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The NOVA Experiment 25 Fermilab

* NOVA (NuMI Off-axis ve Appearance) is
a neutrino oscillation experiment
x Baseline of 810 km
% NuMI, beam of mostly v,
% Two functionally identical detectors

S

Near Detector
4m X 4m X 16m
214 Planes

Kanika Sachdev 2/30



The NOVA Experiment 25 Fermilab

* NOVA (NuMI Off-axis ve Appearance) is
a neutrino oscillation experiment
x Baseline of 810 km
% NuMI, beam of mostly v,
% Two functionally identical detectors
+ 14 mrad off-axis from the beam

) 3 8
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The NOVA Experiment 25 Fermilab

s NOVA (NuMI Off-axis ve Appearance) is
a neutrino oscillation experiment

x Baseline of 810 km

% NuMI, beam of mostly v,

% Two functionally identical detectors
% 14 mrad off-axis from the beam

% Measure standard oscillations in
channels:

3

% vy (Dyu) 10 ve(Te) (appearance)

8

# vu(Uu) to vu(v,) (disappearance)

3

* First data from February 2014 to May
2015, with 2.74 x102° of full-detector

equivalent POT, 7.6% of exposure

v, CC events / kt/ 1E21 POT /0.2 GeV/
B

planned for full life of NOVA o
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Parameters Accessible to NOVA £ Fermilab

% NuMI beam can run in neutrino as well 1 and 2 6 Contours for Starred Point

0.09

as anti-neutrino

2 NOVA
o 0.08 [ Contours 3 yr v and 3 yrv
.08 |- Am,,2| = 2.32 107 eV?
% To first order, NOVA measures F 's..:"’?zén) 0095
0.07 ; sin (2923) 1.00
v, — ve and v, — 17 oscillation E
. 0.06 o
probabilities at 2 GeV E Loy
0.05 [
; 5,
- 0.04 [ ~
P((V)u*(l/e) P1+ Py +P3+ Py
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Py = sin? 2613 sin? A3 sin? 3ZL 002 Fog=0
P, = sm 2615 cos? 023 sin? Am21L . g: ﬁ’z
001 [ =
P3; = 7Jsm63|n : " §=3n12
P4 = Jcosdcos Am”L 0 o 0.32 — 0.1)4 - 0.56 — o.hs ’
J = cos 03 sin 2013 SiNn 26,3 Sin 20,7 sin AmﬁZL sin AmﬂL P(ve)
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NOVA Detectors £ Fermilab

* Tracking calorimeters

s
Near Detector
4m X 4m X 16m

214 Planes
Far Detector (FD) Near Detector (ND)
% 14 kt, > 344,000 channels % 0.3 kt, > 20,000 channels
% On surface % 100 m below surface
% 810 km from source * 1km from the NuMI
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NOvVA Detector Design £& Fermilab

% Composed of PVC modules extruded to form long tube-like

To 1 APD pixel cells: 15 mlongin FD, 4 m ND
* Each cell is filled with liquid scintillator
% Optical fiber loop carries scintillation light to a pixel on an
Avalanche Photo Diode (APD)
P
‘:7 % Cells arranged in planes, with alternating planes
- ) o .
typical = perpendicular in orientation
charged s
particle
path
3,9‘;;, ‘5"‘“

Neutrino
from

Fermilab
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Far Detector Data £ Fermilab

% Trigger window is 500 us, neutrino spill only lasts 10 us

=

3000

3000 ) ) 6000
z (cm)

NOvA - FNAL E929

Run: 18620/ 13
Event: 178402 / -~

UTG Fri Jan 9, 2015 200 300 500
00:13:53.087341608 h t (Usec)
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Far Detector Data £ Fermilab

% Trigger window is 500 us, neutrino spill only lasts 10 us

=

3000

Top View

Up

— Beam Direction

Down Side View

3000 ) 6000
z (cm)

NOvA - FNAL E929

Run: 18620/13 = ;
Event: 178402 - |
i :

UTG Fri Jan 9, 2015 357 Aag B 3
00:13:53.087341608 B - i - - e 10 107 10
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Far Detector Data

