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What we know, what we don't know...

How large is this?

|7
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atmospheric solar
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? "Normal"” hierarchy < » "Inverted" hierarchy
] Which one?

Would like to have more precise knowledge of mixing
Do ve's participate in oscillations at atmospheric scale?
Is Am,3°>0 or <0?

Is CP violated?
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Goals of the NOvA Experiment

[1] Sensitivity to sin2(2€)13) factor 10 below MINOS
sensitivity, 1. down to ~0.01

[2] sin2(2923) measurement to 2% accuracy

[3] Resolve or contribute to resolution of mass hierarchy
via matter effect (unique contribution)

[4] Begin to study CP violation in neutrino sector
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How will NOvA meet its goals?

[1] Reduce NC background to ve appearance search by
going off the NuMI beam axis for a narrow band beam

[2] Increase detector mass ~factor of 9 over MINOS while
reducing cost/kilo-ton by factor of 3

[3] Sandwich detector sampling at 1/3 X, «compare to 1.5 in MINOS)

- electrons showers seen as "fuzzy" tracks w/ 1-4 hits/plane/view
- allow separation of y's from 0 decays
- good energy resolution to focus on signal energy region

[4] Choose long baseline to enhance matter effects
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Neutrinos At the Main Injector (NuMl)

NuMI beam _'_T‘fﬁ‘?fté

set to
COmMmisSion

start of 2005
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~: Enclosure
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Off-Axis Neutrino Beams

In pion rest frame: 10

vV

U

W~ 8

Neutrino and muon energy 7
completely determined by energy
conservation ~
D
O 5
In lab frame: V >

Neutrino energy depends on boost
and angle between neutrino boost 1
direction

0
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Neutrino spectra off the NuMI axis
Medium E nergy NuM| Beam Tune
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Using NuMI ME tune
beam at 14 mrad
peaks at ~2 GeV

and has ~20% width

High energy flux
suppressed

Sits just above oscillation
maximum

Am2=2.5x10-3 eV?2
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Event rates off NuMI beam axis

Event rates for:
L=810km, T=12 km
Am?73=2.5x10-3 eV?2
sin22053=1, sin?20{3=0.01

Sets goals for detector

Most vy, oscillate away.
® need only 50:1
rejection of vy CC

(Easy!)
Need ~> 100:1 NC rejection

® fine grained,
low density detector

Good energy resolution
® reject beam ve

The NOVA Experiment (FNAL P929), Neutrino'04

Events / kt/ 3.7E20POT / GeV

10 2}

10 t

v, (no oscillation)

" neutral-current v, (after oscillation)
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Baseline detector design
50.7 kilo-ton total mass
43.8 kilo-ton passive
6.9 kilo-ton active (14%)

Liquid scintillator contained in

1.2mX3 cm X 1.4 mPVC extrusions g

30 cells per extrusion

24 extrusions per plane

750 planes (alternating x/y readout)
= 18,000 extrusions
= 540,000 channels

Looped WLS fiber to APD readout

Absorber:
20 cm particle board/plane
1/3 X, per plane

The NOvA Experiment (FNAL P929), Neutrino'04

reado
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Mark Messier, Indiana University



Module Design

APD box

tiber guide tube

air veni port

Y P 3
&
150 o s g T
LN
o (>\l< injection molded snout
—~ ® K
8 100 ° o
\c_; - '.. QY extruded manifold body
= (' X Looped fiber
= O
N OO
E 50 1 Q injection molded end cap
<
Single fi T , :
42 p.e.'s / muon crossing
0 ‘ ‘ | at far end
0 5 10 15

Distance (m)
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Avalanche Photo Diode (APD) Readout

1

>
e \ APD O 85%QE
S / N Q x100 gain (operate at -15° C)
e e [ Q Long wavelength sensitivity is advantage
*% . / // f\\ for long fibers (x2 at far end)
g “r== Q Low cost: $12/chan FEE+Trigger+DAQ
0 - R s base cost
450 500 550 600 650
Wavelength (nm)

o
I} i
§ APD &‘9&@5‘?}
3 PMT oV (&
2 011 N} g
5 N ®
5 ®
o
>
5 Prototype
o 00 readout board

