 asan X

B 0.30 W

- >~

L S

10 . W 0.25 E

B g

8T 0.20 %
6 — 0.15
4 — 0.10
2 - Average FY12 running 0.05

7-day moving average

0 Running average over FY 0.00
2013/08/26 From Phil Adamson 2013/10/18

Date

Currently: 250-280 kW
e Once recycler is operational: Up to 5oo kW
e Following Booster RF upgrades: 600-700 kW (as early as 2014)
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NDOS Beam activity

o5 NDOS Data, 09/12/13 - 09/27/13 NOVA Preliminary

1 I 1 I I 1 I 1 1 I 1 1 1 1 1 I 1 1 I 1 1 1 1
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o :
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o e ammn ok L o Ltk Toon bl o

300

0 100 200
NDOS event time [usec]

After selecting Nhit>=25, y<150 cm, |x|<100 cm and 280 cm <y < 1200 cm and
cosnumi>0.95 this is the resulting timing peak.

400 500
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Timing peak of
events in NOVA
surface prototype
detector (NDOS)
exactly where
NuMI activity is
expected.

Studies with the
FD are ongoing.
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DCMO1

DCMO02

DCMO03

DCMO04

DCMO05

DCMO06

DCMO07

DCMO08

DCMO09

DCM10

DCM11

DCM12

Detector Commisioning

*Reading out 6912 FEBs.

*First 2 kTons running
cold and at full gain
(green). 4 kHz/board, 125
Hz/channel

*New APDs are evaluated
warm at several
operational points before
cooling (orange).

* Running bare FEBs
(cyan) to exercise DAQ
(90% uptime)
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Last updated on: Sun Nov 10 15:17:02 2013 (central time)

Last run/subrun: 11635/3

November 11, 2013

NNN - M. Muether

10*

10°

27



Calibration

Near readout end

*We are making initial comparisons with

4,00= . N
our simulation and beginning to tune - Attenuation @Wﬁ
Monte Carlo § - (Mean ADC vs position ﬁ# *

: 3 i
©399= 3long cell) e
* These two plots show a very early but % 2 g
promising comparison of attenuation 200= ﬁm’“"ﬁMC
effects and ADC distribution. _ Mw’;ﬁﬁﬁ DATA
100 ;T:}J’WM%MM .ﬁwmmw.w“’w4
107F OnTrack ADC = Preliminary/Commissioning
_ Distribution ©1 06 02 o2 e
g Position along cell
1073¢ *Position along cell: 1 is near readout end.
- | MC
- *Data from the first 2 kTons, for 24 hrrun
| DATA | LR
E A lized * First attempt to tune noise, ADC to PE,
- Areanormalize :
105 Preliminary/Commissioning and deal with bad channels.
L o W *Focus of analysis effort currently,

10” 103 Hit ADC improvements are coming daily.
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Physics Reach

NOvA hierarchy resolution, 3+3 yr

NOvA CPV determination, 3+3 yr

+ T2K at 5.5x10%' POT

sin°20,,=0.095, sin"26,,=1.00
Frorrrrrrrrr T e T e

35
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significance of hierarchy resolution (o)

+ T2K at 5.5x10%' POT

| IR 1
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1.5
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significance of CP violation (o)

N AR

, ssin22813=0.095, sin°20,,=1.00
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Sensitivities assume
Sin28,,=0.095

3 years neutrino + 3 years anti-

neutrinos running

Optimization for ~4% oscillation

probability

10% uncertainty on backgrounds
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NOvA octant determination, 3+3 yr
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Conclusion

NOVA Far Detector construction is rapidly ® \We are excited to soon add to the world
approaching completion. knowledge on mass hierarchy, 65, and 0,,,
along with our extended physics programs.

37 @NOVANuz

Become a fan at
facebook.com/novaexperiment

Commissioning of outfitted portions of the
detector is underway.

NuMl is running well and further upgrades are
progressing

Near Detector installation is in progress.

November 11, 2013 NNN - M. Muether 30
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Example measurement

NOVA will measure:

P(v,—v,) at 2 GeV
and
P(v_ﬂ—nZ) at 2 GeV

*Starred point is a example
NOVA measurement with 1- and
2-sigma contours.

*Depends on CP phase 6,
sign(Am?) , and sin?(623).

*Red and blue ellipses show
expected oscillation probabilities
for choices of these parameters
*Simultaneous information on all
three parameters

November 11, 2013
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1 and 2 o Contours for Starred Point

Contours 3yrvand 3yrv NOVA
|Am,,2| = 2.32 107 eV?