% Trigger window is 500 us,

£ Fermilab

neutrino spill only lasts 10 us

4500

Top View

Up

Down

——— Beam Direction.i

Side View

3000

NOvA - FNAL E929

4500 5000

Run: 18620/ 13
Event: 178402/ -

UTG Fri Jan 9, 2015
00:13:53.087341608
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Near Detector Data

£ Fermilab
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Neutrino Events In NOvA £ Fermilab

* Low-Z material, each plane samples ~ 0.18 radiation-lengths

% Moliere radius is ~ 10 cm, 2.5 NOVA cells

1m NOvA Monte Carlo

’ Protgn : | v,+Nn-ou+p
ol [HER]
RN i v

i LEEF i 1 W
v, Charged Current g "‘-E/LISP_eIF g

Vi
Proton Vetn-e+p
g, It

Electron w
g P e
v, Charged Current v
g X+
Pr.ot?n ] v+ X->v+X
el af b S N 2
- Vi
Neutral Current vi©
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Oscillations with Two Detectors £ Fermilab

* Use Near Detector data to constrain the signal and backgrounds expected in the Far
Detector
*k Systematic errors, like flux, interaction cross-section, detector modeling etc cancel

10 a large extent in extrapolation

°

o — ND Data 2.74x10% FD POT-equiv. ”

§ — Base Simulation 1.66x10% ND POT &

w = — Data-Driven Prediction 7~ w

o \ a

= \ / [
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True Energy (GeV)
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|
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|

True Energy (GeV)
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1 2 3 4 [X 40 1 2 3 4
ND Estimated Energy (GeV) ND Events/GeV FIN Ratio P(v,—v,) FD Events/GeV FD Estimated Energy (GeV)

/

x10° x10°
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v, Disappearance Analysis
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Selection of v, CC 3& Fermilab

Combine input variables in a k-Nearest Neighbor algorithm
v, selection purity of > 95%

1085...,...,...,..,...3
B ND, 1.66 x 10”° POT ]
i —— Simulated Selected Events ®
0 T Simulated Background
10 §_ —¢— Data
@ r
= L
) L
= ]
w 104: =
e 3
o e Signal ]|
10°H- ; —
E o e
0 0.2 0.4 0.6 0.8 1
Muon ID
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Cosmic Rejection £& Fermilab

Good spills [ : i J : : .
Data quality Cosmic rejection BDT based on muon
cosmic 16, ' direction, position, length, number of hits in
- slice and energy
Containment
Cosmic background _
NC rejection CC v, prediction (max. mixing) 60|— ‘ "NOVA2.74x10” »|=0T-equiv. _
- — % [ ‘{; Cosmic data :
E<5GeV | } | | . § [ v, CCMC i
1 10 100 10°  10° 10°  10° 10 5 Y - --- Cutvalue —
Number of events in the spill window £ F 1» <~» Al cuts except BOT b
£ [ 1
o __— . gL o+ , b
Rejection factor of 107 achieved withevent g [ H H ; i
topology Iy HE,o i
i e o
Expect 1.4 cosmic background events on an o o 5

05
i H C ic Rejection BDT
expected oscillated signal count of 30-35 osmic Reection

signal events!
Final background measured directly form
beam-off FD data
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Systematics £& Fermilab

% Most systematics are negligible in F/N

ratio

T
ND, 1.66 x 10%° POT

—— Simulated Selected Events

N
b

% ND data exhibits smaller hadronic

rrrrrr Simulated Background

—4— Data

N
8

energy than simulation, though muons

"
5

agree well

Events (x10%)
o &
RRREEa s L

% Calibrate hadronic energy response in

o) L .

10
Length of Primary Muon Track (m)

simulation to data

sk Assign a 14% uncertainty on Epaq scale - e 7

sof= T : g.?:‘imé% gﬁ&zzegven(s .