0 5 0 H 20

Distance along fiber (m)
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Baseline detector event displays

400
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0

—200
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(1 of 2 detector views shown)

NC rejection
beam ve rejection 12:1

Event selection

- cuts on #planes and total
pulse height

- at least 3 hits on a track

- 75% of hits 1n track

- hits/plane > 1.5

- c0S(Opeam)>0.8

- likelihood analysis of

1500 event shape variables

18% signal efficiency
vy CC rejection 1600:1

600:1

- v, charged-current "gzoo - neutral-current
vl 3 u
- 5150 | ,,
= x 100 [~ "°:
B e . 50 T;EB 32" ggf o
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~160 signal events
~ 44 background events

5in220,3=1, 5in?20,5=0.1, Am?=2.5x103 eV2
50kt x 5 years X 4¢20 POT/year
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Life on the surface: Active shield

Low duty cycle:
10 us spill every 2 s (1/200,000) 2 by 140 modules 1 by 140 modules

"live" only 100 s per year! ;\ \\
1.3x108 m/year total in spill
0.65 wW/500 ns DAQ gate over

2
5000 m< detector area Detector

AN
o ] N /
No passive shield required /
Plan to test with prototype detector \ \ 3 by 12 modules

Building

We are planning an active veto shield in baseline design
In totally active detector option no shield is required
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Totally Active Scintillator Detector (TASD)

25 kilo-ton total mass
4 kilo-ton passive
21 kilo-ton active (85%)

Liquid scintillator contained in I

1.28 m X 4.9 cm X 17.5 m PVC extrusions

32 cells per extrusion 17.5m

24 extrusions per plane /
1845 planes (alternating x/y readout) 90 m
= 25,830 extrusions

= 826,560 channels v /
Looped WLS fiber to APD readout “«— 175m —>

No absorber
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Engineering for TASD

Engineering of TASD is
somewhat more
challenging than
baseline detector

With 3 mm chamfer design

Smax=3917 psi, Zmm wall
Vertical cell
SF=Sy/Smax=6100/3917=1.55

B

factor of 1.55

PV structure for totally active
liguid scintillator detector

The NOvA Experiment (FNAL P929), Neutrino'04

Single vertical cell can hold load with safety

Studies of "free standing" cells

ANSTS 7.11CL ANSYS 7.1LCL
o NODAL SOLUTION

STEF=1
SUB =l
TIME=l
SINT [AVG)
PowerGraphios
EFACET=1
AVEES=Mac
DICY =, 001053
SN =, 004472
20 =94.434

004872

3333333

p=1.5 psi
(total weight from 32 cells)

94,434

psi

Far the case where the load transfer from one module to another one

Horizontal cells can hold load with safety
factor of 3.3

Forming laminate of adjacent x/y
planes (using adhesive, ultra-sonic
welding, PVC welding, ...) gives
safety factor of 20

Mark Messier, Indiana University



Typical TASD Event

Ve—l—n—)p—l-e"|‘7'50
EV=].65G6V

| Event 280 from /afs/fnal.gov/files/data/minos/d15/mualem/tata_nuecc_lowE002.root |

| XStripVsPlane |

- B 6

Q) e :_ . .

'g wE : Signal efficiency

= e - — 0 0 :

=RR= R 32% (18% baseline)
z 290 F— nof{___._..rrrr'— - 3

— 180 g_ '. p .

5 E ? signal/background
«n e ~ 7.7 (4.6 baseline)
< E s —d————l————h———Th :
| YStripVsPlane | signal/ sqrt(bg.)
b o _ ‘ 26 (24.5 baseline)
2. -

E "E s _ ‘

240 :_ .I - e_ 3
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Sy 2| g ?