~ sin’(26,,) = 0.095
~ sin%(26,;) = 0.97
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WA 40
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0,, octant sensitivity

NOvA octant determination, 3+3 yr
095, 5in°20,,=0.95, 6,,>m/4

)
sin“20,,=0.
4_,.,.!‘,3...

w
w o

N
&)

-
)

significance of octant determination (o)
o
o N

o

ANRAS

[N AR
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NOvA octant determination, 3+3 yr

D

§in°20,,=0.095, Sin°20,,=0.95, 6,,<n/4

ot
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1

- N
4 o o W
|l[|1|||||

o
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[III!TIIIIIIII'IIII

significance of octant determination (o)
N

TT T T

LA L L B N

-- AmP<0

........ T OSSO SO OI0Y

—Am>0

LA L B L B

et

OO

The contours are 2D confidence

intervals, representing our
sensitivity to a joint
measurement of
2sin*(6,,) and delta

NNN - M.

2sin’(®,,)

Muether

0.9

0.8

0.7

0.6

Example NOVA 1o and 26 contours, 3+3 yr (V+V)
4sin2(26| )=0.095, sin°(26,,)=0.95

=Am*>0
| T Am’<0
* test point (NH)

0.4

0.5
S/ (2m)

0.6 0.7

0.8 0.

9 1
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Mass ordering sensitivity

NOvA hierarchy resolution, 3+3 yr
sin20,,=0.095, sin°26,,=1.00

't
o

IIIIIIIIIllllI[llIIIIIIIIIIIIIIIIIIIIIIIIlllIllll

w

Significance with
which NOVA can
establish the mass
ordering

n
o

[\®)

—
o

—

o
&

significance of hierarchy resolution (o)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
O/ m

o
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Example measurement

NOVA will measure:

P(v,—v,) at 2 GeV
and
P(v_ﬂ—nZ) at 2 GeV

*Starred point is a example
NOVA measurement with 1- and
2-sigma contours.

*Depends on CP phase 6,
sign(Am?) , and sin?(623).

*Red and blue ellipses show
expected oscillation probabilities
for choices of these parameters
*Simultaneous information on all
three parameters

November 11, 2013
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0.07

0.06

0.05

0.04

0.03

0.02

0.01

1 and 2 o Contours for Starred Point

Contours 3yrvand 3yrv NOVA
|Am,,2| = 2.32 107 eV?

~ sin’(26,,) = 0.095
~ sin%(26,;) = 0.97
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significance of CP violation (o)

g
o

—
o

O
o

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

_l | L I L L I 1 1T 1 l T T T I 1 1T 1 ] 1 11 ] L L l 1T 1T 1 l T 17T 1T 1 l 11 I—

i i 2 i

- Am°<0 ]
2 '__-*—Am2>0 ............................................................ __
Uy ]
O | l 1 1 1 l | 1 1 | l 1 1 1 | l 1 1 1 1 ] ] 1 1 l 1 1 | l 1 1 1 1 l 1 1 1 1 l 1 1 |

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
O/
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Backup

2/ T
< - 14 kton Fiducial — 1sCL
Example NOvVA contours B 5 16107 POT oo |
for three teSt p0|nts—> d')o . 18x10°° POT ¥ Input Parameter -
T 25
Eo4
v,+v, Quasielastic CC Events < ) 3}
L L L L
401 18x10°’POTvRun " N 5 of — o
| 18x10°POTVRun | | 08 08 09 095
" 14 kton Fiducial | sin“(20,,)
301
20| o Ut
_ 4% energy resolution
: for the QE sample.
10
: Inclusive v, CC sample
ol should be background -free
0

3
Energy (GeV)

NNN - M. Muether
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Backup

1 and 2 ¢ Contours for Starred Point

~ 0.09
i~ NOVA
o Contours 3yrvand 3 yrv
0.08 |- |am,,2| = 2.32 10 eV?
sin’(26,,) = 0.095
007 L sin’(26,,) = 1.00
006 | o
: Lo
0.05 | \
i Am*< 0 Q
0.04 [ A
003 |
002 08=0
- 0 5=T/2
r0d=m
0.01 |
- ® 5=3n/2
0 L | 1 I | L 1 1 | 1 L I 1
0 0.02 0.04 0.06 0.08
P(v,)
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~ 0.09 0.8
)

Backup

Example NOVA 1o and 26 contours, 3+3 yr (V+V)
| 4sin2(26]3)=0.095, sin’(20,,)=0.95

Expected NOvA contours =N N TN N N U S O N A

. ,\7; 0 __._4__3_._4_._.;__._._._?_. —— _;._. —— —
for one example scenario EE
at3yr+3yr 1 S e e R

------
.

R AL S SRR SRR SRR S AN

[ 1Am, 2] =2.32 10 SeV?
0.08 | sin’(26,,) = 0.005 07
[ sin (2923) 0.95

RTYVC SN W T S S S S —

- NOvA C — Am®>0

06IIlIIIIIl!llIIIIIIIlllIIIlIIIlIIIIIlIIIlIIIIIlIII

006 e In “degenerate”cases hierarchy and
005 | _— 5mformatlon is coupled. 0,, octant
oos | - information is not.