= ~ 5%erroronE, I T — Simated dackground |

2 oF 1

% Other systematics evaluated: neutrino g - B

flux, neutrino interaction models, o ]
absolute and relative calibration, ** Hadronic Energy (Gev)

oscillation parameter uncertainty
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Far Detector v, Candidates £& Fermilab

NOVA - FNAL E929
2

Run: 18756 /37 210

Event: 507960/ — 10

UTC Sun Jan 25, 2015 1
13:29:18.710709824

Kanika Sachdev 15/30



Far Detector v, Candidates £& Fermilab

NOvA - FNAL E929

@
Run: 18791/48 EIOZ
Event: 765587 / - 10

UTC Fri Jan 30, 2015
07:19:18.516289184

1

228
t (usec)
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Disappearance Result 2% Fermilab

50— 1 4 pata —
B ---- Unoscillated prediction 7
i - - Best fit prediction (no systs)|
L H [] Expected 1-0 syst. range |
40 i — Best fit prediction (systs) — A
> | 4 Backgrounds . % Expected 201 events in the absence of
v [ ; ] o . .
o I Normal Hierarchy , oscillations (with 2 beam neutrino
W30 ! 274x10° POT-equiv. |
S wry BesitXN, =19.016 ] background and 1.4 cosmics)
o L ]
2 [ ]
0201 f * Observed 33 events
ok i
r ] # Clear observation of v,, disappearance!
10 -
0’ n . o s e i

0 1 2 3 4
Reconstructed Neutrino Energy (GeV)
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Disappearance Result 2% Fermilab

* Normal Hierarchy

* Am3, = (2.52+0:20) x 103

eVv?
T —T T T in2 i 9
as- Normal Hierarchy, 50% CL # Sin“ 0,3 in the 68% CL range
L — NOvA i [0.38,0.65]. Best fits 0.43
L eeem T2K 2014 i
— I - - - MINOS 2014 i and 0.60
i 3.0— ]
o [ i * Inverted Hierarchy
- L i
- F ] * Amg, =
£ 25| ]
32 ] (—2.56 + 0.19) x 10~3 eV/2
L 1 % sin? By3 in the 68% CL range
20 ‘ L ‘ . [0.37,0.64]. Best fits 0.44
0.3 0.4 S"’(.IZSe 0.6 0.7 and 059

* Recently published: Phys. Rev.
D 93, 051104(R)
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Ve Appearance Analysis
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Identifying Electron Neutrinos: LID £& Fermilab

% Likelihood-based ve identification (LID)
* Checks if leading shower is electron-like
% Uses energy deposited per path-length (dE/dx) in a plane to identify particles

* dE/dx measured in longitudinal and transverse directions

N T T T T ] T T T
“or -e ] 6o~ -e .
s ST -
2 30 b @
c - [ =
2 r < 40 ]
o m
“© 20 u ] ‘o
[ 204~ 1
10~ -
I L L Il I ] L 1
Rty -2 E] 0 1 2 - 1 0 1
Longitudinal log likelihood (e/ut) Transverse log likelihood (e/u)

Kanika Sachdev



Identifying Electron Neutrinos: LEM

Spatial pattern of energy
deposition matched
against library of 108
simulated events
Properties of
best-matches are input to
a decision tree

Cell

Cell

Trial event

20

Trial potential

Trial potemial

Best library match
=

; Best library match n
-

£ Fermilab

. 1
P
" -
= E
ll.
l-
O
Iis
H-G
] b
&
-
10 20
Plane
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Identifying Electron Neutrinos: LEM £& Fermilab

Trial event Trial potential Best library match
10 -1
' "
[ ] B i
Spatial pattern of energy ET e . L . 1
deposition matched of . N TR
against library of 108 o I,
h 20 =]
E)Imu'a;ed e\;ents o[ Trial event 1 Trial potential [Bes! library match ]
roperties o ot T
best-matches are input to o e G
a decision tree = ik .
o
o 1§ § J
[ * .
10f~ [ | = 4
0 10 20 10 20 0 10 20
Plane Plane Plane

LID and LEM have nearly identical performance.
Signal efficiency wrt preselection is 35%, with 62% overlap in signal between the two IDs
Primary PID: the more traditional LID
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Performance £ Fermilab

% LID and neutrino energy distributions in ND data and simulation

E T T 3 500 T T T
10° L -4~ ND Data ——MC Beamv, | L LID ]
E Total MC E 3 1
= F = — MCNC E - L —$— ND Data ]
O 10k (Flux + stat. uncert.) 4 Q 400~ + __ TotalMC —
o E E a r (Flux + stat. uncert) |
S F 1 o

o 10 - & 5 —— MCBeamyv, 1
= F E T 300[~ — MCNC -
X g - X ]
© E 3 © r — MCv, CC 4
© F E © N ]
AL E ~ 200 ]
—~ E E| ~ b ,
2 of . 2 r :

s E 3 c
e F E £ 100 4
w 1E = w . ]
10k - L | i

15 00

1 2 3 4
Calorimetric Energy (GeV)

7% excess in ve selected ND data, extrapolated to FD background prediction
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Cosmic Rejection £& Fermilab

TT T 1 T T T

1.2] After loose LID cut

—— Osc.v,

—— Beam background
—— Cosmic background

<«

:,—> After loose LID cut

H —— Osc.v,
—— Beam background
—— Cosmic background

=

0.

m

0.