5 220 é_ tﬁ\ 1

T

Plane Number
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Possible sites for detector

2 T )
\mi
Mine

Several possible sites along US-Canada border
All have year-round truck access, power, and nearby towns

-‘w I‘_'""‘I'\ '\.:"'\!'- ___'

. R . P
Ash River (baseline Szte) &
L=810-812 km, T = 12-15 km)

\

Kjostad Lake ‘
L=775km, T=11-15 km

Mine Center \
L=2845km, T=5km

¥ (5
| = .:

Tl wreen Ao leenr B tﬂl.q-.ﬂh- da o B
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Optimizing location for physics

largest asymmetry for

FoM?* and Asymmetry vs. Angle normal vs. mass

0.7 / hierarchy at large
largest 913 signal at 14 mrad angles
0.5 —
L=
0.4
£
£
>.0.3 7
2 —FoM2
— Asymmetry
0.2 / \
0.1 —
0.0 ‘
0 5 10 15 20 25 30 35

Off-axis Angle (mrad)

To optimize for 05 sensitivity run slightly above oscillation maximum
To optimize for mass hierarchy run closer to oscillations maximum
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Near Detector

Site 3 % ; ‘

= :'__-:.-'——..-"_—'._T-_—:- . .-

"_..—-"._-p:x’ \ o : :

- —r (g Shaft
: —

\ B Absorber Rt .
possible near
detector locations

Site 2

‘-.: - -=|=lr.n=4
/ NearHaII

LY

; f |
200 [ . ‘_ 6m
s | ) Rate at site 1.5 x 7E-7 ] S, vt =
Z — Far detector rates (no oscillation) - : ot
40 n ] . L] "F_g_' o at
O O F & a
>3-20 — — E* . . 'l
v : = P e |
O s T 0. 15 it b4
E (GeV)
03 —————r———————————— < Near detector design as similiar to
n | ] Rate atsite 1.5 x 7E-7 ] far detector
€02 - — Far detector rates (no oscillation) _ o ,
= <+ Limited space at near site
o [ 1 (3.7mx 4.9 mx 10 m)
P .
<+ veto region + 22 planes

0 it B 4+ mass = 120 tons
FAGeY) 4+ plan to expose detecor to test beam
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Expect NuMI beam to be very well studied

MIPP

Main Injector Particle Production Experiment (FNAL-E907)

Hadron Yo On axis
production on gl near vy
NuMI target - N oA ates from
from = MINOS
FNAL E907 near

detector

Vi and ve flux and v-cross sections
from MINERVA

Muon Ranger (MR) Outer Detector (OD) Veto

= 2
/L " L i s =T E A 5
] 175
=2 :
4 .‘ é H' e b .—q- Tl %I\" Wl A g
On axis oscillated Vi rates

from MINOS far detector
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Improvements on other MINOS measurements

x10

_~0.27
‘50 265
~ 0.26
EU 255
< 0.25
0.245
0.24
0.235
0.23

CC disappearance measurement

HIIIIIII]IIII]IIIII]IIIIIHI]HIIIHII

— stat

— stat+4syst

90% C.L.

»x

0.96
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0.98
sin“21,;

Baseline detector

design
x 10
L1m1t on sterile admixture

—~ 0.26
'% — stat
%/0'255 = —— stat+syst
< 025 %

0.245

0'24 IIII|IIII|III||IIII

0O 0.05 0.1 0.15 0.2
sin®(28,,)
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TAS Detector Sin22923 measurement

Event 173 from /afs/fnal.gov/files/data/minos/d15/mualemita/ta_numucc_lowE002.root I

. . I Ta)N
€ Quasi-elastic events are very =E . :
clean in TASD "3 5
€ Excellent energy resolution e 3
€ Essentially zero NC background It ,
€ Allow for clean measurement C "
. ¥ StripVsPlane | ]
of sin?20,, to roughly e .;
1'2% IGVGI 200 5
o —— 1-sigma contour L B ;
Eﬁ o E e e = Z'Sigma contour g 60 80 500 920 540 T60
° = o - + best fit
25 - Y
; - i I T -
255 = ::;» ,f"'f ~._II .r’f
25 |- S - I ._| : II
2.45 - \_ e L
2.4 E—
2.35 :' — I ] O B O IV

0.9
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0.92

094
sin22623

096 0.