[ Am®< 0‘\(9‘ V
003 | S 3

: Am?>0 S \% / ? \ Vv
0.02 € r 3

1%

T

I
mCOe O
(o2} ez oz eo7]
miunn

waao

T

0.01

/2 Vv

0 [ L ! | ! 1 1 | ! ) ! | L L ! | !
0 0.02 0.04 0.06 0.08 NNN - M. Muether

Pve) 023 =0 023 = 50°

T
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Backup

® NOVA measures P(vu — ve) and P(fi, = 7e) over an 810 km baseline at a
central energy of 2GeV.

O - (A — 1A N\
/P((V)M — (1/)6) ~ sin? 2605 sin® Oo3 sin”( )

(A—12)
(+) AAsin(A—-1)A
— 2asin 013 sin d¢ p sin 2015 sin 26055 Sin sin ) sin A
A A—-1
in AAsin(A —1)A
+ 2 sin 013 cos d¢ p sin 2015 sin 26053 o sin ) cos A
A A—-1
Am3, L (
® The transition probability is dependent on 6,,,6,,,6, and Am,,

® The reactor measurements do not have the these dependencies
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P(v,)
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Backup

P(v,) vs. P(v,) for sin®(26,,) = 0.97

P(v,) vs. P(v_) for sin®(26,,) = 0.95

—~_ 0.09
[ NOvA =2
- 1am,,2l =232 10 *eV? o
~ sin (2913) 0.095 0.08
[ sin (29 3) = 0.95
- ” - 0.07
: |
. | 0.06
L Q
o o 0.05
- g B\\ 0.04
T Am?< 0 ‘\Q
. R Q 0.03
E AMZ>0 N
-00=0 0.02
- ® d=1/2
rO0d=m
L 0.01
- m 5 =312
: L L L l L L L l L L L l L L L l L 0
0 0.02 0.04 0.06 0.08

P(ve)
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1Am,, 2l = 2.32 10° *eV?
sin (2913) 0.095

sin (29 03) = 0.97

o

: o

i : 9

[ o]

C AM?< 0 O

i .

B Am©>0 N

- 00=0

- ® 5=1/2

R =

- m 5 =31/2

: L L L 1 L L L 1 L L L 1 L L il 1 L

0.02 0.04 0.06 0.08

P(v,)
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Backup

Efficiency (from simulation) for detecting a 2 GeV muon passing
through a NOVA cell as a function of position along the cell

1.0+
Q.98 F—wwerermmmmmmmsesesesinanans I oA <SPPSR
096 e Bl e riiiinccaffecssncaanisaasussessatenctassecasasnsssusesinncantnsessasatsnssussednananssseetnnatanssesendnnsssrsecannnnns
>
Q
)
:§ 0'94 i eeeee i eaaa g e e e e eeeaa e eeneeneeee e
=
)
E 0.9 e s LA a L P T T R PSR SR PLRRS
- = Design estimates (=25 PE, thr=34 ADC)
% 000" = VSSlightlevel, cold APDs (u=31.0 PE, thi=40 ADC) _
T .e== VS5+24% light level, cold APDs
— === VS5424% light level, warm APDs
0'88 __. ..................................................................................................................................................
0.86 __ ..................................................................................................................................................
—I | 1 I | 1 | I 1 1 1 I | 1 1 I 1 1 1 I 1 | 1 I 1 | 1 I | | 1
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Backup

Example NOVA 16 and 26 contours, 343 yr (V+V)
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Backup

NOvA
Near Detector
cavern

/ul W

14.6 mrad off-axis beam

—NuMI Beamline * _— — MINOS Hall ——
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Backup

Mean Energy Deposition of Cosmic Ray Muons
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Backup

P(v,) vs. P(v,) in 3 Energy Bins
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P(V,) vs. P(v,) for sin®(26,,) = 1
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System Prototype

*Prototype Near Detector on the Surface (NDOS) constructed in
a mock far detector environment.
*Collecting cosmic and neutrino data since October 2010

*Invaluable in understanding production, installation, integration,
and operations.
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Location of Prototype

Surface
e building,~

110 mrad off NuMI axis due
to surface position

500 s wide trigger window
@ 0.4 Hz -

On-axis for booster (but WA e
rotated) :

500 s wide trigger window
@ 1.2Hz
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Prototype Events
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NDOS Calibration
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NDOS Neutrinos

NuMI neutrino events at NDOS

* Two example distributions: angle of primary track w.r.t. the
neutrino beam, and total visible energy [in photoelectrons]

* Our Monte Carlo simulation agrees well with observations
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