>

o. 0.5

P

0.

i

Events / 2.74 x 10%° POT equiv.
Events / 2.74 x 10%° POT equiv.

PRI (T ST R RSN

o L b L L by 1

e
R 500 1000 1500
Distance of leading shower from top wall (cm)

Good spil Simple cuts reject downward directed

events and those too close to detector
edges

Data quality
Containment

CosRej
Rejection achieved at 1part in 108

: I osc.v. Expected cosmic background is 0.06 event!
PID [ . i I cosmic Background

ul ——
10 10 100 10 10° 10
Events / 2.74x10%° POT equiv.

Preselection

T g

10
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Final FD Prediction

£& Fermilab
Signal  Syst Bg Syst | Tot Events
IH, 6 =m/2,03 =7/4 2.48 041 ] 101  0mMm 3.49
NH, § = 37/2, 003 = w/4 6.25 1.01 | 099 0M 7.24

Kanika Sachdev

Cut and count analysis

PID cut optimized to maximize s/vb

P(V,) vs. P(v,) forsin’(26,;) =1

NOVA

Jam,2| =232 107 eV?
[ sin’(20,,) =0.095
sin’(20,,) =1.00

nmuun

waa o
N}

I
0.02 0.0 0.06 0.08
P(v)




Result £ Fermilab

% Observation in FD

% LID: 6 ve candidates, significance of ve appearance: 3.3 o
% LEM: 11 ve candidates, significance of ve appearance: 5.3 o

% None appear to be obvious cosmic rays or neutrino background

k 7.8% probability of observing a less likely LID-LEM overlap

F T T 7 F T T T Bl

| 2.74x10% POT equiv. — FDdata E 0.8]-2.74x10%" POT equiv. -

06l — Bestit prediction_] [ —FDdata Y ]

> - 4 r — Best-fit prediction B

[0 — Background 0.6— _

S [ 7 L — Background 4

o o | ]
o =

5 0.4 4 | ]

o

= |} 12 o4 =

£ r Juw ]

s — 4

L% + 1 L ]

0.2 C N 02l B

L -':L.-- ] P 1

15 2 25 0.8 .85 0.9 0.95 1 1.05
Calorimetric energy (GeV) LID
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ve Signal Events 2% Fermilab

NOVA - FNAL E929
Run: 19165/ 62
Event: 920415/ --

UTC Mon Mar 23, 2015
11:43:54.311669120 2255 226 2265 227 2275

t (usec
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ve Signal Events 2% Fermilab

3000

NOVA - FNAL E929

%)

Run: 19193/13 Emz
Event: 188331 / - 10
UTC Fri Mar 27, 2015 t

09:44:53.281953920 218 220
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ve Signal Events 2% Fermilab

~100
2000

NOVA - FNAL E929
Run: 15330/4
Event: 11978/ -
UTC Fri May 23, 2014
17-30:2.632203184 2205 221 2215 222 2225 223 2235 224 le?fseé
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6,3 vs CP Violation £& Fermilab

LID NH “normal”
----- Best fit al v | |
<
--68% C.L. | gn
—90% C.L. 3
Reactor ‘g % e —
0, =M
68% C.L. e
“inverted”

[ N A /A E

0 01 0.2 03 04 05 v, I
sin’20,,
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613 vs CP Violation

LID NH
----- Best fit

--68% C.L. |

—90% C.L.

Reactor
68% C.L.