98
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NOvA Sensitivity Compared to CHOOZ/MINOS

3 0 Contours

MINOS -,
7.4, 16, and 25E20 PO -

NOvVA :
C e . - “-.  CHOOZ 909 CL
sensitivity | ‘ \
\b
' °
-3
10 —
10 4 L L1 11l | Lol
107 10~ 10"
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Reminder of the problem

Experiments measure
oscillation probabilities ~ 0.1
[this case P(ve) = 0.02 and P(ve)] o
Ambiguities in sin2(20,3)<= 0.9
due to: v

- CP phase o, 0.08

- mass hierarchy
0.07

Use comparison of NOvA
and T2K to break ambiquities0-06

Possibly use 2nd detector ~ 0.05
located a 2nd oscillation

maximum 0.04

0.03
Sensitivity of experiment

varies according to CP phase.o0.02

sin2(2913) vs.P(Ve) forP

(v.) = 0.02

L = 810 km, 12 km off

-3
Am 352 —2.5x10eV?

Am ?

- 2 ",’
— Am ~ < O

"Normal hierarchy"

"Inverted hierarchy" .-~

O &= 0
® o= 1/2
O 0= 1t
B 5=37/2

0 0.01 0.02 0.03

Quote sensitivities as a fraction of the CP elipse covered

The NOvA Experiment (FNAL P929), Neutrino'04

0.04 0.05 0.06
P(V,)
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sin2(20;3) Sensitivity

3 ¢ Sensitivity to sin2(2913}

7e) 1 r
. [ L =810 km, 10 km off NOvA
= 09 [ Amy?2=25107eV’
= 5
S g [ 100x10% pot
e - (Proton Driver)
0.7 L .":\.I"I'Iz} ] '.'
L Am®< 0 §
0.6 | .
- NOvA
0.5 n "Phase 2" T2K Phase 1
0.4 [
0s L 20x10%° pot
Tr N — Am®> 0
0.2 - : — Am’< 0
01 | " ’
g NOvA "Phase 1
_I | 1 1 1 1 1 1 11
0 -3 -2 -1
10 10 o, 10
sin“(20,,)
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Fraction of &

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

T i 2
3 o Sensitivity to sin"(26,,)

L =810 km, 12 km off
Am,,2 = 2.5 107 oV

NOvA

100x10%° pot .
{Proton Driver) _:'
. Am®> 0 :

Am?< 0 3

T2K Phase 1

20x10% pot
— Am®> 0
— Am?< 0

L LT

3 ' S 1
10 o, 10
sin"(20,,)

-
=]
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Resolving the mass hierarchy

NOVA Alone in combination with T2K
2 g Resolution of the Mass Hierarchy
2 ¢ Resolution of the Mass Hierarchy o N
- - L=810km ] NOvA
o 1 e 09 [12kmoffaxis+T2Kl |
5 [ L =810 km, 12 km off Nova 2 [ amy=2510%eV2 ||
e 00 [ Amy2=2510"eV’ §| B ™ P
2 : § 07 |
o C Each v and v I : - HK ;
& 08 F —— 12x10® pot, am?> 0 ik hay
e - 20 2 & . i
[ = 12x10" pot, Am“ < 0 o 05 [ i §
0.7 r é}a N " i
C 30 3 p 0.4 F i
E CICIIC 60x10° pot, Am“ = 0 5 i
08 | werer 60x10% pot, Am? < 0 03 i Eaonvands
i (Proton Driver) 02 L 7y —— B0 pot, am?> 0
0.5 - E e — 60x107 pot, aAm™ < 0
o F S 60x10% pot + T2K, am®> 0
0.4 | o~ A R 60x10%" pot + T2K, Am® < 0
r o 10° 07,
03 F R sin“(26,,) 3
- s o o
L - e 03 |
C - S
0.2 - :ﬁ? 9 o8 [
: ...' E
0.1 __ »'- 0.7 F
: 5 in combination s |
0 3 - 3 with detector in  os |
10 10, :
NOVA alon 1 resol sin“(20,,) NuMI beam at  os |
VA alone can resoive 2nd maximum s b
heirarchy for large sin2(203) 02 ¢
0 3 0.1 F
over 30-40% of o phase space. Proton Driver o
2
10

extends this reach by a factor of 2
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lution of the Mass Hierarchy

L =810 km, 12 km off
L =710 km, 30 km off
Am,g2 = 2.5 107 eV?