[ N A /A E

0.1 0.2 0.3 04 0.5
sin’20,,

£ Fermilab

% Feldman-Cousins procedure
% Solar oscillation parameters varied

sk Am?3, varied according to NOVA v,

disappearance result

* Sil"l2 Oo3 = 0.5
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613 vs CP Violation

LI L L B 8 B L B B

LEM NH

’ ." .
[T AN I VA1

0.1 0.2 0.3 04 0.5
sin’20,,

£ Fermilab

Feldman-Cousins procedure
Solar oscillation parameters varied

Am?3, varied according to NOVA v,

disappearance result
Sil"l2 Oo3 = 0.5
LEM observation has some tension

with reactor results
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Sensitivity to CP

s Additional reactor constraint of sin? 26:3 = 0.086

£ Fermilab

% Inverted hierarchy is disfavoured at 90% CL in the range 0.1m < dcp < 0.57

% With secondary selector, LEM, all values of d¢p are disfavoured at 90% for inverted

hierarchy

sk Paper published in PRL (Phys. Rev. Lett. 116, 151806)

w
q

ignificance
N
Q

S
©
=]
X

"—NH LID --'NH LEM

—IHLID -

P(V,) vs. P(v,) for sin’(26,;) = 1

NOVA
|am,,2| =232 107 eV?
sin’(20,.) =0.095
sin’(20,,) = 1.00

y

am?< 0y,

Am? >Q

[ od=0
® §=m7/2
oDd=n
= § =32
o 0.02 O.AM 065 0.:)8
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Conclusions £ Fermilab

% First oscillation results from NOVA with 8% planned exposure already competitive
* v, disappearance results consistent with MINOS and T2K

% Ve appearance result consistent with reactor neutrinos, disfavours
0.1 < d¢cp < 0.57 for Inverted Hierarchy at 90% CL

Later this year: new oscillation results with more than 2x the data
Plus: new analysis techniques being developed

Disappearance result with reduced systematics

EE R

Sterile neutrino, many x-sec and other exotic physics analyses in progress too!

* Thank you!
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Back Up
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NOVA Sensitivity to Mass Hierarchy

NOVA hierarchy resolution, 3+3 yr
s _sin°20,,=0.095, 5in20,,=1.00

o AMR<0
7T A0

3F

I
n

significance of hierarchy resolution (o)

02 04 06 08 1 1.2 14 16 18

*k Mass hierarchy resolution at ~ 3¢ in

the best case

£ Fermilab

1and 2 ¢ Contours for Starred Point

=] NOVA
r Contours 3yrv and 3yrv
008 | Am,,2| =2.3210° eV?
sin?(29,,) =0.095
007 [ sin(26,,) =1.00
006 [ [N
Y o
005 [
Q
0o [
-- Am*<0
003 [
— Am?>0
002 [od=
® 3=n/2
o§=n

00l | § =312

Normal Hierarchy
Inverted Hierarchy
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NOVA Sensitivity to CP Violation

NOvVA CPV determination, 3+3 yr
. _5in°20,,=0.095, 5in20,,=1.00

- AmP<0
—Am=>0

L

significance of CP violation (o)

02 04 06 08 1.2 1.4 16 1.8

% CP violation phase determination at

> 1.5¢ in the best case

£ Fermilab

1and 2 ¢ Contours for Starred Point

=] NOVA
r Contours 3yrv and 3yrv
008 | Am,,2| =2.3210° eV?
sin?(29,,) =0.095
007 [ sin(26,,) =1.00
006 [ [N
Y o
005 [
Q
0o [
-- Am*<0
003 [
— Am?>0
002 [od=
® 3=n/2
F 0d=n
00l | w §=312
) 1 1 1 1

Normal Hierarchy
Inverted Hierarchy
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NOVA Sensitivity to #,3; Octant 2% Fermilab

1 and 2 o Contours for Starred Point

NOvA n rmination, r —~ 0.09 —
QOvA octant dete ation, 343 y I Contours 3yrvand 3yrv NOVA
. sin°20,,=0.095, sin"20,,=0.95, 0,,>m/4 g 1am, 2| = 2.32 10° eV
Loon?

I 7 008 I sin’(26,)=0.095
S 44f == AmP<0 E sin’(26,) = 0.97
= Kk 4 007 |
L —AT>0 3
g F L e E 006 [
T 2.5F 4ot S =
ST — ] oos |
s B ’ B
Q F ]
8 . .F B 0.04 \
= 15F ] AMP< 0§,
8 i 3 003 F )
i= - | 2
8 osf B Am? >0
= 0% E 002 Fo03=0
5 (F E o 5=12
@ 02 04 06 08 1 12 14 16 18 oo1 LO3=T

[ ! = 3=31m2

0 L L L L
0 0.02 0.04 0.06 0.08
P(v,)

%k 0,3 octant determination at ~ 3¢

Normal Hierarchy
Inverted Hierarchy
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FD Brem Shower

% EM shower validation in FD

% Isolate brem-showers in cosmic-ray muons by muon-removal

o

NOvA Preliminary
Fro— T T T T ]
500 . .
o _+_ Muon-Removed FD Data -
© 400 - Cosmic Simulation ]
] C Area Normalized ]
o [ ]
& s00f- =
3 T 1
G.:) - 4
L 200— -
w n 3
100 -
0 L I I . ) ]

0 2

4 6
Shower Radius (cm)

NOv A Preliminary
. —

£ Fermilab

1500 T T
r } Muon-Removed FD Data b

L — 4

3 - Cosmic Simulation B
$1000— Area Normalized r —
= L J
« L J
@ L J
f= = 4
g 500— —
w - m
0! L . caroereerrr™’] J 1

0 0.5 1
EID
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ve Energy Resolution £& Fermilab

*k Reconstructed neutrino energy in FD

NOvVA Simulation NOVA Preliminary
r T T T T B T T
L sin‘0,, =05 AmZ, = 2.4e-3 eV? J 0.06— —
0.06— v Mode, 14 kton: QE Sample — u i
a | v, CC Events b i 1
s [ Mean =-0.021 ] i Mean =-0.02 b
4 H RMS =0.06 B 0.041— —
Wo.04— Fit Parameters: ] £ o
® L Mean = -0.0085 | S RMS =0.07
c Sigma = 0.042 > - i
S | | o
g | i L |
(T 0.02|— | 0.02[—~ —
0.00 L L L I 0 . | ,
- 04 02 [ 02, 0.4 0.4 -0.2 0 0.2 0.4
Fractional Energy Resolution v, CC Energy Resolution
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v,, Energy Reconstruction 2% Fermilab

Muon energy reconstructed from range

*

Eyisibe == Ehad

*

Hadronic system: 3,

Neutrino energy is the sum of the two

*

Energy resolution ~ 7% at beam peak

*

E, = EHrange + Ehad

Kanika Sachdev 30/30



v,, Energy Reconstruction 2 Fermilab

sk Muon energy reconstructed from range

sk Hadronic system: Y, Evisile = Ehad

cell
* Neutrino energy is the sum of the two

* Energy resolution ~ 7% at beam peak

NOVA Preliminary

o
N
ol

—=— FD
—e— ND

— — Neutrino spectrum

o
[N
o

0.05

Fractional energy resolution

b 1 1 B S
0.00 1 2 3 4

True Neutrino Energy (GeV)

/

wu
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LID, LEM Performance in ND £& Fermilab

* Data and simulation agree well for LID and LEM selected events in the ND

% See a 7% excess in ND data over MC

NOVA Preliminary

500
[T T T T T T
500p LEM — MC Beamv, ] - LID ]
— i —$- ND Data —MCNC ] — C -+- —¢— ND Data ]
O 400 + ___ Total MC — mcv.cc QO 400|— ___ TotalMC —
o N ++ (Flux + stat. uncert) Vi i o I (Flux + stat. uncert) 7]
80 L + ] 80 + —— MCBeamv, 1
— r b ~ 300 — MoNeG .
% 300[~ . " - .
© - g © L — MCv, cC 1
© r ] @ . ]
< C 1 r .
2 200 B T 200F ]
2 - ] 0 L ]
S 1 & F 1
> r _ 2 - .
o 100f ] o 10oF ]
0 L N oL | |
0.0 0.2 0.8 1.0 (]

o3 0,6 1 2 3 7
Reconstructed p_/p Calorimetric Energy (GeV)
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Extrapolation can work.. 2% Fermilab

@ (GeV)

0

6 8 10
true neutrino energy (GeV)

[ 8 10
true neutrino energy (GeV)

LID selected backgrounds are similar in ND and FD
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ve Systematics

£% Fermilab

Calibration

v Interaction

Scint. Saturation
Normalization

v Flux

ND BG composition
Other

signal
background

Total Uncertainty A

0% 5% 10%  15%
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