Each v and ¥
—  60x10% pot, am®> 0
——  60x10% pot, am® < 0
- 120%10* pot + 2nd Det, am®> 1
- 120%10* pot + 2nd Det, am® <
60x10°° pot in 2nd Detector

107,
sin“(26,,)
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Demonstrating CP violation

3 ¢ Determination of CP Violation 3 ¢ Determination of CP Violation
7o) 1 ¢ 7o) 1 ¢
- [ L =810 km, 12 km off / T2K + PD +SK NOvA = [ L =810 km, 12 km off / T2K + PD +HK NOvA
= 09 [ Am,2=2510"eV = 09 [ Amy2=2510"eV’ R
o - o - o
[T C Each v and v 5 C Each v and v el
@ 08 I _ 60x10% pot, Am?2 > 0 @ 08 ' — 120x10% pot
(1 07 [ = G0x1 DZU pot, ﬁmﬂ = 0 b 0.7 T 22 T2K alone _.-'.-
Lot £ F i NOvA + T2K
T «:e T2K alone, Am®> 0 E " Blue: Am®> 0 ot X
0.6 2 P 0.6 ) 2 ot s
- === T2K alone, Am®< 0 r Red: Am"< 0 . oy
05 [ ....NOVA +T2K, Am?> 0 .-r;' S e o B L ’/
[ - NOVA + T2K, Am” < 0 ‘ - '
0.4 04 - o
B C - -
B C .*.'f'
0.3 0.3 h M
C C ' j’
02 02 [ ; &
01 | 0.1 [ F
: Il 1 L L L In..l.l L I:.- L ..‘ L L 1 1 11 | : L L L I':":I 1 Ll I L L L 1 1 11 |
0 =3 o) 3 0 =3 2 1
10 10 40 10 10 L
sin®(20,,) sin“(26, ;)

NOvA extends reach of CPV search in sin?(20;3)
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$88's

Baseline Detector TAS Detector
(cost in millions of $'s) (cost in millions of $'s)
Far Detector

Absorber 17 0

Active Detector 39 84
Electronics 11 14

Shipping and Installation 28 17

Far Detector Sub-total 95 115
Building 37 29
Project Management 6 6
Near Detector 5 9
Active Shield 2l 0

Total 147 159

Q Costing model based on recently completed MINOS far detector
Q Includes overhead and contingency
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lechnically limited schedule

2004 2005 2006 2007 2008 2009 2010 2011 2012+ future...

Stage 1 Approval

Final technology decision

Final Approval

Start Construction

Baseline Detector

Start Data Collection

TAS Detector

Start Data Collection

&
o
©
o
©
Finish Constructon I [ e
_©

Finish Construction

Protons/year (goal) 25620 _[3.0620 asezo_:-

® TASD detector has fewer parts and can be assembled in roughly half the
time of the baseline detector

® Proposal calls for plan to reach proton intensity goals building on
existing MINOS collaboration with beams divisions
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Conclusions

[1] The NOvA detector options:

15% active 50 kt liquid scintillator + particle board absorber
85% active ("TASD") 25 kt liquid scintillator + PVC containers

1ASD looking very attractive
lechnically limited schedule has detector on the air in 2007 or '08

[2] Physics reach:
sin?20 ;3 down to 0.01-0.2
1-2% sin?20 53 measurement
possibility to resolve mass-hierarchy via matter effect
extend reach of CPV searches

[3] NOvA provides a flexible program to study remaining unknowns in neutrino
mass and mixing. An experiment with sensitivity to matter effects is crucial.

[4] Proposal to be reviewed by FNAL Physics Advisory Committee this month
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